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Inorganic lead (Pb)- and mercury (Hg)-induced neuronal cell death 
involves cytoskeletal reorganization

Woo-Sung Choi1†, Su-Jin Kim2, Jin Suk Kim1*
1College of Veterinary Medicine, Konkuk University, Seoul, Korea

2Department of Cellular & Physiological Sciences, Life Sciences Institute, University of British Columbia, Vancouver, Canada

Inorganic lead and mercury are widely spread xenobiotic neurotoxicants threatening public health. The
exposure to inorganic lead and mercury results in adverse effects of poisoning including IQ deficit and
peripheral neuropathy. Additionally, inorganic neurotoxicants have even more serious impact on earlier
stages of embryonic development. This study was therefore initiated in order to determine the cytotoxic
effects of lead and mercury in earlier developmental stages of chick embryo. Administration of inorganic
lead and mercury into the chick embryo resulted in the prolonged accumulation of inorganics in the
neonatal brain, with detrimental cytotoxicity on neuronal cells. Subsequent studies demonstrated that
exposure of chick embryo to inorganic lead and mercury resulted in the reorganization of cytoskeletal
proteins in the neonatal brain. These results therefore suggest that inorganics-mediated cytoskeletal
reorganization of the structural proteins, resulting in neurocytotoxicity, is one of the underlying
mechanisms by which inorganics transfer deleterious effects on central nervous system.
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Toxic metals have been a major global concern of the highest

priority for human exposure, since they have a wide range

of serious adverse effects, including carcinogenicity, neurotoxicity

and immunotoxicity. The factors governing the neurotoxicity

of metals and metalloids in specific neuronal tissue are multiple,

and highly individualistic with different genetic susceptibility

[1]. The neurotoxicity of inorganic lead (Pb) and mercury

(Hg) in humans are well established, and exposure to these

neurotoxic metals generally results in serious adverse effects,

ranging from IQ deficit to peripheral neuropathy [2,3]. In

view of the increasing evidence supporting deleterious effect

of lead and mercury on central nervous system (CNS), it

is important to develop a clearer understanding of the cellular

mechanisms involved in the neurotoxicity mediated by lead

and mercury.

Lead-mediated cytotoxicity in CNS leads to the generation

of incompletely developed blood-brain barrier, encephalopathy,

and impaired learning ability. On the other hand, lead-

mediated neurotoxicity in developmental period was shown

to be related with reduced hippocampal neurogenesis, axonal

arborizations, and cortical field area, strongly suggesting

detrimental effect of lead on neuronal development.

Substitution of lead for dicationic ions including calcium and

zinc contributes to the development of mitochondrial

dysfunction, resulting in apoptosis and impaired cellular energy

metabolism. Additionally, sequence-specific DNA-binding

zinc finger protein for zinc binding sites in receptor channels

resulted in the alteration of gene transcription [4,5].

Studies on mercury-mediated CNS toxicity have been

mainly focused on three forms of organic mercury, aryl-

compounds, short- and long-chain alkyl-compounds.

Outbreaks of methyl mercury poisoning occurred in Minamata
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and Niigata in 1950s caused serous neurological syndrome.

The fetal brain shown to be more susceptible to the organic

mercury-mediated cytotoxicity, however it is not clear for

the prenatal exposure to inorganic mercury. Elemental mercury

is able to penetrate into the CNS, where it can be ionized

and trapped, contributing to its significant neurotoxic effects.

Although CNS penetration of salted inorganic mercury has

been limited because of the poor lipid solubility, chronic

exposure resulted in significant CNS accumulation of mercuric

ions and subsequent neurotoxicity [6].

This study was therefore initiated in order to determine

the effects of lead and mercury in earlier developmental stages

in chick embryo. In the present study, administration of

inorganic lead or mercury in early developmental stage of

chick embryo led to the accumulation of inorganics in adult,

resulting in the cytotoxicity of neuronal cells. Subsequently,

exposure of chick embryo to inorganic lead or mercury led

to the reorganization of cytoskeletal proteins, including tubulin

and tau in the brain. These findings support the mechanisms

by which inorganics transfers neurotoxic effects on CNS.

Materials and Methods

Direct administration of inorganic metals into yolk

sac
Fertilized eggs (Pulmuone, Seongnam, Korea) were

incubated in a 37oC egg-incubator with approximately 60

% of humidity. As shown in Figure 1, on 6-embryonic day

(ED), indicated concentrations of lead or mercury were directly

injected into yolk sac. On 20-ED, eggshell was crashed from

the air sac side, and chick embryo was harvested. Brain was

collected on ice, washed with ice-cold buffer (25 mM Tris-

HCl, 1 mM EDTA, pH 7.5), homogenized and stored at

−80oC. All animal experiments were performed according

to the protocols approved by the Institutional Animal Care

and Use Committee of Konkuk University.

Atomic absorption spectrophotometry (AAS)
Nitric acid, sulfuric acid and perchloric acid were mixed

with 5:1:1 ratio for lead and 1:2:1 ratio for mercury,

respectively. Following 6-h incubation at room temperature,

samples were heated at 160oC, and completely digested

samples were evaluated by F-AAS (AA-680; Shimazu, Tokyo,

Japan), as described previously [7].

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-

zolium bromide (MTT) assay
Following Pb (7 mM) and Hg (23 µM) treatment, cells were

incubated with MTT (Sigma, St. Louis, USA) (50 mg/mL in

PBS), for 4 h at 37oC. The precipitated formazan salt in viable

cells after cleavage of the tetrazolium ring by mitochondrial

dehydrogenases was dissolved in DMSO and read at 570

nm with an ELISA microplate reader (Bio-Tek, Winooski, USA).

Western blot analysis
Total brain extracts (50 µg/lane) were separated on a 12%

sodium dodecyl sulfate (SDS)/polyacrylamide gel and

transferred onto PVDF membranes (Millipore, Billerica, USA).

Probing of the membranes was performed with anti-tubulin

(65095; ICN, Irvine, USA) and anti-tau (65784; ICN)

antibodies. Immunoreactive bands were visualized by

enhanced chemiluminescence (Amersham Pharmacia

Biotech, Piscataway, USA) using horseradish peroxidase-

conjugated IgG secondary antibodies.

Neuronal cell culture (astrocytes and neuronal

cells primary culture)
On 19-ED chick embryos, brain was collected and digested

with porcine trypsin (0.25% w/v) for 40 min at 37oC. Following

single cell suspension, the resulting brain feeder cells were

cultured for 2 weeks in DMEM (Invitrogen, Carlsbad, USA)

supplemented with 10% fetal bovine serum, 100 unit/mL

penicillin G-sodium and 100 µg/mL streptomycin sulfate. 8-

ED chick embryos were directly incubated in calcium-

magnesium free solution (2 mM EDTA in HBSS) for 30 min

at 37oC. Following single cell suspension, the cells were plated

in the feeder cells-coated plates, and cultured further for

the maturation of neuronal cells.

Immunocytochemistry
Cultured brain cells treated with Pb (4.8 and 7 mM for

50 and 100 ppm groups, respectively) and Hg (2.4 and 23

µM for 50 and 80 ppm groups, respectively) for overnight,

were then fixed, incubated with anti-tubulin and anti-tau

antibody and subsequently visualized with ABC reagent (Vector

Laboratory, Burlingame, USA). All imaging data were processed

with light-microscopy (×200) (PC-2, Olympus, Tokyo, Japan).

Statistical analysis
Data are expressed as means±SEM with the number of

individual experiments presented in the figure legends.

Significance was tested using analysis of variance with a

Newman-Keuls post-hoc test (P<0.05) as indicated in figure

legends.
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Results

Direct administration of inorganic lead and mercury

in chick embryo resulted in the accumulation of

inorganics in neonatal brain
To determine whether inorganic metals injected into yolk

sac in early developmental stage were still remained and

accumulated in adult stage, Pb and Hg were directly

administrated into yolk sac on embryonic day 6, and the

concentrations of remained lead and mercury in neonatal

brain were determined. As shown in Figure 1B, administration

of 50 (25 mg/500 mL) and 100 ppm (50 mg/500 mL) of lead

resulted in the accumulation of 4.73±0.03 and 6.87±0.19

mM of lead in neonatal brain, respectively. On the other

hand, administration of 50 (25 mg/500 mL) and 80 ppm (40

mg/500 mL) of mercury resulted in the accumulation of

1.77±0.61 and 17.22±5.62 mM of mercury in neonatal brain,

respectively (Figure 1B). These results strongly indicate that

administrated lead and mercury in early developmental stage

were accumulated and still detectable in neonatal brain.

Lead and mercury treatment resulted in the

cytotoxicity of primary neuronal cells

To evaluate the effect of inorganic treatment on the viability

Figure 1. Administered lead (Pb) and mercury (Hg) in early developmental stage of chick embryo were still detectable in the brain
of adult stage. (A) Schematic diagram of experimental design for AAS analysis. The prepared solution [0, 50 (25 µg/500 µL) and
100 ppm (50 µg/500 µL) of Pb; and 0, 50 (25 µg/500 µL) and 80 ppm (40 µg/500 µL) of Hg] was injected into each yolk sac of 6-ED
chick embryos. On 20-ED, the collected chick embryo brains were digested for Atomic Absorption Spectrometry analysis. (B-C)
Accumulated Pb (B) and Hg (C) in neonatal brain. Indicated concentration of inorganic Pb or Hg were injected into yolk sac on 6-
ED. On day 20, the accumulated concentration of Pb (B) and Hg (C) in neonatal brain were determined by F-AAS as described in
Materials and Methods. All data represent three independent experiments, each carried out in triplicate, and significance was
tested using ANOVA with a Newman-Keuls post-hoc test, where ** represents P<0.05 vs control. ND represents non-detectable. 
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of adult neuronal cell, MTT colorimetric assay was next

performed. Treatment of neuronal cells with lead (7 mM)

or mercury (23 µM) for 24 h resulted in ~27.9 and ~29.2%

reductions in metabolic cell viability, respectively (Figures 2A

and 2B). It is noteworthy that the concentration of lead and

mercury treated in neuronal cells were determined based

on the concentrations of metals, which were detectable in

neonatal brain (Figures 1A and 1B). Taken together, these

results strongly suggest that accumulated lead and mercury

in neonatal brain could result in the substantial neuronal cell

death.

Lead and mercury treatment resulted in the

cytoskeletal reorganization of neonatal brain

Interactions between metal salts and cytoskeletal proteins

[8] led us to consider the potential involvement of cytoskeletal

reorganization for lead and mercury-mediated cytotoxicity

in neonatal brain. As shown in Figure 3A, administration of

lead (100 ppm) in early developmental stage of chick embryo

resulted in the significantly reduced tubulin expression.

Administration of 50 ppm lead also resulted in the decreased

tubulin expression, however, it didn’t reached to the statistically

significant point. On the other hand, both 50 and 80 ppm

of mercury increased tubulin expression. The effects of lead

and mercury on microtubule-associated protein, tau was next

determined. As shown in Figure 3B, both 50 and 100 ppm

of lead led to the significant reduction of tau expression,

whereas mercury didn’t show any significant effect on tau

expression. Taken together, these results strongly suggest that

lead and mercury regulates cytoskeletal reorganization by

modulating the levels of tubulin and/or tau expression.

Lead and mercury treatment resulted in the

reorganization of cytoskeleton in primary

neuronal cells
The effects of lead and mercury treatment on the expression

of cytoskeletal protein in neuronal cells were assessed by

immunocytochemistry. Since administration of lead or mercury

resulted in the accumulation of 4.70-7.06 mM of lead or

1.16-22.84 mM of mercury in neonatal brain, respectively

(Figure 1), neuronal cells were treated with corresponded

amounts of lead or mercury; 4.8 and 7 mM of lead for 50

and 100 ppm, 2.4 and 23M of mercury for 50 and 80 ppm,

respectively. Lead- and mercury-treated primary neuronal cells

tended to show reduced number of axons and dendrites

as well as shrinked phenotype, compared to non-treated

control (Figure 4). Additionally, lead and mercury induced

similar pattern of expression of cytoskeletal proteins; lead-

treated cells tended to show reduced tubulin and tau

expression, whereas mercury-treated cells showed increased

tubulin expression.

Discussion

Lead and mercury are environmental neurotoxicants causing

toxic effects on the CNS. Over the past few years, considerable

Figure 2. Lead and mercury induces cytotoxicity of neuronal cells. A-B. Decreased cell viability with the treatment of Pb (A) and Hg
(B). Neuronal cells were treated with Pb (7 mM) and Hg (23 µM) for overnight, and MTT colorimetric assay was performed as
described in Materials and Methods. All data represent three independent experiments, each carried out in triplicate, and
significance was tested using ANOVA with a Newman-Keuls post-hoc test, where ** represents P<0.05 vs control.
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progress has been made in the understanding of molecular

mechanisms for the cytotoxic effects of neurotoxins, some

of which, the alterations of neurotransmitter homeostasis and

cell destruction [2,9,10]. Additionally, exposure to

environmental toxicants could be a critical determinant in

the etiology of neurodegenerative diseases, including

Alzheimer's [11] and Parkinson's diseases [12]. Intriguingly,

neurotoxic effects of lead and mercury shown to be

development-dependent, suggesting a distinct response

between children and adults [13-15]. However, there is no

rigorous way to determine their effects in an early

developmental stage. Neuronal cell cultures have been

extensively used to evaluate and identify the underlying

molecular mechanisms involved in cytotoxic effects of

neurotoxins [9,16]. There has been therefore tremendous

demand to employ several model systems in order to access

the inherent effect of neurotoxins in early developmental

stage. In the present study, inorganic metals were directly

administrated into the yolk sac to determine neurotoxic effect

of inorganic lead and mercury in an early developmental

stage. Direct administration of inorganics in early

developmental stage resulted in ~6.87% accumulation of

lead and ~0.02% accumulation of mercury in neonatal brain,

respectively (Figure 1). Mercury found to be accumulated

less in adult brain, compared with lead, potentially due to

the high affinity binding of ovalbumin to mercury [17].

Cytotoxicity of lead is originated from Ca2+-mimetic action

of Pb2+ in many cellular processes, although its’ substitutionary

characteristics is not the only one explanation for the resulting

toxic effect. In normal physiological status, Pb2+ can be uptaken

by excitable cells through the activation of voltage-sensitive

Ca2+ channels [18,19]. Pb2+ uptake leads to the impaired

intracellular Ca2+ concentration, resulting in abnormal

neurotransmitter release. Neurotoxic effect of lead was shown

to affect cerebrovascular endothelial cells, astroglia and

oligodendroglia. Additionally, uptake of lead into CNS through

blood-brain barrier (BBB) is due to the Ca2+-mimetic action

of Pb2+ [18,20]. High concentrations (>4 mM) of lead exerts

deleterious effect on BBB, resulting in acute encephalopathy

with brain edema [21]. In the present study, approximately

20% of chick embryos in 100 ppm of lead-treated group

developed brain edema (data not shown). The direct

neurotoxic actions of lead include apoptosis triggered by

impaired intracellular Ca2+ concentration. Cells exposed to

lead show a marked accumulation of Ca2+, and sustained

Ca2+ accumulation stimulates persistent depolarization of

mitochondrial membrane, resulting in mitochondrial dysfunction.

Constant opening of the mitochondrial transition pores resulted

Figure 3. Lead and mercury modulate cytoskeletal reorganization in neonatal brain. (A-B) Effect of lead and mercury on tubulin (A)
and tau (B) expression. Indicated concentration of inorganic lead or mercury were injected into yolk sac on 6-ED. On day 20, total
cellular extracts were isolated from neonatal brain and Western blot analyses performed with antibodies against tubulin or tau.
Western blots were quantified using densitometric analysis, and values expressed relative to control. Western blots are
representative of n=3, and significance was tested using ANOVA with a Newman-Keuls post-hoc test, where ** represents P<0.05
vs control. 
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in cytochrome C release, accompanied with the activation

of multiple subtypes of caspases, leading to the cleavage of

downstream death effector proteins [21,22]. Neurotoxicity

of inorganic mercury in cellular level is also derived from

the alteration of Ca2+ signaling pathway [23]. Similar to the

neurotoxic exposure to Pb2+, Hg2+ increases the voltage-

dependent Ca2+ current through the activation of L-type

calcium channel, resulting in enhanced Ca2+ responses to

depolarization. Exposure of primary astrocytes and neurons

of dorsal root ganglia to inorganic mercury reduced glutamate

and nerve fiber growth, respectively [9,24]. In the present

study, both lead and mercury induced the cytotoxicity of

primary neuronal cells (Figure 2), and it was associated with

the modulation of cytoskeletal protein expression (Figures 3

and 4).

Tau plays a pivotal role in regulating microtubule networks

in neurons [25], and phosphorylated tau by protein kinase

A (PKA) binds to tubulin and promotes tubulin assembly [26].

In earlier study, it was demonstrated that lead disrupted and

depolymerized microtubule assembly in vivo as well as in

vitro [27,28]. On the other hand, mercury disrupted membrane

structure and inhibited linear growth rates of nerve tissues

[29]. Both lead and mercury inhibited the protein kinase

C (PKC) activity including the basal PKC activity at micro-

molar concentrations in a concentration-dependent manner

[30]. In the present study, lead decreased the expressions

of both tubulin and tau, whereas mercury increased tubulin

expression (Figures 3 and 4). The distinct responsiveness of

these cytoskeletal proteins to lead and mercury implies the

presence of unique underlying mechanisms on respective

neurotoxicant.

Finally, in view of the increasing evidence of disease related

with neurotoxic adverse effect mediated by inorganic lead

and mercury, it will be intriguing to establish a clearer

understanding of the molecular mechanisms involved in the

neurotoxicity, in order to identify reagents that can slow or

block this process.

Figure 4. Lead and mercury modulate cytoskeletal reorganization in neuronal cells. Neuronal cells were treated with Pb (4.8 and
7 mM for 50 and 100 ppm groups, respectively) and Hg (2.4 and 23 µM for 50 and 80 ppm groups, respectively) for overnight, and
immunocytochemical staining was performed using antibody against tubulin (A-E) or tau (F-J). 
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