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Activation of methionine synthase by insulin-like growth 
factor-1 and dopamine: a target for neurodevelopmental 
toxins and thimerosal 
M 	H Olteanu2, R Banerjee2, S-W Choi', JB Mason', BS Parker', S Sukumar4, S Shim', 
A Sharma', JM Benzecryl, V-A Power-Charnitskyl and RC Deth' 

'Department of Pharmaceutical Sciences, Northeastern University, Boston, MA 02115, USA2Biochemistry Department, 
University of Nebraska, Lincoln, NE 68588, USA; 3  Vitamin Metabolism Laboratory, USDA Human Nutrition Research Center 
on Aging at Tufts University, Boston, MA 02111, USA; 'Sidney Kimmel Comprehensive Cancer Center at Johns Hopkins, 
Baltimore, MD 21231, USA 

Methylation events play a critical role in the ability of growth factors to promote normal 
development. Neurodevelopmental toxins, such as ethanol and heavy metals, interrupt growth 
factor signaling, raising the possibility that they might exert adverse effects on methylation. 
We found that insulin-like growth factor-1 (IGF-1)- and dopamine-stimulated methionine 
synthase (MS) activity and folate-dependent methylation of phospholipids in SH-SY5Y human 
neuroblastoma cells, via a PI3-kinase- and MAP-kinase-dependent mechanism. The stimula-
tion of this pathway increased DNA methylation, while its inhibition increased methylation-
sensitive gene expression. Ethanol potently interfered with IGF-1 activation of MS and blocked 
its effect on DNA methylation, whereas it did not inhibit the effects of dopamine. Metal ions 
potently affected IGF-1 and dopamine-stimulated MS activity, as well as folate-dependent 
phospholipid methylation: CV+ promoted enzyme activity and methylation, while Cu +, Pb2±, 
Hg2± and A13± were inhibitory. The ethylmercury-containing preservative thimerosal inhibited 
both IGF-1- and dopamine-stimulated methylation with an IC,„ of 1 nM and eliminated MS 
activity. Our findings outline a novel growth factor signaling pathway that regulates MS activity 
and thereby modulates methylation reactions, including DNA methylation. The potent 
inhibition of this pathway by ethanol, lead, mercury, aluminum and thimerosal suggests that 
it may be an important target of neurodevelopmental toxins. 
Molecular Psychiatry advance online publication, 27 January 2004; doi:10.1038/sj.mp.4001476 
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Introduction 

Developmental disorders include a spectrum of 
neurological conditions characterized by deficits in 
attention, cognition and learning, frequently accom-
panied by abnormal behaviors. Severe deficits may be 
recognized at birth, but a failure to achieve standard 
milestones during initial years of life remains the 
primary basis of diagnosis in most cases. While 
the underlying cause(s) remains obscure for many 

developmental disorders, metabolic abnorma-
lities involving purine synthesis (eg Lesch—Nyhan 
Syndrome and adenylsuccinate lyase deficiency)1'2  
or impaired methylation-dependent gene silencing 
and/or imprinting (Rett and Fragile-X syndromes)3'4  
suggest biochemical mechanisms that may be in- 
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volved. The development disorders can also be 
caused by exposure to toxins (eg ethanol, in 
fetal alcohol syndrome; heavy metals, in lead 
poisoning),5•s although the precise mechanisms un-
derlying their toxicity are not known. The recent 
increase in the incidence of autism has led to 
the speculation that environmental exposures includ-
ing vaccine additives (ie aluminum and the ethylmer-
cury-containing preservative thimerosal) might 
contribute to the triggering of this developmental 
disorder.' 

Normal development is closely related to cellular 
differentiation, and growth factor-initiated signaling 
promotes differentiation of pluripotent cells.' 
Furthermore, altered patterns of DNA methylation 
and associated gene silencing underlie phenotypic 
differences between undifferentiated and differen-
tiated cells.' Together, these observations suggest 
that growth factors promote cellular differentiation 
by producing effects on DNA methylation. This 
suggestion is reinforced by the observation that 
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blocking methylation interferes with growth factor 
response."'" 

Methylation reactions, including DNA methylation, 
are generally controlled by the ratio of the methyl 
donor S-adenosylmethionine (SAM) to its demethy-
lated product S-adenosylhomocysteine (SAH), since 
SAH retains considerable affinity for methyltransfer-
ase enzymes."'" Methionine synthase (MS) exerts an 
important influence on the [SAM] to [SAH] ratio by 
efficiently converting homocysteine to methionine, 
using 5-methyltetrahydrofolate as the methyl donor. 
This prohibits the reversion of homocysteine to SAH, 
which is otherwise thermodynamically favored." In 
some tissues, but not the brain, homocysteine can also 
be converted to methionine by a betaine-dependent 
methyltransferase. Thus methylation reactions in the 
brain are highly dependent on MS activity. 

In addition to the methylation of homocysteine, MS 
is also essential for folate-dependent methylation of 
membrane phospholipids carried out by the D4 
dopamine receptor.' Dopamine activation of the 
D4 receptor initiates a four-step cycle of phospholipid 
methylation (PLM) in which the side chain of a 
methionine residue in the receptor is adenosylated, 
enabling transfer of its methyl group to the head 
group of an adjacent phospholipid. Following the 
removal of the adenosyl group by SAH hydrolase, MS 
provides a new, folate-derived methyl group to the 
side chain, thereby supporting dopamine-stimulated 
PLM. In light of studies linking attention-deficit 
hyperactivity disorder (ADHD) to genetic variants of 
the D4 receptor found only in primates," we have 
proposed that dopamine-stimulated PLM might play 
an important role in attention and in attention-
initiated learning." 

In the current study, we investigated the ability of 
dopamine and insulin-like growth factor-1 (IGF-1) to 
regulate MS activity and folate-dependent PLM in 
SH-SY5Y human neuroblastoma cells, and found that 
they stimulated activity via a PI3-kinase- and MAP-
kinase-dependent signaling pathway. Furthermore, 
we examined the ability of several neurodevelop-
mental toxins to interfere with this novel mode of 
regulation. Their potent inhibitory effects raise the 
possibility that impaired MS activity may contribute 
to developmental disorders and to disorders of 
attention. 

Materials and methods 

Phospholipid methylation 
SH-SY5Y cells were grown in six-well plates in a-
MEM supplemented with 10% FBS and 1% penicil-
lin/streptomycin/fungizone. After a wash with Hank's 
balanced salt solution, cells were incubated for 
30 min in 600 #1 of Hank's solution containing 1 auCi/m1 
[14C]formate (or [311-methAmethionine), in the pre-
sence of IGF-1 or dopamine. Drugs or metal salts were 
added 30 min prior to the period of radiolabeling. The 
reaction was terminated by an initial wash with ice-
cold unlabeled Hank's solution followed by 500 id 

ice-cold 10% TCA. After scraping, cells were soni-
cated and an aliquot was removed for protein assay. 
Following centrifugation, the pellet was dispersed in 
1.5 ml of 2 N HC1/Me0H/CHC13  (1 : 3 : 6), vortexed and 
allowed to separate. The lower CHC13  layer was 
washed twice with 400 /11 of 0.1 N KC1 in 50% Me0H 
and an aliquot counted for radioactivity after evapora-
tion. 

MS activity 
SH-SY5Y cells were scraped, pelleted and frozen at 
—80°C prior to assay for MS activity. Approximately 
108  cells were resuspended in 1 ml of 100 mM 
phosphate buffer (pH 7.4) containing 0.25 M sucrose. 
Cells were disrupted by sonication on ice and the 
homogenate centrifuged at 4°C. Assays were per-
formed under anaerobic conditions, as described 
previously.20  The reaction mixture contained 
100 mM potassium phosphate, pH 7.2, 500 µM homo-
cysteine, 152 pM SAM, 2 mM titanium citrate, 250 pM 
(6R,S)-5_14Cii.”3_11,,folate and enzyme in a final volume 
of 1 ml. The reaction was initiated by the addition of 
CH3-114folate, incubated for 60 min at 37°C and 
terminated by heating at 98°C for 2 min. Radiolabeled 
methionine was separated on a Dowex 1-X8 column, 
which was eluted with 2 ml of water. Control assays, 
in which sample enzyme was omitted, served as 
blanks. 

(14G] Formate Autoradiography 
SH-SY5Y cells in six-well plates were incubated with 
Hank's solution containing [14C] formate (5 pCi/ml) for 
30 min and the reaction terminated by the addition of 
1 ml of ice-cold lysis buffer. After scrapping, the 
lysate was centrifuged at 30 000 x g for 30 min and the 
pellet resuspended in 1 ml of PBS after which an 
aliquot was dissolved in sample buffer and separated 
by SDS-PAGE. A blot containing  [14C]-labeled mem- 
brane proteins was subsequently analyzed by phos-
phorimaging. 

Global DNA methylation 
As described previously" DNA was extracted from 
cultured cell pellets using a phenol : chloroform : 
soamyl alcohol protocol. DNA (1 pg) was enzymati-
cally hydrolyzed by sequential digestion with 
nuclease P1, venom phosphodiesterase I and alkaline 
phosphatase, and 20µl of the digest was injected onto 
a reversed-phase analytical HPLC column (Suplex 
pKb 100). Isocratic elution was carried out with a 
mobile phase of ammonium acetate (7 mM; pH = 6.7) 
and methanol (5% v/v) in water. For mass spectro-
metry, stable isotopes 15N3 2'-deoxycytidine and 
methyl-D3, ring-6-D1 5-methyl-2'-deoxycytidine were 
used as internal standards. Ions of m/z 126 and 130 
were used to detect 5-methyl-2'-deoxycytidine and its 
isotopomer, and ions of m/z 112 and 115 were used to 
detect 2'-deoxycytidine and its stable isotope, respec-
tively. DNA methylation status was computed as the 
amount of 5-methylcytidine/pg DNA. 

Molecular Psychiatry 
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Methylation-sensitive PCR 
MDA-MB-231, MDA-MB-435 and MCF-7 cells 
(1.5 x 106) were plated onto 10 cm dishes and allowed 
to attach overnight prior to treatment with wortman-
nin or LY 294002 for either 16 h or 30 h. Cells were 
then scraped, divided into two aliquots and pelleted. 
One pellet was extracted with TRI REAGENT, to 
isolate RNA (for RT-PCR), and the other was lysed in 
500 µ1 TNES (10 mM Tris pH 8, 150 mM NaCl, 2 mM 
EDTA, 0.5% SDS), for DNA extraction (for methyla-
tion-sensitive PCR). RNA samples were reverse 
transcribed by an initial reaction with dNTPs and 
oligo-DT at 65°C followed by the addition of DTT, 
RNase inhibitor and Superscript II at 42°C for 50 min 
and subsequently 72°C for 15 min to yield cDNA. RT-
PCR was performed on the cyclin D2 gene using 
primers 5'-CATGGAGCTGCTGTGCCACG (sense) and 
5'-CCGACCTACCTCCAGCATCC (antisense) and, as a 
control, the 36B4 primers 5'-GATTGGCTACC-
CAACTGTTGCA (sense) and 5'-CAGGGGCAGCAGC-
CACAAAGGC (antisense) as described previously.' 
For methylation-sensitive PCR, samples in TNES 
were incubated with proteinase K (20 µ1 of 20 mg/ 
ml) overnight at 55°C prior to DNA extraction and 
resuspension in TE buffer. DNA samples were then 
treated with sodium bisulfite and subsequently 
extracted using a Wizard DNA cleanup kit, followed 
by ethanol precipitation and resuspension in ddH2O. 
Methylation-sensitive PCR studies were then per-
formed on cyclin D2 using primers specific for 
methylated and unmethylated DNA. Products were 
resolved on 2% agarose gels and visualized by 
ethidium bromide staining. 

Results 

IGF-1 stimulates MS 
MS utilizes 5-methyltetrahydrofolate as a required 
cofactor, so it is possible to assess its activity in intact 
cells by labeling the single-carbon folate pool with 
[14C]formate and measuring the subsequent appear-
ance of label in methylated products (Figure 1). Using 
this strategy, we evaluated the effect of IGF-1 on 
folate-dependent PLM in SH-SY5Y human neuroblas-
tome cells. Exposure to IGF-1 produced a dose-
dependent increase in folate-dependent PLM with 
an EC50  = 0.4 nM, but insulin and IGF-2 did not share 
this activity (Figure 2a). However, when PLM was 
measured using [31-1-methy/]methionine, which by-
passes MS (Figure 1), IGF-1 had no effect, although 
cycloleucine, an inhibitor of methionine adenosyla-
tion, reduced methylation (Figure 2b). This specifi-
city of IGF-1 for the stimulation of folate-dependent 
PLM suggests an action at the level of MS. The 
tyrosine kinase inhibitor genistein blocked IGF-1 
stimulation of folate-dependent PLM (Figure 2c), 
consistent with an essential role for receptor autopho-
sphorylation. 

IGF-1 activates both PI3-kinase and MAP-kinase 
signaling in SH-SY5Y cells." The selective PI3-kinase 
inhibitors wortmannin and LY294002 caused dose- 

r4C1Formate 

Single-carbon 
folate pathway 

[Plc] 5-methylTHF 
11-1-methyil Nlethionine Methionine Vit B12 

Synthase 
NI El' 	  HCY 

ATP111.. 
 ppi,p 	

;rAdenosine 

SAM 
- ) 

Methyl Acceptor 
(e.g. phospholipids or DNA) 

Figure 1 Folate-dependent and folate-independent PLM. 
SAM provides methyl groups to numerous acceptors, 
including phospholipids and DNA. Its methyl group 
originates from either the folate pathway in the form of 5-
methyltetrahydrofolate (5-methylTHF), via MS-dependent 
methylation of homocysteine (HCY) or from methionine 
(MET). SAH, an inhibitor of methyl transfer reactions, is 
reversibly hydrolyzed to homocysteine and adenosine. By 
decreasing homocysteine levels, MS can promote methyla-
tion. 

dependent decreases in the basal level of MS-
dependent PLM and blocked the IGF-1-induced 
increase (Figure 2d). PD98059, a specific inhibitor of 
MEK (MAP-kinase kinase), also inhibited the IGF-1-
induced increase of PLM (Figure 2e). In contrast, 
inhibition of PI3-kinase or MAP-kinase pathways did 
not affect folate-independent PLM, measured with 
[3H-methyl]methionine (Figure 2f). Thus, both PI3-
kinase and MAP-kinase activities are required for the 
IGF-1 stimulation of folate-dependent PLM. 

To assess the influence of IGF-1 on MS, SH-SY5Y 
cells were treated identically to PLM studies and 
assayed for enzyme activity, measured as the conver-
sion of homocysteine to methionine. As shown in 
Table 1, IGF-1 increased MS activity to 212% of the 
basal level. Remarkably, wortmannin and PD98059 
each not only blocked the IGF-1-induced increase but 
also eliminated basal enzyme activity. These effects 
are in close accord with PLM results and indicate a 
critical role for PI3-kinase and MAP-kinase signaling 
pathways in regulating MS. 

Dopamine stimulates MS 
Dopamine caused a dose-dependent increase of 
folate-dependent PLM in SH-SY5Y cells with an 
EC50  of 0.8 µM (Figure 3a). Similar to IGF-1, dopa-
mine-stimulated PLM was dependent on both PI3 
kinase and MAP kinase, as indicated by the inhibitory 
effects of wortmannin, LY294002 and PD98059 
(Figures 3b and c). 

Molecular Psychiatry 
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Figure 2 IGF-1 stimulates folate-dependent PLM. (a) Folate-dependent PLM, measured with ["C]formate, ±IGF-1, IGF-2 or 
insulin. (b) Folate-independent PLM, measured with [3H-methyl]methionine, +IGF-1 (10 nM) or the methionine 
adenosyltransferase inhibitor cycloleucine (2 mM). (c) Folate-dependent PLM +IGF-1 (10 nM) or genistein (10 pM). (d) 
Folate-dependent PLM+PI3-kinase inhibitors wortmannin and LY294002. (e) Folate-dependent PLM± the MEK inhibitor 
PD98059. (f) Folate-independent PLM±wortmannin (1µM) or LY294002 (1 ttM). 

To confirm direct D4 receptor involvement in 
folate-dependent PLM, cells were labeled with 
[14C]formate for 30 min and cell membrane proteins 
were separated via SDS-PAGE and then transferred to 
a blot for autoradiography. As shown in Figure 3d, 
only a single 41 kDa protein, corresponding to the D4 
receptor, was radiolabeled under these conditions. 
Dopamine increased receptor labeling, while labeling 
was reduced by clozapine, a D4 receptor antagonist, 
and by cycloleucine, an inhibitor of methionine 
adenosyltransferase. IGF-1 increased D4 receptor-
associated radiolabel, consistent with its activation 
of MS, while wortmannin and PD98059 blocked both 
dopamine- and IGF-1-stimulated labeling (Figure 3e). 
Dopamine increased MS activity 2.5-fold and the 
increase was blocked by wortmannin (Table 1). When 
added in combination, dopamine and IGF-1 increased 
MS activity 4.5-fold, indicative of separate but 
additive mechanisms of PI3-kinase activation. Thus 
IGF-1 and dopamine both regulate MS activity, and 
IGF-1 promotes folate-dependent methylation of the 
D4 dopamine receptor. 

Effects of ethanol 
Ethanol inhibits PI3-kinase-dependent IGF-1 signal-
ing in SH-SY5Y cells," and we evaluated its effect on 
basal, IGF-1- and dopamine-stimulated, folate-depen-
dent PLM. Ethanol potently reduced folate-dependent 
PLM activity, and at the highest concentration tested 
(0.5% v/v), basal- and IGF-1-stimulated PLM were 
reduced by 67 and 65%, respectively (Figure 4a). The 
IC,,, for the inhibition of folate-dependent PLM 
(0.04% or 8.8 mM) reflects one of the most highly 
ethanol-sensitive responses reported to date. Conver-
sely, ethanol had no effect on folate-independent 
PLM, measured with [3H-methyl]methionine, at con-
centrations up to 0.5% (Figure 4b). When combined 
with wortmannin or LY294002, ethanol produced no 
additional decrease in PLM (Figure 4c). In MS assays, 
a 60 min exposure to 0.1% ethanol reduced the 
activity to an undetectable level and there was no 
response to IGF-1 (Table 1). Thus, ethanol potently 
interferes with the ability of the IGF-1/PI3-kinase 
system to augment MS activity directed toward 
homocysteine. 

Molecular Psychiatry 
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Table 1 MS activity in SH-SY5Y human neuroblastoma 	methylation of the D4 receptor. Indeed, after exposure 
cells 	 to 0.1% ethanol, dopamine no longer stimulated 

homocysteine methylation (Table 1). Ethanol there- 
Treatment 	 MS activity° (pmol/ 

min/mg) 

Basal 	 29.1+2.7 (100%) 
IGF-1 (10 nM; 30 min) 	 61.9±2.6 (212%) 
Wortmannin (0.1 µM; 60 min) 	 ND 
IGF-1 + wortmannin 	 ND 

Dopamine (10 04; 30 min) 	 74.1+2.6 (254%) 
Dopamine + wortmannin 	 ND 
Dopamine + IGF-1 	 132.1+7.7 (454%) 

PD98059 (1 µM; 60min) 	 ND 
IGF-1 + PD98059 	 ND 
Dopamine + PD98059 	 ND 

Ethanol (0.1%; 60min) 	 ND 	 b 	15 
IGF-1 + ethanol 	 ND  
Dopamine + ethanol 	 ND 	 2 ! 

ELI c 10 
CuCl, (10µM; 60min) 	 37.0+3.4 (127%) 	 a) '5 

0 0 
IGF-1 ± CuClz 	 56.6±4.7 (194%) 	 E 8_ 

0) 
Dopamine + CuC12 	 71.2 + 5.8 (244%) 	 I-L

8 
E 

'43 i 
CuCl (10µM; 60 min) 	 1.9±1.6 (7%) 	 "0_ 
IGF-1 ± CuCI 	 33.1±3.5 (114%) 
Dopamine ±CuCl 	 32.3+3.3 (111%) 

HgC12 (10µM; 60 min) 	 ND C 
IGF-1 + HgClz 	 ND 	 4 
Dopamine + HgC12 	 ND 	 7. 

2 — _1 x 3 
D _ c . 

PbNO3 (10 µM; 60 min) 	 2.7±0.1 (9%) 	 2 2. 
IGF-1 ±PbNOz 	 26.4±0.1 (90%) 	 E 

cc, 2 
o_ 2 

Dopamine ±PbNOz 	 35.4±2.5 (122%) t5 
E
0) 

U- 

--2 
Thimerosal (10 nM; 60 min) 	 ND 	 •.- 15 — 0_ 1 

0 IGF-1 + thimerosal 	 ND 
Dopamine + thimerosal 	 ND 	 0 

'Results are the mean+ sem of replicate measurements from 
two to four separate experiments. ND = no detectable 
enzyme activity. 

In contrast to its inhibition of basal- and IGF-1-
stimulated, folate-dependent PLM, ethanol did not 
reduce dopamine-stimulated PLM, but instead caused 
a modest increase (Figure 4d). Since dopamine-
stimulated PLM involves the methylation of the D4 
receptor, not homocysteine, this implies that ethanol 
impairs the methylation of homocysteine, but not the 

5 

d 

e Figure 3 D4 dopamine receptor-mediated, folate-depen-
dent PLM. (a) Dopamine-stimulated PLM measured with 
[14C]formate. (b) Folate-dependent PLM+ dopamine 
(10 pM)+ wortmannin and LY294002. (c) Folate-dependent 
PLM+ dopamine (10 pM)+PD98059. (d, e) Autoradiograms 
of SH-SY5Y membrane proteins after a 30 min incubation 
with [14C]formate. (d) Dopamine (DA) (10µM), clozapine 
(1 pM), cycloleucine (2mM). (e) Wortmannin (1 pM), 
PD98059 (1 pM), dopamine (10 pM) and IGF-1 (10 nM). 
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fore diverts folate-derived methyl groups toward 
D4R-mediated PLM, away from homocysteine 
methylation. 

Effects of metal ions and thimerosal 
Heavy metal exposure during early development is 
associated with impaired neurological and cognitive 
function,"-" and Cu2 + has been previously shown to 
increase PI3-kinase activity." To evaluate a possible 
effect of metal ions on MS-dependent PLM, SH-SY5Y 
cells were incubated with Cuz + , Cu+ , Hg2 + and Pb' + 
at a concentration of 10µM for 30 min prior to and 
during [14C]formate labeling in the presence or 
absence of IGF-1. As shown in Figure 5a, Cu' + 
increased basal PLM while other metal ions had no 
effect. All metals, with the exception of Cu' + , 
inhibited the stimulatory action of IGF-1. Pretreat-
ment with penicillamine, which binds Cu' + , com-
pletely eliminated the IGF-1 response. None of the 
metal ions affected PLM measured with [3H-methyl]-
methionine (Figure 5b), indicating their specificity for 
MS-related methylation events. Cu+ blocked radi-
olabeling of the D4 receptor, while CIO+ was without 
effect (Figure 5g). 

In dose-response studies, Hg2 + and P132 + potently 
inhibited IGF-1-stimulated, folate-dependent PLM 
with IC,c, values of 15 and 100 nM, respectively 
(Figure 5c). Aluminum inhibited IGF-1-stimulated 
PLM in a biphasic manner, with IC,,, values of 0.1 and 
200 nM (Figure 5d). Against dopamine-stimulated 
PLM, however, Al' + exhibited monophasic inhibition 
with an IC50  of 150 nM. 

It has been suggested that increases in the inci-
dence of ADHD and autism might be linked to the 
ethylmercury-containing preservative thimero-
sa1,7'30'" a component of vaccines formulated in 
multidose containers. Thimerosal potently inhibited 
basal, IGF-1- and dopamine-stimulated, folate-depen-
dent PLM, with a threshold of approximately 10 pM 
and an IC50  of 1 nM (Figure 5e), and also blocked 
folate-dependent radiolabeling of the D4R (Figure 5h). 
Similar to metal ions, thimerosal had no effect on 
folate-independent PLM (Figure 5b). When Cu2 + 
(1 µM) was added, the extent of thimerosal inhibition 
was reduced (Figure 5e), suggesting that heavy metals 
compete with Cu' + in the PI3-kinase pathway leading 
to MS activation. 

Thimerosal is composed of ethylmercury bound to 
thiosalicylate, a metal chelator that is similar in 
structure to penicillamine. Thiosalicylate inhibited 
IGF-1-stimulated, folate-dependent PLM, albeit with 
500- to 100-fold lower potency than thimerosal, but 
did not affect basal PLM (Figure 5f). This effect of 
thiosalicylate was greatly reduced in the presence of 
1 /./M Cu' , suggesting that the chelation of Cu' ± may 
underlie its inhibitory effect. 

Cu' ± modestly increased MS activity and did not 
interfere with stimulation by IGF-1 and dopamine 
(Table 1). Cu+ and Ph' ± reduced the basal activity by 
more than 90%, but allowed nearly normal increases 
by IGF-1 and dopamine. Thimerosal and Hg2 + each 
reduced MS activity to an undetectable level and 
completely blocked stimulatory effects of IGF-1 and 
dopamine (Table 1). Based on these results, the 
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Figure 5 Effects of heavy metal ions and thimerosal on PLM. (a) Folate-dependent PLM±IGF-1 (10 nM) in the presence of 
CuC12, CuCl, HgC12  or PbCh (10µM), or penicillamine (1 mM). *Significant increase from control (P< 0.05); **Significant 
decrease from IGF-1 only (P< 0.01). (b) Folate-independent PLM+ cycloleucine (2 mM), CuC12, CuCI, HgC12, thimerosal 
(10 µM). *Significant decrease from control (P<0.01). (c—f) Folate-dependent PLM in the presence of IGF-1 (10 nM) or 
dopamine (10 itM) +mercury, lead, aluminum, Cu2 ± (1µM), thimerosal or thiosalicylate. (g) Radiolabeling of the D4 
dopamine receptor in the presence of dopamine (10 µM), IGF-1 (10 nM), CuCl (1 tiM), CuC12  (1 pM). (h) Dopamine (10 aM), 
thimerosal (10 nM) and IGF-1 (10 nM). 

inhibitory effects of metal ions and thimerosal on 
folate-dependent PLM can be attributed to the 
inhibition of MS activity. 

DNA methylation 
Since increased MS activity can lower the levels of 
SAH, an inhibitor of methylation reactions, we 
examined the influence of IGF-1 and dopamine on 
global DNA methylation status. After a 6 h exposure, 
IGF-1 increased global DNA methylation by 107%, 
while dopamine caused an increase of 41% (Table 2). 
Wortmannin caused a modest increase in DNA 
methylation, and blocked IGF-1- and dopamine- 

induced increases. Ethanol had no effect on its own 
but, similar to wortmannin, blocked the ability of IGF-
1 to increase DNA methylation. In contrast, ethanol 
did not block the stimulatory effect of dopamine. 
Thus the ability of both IGF-1 and dopamine to 
increase MS activity is associated with substantial 
increases in DNA methylation, suggesting that PI3-
kinase signaling may alter gene expression via this 
mechanism. Moreover, changes in DNA methylation 
parallel the effects of these agents on folate-depen-
dent PLM. 

To evaluate the ability of PI3 kinase to affect DNA 
methylation and gene expression, we used methyla- 
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Table 2 Global DNA methylation in SH-SY5Y cells 

Drug treatment 
	

Global DNA 
methylation° 

(ng MeGyt/pg DNA) 

Control 
	

1.38 (100%) 

IGF-1 (0.1 nM) 
	

2.87 (207%) 
Wortmannin (0.1 µM) 
	

1.69 (123%) 
IGF-1 + wortmannin 	 1.23 (89%) 

Dopamine (10 µM) 
	

1.94 (140%) 
Dopamine + wortmannin 	 1.39 (101%) 

Ethanol (0.1% v/v) 
	

1.40 (102%) 
IGF-1 + ethanol 
	

0.91 (66%) 
Dopamine + ethanol 
	

2.78 (201%) 

aEach data point is the mean of replicate determinations 
from duplicate samples. 
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Figure 6 Methylation-specific PCR (MSP) and RT-PCR 
analysis of cyclin D2 following wortmannin and LY 294002 
treatment. Cells (MDA-MB-231 and MDA-MB-435) were 
treated with 0-5 µM wortmannin (W) or LY 294002 (LY) for 
16 h. The MSP analysis of cyclin D2 was performed using 
primers specific for unmethylated (U) or methylated (M) 
DNA amplification (a). RT-PCR was performed to detect 
cyclin D2 expression and, as a control, the housekeeping 
gene 36B4 (b). MDA-MB-435 cells were treated with 0-
10 µM of Wortmannin and LY-294002 for the longer time 
period of 30 h. MSP analysis (c) and RT-PCR (d) was then 
performed as above on the cyclin D2 gene. WBC: white 
blood cell control that is unmethylated and expresses cyclin 
D2. Untreated MCF-7 cells are hemimethylated for cyclin 
D2 (a). 

tion-sensitive PCR to determine the methylation 
status of the cyclin D2 gene, which contains a 
methylation-sensitive promoter."'" As illustrated in 
Figure 6a, a 16 h treatment with LY294002, but not 
wortmannin, increased the proportion of demethy-
lated cyclin D2 promoter in the breast cancer-derived 
MDA-MB-231 and MDA-MB-435 cell lines. RT-PCR 
showed that both wortmannin and LY294002 in-
creased gene expression in MDA-MB-435 cells (Fig-
ure 6b). After a 30 h incubation, wortmannin and 
LY294002 both caused demethylation of the cyclin D2 
promoter in MDA-MB-435 cells, along with an 
increase in transcription (Figures 6c and d). This 
confirms the ability of PI3 kinase to regulate DNA 
methylation and gene expression in a non-neural cell 
line. 

Discussion 

MS links the single-carbon folate pathway to the 
methionine cycle, and is a potentially important site 
for metabolic control. Nonetheless, there have been 
no prior reports of its regulation by extracellular 
signaling pathways. Our studies demonstrate the 
ability of IGF-1 and dopamine to increase MS activity 
via a mechanism that requires the activity of both PI3-
kinase and MAP-kinase pathways. MS activity is a 
major determinant of both homocysteine and SAH 
levels, and the efficiency of methylation reactions is 
governed by the [SAM] to [SAH] ratio."'" These 
relationships imply that growth factors, by increasing 
PI3- and MAP-kinase activity, can facilitate trans-
methylation reactions, via activation of MS. Conver-
sely, agents interfering with this mechanism will 
impair methylation. 

Our studies also provide evidence that ethanol, 
heavy metals and the vaccine preservative thimerosal 
potently interfere with MS activation and impair 
folate-dependent methylation. Since each of these 
agents has been linked to developmental disorders, 
our findings suggest that impaired methylation, 
particularly impaired DNA methylation in response 
to growth factors, may be an important molecular 
mechanism leading to developmental disorders. 

DNA methylation is a crucial regulator of gene 
expression that has been linked to several develop-
mental disorders. The majority of Rett syndrome 
cases are caused by MeCp2 mutations that interfere 
with MeCP2 to binding to methylated CpG sites in the 
genome.3  As a consequence, the protein complex 
necessary for histone modification and gene silencing 
fails to form, leading to dysregulated gene expression. 
Fragile-X syndrome is associated with localized 
hypermethylation of unstable CGG repeats at fragile 
sites on the X-chromosome (Xg27•3)•4  Impaired MS 
activity could therefore contribute to developmental 
disorders via altered patterns of DNA methylation. 

Growth factors (eg nerve growth factor, brain-
derived neurotrophic factor and IGF-1) promote 
development of the neuronal phenotype and support 
the function and survival of differentiated nerves.'" 

Cyclin D2 
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C 

d 

MDA- 
WBC MB-231 0 

Molecular Psychiatry 



• ATP ATP-"_ 

Formate 
THF A 

10-Formy

1

l THF --.- 

5, 10-Met

/

henyl THF 

5, 10-Methylene THF -.- 

I CZ 
\5-Methil THF 

9 

Pb2-F/Hg2+/Al3F/Ce/Thimerosal 

CU2* )  
" 

(-0 
IGF 1 

Ethanol 	
1 (-0 

Dopamine 

D4MET Agonists 
• Antagonists' -D  4MET 

11-1 

PI3- Ki nose/ MAP-Kinase 

Methyl acceptor Methyl acceptor-CH3  

ASL 

Th michr. 
synihesls  

The capacity to activate simultaneously both PI3-
kinase and MAP-kinase pathways is a feature of many 
growth factors.'" Blocking the methionine cycle (eg 
with inhibitors of SAH hydrolase) interferes with 
neurotrophic responses,"'" indicating an essential 
role for methylation in growth factor action. Since 
differences in cellular phenotype reflect varied 
patterns of methylation-dependent gene silencing, it 
is reasonable to hypothesize that growth factors might 
directly or indirectly modulate genomic methylation 
status during development. 

IGF-1 exerts trophic and antiapoptotic effects on a 
wide variety of cell types, and its involvement in 
brain development is well documented."'" In addi-
tion to its neurotrophic action, IGF-1 promotes 
differentiation and survival of myelin-producing 
oligodendrocytes," an action in which divalent 
copper plays an integral role. Thus the chelation of 
copper causes demyelination and an upregulation of 
IGF-1.43  Vitamin B12 deficiency" and chronic nitrous 
oxide exposure," both of which impair MS, also 
cause demyelination. We found that Cuz F promotes 
MS activity (Table 1) and protects against the 
inhibitory effects of other metals (Figure 5e), while 
Cu' chelation has an opposite effect (Figures 5a and 
f). Thus oligodendrocytes provide a specific example 
of how IGF-1, metal ions and methylation can 
combine to affect cellular differentiation and brain 
development. 

During postnatal development, myelination is 
critical for the specification of fixed connections 
between brain regions (ie hard-wiring), and there 
have been a number of reports of abnormal white 
matter (ie myelination) in autism.46-" Neurodevelop-
mental insults affecting myelination could lead to 
abnormal neural connections, resulting in the en-
hancement of certain relationships, but deficiencies 
in others, as is frequently observed in autism. 
Reduced IGF-1 levels have been reported in autism," 
which may also contribute to impaired myelination. 

Fetal ethanol exposure, consequent to maternal 
alcohol use, leads to the complex disorder known as 
fetal alcohol syndrome.' In humans and animal 
models, IGF-1 levels are reduced after fetal ethanol 
exposure, and the decrease is sustained through 
postnatal development."'" Ethanol increases homo-
cysteine levels in animals and man,"'" in association 
with impaired MS activity." Ethanol potently inhibits 
basal- and IGF-1-stimulated MS activity (Table 1), 
reduces folate-dependent methylation (Figure 3a), 
and blocks the ability of IGF-1 to increase DNA 
methylation (Table 2). The IC,,, for ethanol inhibition 
of methylation (8 mM) corresponds to blood levels 
produced by only one or two drinks, indicating a 
potential for adverse effects on methylation events 
from only moderate drinking. In a related finding, 
IGF-1 has been shown to promote recovery from 
carbon tetrachloride-induced cirrhosis, by increasing 
DNA methylation and normalizing gene expression." 

As illustrated in Figure 7, MS has two substrates, 
homocysteine and the dopamine D4 receptor in its 
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Figure 7 IGF-1 and dopamine regulate MS. Formate 
provides carbon atoms to the folate pathway that are used 
for purine and thymidine synthesis or are irreversibly 
reduced by 5,10-methylenetetrahydrofolate reductase 
(MTHFR) to 5-methylTHF. MS utilizes 5-methylTHF for 
the methylation of homocysteine (HCY; right) and the D4 
dopamine receptor during dopamine-stimulated PLM (D4R; 
left). D4R-mediated PLM requires the active receptor 
conformation (indicated by *) and is promoted or inhibited 
by receptor agonists or antagonists, respectively. IGF-1 and 
dopamine augment MS activity via a PI3-kinase- and MAP 
kinase-dependent mechanism, increasing methionine 
synthesis and lowering SAH levels. Cu2 + promotes MS 
activity, while Pb2 +, Hg2 +, AP+, Cu+ and thimerosal 
reduce activity. ATP-dependent adenosylation of methio-
nine by methionine adenosyltransferase (MAT) forms SAM, 
the universal methyl donor for many reactions, including 
DNA methylation. SAH hydrolase reversibly catalyzes 
adenosine removal from SAH. Abnormalities involving 
purine synthesis (eg ASL mutations) or adenosine metabo-
lism (increased 5'-nucleotidase (5'-Ntase) or decreased 
adenosine deaminase (ADA) activity) can adversely affect 
the capacity for methylation and thereby synergize with 
reduced MS activity. 

homocysteine state. Dopamine-stimulated PLM, mea-
sured with [14C]formate, reflects D4 receptor-directed 
MS activity and ethanol increases dopamine-stimu-
lated PLM (Figure 4d), in contrast to its inhibition of 
homocysteine-directed MS activity (Table 1). These 
results indicate that ethanol promotes the ability of 
MS to utilize the D4 receptor as a substrate, while 
simultaneously decreasing homocysteine methyla-
tion. 

Dopamine increases MS activity and folate-depen-
dent PLM in SH-SY5Y cells via a mechanism 
requiring both PI3-kinase and MAP-kinase activation 
(Table 1, Figures 3b and c), and this increase will 
promote the efficiency of the D4 receptor-mediated 
PLM cycle. Although the functional role of dopamine- 
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stimulated PLM is not fully understood, the incidence 
of ADHD is linked to genetic variations within the D4 
receptor gene," and it has been proposed that 
dopamine-stimulated PLM plays a central role in 
attention." Impairment of MS could therefore ad-
versely affect the capacity for attention and could 
contribute to the risk of ADHD. 

Lead exposure, particularly early in life, causes 
growth retardation along with impairments in atten-
tion and cognitive development,' and government 
guidelines establish blood concentrations exceeding 
500 nM as indicative of lead poisoning." An increase 
in blood lead levels from 1 to 10 pg/d1 (120-1200 nM) 
is associated with an IQ decrease of 7.4 points." 
Since lead inhibits IGF-1-stimulated methylation 
with an IC50  value of 100 nM (Figure 5c), impaired 
MS could contribute to developmental delay and 
impaired cognition associated with lead poisoning. 

Mercury exposure has been suggested as a possible 
cause of autism' and methylmercury is a well-
recognized neurotoxin.57  A blood mercury level of 
29 nM has been recommended by the Environmental 
Protection Agency as a reference value for defining 
toxic exposure." We found that inorganic mercury 
inhibits IGF-1-stimulated methylation with an IC50  of 
15 nM (Figure 5c). 

Aluminum salts are used as vaccine adjuvants, 
based on their ability to improve dendritic cell 
response to presented antigens. The aluminum con-
tent of vaccines varies from 0.125 to 0.85 mg/dose, 
which would produce concentrations of approxi-
mately 0.7 to 4.504, if uniformly distributed in the 
body water of a 7 kg infant. These concentrations 
produce greater than 50% inhibition of both IGF-1-
and dopamine-stimulated methylation, raising the 
possibility that aluminum concentrations produced 
by vaccination might adversely affect methylation 
events. In light of the importance of MS in regulating 
DNA methylation"'" and the central role of DNA 
methylation in development,' we propose that metal 
exposures, including lead, mercury and aluminum, 
may contribute to developmental syndromes via their 
inhibitory effects on signaling pathways that regulate 
MS activity. 

Thimerosal is an ethylmercury derivative of thio-
salicylate, widely used as a preservative to block the 
growth of contaminating organisms in biological 
products. It was included in most vaccines in the 
US until 1999, when the FDA initiated a precau-
tionary program calling for `thimerosal-free' vaccines. 
Most, but not all, vaccines are now `thimerosal-free', 
meaning that they contain less than 0.5 jig thimerosal/ 
dose." Thimerosal inhibits IGF-1 and dopamine-
stimulated methylation with an IC,. near 1 nM, 
(Figures 5e and f), indicating its potential for 
disrupting normal growth factor control over methy-
lation. Thiosalicylate itself also inhibited methyla-
tion, presumably by chelating Cu' , but was more 
than 100-fold less potent than thimerosal (Figure 5f), 
indicating that the ethylmercury in thimerosal is 
responsible for its inhibitory effect. The presence of 

added Cu2 ±, however, significantly offsets thimero-
sal-induced inhibition, reflecting competition be-
tween promotional and inhibitory effects of metals 
on the PI3-kinase MS pathway. Thus, the toxicity of 
thimerosal in the body may depend upon the 
concentrations of metal ions that provide either 
additive toxicity or protective effects on PI3-kinase 
signaling. Thimerosal has been reported to activate 
apoptosis in lymphocytes" and in cultured human 
cortical neurons," consistent with the inhibition of 
the PI3-kinase signaling pathway. 

A single thimerosal-containing vaccination p 
roduces acute ethylmercury blood levels of 10-
30 nM," and blood samples in 2-month-old infants, 
obtained 3-20 days after vaccination, contain 
3.8-20.6 nM ethylmercury." Our studies therefore 
indicate the potential for thimerosal to cause adverse 
effects on MS activity at concentrations well below 
the levels produced by individual thimerosal-contain-
ing vaccines. 

If impaired MS activity does indeed contribute to 
neurodevelopmental toxicity, limitations in other 
pathways that support homocysteine methylation 
could predispose individuals to higher risk. Since 
SAH hydrolase is reversible, the concentration of 
adenosine determines the probability that homocys-
teine will be reconverted to SAH (Figure 7). Adeno-
sine deaminase activity is reduced in autism," which 
would lead to higher adenosine levels and enhanced 
SAH formation. A polymorphism in the adenosine 
deaminase gene, that gives rise to a lower activity 
enzyme, is over-represented in autism."'" Adenosine 
is formed by the action of 5'-nucleotidase on AMP, 
and Page et a169  found eight- to 10-fold higher 5'-
nucleotidase activity in association with an 'autism-
like' developmental disorder. Each of these autism-
associated metabolic abnormalities could synergize 
with reduced MS activity to impair methylation. 

Mutations in the adenylosuccinate lyase (ASL) gene 
are a rare but penetrant cause of autism.' Lower 
enzyme activity blocks de novo purine synthesis in 
conjunction with a massive buildup of preblock 
intermediates that are ultimately excreted in the 
urine. As illustrated in Figure 7, increased flux of 
folate-derived single-carbon groups to purine synth-
esis restricts the availability of 5-methylTHF for MS. 
Moreover, increased flux of single-carbon groups 
toward de novo purine synthesis is common in 
autism,'° as well as in Lesch—Nyhan Syndrome," 
and this may increase sensitivity to neurodevelop-
mental toxins acting on MS. 

A recent rise in autism incidence" has triggered 
concerns that an environmental factor might be 
promoting developmental disorders. Attention has 
been directed towards vaccines as a possible cause of 
the rise, since there has been a significant increase in 
the number of required vaccinations since the early 
1980s/'28'" Depending on infant weight and vaccina-
tion schedule, the vaccine-associated dosage of 
ethylmercury during the initial 24 months of life 
approached or exceeded federal guidelines for 
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methylmercury exposure." A recent analysis of data 
from the Vaccine Adverse Event Reporting System, 
maintained by the Centers for Disease Control, found 
a significant correlation between the use of the 
thimerosal-containing formulation (vs the thimero-
sal-free formulation) of the Diphtheria, Tetanus and 
acellular Pertussis (DTaP) vaccine and autism." The 
discovery of the PI3-kinase/MAP-kinase/MS pathway, 
and its potent inhibition by developmental neurotox-
ins, including vaccine components thimerosal and 
aluminum, provides a potential molecular explana-
tion for how increased use of vaccines could promote 
an increase in the incidence of autism. The increased 
incidence of ADHD, which preceded the more recent 
rise in autism, could represent an alternative mani-
festation of vaccine-associated neurodevelopmental 
toxicity, since the D4 dopamine receptor is linked to 
ADHD" and its PLM function depends on MS." 

There are important limitations to our findings. We 
utilized a transformed cell line, and molecular events 
in tumor-derived cells might not mirror those in 
normal cells. SH-SY5Ycells are undifferentiated neu-
ronal precursor cells, so it remains unclear whether 
growth factors and/or dopamine modulate MS activ-
ity and DNA methylation in fully differentiated cells. 
On the other hand, undifferentiated cells may provide 
a particularly appropriate model system for the study 
of developmental disorders. It is obvious that bio-
chemical studies under cultured cells conditions do 
not replicate the complex in vivo environment, in 
terms of ambient metal ion concentrations, redox 
conditions and other factors that could influence 
methylation events. Further investigation of the in 
vivo and in vitro effects of heavy metals on growth 
factor-induced cellular differentiation is needed. 
While our studies focused exclusively on MS- and 
methylation-related events, we can speculate that 
other PI3-kinase signaling pathways may also be 
affected by metal ions. 

In summary, IGF-1 and dopamine activate methio-
nine kinase in SH-SY5Y human neuroblastoma cells 
via a PI3-kinase and MAP-kinase-dependent mechan-
ism, and the activation is associated with increased 
DNA methylation. Several neurodevelopmental tox-
ins inhibit this newly recognized pathway with 
remarkable potency, suggesting that their pathological 
effects might result from interruption of growth 
factor-initiated increases in DNA methylation and 
normal epigenetic regulation of gene expression. 
Further studies are needed to establish the functional 
significance of regulated MS activity and to evaluate 
the possibility that vaccine components (ie thimerosal 
and aluminum) may have contributed to the risk of 
autism, ADHD and other developmental disorders. 
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Abstract 

Oxidative stress has been pointed as an important molecular mechanism for liver injury in methylmercury (MeHg) poisoning. 
Ebselen, a seleno-organic compound that possesses anti-oxidant properties, is a useful therapeutic agent used in clinical situations 
involving oxidative stress. Here, we examined the possible in vivo protective effect of ebselen against the pro-oxidative effects 
of MeHg in liver from suckling rat pups. The effects of MeHg exposure (subcutaneous injections of methylmercury chloride: 
2 mg/kg) on the hepatic levels of thiobarbituric acid reactive substances (TBARS) and non-ptotein thiols (NPSH), and on 
liver glutathione peroxidase (GSHPx) activity, as well as the possible antagonist effect of ebselen (10 mg/kg; subcutaneously) 
against MeHg effects, were evaluated during the post-natal period. In addition, the possible in vitro interaction between ebselen, 
glutathione (GSH) and MeHg was investigated by light/UV spectroscopy, with particular attention to the formation of complexes 
involving ebselen selenol intermediate and MeHg. After in vivo exposure, MeHg and ebselen alone increased hepatic TBARS 
levels. Moreover, simultaneous treatment with both compounds caused a higher increase in hepatic TBARS levels when compared 
to the treatments with individual compounds. Liver NPSH decreased after treatments with MeHg and ebselen alone. A significant 
negative correlation between hepatic TBARS and NPSH was observed. MeHg alone decreased liver GSHPx activity and ebselen, 
which did not affect this variable per se, reverted this inhibitory effect of MeHg. Light/UV spectroscopy showed that ebselen 
and GSH form a chemical intermediate that regenerates ebselen after MeHg addition. The presented results show that ebselen 
abolished the MeHg-induced inhibition on liver GSHPx activity, but did not prevent the oxidative effects of MeHg on liver lipids 
and NPSH. MeHg affects the in vitro interaction between ebselen and GSH and this phenomenon seems to be responsible for 
its inhibitory effect toward thiol-peroxidase activity. Additionally, ebselen presents pro-oxidative effects on rat liver, pointing to 
thiol depletion as a molecular mechanism related to ebselen-induced hepatotoxicity. 
© 2003 Elsevier Ireland Ltd. All rights reserved. 

Keywords: Methylmercury; Ebselen; Liver; Rat; Lipid peroxidation; Thiol groups; Glutathione peroxidase 

1. Introduction 

Methylmercury (MeHg) has been shown by many 
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multiple mechanisms (for review, see Clarkson, 1997). 
One of the mechanisms proposed to explain its toxic-
ity is oxidative stress due, at least in part, to its high 
affinity for endogenous thiols, resulting in the deple-
tion of glutathione (GSH), an important intracellular 
antioxidant (Yonaha et al., 1983; Sarafian and Verity, 
1991). 

Of particular importance, is the fact that liver seems 
to be an important target-organ for MeHg toxicity 
(Diaz et al., 2001; Bragadin et al., 2002). In fact, 
MeHg decreases GSH content and glutathione perox-
idase (GSHPx) activity in hepatic tissue, leading to 
increased lipid peroxidation and cell death (Ashour 
et al., 1993; Lin et al., 1996). In addition, MeHg in-
duces the opening of the permeability transition pore 
in rat liver mitochondria and this phenomenon repre-
sents an important molecular mechanism responsible 
for apoptosis (Bragadin et al., 2002). 

There is a myriad of studies on the neurotoxic 
effects of MeHg in animals during the early brain 
post-natal period (Nakai and Satoh, 2002; Farina et al., 
2003a; Dare et al., 2003; Goulet et al., 2003). The 
main toxicological significance of such studies is re-
lated to the fact that the exposure of pregnant women 
to MeHg can indirectly harm their children (Harada, 
1995; Weihe et al., 2002) and that the toxic effects of 
MeHg exposure are higher in developing than in ma-
ture organisms (Kostial, 1983; Sakamoto et al., 1993). 
However, the hepatotoxic effects of MeHg during the 
early post-natal period have been poorly reported. 

Ebselen, 2-phenyl-1,2-benzisoselenazol-3(211)-one, 
is a seleno-organic compound that mimics the 
GSH-dependent, hydroperoxide reducing activity of 
GSHPx (Milner et al., 1984; Klotz and Sies, 2003). Eb-
selen protects rat liver against ischemia-reperfusion, 
and alcohol-induced injuries (Ozaki et al., 1997; 
Kono et al., 2001). However, studies on the effects of 
ebselen against MeHg-induced toxicity are reported 
only for brain tissue (Farina et al., 2003a,b). 

Taking into account the fact that MeHg, an im-
portant environmental contaminant, causes liver dam-
age due to its oxidative properties and ebselen is an 
anti-oxidant therapeutic agent that protects liver from 
oxidative stress, the aim of the present study was 
to evaluate the effects of individual and simultane-
ous exposures to MeHg and/or ebselen on TBARS, 
non-ptotein thiols (NPSH) and GSHPx activity in the 
liver of suckling rat pups. The possible in vitro inter- 

action between ebselen, GSH and MeHg was also in-
vestigated with particular attention to the formation of 
complexes involving ebselen selenol intermediate and 
MeHg in attempt to explain some of the in vivo bio-
chemical findings after exposure to ebselen and MeHg. 

2. Materials and methods 

2.1. Chemicals 

Methylmercury(II) chloride was obtained from 
Sigma (St Louis, MO, USA). Ebselen (2-Pheny1-1,2-
benzisoselenazol-3[2H]-one) was synthesized based 
on Engman and Hallberg (1989). All other chemicals 
were of analytical reagent grade and purchased from 
Merck (Darmstadt, Germany). 

2.2. Animals 

Wistar rats obtained from our own breeding colony 
were maintained at approximately 25 °C, on a 12:12 h 
light/dark cycle, with free access to food and water. 
The breeding regimen consisted of grouping three vir-
gin females (90-120 days) with one male for 20 days. 
Pregnant rats were selected and housed individually in 
opaque plastic cages. All experiments were conducted 
in accordance with the guiding principles in the use 
of animals in toxicology, adopted by the Society of 
Toxicology in July 1989. 

2.3. Treatments 

Forty pups, came from five different litter (eight 
animals per dam), were divided in four experimental 
groups of 10 animals each; control (group A), MeHg 
(group B), ebselen (group C), and MeHg plus ebse-
len (group D). Subgroups of two animals per litter 
received one of the four differently used treatments 
(A—D) in order to avoid the possible effects of the dif-
ferent gestations. From post-natal day (PND)-3, pups 
were treated daily, for 21 days with subcutaneous in-
jections of MeHg and/or ebselen. Ebselen was dis-
solved in dimethyl sulfoxide (DMSO) to allow for 
subcutaneous administrations, 1 ml/kg and its dose 
(10 mg/kg) was based on Farina et al. (2003a). MeHg 
was dissolved in a NaHCO3 solution (25 mM) to al-
low for subcutaneous administrations, 1 ml/kg and its 
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dose (2 mg/kg) was based on Miyamoto et al. (2001). 	assay. GSHPx activity was measured by the method 
Control rats (group A) received a daily injection of a 	of Pagalia and Valentine (1967). Liver homogenate 
NaHCO3 solution, 25 mM (1 ml/kg) plus a daily injec- 	supernatant (200-400 µg protein) was added to the 
tion of DMSO (1 ml/kg). Group B (MeHg treatment) 

	
assay mixture (total volume = 1 ml) and the reaction 

received a daily injection of MeHg (2 mg/kg) plus a 	started by the addition of 0.1 ml of 4 mM I-1202 to 
daily injection of DMSO (1 ml/kg). Group C (ebse- 	give a final concentration of 0.4 mM. Conversion of 
len treatment) received a daily injection of ebselen 

	
NADPH to NADP+ was monitored continuously at 

(10 mg/kg) plus a daily injection of a NaHCO3 solu- 	340 nm for 10 min. GSHPx activity was expressed as 
tion, 25 mM (1 m;/kg). Rats treated with MeHg plus 	nmol of NADPH oxidized to NADP± per minute per 
ebselen (group D) received a daily injection of MeHg 	mg protein of liver homogenate supernatant, using an 
(2 mg/kg) plus a daily injection of ebselen (10 mg/kg). 	extinction coefficient 6.22 x 106  for NADPH. 
The MeHg and ebselen injections were administered 
simultaneously, but at different sites to avoid a possi- 	2.8. Protein measurement 
ble direct chemical interaction. 

The protein content of liver homogenate and super- 
2.4. Tissue preparation 	 natant was determined by the method of Lowry et al. 

(1951) using bovine albumin as standard. 
After the treatment period (21 days), pups were 

killed by decapitation. Livers were quickly removed, 	2.9. Spectroscopy studies 
placed on ice and homogenized in 10 volumes of 
150 mM NaC1 and stored at —70 °C for measurement 

	
In order to demonstrate the chemical interaction be- 

of TBARS, NPSH, and GSHPx activity. 	 tween ebselen and GSH, ebselen (50 µM) was incu- 
bated with GSH (1 mM) in 50 mM phosphate buffer 

2.5. Determination of TBARS levels 
	

(pH 7.4). The reaction was performed at room tem- 
perature (25 °C) in a quartz cuvette and monitored 

TBARS were determined in tissue homogenates by 
	

by spectrophotometry (250-400 nm) using a Beckman 
the method of Ohkawa et al. (1979), in which malondi- 	DU-640 spectrophotometer. In additional experiments, 
aldehide (MDA), an end-product of fatty acid peroxi- 	MeHg (1 mM) was added before or after the reaction 
dation, reacts with thiobarbituric acid (TBA) to form a 	of ebselen with GSH. The reaction mixture had 1 ml. 
colored complex. MDA values were determined with 

	
In parallel, sulfhydryl groups were measured in all 

the absorbance coefficient of the MDA—TBA complex 	tested conditions by the method of Ellman (1959). 
at 532 nm = 1.56 x 105  cm/mmol. 

2.10. Statistical analysis 
2.6. Determination of NPSH levels 

Differences between the groups were analyzed by 
To determine NPSH, 500 µ1 of 10% trichloroacetic 	one-way ANOVA, followed by Duncan's multiple 

acid were added to 500 µ1 of liver homogenate. After 	range test when ever considered appropriate. In addi- 
centrifugation (4000 x g at 4 °C for 10 min), the pro- 	tion, two-tailed Pearson's correlation was performed 
tein pellet was discarded and free sulfhydryl groups 	to identify a possible correlation between TBARS 
(—SH) were determined in the clear supernatant (which 

	
and NPSH. 

was previously neutralized with 0.1 M NaOH) by the 
method of Ellman (1959). 

3. Results 
2.7. GSHPx assay 

Liver homogenates were centrifuged for 10 min at 
15 800 x g in an Eppendorf Model 5417 R centrifuge at 
4 °C and the supernatant fraction was used in GSHPx 

At the end of the treatment, body weight was signif-
icantly lower in MeHg-exposed pups when compared 
to the control group by one-way ANOVA, followed 
by the Duncan multiple range test, at P < 0.05, and 
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Table 1 
Effect of methylmercury (MeHg) and ebselen exposure on body weight and liver-wet weight of 24 day-suckling rat pups 

Groups Control MeHg Ebselen MeHg Ebselen 

Body weight (g) 39.9 ± 1.3 a 30.1 ± 2.9 b 36.0 ± 1.9 a,b 34.1 ± 2.3 a,b 
Liver weight (g) 4.3 ± 0.1 a 4.2 ± 0.2 a 4.5 ± 0.1 a 4.6 ± 0.2 a 
Ratio liver/body weight 0.107 ± 0.01 a 0.139 ± 0.02 b 0.125 ± 0.01 a,b 0.134 ± 0.13 a,b 

From the PND-3, rats were daily injected with MeHg (2 mg/kg body weight; subcutaneously) and/or with ebselen (10 mg/kg body weight; 
subcutaneously) for 21 days. Data are expressed as mean ± S.E. from 10 animals per group. Values not sharing the same letter are 
statistically different; P < 0.05, by one-way ANOVA, followed by the Duncan multiple range test when F was significant. 

ebselen, which did not affect this variable per se, 
abolished the reduction in body caused by MeHg. 
Liver-wet weight was not different between groups; 
however, the ratio of liver weight/body weight was 
higher in animals treated with MeHg alone when 
compared to the control group (Table 1). 

The hepatic levels of TBARS and NPSH are de-
picted in Fig. IA and B, respectively. Both individual 
MeHg and ebselen treatments increased liver TBARS 
levels, and an additive increase was observed in this 
variable when both compounds were administered si-
multaneously (Fig. 1A). Individual MeHg and ebselen 
treatments decreased liver NPSH levels and a similar 
decrease was observed when both compounds were 
administered simultaneously (Fig. 1B). A negative 
correlation between NPSH and TBARS was signifi-
cant at the 0.01 level (two-tailed Pearson's correlation) 
when all groups were analyzed together (correlation 
coefficient = -0.580; P < 0.01). However, when 
the groups were analyzed individually, the correlation  

was significant only for pups treated with ebselen 
alone (correlation coefficient = -0.672; P < 0.05). 

Liver GSHPx activity is represented in Fig. 2. MeHg 
alone decreased liver GSHPx activity and ebselen, 
which did not affect this variable per se, abolished the 
inhibitory effect of MeHg. 

In order to find the possible molecular mecha-
nism related to the protective role of ebselen against 
MeHg-induced inhibition of GSHPx, in vitro experi-
ments of light/UV spectroscopy concerning the chem-
ical interaction between ebselen, GSH and MeHg 
were carried out. The unique spectral characteris- 
tics of ebselen (50 	Fig. 3, spectrogram A) was 
changed after the reaction with the excess of GSH 
(1 mM), probably due to the formation of ebselen 
selenol intermediate (Fig. 3, spectrogram B). Inter-
estingly, after the addition of MeHg (1 mM), ebselen 
was almost totally regenerated (Fig. 3, spectrogram 
C). The presence of MeHg (1 mM) or the product 
of the reaction of MeHg with GSH (both at 1 mM) 

Fig. 1. Effect of methylmercury (MeHg) and ebselen exposure on TBARS (A) and NPSH (B) of 24-day suckling rat pups. For treatment 
and data details, see Table 1. The absolute control values for TBARS and NPSH were 2.34 nmol MDA/mg protein and 4.77 µmol/g tissue, 
respectively. Values not sharing the same letter are statistically different; P < 0.05, by one-way ANOVA, followed by the Duncan multiple 
range test when F was significant. 
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Fig. 2. Effect of methylmercury (MeHg) and ebselen exposure on liver GSHPx activity of 24-day suckling rat pups. For treatment and data 
details, see Table 1. The absolute control value for GSHPx activity was 9.34 nmol of NADPH oxidation/mg protein/min. Values not sharing 
the same letter are statistically different; P = 0.01, by one-way ANOVA, followed by the Duncan multiple range test when F was significant. 

did not change the spectral characteristics of ebselen 
(Fig. 3, spectrograms D and E, respectively). The 
same phenomenon was also observed when MeHg 
(1 mM), GSH (1 mM) and ebselen (50 µM) were 
added simultaneously (Fig. 3, spectrogram F). MeHg 
(1 mM), GSH (1 mM) and MeHg + GSH (both at 
1 mM) did not presented apparent absorbance in the 
studied wavelengths (data not shown). 

The amount of sulfhydryl groups in the above-
mentioned conditions was also determined in an at-
tempt to better investigate the interaction between 
MeHg, GSH and ebselen. Sulfhydryl groups of GSH 
(1 mM) were totally oxidized in the presence of 
MeHg (1 mM) and when MeHg (1 mM) and ebselen 
(50 µM) were added, independently on the order of 
addition of the compounds. Ebselen alone (50 µM) 
oxidized around 90% of added GSH (1 mM) after 
1 min at 25 °C (data not shown). 

4. Discussion 

The hazardous effects of MeHg on liver are well 
known and seem to be related to thiol depletion that, in 
turn, lead to increased oxidative stress (Ashour et al., 
1993; Lin et al., 1996). Here, we showed that the  

post-natal exposure to MeHg increases TBARS and 
decreases NPSH levels on liver of pup rats, agree-
ing with the previous data obtained on adult animals. 
In addition to NPSH depletion, MeHg exposure also 
caused a decrease on GSHPx activity. Since this en-
zyme detoxifies H202  and converts lipid hydroperox-
ides to nontoxic alcohol, it is reasonable to suppose 
that the increase on liver TBARS levels is related, at 
least in part, to the observed decrease on GSHPx ac-
tivity. 

Previous works from our laboratory have demon-
strated that ebselen presents protective effects against 
MeHg-induced neurotoxicity under in vivo condi-
tions (Farina et al., 2003a,b). At a dose of 10 mg/kg, 
ebselen protected against MeHg-induced alterations 
on glutamate homeostasis on rat pups brain (Farina 
et al., 2003a). Here, using the same dose used in the 
previous study, ebselen did not offer any protection 
against MeHg-induced increase on TBARS levels and 
decrease on NPSH in hepatic tissue. Contrarily, ebse-
len alone increased liver TBARS and decreased NPSH. 
Moreover, simultaneous treatment with both com-
pounds caused a higher increase in hepatic TBARS 
levels when compared to the treatments with individ-
ual compounds. This data suggest that ebselen, at a 
neuroprotective dose (10 mg/Kg; Farina et al., 2003a) 
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Fig. 3. The comparative spectra of ebselen and the products of its interaction with GSH and/or MeHg. (A) Ebselen (50 ILM); (B) Ebselen 
(50 µM) + GSH (1 mM) + 1 min at 25 °C; (C) Ebselen (50 µM) GSH (1 mM) + 1 min at 25 °C MeHg (1 mM) + 1 min at 25 
°C; (D) Ebselen (50 ti,M) + MeHg (1 mM) + 1 min at 25 °C; (E) GSH (1 mM) + MeHg (1 mM) + 1 min at 25 °C + ebselen (50 I.LM) 
+ 1 min at 25 °C; and (F) Ebselen (50 [LM) + GSH (1 mM) MeHg (1 mM) + 1 min at 25 °C. Absorbance (Abs) was monitored by 
spectrophotometry (250-400 nm). For details, see materials and methods. 

was able to cause oxidative injury on liver of rat 
pups. 

Recent studies have demonstrated the potential 
toxic effects of ebselen in rats and mice under in 
vivo conditions (Meotti et al., 2003). Moreover, eb-
selen induces apoptosis in human hepatoma cell line, 
HepG2, and this effect seems to be related to its abil-
ity to deplete thiols (Yang et al., 2000a,b). In fact, 
an earlier study has demonstrated that, in addition 
to its peroxidase-like activity, ebselen can indirectly 
deplete thiols through the direct oxidation of GSH by 
its metabolite selenoxide [2-(methylseleninyl) ben-
zanilide] (Akerboom et al., 1995). Since selenoxides 
are potent thiol oxidants (Farina et al., 2001), our in 
vivo results, together with previous studies (Akerboom 
et al., 1995; Yang et al., 2000a,b), reinforce that the 
pro-oxidative effects of ebselen contributes to its 
hepatotoxicity. 

It is interesting to state that ebselen alone caused an 
evident, even non-significant, increase in the hepatic 
thiol peroxidase activity. In addition, ebselen abolished 
the inhibitory effect of MeHg on liver GSHPx activ-
ity, but could offer no protection against the oxidative 
effects of MeHg. This phenomenon points to a com-
plex process of MeHg-induced liver damage, where 
oxidative mechanism(s) other than thiol depletion and 
peroxide generation is (are) involved. 

Although evidence shows that MeHg inhibits 
GSHPx activity (Ashour et al., 1993; Lin et al., 1996), 
the molecular mechanism related to this inhibitory 
effect is not known. Taking into account that se-
lenols(ates) (—SeH/—Se—) are even more highly reac-
tive toward Hg than thiols(ates) (—SH/—S—) (Sugiura 
et al., 1978; Clarkson, 1997) and that the selenol 
group of GSHPx plays a crucial role in its catalytic ac-
tivity (Ursini and Bindoli, 1987), one could presume 
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that MeHg inactivates this enzyme due to the direct 
chemical interaction with selenolate at the active cen-
ter of the enzyme. Since ebselen selenol is the major 
ebselen intermediate with peroxidase-like activity, it 
is possible that MeHg also interacts with its selenolate 
radical. Here, our in vitro studies confirmed the fact 
that MeHg interacts with the chemical intermediate 
formed after the reaction between GSH and ebselen. 

A previous study of Cotgreave et al. (1992) showed 
the formation of ebselen selenol intermediate after 
the reaction of ebselen with excess of GSH. Using 
the same experimental conditions (50 µM ebselen 
+ 1 mM GSH in 50 mM phosphate buffer of pH 7.4), 
we observed that the unique spectral characteristics of 
ebselen drastically changed after GSH addition, sug-
gesting the formation of the selenol intermediate. The 
presence of this phenomenon of selenol formation is 
reinforced by the fact that 50 nmol of ebselen oxidized 
around 100 nmol of GSH. In agreement with our data, 
evidence shows that ebselen reacts with equimolar 
concentrations of GSH to form a sulfur—selenium 
bond with concomitant opening of the isoselenazol 
ring and excess GSH then reduces the ebselen selen-
odisulfide to its selenol(ate) derivative with formation 
of oxidized glutathione (Jacob et al., 1998). 

Interestingly, after the formation of ebselen selenol 
intermediate, the addition of MeHg regenerates the 
pattern compound, suggesting the direct chemical in-
teraction of MeHg with selenol(ate) with subsequent 
closing of the isoselenazol ring. Since MeHg seems 
to interact with the selenol(ate) group(radical) of eb-
selen, it is reasonable to presume that it also inter-
acts with the selenol group of GSHPx, decreasing its 
catalytic activity. Moreover, the evident increase on 
the GSHPx activity observed in animals of group D 
(MeHg+ ebselen) when compared to animals of group 
B (MeHg) can be related to two different mechanisms: 
(1) the peroxidase-like activity of ebselen itself and 
(2) the direct chemical interaction between ebselen se-
lenol and MeHg, decreasing the free MeHg able to 
interact with GSHPx. 

An elegant study of Kono et al. (2001) showed that 
ebselen (50 mg/kg twice daily, intragastrically) offers 
protection against alcohol-induced liver injury in adult 
rats. Moreover, this study did not report hepatotoxic 
effects of ebselen. It is important to state that although 
the ebselen dosage (10 mg/kg, subcutaneously) was 
10-fold lower in our study, the pups treated with eb- 

selen alone presented evident signs of liver injury (in-
creased TBARS levels and decreased NPSH levels). 
Taking into account the fact that ebselen is a lipophilic 
drug and, as consequence, is well absorbed after intra-
gastric administration, it is reasonable to suppose that 
the opposing data came from both studies that are not 
related to high differences on ebselen bioavailability 
due to different used routes of administration. So, the 
results of the present investigation indicate that young 
rats are sensitive to the potential hepatotoxic effects 
of ebselen, which are at variance with the relative in-
sensitivity of adult rats to short-term treatment with 
ebselen (Kono et al., 2001). Most importantly, our 
data demonstrate for the first time the fact that liver 
of weaning rats are vulnerable to a promising thera-
peutic anti-oxidant and indicate that further detailed 
studies are necessary to establish the safety of ebselen 
in different phases of development and organisms. 

5. Conclusion 

This paper reinforces the oxidative effects of MeHg 
on rat liver and could add to our understanding on 
the molecular mechanisms of ebselen-induced toxic-
ity. The comprehension of such mechanisms is impor-
tant because: (1) there is a scarcity of toxicity studies 
of ebselen under in vivo conditions, and (2) ebselen 
has been reported to show therapeutic efficacy in clin-
ical trials with humans (Lee et al., 1999; Parnham and 
Sies, 2000; Martinez-Vila and Sieira, 2001). Hence, 
the possible use of this compound as a pharmacolog-
ical agent in the near future motivates toxicological 
studies. 

Acknowledgements 

This study was supported by grants from Brazil-
ian National Research Council (CNPq), CAPES and 
Pronex (No. 41960904-366/96 to D. 0. Souza). M. 
Farina was the recipient of a CNPq fellowship (No. 
300910/03-7). 

References 

Akerboom, T.P., Sies, H., Ziegler, D.M., 1995. The oxidation 
of ebselen metabolites to thiol oxidants catalyzed by liver 



234 	 M. Farina et al. / Toxicology Letters 146 (2004) 227-235 

microsomes and perfused rat liver. Arch. Biochem. Biophys. 
316, 220-226. 

Ashour, H., Abdel-Rahman, M., Khodair, A., 1993. The mechanism 
of methyl mercury toxicity in isolated rat hepatocytes. Toxicol. 
Lett. 69, 87-96. 

Bragadin, M., Marton, D., Manente, S., Grasso, M., Toninello, A., 
2002. Methylmercury induces the opening of the permeability 
transition pore in rat liver mitochondria. J. Inorg. Biochem. 
89, 159-162. 

Clarkson, T.W., 1997. The toxicology of mercury. Crit. Rev. Clin. 
Lab. Sci. 34, 369-403. 

Cotgreave, I.A., Morgenstern, R., Engman, L., Ahokas, J., 1992. 
Characterisation and quantitation of a selenol intermediate in 
the reaction of ebselen with thiols. Chem. Biol. Interact. 84, 
69-76. 

Dare, E., Fetissov, S., Hokfelt, T., Hall, H., Ogren, S.O., Ceccatelli, 
S., 2003. Effects of prenatal exposure to methylmercury 
on dopamine-mediated locomotor activity and dopamine D2 
receptor binding. Naunyn. Schmiedebergs Arch. Pharmacol. 
367, 500-508. 

Diaz, D., Krejsa, C.M., White, C.C., Keener, C.L., Farin, F.M., 
Kavanagh, T.J., 2001. Tissue specific changes in the expression 
of glutamate-cysteine ligase mRNAs in mice exposed to 
methylmercury. Toxicol. Lett. 122, 119-129. 

Ellman, G.L., 1959. Tissue sulphydryl groups. Arch. Biochem. 
Biophys. 82, 70-77. 

Engman, L., Hallberg, A., 1989. Expedient synthesis of ebselen 
and related-compounds. J. Org. Chem. 54, 2964-2966. 

Farina, M., Folmer, V., Bolzan, R.C., Andrade, L.H., Zeni, 
G., Braga, A.L., Rocha, J.B.T., 2001. Selenoxides inhibit 
8-aminolevulinic acid dehydratase. Toxicol. Lett. 119, 27-
37. 

Farina, M., Dahm, K.C.S., Schwalm, F.D., Brusque, A.M., 
Frizzo, M.E.S., Zeni, G., Souza, D.O., Rocha, J.B.T., 
2003a. Methylmercury increases glutamate release from brain 
synaptosomes and glutamate uptake by cortical slices from 
suckling rat pups: modulatory effect of ebselen. Toxicol. Sci. 
73, 135-140. 

Farina, M., Frizzo, M.E.S., Soares, F.A.A., Schwalm, F.D., 
Dietrich, M.O., Zeni, G., Rocha, J.B.T., Souza, D.O.G., 2003b. 
Ebselen protects against methylmercury-induced inhibition of 
glutamate uptake by cortical slices from adult mice. Toxicol. 
Lett. 144, 351-357. 

Goulet, S., Dore, F.Y., Mirault, M.E., 2003. Neurobehavioral 
changes in mice chronically exposed to methylmercury during 
fetal and early post-natal development. Neurotoxicol. Teratol. 
25, 335-347. 

Harada, M., 1995. Minamata disease: methylmercury poisoning in 
Japan caused by environmental pollution. Crit. Rev. Toxicol. 
25, 1-24. 

Jacob, C., Maret, W., Vallee, B.L., 1998. Ebselen, a selenium-
containing redox drug, releases zinc from metallothionein. 
Biochem. Biophys. Res. Commun. 248, 569-573. 

Klotz, L.O., Sies, H., 2003. Defenses against peroxynitrite: 
selenocompounds and fiavonoids. Toxicol. Lett. 140-141, 125-
132. 

Kono, H., Arteel, G.E., Rusyn, I., Sies, H., Thurman, R.G., 2001. 
Ebselen prevents early alcohol-induced liver injury in rats. Free 
Radic. Biol. Med. 30, 403-411. 

Kostial, K., 1983. Specific features of metal absorption in suckling 
animals. In: Clarkson, T.W., Nordberg, G.F., Sager, R. (Eds.), 
Reproductive and Developmental Toxicity of Metals, Plenum 
Press, New York. pp. 272-744. 

Lee, J.M., Zipfel, G.J., Choi, D.W., 1999. The changing landscape 
of ischaemic brain injury mechanisms. Nature 399, A7-
A14. 

Lin, T.H., Huang, Y.L., Huang, S.F., 1996. Lipid peroxidation in 
liver of rats administrated with methyl mercuric chloride. Biol. 
Trace Elem. Res. 54, 33-41. 

Lowry, 0.H., Rosebrough, N.J., Farr, A.L., Randall, R.J., 1951. 
Protein measurement with the Folin phenol reagent. J. Biol. 
Chem. 193, 265-275. 

Martinez-Vila, E., Sieira, P.I., 2001. Current status and perspectives 
of neuroprotection in ischemic stroke treatment. Cerebrovasc. 
Dis. 11, 60-70. 

Meotti, F.C., Borges, V.C., Zeni, G., Rocha, J.B.T., Nogueira, 
C.W., 2003. Potential renal and hepatic toxicity of diphenyl 
diselenide, diphenyl ditelluride and Ebselen for rats and mice. 
Toxicol. Lett. 143, 9-16. 

Miyamoto, K., Nakanishi, H., Moriguchi, S., Fukuyama, N., Eto, 
K., Wakamiya, J., Murao, K., Arimura, K., Osame, M., 2001. 
Involvement of enhanced sensitivity of N-methyl-D-aspartate 
receptors in vulnerability of developing cortical neurons 
to methylmercury neurotoxicity. Brain Res. 901, 252-
258. 

Muller, A., Cadenas, E., Graf, P., Sies, H., 1984. A novel 
biologically active seleno-organic compound-I: glutathione 
peroxidase-like activity in vitro and antioxidant capacity of PZ 
51 (ebselen). Biochem. Pharmacol. 33, 3235-3239. 

Nakai, K., Satoh, H., 2002. Developmental neurotoxicity following 
prenatal exposures to methylmercury and PCBs in humans 
from epidemiological studies. Tohoku. J. Exp. Med. 196, 89-
98. 

Ohkawa, H., Ohishi, N., Yagi, K., 1979. Assay for lipid 
peroxides in animal tissues by thiobarbituric acid reaction. 
Anal. Biochem. 95, 351-358. 

Ozaki, M., Nakamura, M., Teraoka, S., Ota, K., 1997. Ebselen, 
a novel anti-oxidant compound, protects the rat liver from 
ischemia reperfusion injury. Transpl. Int. 10, 96-102. 

Pagalia, D.E., Valentine, W.N., 1967. Studies on the quantitative 
and qualitative characterization of erythrocyte glutathione 
peroxidase. J. Lab. Clin. Med. 70, 158-169. 

Parnham, M., Sies, H., 2000. Ebselen: prospective therapy for 
cerebral ischaemia. Expert. Opin. Investig. Drugs. 9, 607-
619. 

Sakamoto, M., Nakano, A., Kajiwara, Y., Naruse, I., Fujisaki, T., 
1993. Effects of methyl mercury in postnatal developing rats. 
Environ. Res. 61, 43-50. 

Sarafian, T., Verity, M.A., 1991. Oxidative mechanisms underlying 
methyl mercury neurotoxicity. Int. J. Dev. Neurosci. 9, 147-
153. 

Sugiura, Y., Tamai, Y., Takaka, H., 1978. Selenium protection ag-
ainst mercury toxicity: high binding affinity of methyhnercury 



M Farina et al. / Toxicology Letters 146 (2004) 227-235 	 235 

by selenium-containing ligands in comparison with sulfur-
containing ligands. Bioinorg. Chem. 9, 167-180. 

Ursini, F., Bindoli, A., 1987. The role of selenium peroxidases in 
the protection against oxidative damage of membranes. Chem. 
Phys. Lipids. 44, 255-276. 

Weihe, P., Hansen, J.C., Murata, K., Debes, F., Jorgensen, 
P., Steuerwald, U., White, R.F., Grandjean, P., 2002. 
Neurobehavioral performance of Inuit children with increased 
prenatal exposure to methylmercury. Int. J. Circumpolar Health 
61, 41-49. 

Yang, C.F., Shen, H.M., Ong, C.N., 2000a. Ebselen induces 
apoptosis in HepG(2) cells through rapid depletion of 
intracellular thiols. Arch. Biochem. Biophys. 374, 142-152. 

Yang, C.F., Shen, H.M., Ong, C.N., 2000b. Intracellular thiol 
depletion causes mitochondria) permeability transition in 
ebselen-induced apoptosis. Arch. Biochem. Biophys. 380, 319-
330. 

Yonaha, M., Saito, M., Sagai, M., 1983. Stimulation of lipid 
peroxidation by methyl mercury in rats. Life Sci. 32, 1507-
1514. 



PERGAMON Toxicology in Vitro 17 (2003) 803-810 
Toxicology 

in Vitro 
www.elsevier.com/locate/toxinvit  

Carcinogenic metal induced sites of reactive oxygen species 
formation in hepatocytes 

Jalal Pourahmad", Peter J. O'Brienb, Farzaneh Jokara, Bahram Daraeia 
'Faculty of Pharmacy, Shaheed Beheshti University of Medical Sciences, Tehran, PO Box 14155-6153, Iran 

bFaculty of Pharmacy, University of Toronto, 19 Russell St., Toronto, Ont. Canada M5S 2S2 

Accepted 30 June 2003 

Abstract 

Severe chronic liver disease results from the hepatic accumulation of copper nickel, cobalt or iron in humans and on the other 
hand cadmium, dichromate and arsenic may induce lung or kidney cancer. Acute or chronic CdC12, HgC12  or dichromate admin-
istration induces hepatic and nephrotoxicity in rodents. Oxidative stress is often cited as a possible cause but has not yet been 
measured. For the first time we have measured the reactive oxygen species (ROS) formation induced when cells are incubated with 
metals and determined its source. Hepatocytes incubated with 2',7'-dichlorofluorescin diacetate resulted in its rapid uptake and 
deacetylation by intracellular esterases to form 2',7'-dichlorofluorescin. A marked increase in ROS formation occurred with LD50  
concentrations of cadmium [Cd(II)], Hg(II) or arsenite [As(III)] which was released by proton ionophores that uncouple oxidative 
phosphorylation. Uncouplers or oxidative phosphorylation also inhibited ROS formation induced by these metals, which suggests 
that mitochondria are major contributors to endogenous ROS formation. Glycolytic substrates also inhibited Cd(II)/Hg(II)/ 
As(III)-induced ROS formation and confirms that mitochondria are the site of ROS formation. By contrast ROS formation by 
LD50  concentrations of Cu(II), Ni(II), Co(II) or dichromate [Cr(VI)] were not affected by uncouplers or glycolytic substrates. 
However they were inhibited by lysosomotropic agents or endogenous inhibitors [in contrast to Hg(II), Cd(II) or As(III)]. Fur-
thermore Cu(II), Ni(II), Co(II) or Cr(VI) accumulated in the lysosomes and the ROS formed caused a loss of lysosomal membrane 
integrity. The release of lysosomal proteases and phospholipases also contributed to hepatocyte cytotoxicity. ROS formation and 
cytotoxicity induced by added 11202  or generated by the intracellular redox cycling of nitrofurantoin was also inhibited by lysoso-
motropic agents and ferric chelators suggesting that lysosomal Fe(II) contributes to H202-induced cytotoxicity. In conclusion, 
lysosomes are sites of cytotoxic ROS formation with redox transition metals (Cull, CrVI, NiII, Coil) whereas mitochondria are the 
ROS sites for non-redox or poor redox cycling transition metals (CdII, HgII, AsIII). 
© 2003 Published by Elsevier Ltd. 

1. Introduction 

As a class of toxic agents, metals are a concern of the 
highest priority for human exposure. Metals have a vast 
array of remarkably adverse effects, including those of 
carcinogenicity and hepatotoxicity. Metals are also non-
biodegradable and persist in the environment. Anthro-
pogenic use has led to global dispersion of metals in the 
environment. Because of their wide distribution and 
extensive use in modern society, some human exposure to 
toxic metals is inevitable. Metals are also unique environ-
mental pollutants in that they are neither created or 
destroyed by humans but are only transported and trans- 
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formed into various products which in turn directly or 
indirectly affect the growth and longevity of aquatic or 
terrestrial animals. Defining the mechanisms of metal car-
cinogenecity has been problematic because of the intricate 
nature of the interactions of metals with living systems. 

Various metals induced hepatocyte "ROS" formation 
before cytotoxicity ensued. The comparative effective-
ness of metals (at a cytotoxic dose) for inducing "ROS" 
formation was CuCl2 > K2Cr207  > HgC12 > CdC12  
(Pourahmad and O'Brien, 2000a; Pourahmad et al., 
2001a; Pourahmad and O'Brien, 2001). Furthermore 
the cytotoxicity induced by these metals was prevented 
by the hydroxyl radical scavengers dimethyl sulfoxide or 
mannitol (Pourahmad and O'Brien, 2000a; Pourahmad 
et al., 2001a; Pourahmad and O'Brien, 2001). It was 
also demonstrated that lysosomal lipid peroxidation 
preceded CuC12  or K2Cr207  induced hepatocyte cyto- 
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toxicity (Pourahmad et al., 2001b; Pourahmad and 
O'Brien, 2001). 

The possible cellular sources of "ROS" production 
include plasma membrane NADPH oxidase and intra-
cellular cytosolic xanthine oxidase, peroxisomal oxi-
dases, endoplasmic reticular oxidases, mitochondria] 
electron transport components and lysosomal pool of 
Fe2+  /Cu+  which makes it susceptible for Haber—Weiss 
reaction with H202  generating agents. The two latter 
things are considered to be the major sources of "ROS" 
that have been implicated in a number of diseases and 
disorders (Skulachev, 1999). 

The major objective of this study was to investigate 
the possible intracellular source of "ROS" formation 
for carcinogenic metals (Cull, CrVI, NiII, Con, CdII, 
HgII, AsIII) which is likely one of their potential 
mechanisms at inducing carcinogenecity. 

2. Materials and methods 

2.1. Chemicals 

Rhodamine 123 were obtained from Aldrich Chemi-
cal Company (Milwaukee, WI, USA). Collagenase 
(from Clostridium histolyticum) and Hepes were 
purchased from Roche (Montreal, Canada). Trypan 
blue, CuC12, CdC12, HgC12, CoC12, NiC12, potassium 
dichromate, sodium arsenite, d-mannitol, dimethyl sulf-
oxide, catalase, superoxide dismutase, chloroquine di-
phosphate, methylamine HC1, 3-methyl adenine, 
monensin sodium, thiobarbituric acid, trichloroacetic 
acid (TCA), sodium pentobarbital and heparin were 
obtained from Sigma (St. Louis, MO, USA). Acridine 
orange and dichlorofluorescin diacetate was purchased 
from Molecular Probes (Eugene, Ore, USA). All che-
micals were of the highest commercial grade available. 

2.2. Isolation and incubation of hepatocytes 

Male Sprague-Dawley rats (280-300 g) purchased 
from Institut Pasteur (Tehran, Iran), fed with a standard 
chow diet and water ad libitum, used for hepatocyte 
preparation. Isolation and incubation of hepatocytes 
were obtained by collagenase perfusion of the Sprague—
Dawley rat liver. Cells were suspended at a density of 
106  cells/ml in round bottomed flasks rotating in a water 
bath maintained at 37 °C in Krebs-Henseleit buffer (pH 
7.4), supplemented with 12.5 mM Hepes under an 
atmosphere of 10% 02: 85% N2: 5% CO2. Each flask 
contained 10 ml of hepatocyte suspension. Hepatocytes 
were preincubated for 30 min prior to addition of che-
micals. Stock solutions of all chemicals (x100 con-
centrated for the water solutions or x1000 concentrated 
for the methanolic solutions) were prepared fresh prior 
to use. To avoid either non toxic or very toxic condi- 

tions in this study we used LD50  concentrations for the 
investigated metals in the isolated hepatocytes includ-
ing; CdC12  (20 µm), CuC12  (50 µm), potassium dichro-
mate (1 mM), HgC12  (20 µm), sodium atrsenite (50 µm), 
NiC12  (2 mM) and CoC12  (500 µm). The LD50  of a che-
mical in the hepatocyte cytotoxicity assessment tech-
nique (with the total 3 h incubation period), is defined 
as the concentration which decreases the hepatocyte 
viability down to 50% following the 2 h of incubation 
(Galati et al., 2000). In order to determine this value for 
the investigated metals dose-response curves were plot-
ted and then LD50  was determined based on a regres-
sion plot of three different concentrations (data and 
curves not shown). To incubate each metal (all the 
mentioned metal salts easily dissolved in water) with the 
required concentration we added 100 µI sample of its 
concentrated stock solution (x100 concentrated) to one 
rotating flask containing 10 ml hepatocyte suspension. 
For the chemicals which dissolved in methanol we pre-
pared methanolic stock solutions (x1000 concentrated), 
and to achieve the required concentration in the hepa-
tocytes, we added 10 µI samples of the stock solution to 
the 10 ml cell suspension. Ten microlitres of methanol 
did not affect the hepatocyte viability after 3 h incu-
bation (data not shown). To measure cell viability, ROS 
or lipid peroxidation and also mitochondrial or lysoso-
mal parameters, hepatocytes aliquots taken at different 
time points (as shown in all tables) during the 3 h incu-
bation period. Our control flasks only contained hepa-
tocyte suspension with no chemical incubation, and 
therefor the term "None" was used to show our con-
trols in the tables. At least 80-90% of control cells were 
still viable after this 3 h. 

2.3. Assessment of cell viability 

The viability of isolated hepatocytes was assessed from 
the intactness of the plasma membrane as determined by 
the trypan blue (0.2% w/v) exclusion test (Pourahmad 
and O'Brien, 2000a,b) in aliquots taken at different time 
points during the 3 h incubation period. At least 80-
90% of control cells were still viable after this 3 h. 

2.4. Determination of mitochondrial membrane potential 
decline (.4 1'm) 

The uptake of the cationic fluorescent dye, rhodamine 
123, has been used for the estimation of mitochondria] 
membrane potential (Andersson et al., 1987). Aliquots 
of the cell suspension (0.5 ml) were separated from the 
incubation medium by centrifugation at 1000 rpm for 1 
mM. The cell pellet was then resuspended in 2 ml of 
fresh incubation medium containing 1.5 gm rhodamine 
123 and incubated at 37 °C in a thermostatic bath for 10 
min with gentle shaking. Hepatocytes were then sepa-
rated by centrifugation and the amount of rhodamine 
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123 remaining in the incubation medium was measured 
fluorimeterically using a Shimadzu RF5000U fluores-
cence spectrophotometer set at 490 nm excitation and 
520 nm emission wavelengths. The capacity of mito-
chondria to take up the rhodamine 123 was calculated 
as the difference (between control and treated cells) in 
rhodamine 123 fluorescence. 

2.5. Lysosomal membrane stability assay 

Hepatocyte lysosomal membrane stability was deter-
mined from the redistribution of the fluorescent dye, 
acridine orange (adapted from Brunk et al., 1995a,b). 
Aliquots of the cell suspension (0.5 ml) that were pre-
viously stained with acridine orange 5 µM, were sepa-
rated from the incubation medium by 1 min 
centrifugation at 1000 rpm. The cell pellet was then 
resuspended in 2 ml of fresh incubation medium. This 
washing process was carried out twice to remove the 
fluorescent dye from the media. Acridine orange redis-
tribution in the cell suspension was then measured 
fluorimetrically using a Shimadzu RF5000U fluores-
cence spectrophotometer set at 495 nm excitation and 
530 nm emission wavelengths. 

2.6. Determination of reactive oxygen species "ROS" 

To determine the rate of hepatocyte "ROS" genera-
tion induced by the metals, dichlorofluorescin diacetate 
was added to the hepatocyte incubate as it penetrates 
hepatocytes and becomes hydrolysed to non-fluorescent 
dichlorofluorescin. The latter then reacts with "ROS" to 
form the highly fluorescent dichlorofluorescein (DCF). 
which effluxes the cell. Hepatocytes (1 x106  cells/ml) 
were suspended in 10 ml modified Hank's balanced salt 
solution (HBS), adjusted to pH 7.4 with 10 mm Hepes 
(HBSH) and were incubated with carcinogenic metals at 
37 °C for 30, 60 and 120 min. After centrifugation 
(50 xg 1 min), the cells were resuspended in HBS adjus-
ted to pH 7.4 with 50 mm Tris—HCI and loaded with 
dichlorofluorescin by incubating with 1.6 gm dichloro-
fluorescin diacetate for 2 min at 37 °C. The fluorescence 
intensity of the "ROS" product was measured using a 
Shimadzu RF5000U fluorescence spectrophotometer. 
Excitation and emission wavelengths were 500 and 520 
nm, respectively. The results were expressed as fluor-
escent intensity per 106  cells (LeBel et al., 1992). 

2.7. Lipid peroxidation 

Hepatocyte lipid peroxidation was determined by 
measuring the amount of thiobarbituric acid-reactive 
substances (TBARS) formed during the decomposition 
of lipid hydroperoxides by following the absorbance at 
532 nm in a Beckman DU®-7 spectrophotometer after 
treating 1.0 ml aliquots of hepatocyte suspension (106  

cells/ml) with trichloroacetic acid (70% w/v) and boiling 
the suspension with thiobarbituric acid (0.8% w/v) for 
20 min (Smith et al., 1982). The concentration of thio-
barbituric acid-reactive substances (TBARS) was then 
calculated using a molar extinction coefficient of 
1.56x10 5/M per cm (Buege and Aust, 1978). 

2.8. Statistical analysis 

The statistical significance of differences between 
control and treatment groups in these studies was 
determined using a one-way analysis of variance 
(ANOVA) and Bartlett's test for homogeneity of var-
iances. Results represent the mean ± standard deviation 
of the mean (S.D.) of triplicate samples. The minimal 
level of significance chosen was P < 0.001. 

3. Results 

As shown in Tables 1 A and B however both redox 
active carcinogenic metals (Cull, CrVI, NiII, Coll) and 
non-redox active carcinogenic metals (CdII, HgII, 
AsIII) induced a rapid decline of mitochondrial mem-
brane potential. But glycolytic ATP generators (Fruc-
tose / xylitol) or glutamine (a mitochondrial ATP 
generator) only prevented non-redox active carcino-
genic metals (CdII, HgII, AsIII) induced cytotox-
icity,"ROS" formation and the decline in membrane 
potential (Table 1A, Illustration 1). 

Furthermore, uncouplers of oxidative phosphoryla-
tion (carbonyl cyanide m-chlorophenyl hydrazine 
(CCCP), or pentachlorophenol) inhibited non-redox 
active carcinogenic metals (CdII, HgII, AsIII) but not 
redox active carcinogenic metals (Cull, CrVI, NiII, 
Coll) induced cytotoxicity and "ROS" formation 
(Table 1A and B, Illustration 1). 

On the other hand lysosomotropic agents (chloro-
quine, methylamine, monensin and 3-methyl adenine) 
prevented redox active carcinogenic metals (Cull, 
CrVI, NiII, Coil) but not non-redox active carcino-
genic metals (CdII, HgII, AsIII) induced hepatocyte 
toxicity, "ROS" and lipid peroxidation (Table 2A and 
B, Illustration 1). 

Illustration 1 
Summary of effects of different cytoprotectants on cytotoxicity and 
"ROS" formation induced by carcinogenic metals 

Cytoprotectants 	 Redox active Non-redox 
metals 	metals 

(Cu, Cr, Ni, Co) 	 (Hg, Cd, As) 

Uncouplers of mitochondrial respiration 
ATP generators 
Lysosomotropic agents 
Ferric chelator 
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Table 1 

Addition 	 "ROS" 	 % A kiln, 	 Cytotoxicity 

Incubation time 
	

15 min 	 15 min 	 1h 	 3h 

a. Effect of uncouplers and ATP generators on non-redox active metal induced hepatocyte lysis, "ROS" formation and collapse of the mitochondrial 
membrane potential 

Control hepatocytes 7815 3±3 1812 2012 
+HgC12  (20 g.m) 322±11a 55±5a 4815° 82±8a 
+ CCCP (2 µm) 55±6" 14±2b  37±4b  48±4b  
+pentachlorophenol (10 gm) 6518" 12±2" 3513" 43±4b 
+Fructose (10 mm) 68151) 13±3b  2812" 4014" 
+Xylitol (10 mM) 7815" 11±3b  3212b  4213b  
+L-glutamine (1 mm) 6615" 8±113  28 1 2b 351313  
+CdC12  (20 µm) 22517°  54±5° 4214a 7918° 
+ CCCP (2 gm) 5916b  14±2b 3414b  3814b  
+ pentachlorophenol (10 pm) 6218" 12±2." 351313  3814" 
+Fructose (10 mm) 651513  12±2b 31121' 39121' 
+Xylitol (10 mm) 7115" 13±2b 28121' 4214" 
+L-glutamine (1 mm) 7315" 10±2b 31121' 4013" 
+ Arsenite (50 gm) 16516a 6215°  4314° 7618a 
+ CCCP (2 µm) 6016" 14±2" 3414b  48 1 4" 
+ pentachlorophenol (10 µm) 6618" 12±2b 3113" 4314b 
+Fructose (10 mM) 7215b 13± lb  3113b 4113b 
+Xylitol (10 mM) 6815" 11 ± 2b  28 1 2b  4014" 
+M-glutamine (1 mM) 67±5" 13±2b  31±3b  44±4b  

b. Effect of uncouplers and ATP generators on redox active metal induced hepatocyte lysis, "ROS" formation and collapse of the mitochondrial 
membrane potential 

Control hepatocytes 7815 3±3 1812 2012 
+ Copper chloride (50 AM) 402111a 55±5a 4815° 8218° 
+ CCCP (2 gm) 395±6 12±2" 44±4 88±7 
+ pentachlorophenol (10 gm) 385±8 12±2b  45±3 83±8 
+Fructose (10 mm) 37715 13±2" 4815 8017 
+Xylitol (10 mM) 385±5 16±2b  45±4 78±8 
+L-glutamine (1 mm) 398±5 14±2" 48±4 81±7 
+ Dichromate (1 mM) 50817° 52±5a  43 ± 4a  7517° 
+ CCCP (2 tim) 48516 14±2" 3714 7816 
+ pentachlorophenol (10 gm) 46518 15±2" 3513 7317 
+Fructose (10 mm) 47715 13±2b 3813 8018 
+Xylitol (10 mM) 47815 13±2b 3913 7917 
+L-glutamine (1 mm) 49815 l3±2b 4013 8017 
+ Cobalt chloride (500 p.m) 56516° 42±5a 4314° 7615a 
+ CCCP (2 tim) 55516 14±2b 4714 7814 
+ pentachlorophenol (10 gm) 56518 2l±2b 4514 7315 
+Fructose (10 mM) 57815 17±2b 3814 8016 
+Xylitol (10 mM) 57315 18±2b 3814 7415 
+L-glutamine (1 mM) 56215 17±2" 3914 7516 
+ Nickel chloride (1 mM) 42517a 5415°  4214a 7915a 
+ CCCP (2 gm) 38516 17±2" 4214 8815 
+ pentachlorophenol (10 p.m) 36518 19±2b  4513 8315 
+Fructose (10 mM) 378±5 18±2b  39±3 76±4 
+Xylitol (10 mM) 396±5 21±2" 38±3 81±4 
+L-glutamine (1 mm) 408 15 23±2" 3813 8015 

Hepatocytes (106  cells/10 were incubated in Krebs—Henseleit buffer pH 7.4 at 37°. 
Cytotoxicity was determined as the percentage of cells that take up trypan blue. 
"ROS" formation was expressed as fluorescent intensity units by following dichlorofluorescin oxidation (Shen et al., 1996). Akl/m  was determined 

as the difference in rhodamine 123 uptake by control and treated cells and expressed as fluorescence intensity unit (Andersson et al., 1987). Values 
are expressed as means of three separate experiments (S.D.). 

a  Significant difference in comparison with control hepatocytes (P<0.001). 
b  Significant difference in comparison with metal treated hepatocytes; (P <0.001). 
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Lysosomal protease inhibitors (leupeptin and pep-
statin) also prevented redox active carcinogenic metals 
(Cull, CrVI, NiII, Con) but not non-redox active car-
cinogenic metals (CdII, HgII, AsIII) induced hepatocyte 
lysis (Table 2A and B). 

Ferric chelator desferoxamine significantly inhibited 
redox active carcinogenic metals (Cull, CrVI, NiII, 
CoII) induced hepatocyte toxicity, "ROS" formation 
and lipid peroxidation, nevertheless it only narrowly 
delayed non-redox metals lipid peroxidation (Table 2A 
and B). 

When hepatocyte lysosomes were loaded with acri-
dine orange, a release of acridine orange into the cyto-
solic fraction ensued within 60 minutes if the loaded 
hepatocytes were treated with redox active carcinogenic 
metals (CuII, CrVI, NiII, Coll) but not non-redox 
active carcinogenic metals (CdII, HgII, AsIII) (Table 3). 
The redox active carcinogenic metals (CuII, CrVI, NiII, 
Coll) induced acridine orange release was prevented by  

inhibitors of oxidative stress including; "ROS" sca-
vengers (dimethylsulfoxide, mannitol), catalase or 
superoxide dismutase and the ferric chelator desferox-
amine (Table 3). 

Dimethylsulfoxide, mannitol, catalase or superoxide 
dismutase or deferal did not cause any acridine orange 
release in the absence of redox active carcinogenic 
metals (Cull, CrVI, NiII, Con) in control hepatocytes 
(data not shown). 

4. Discussion 

In this study we found that the ATP generators fruc-
tose and xylitol and L-glutamine (a mitochondrial ATP 
generator) prevented non-redox active metals induced 
cytotoxicity and "ROS" formation (Table 1A, Illustra-
tion 1) which indicates that the cell death may be a 
consequence of mitochondria] MPT pore opening and 

Table 2 

Addition 	 %Cytotoxicity 
	

"ROS" 	 TBARS 

Incubation time 	 2h 
	

2h 	 2h 

a. Preventing redox active redox active metal induced hepatocyte oxidative stress and cell lysis with lysosomotropic/endocytosis agents or lysosomal 
protease inhibitors 

None 1912 9015 0.54110.006 
Copper chloride (50 µ,m) 5616' 41219' 10.44710.011" 
+Monensin (10µm) 2613" 9118" 0.71510.006" 
+ Methylamine (30 mat) 2513" 11215" 0.77210.0081' 
+Chloroquine (100 tot) 2413" 8818" 0.59210.009" 
+3-Methyladenine (5 mM) 2513" 9816" 0.63710.006" 
+Leupeptin (100 iim) 37 ± 4" 408 15 7.04610.006 
+Pepstatin (100 pm) 3513" 405 14 7.41810.005 
+Desferoxamine (200 p.m) 2813" 9317" 0.06210.006" 
Dichromate ( 1 mm) 54 ± 5" 50216' 16.94810.008" 
+Monensin (10 pm) 2613" 13118" 0.99710.009" 
+Methylamine (30 mat) 2513" 14015" 0.95610.006" 
+Chloroquine (100 pm) 2213" 14818" 0.98810.006" 
+3-Methyladenine (5 mM) 2313" 12116" 0.90810.007" 
+Leupeptin (100 µm) 3113" 488 15 14.95010.006 
+Pepstatin (100 pm) 3013" 49514 15.94810.005 
+Desferoxamine (200 p.m) 2713" 9316" 0.06810.006" 
Cobalt chloride (500 gm) 5215" 62119' 13.94810.008' 
+Monensin (10 pm) 3613" 23118" 1.10710.009" 
+Methylamine (30 mat) 3513" 24015" 1.34610.006" 
+Chloroquine (100 ttm) 3213" 24818" 1.43810.006" 
+3-Methyladenine (5 mM) 3313" 22116" 1.90810.007" 
+Leupeptin (100 p.m) 3714" 578 15 12.15610.006 
+Pepstatin (100 pm) 3513" 585 14 12.91110.005 
+Desferoxamine (200 pm) 2613" 9716" 0.085±0.011" 
Nickel chloride (2 mM) 5315" 47318" 11.10810.008a 
+Monensin (10 pm) 3413" 11116" 0.937±0.011" 
+Methylamine (30 mat) 3313" 22015" 0.91510.016" 
+Chloroquine (100 ttm) 3213" 13814" 0.93210.016" 
+3-Methyladenine (5 mM) 3113" 14115" 0.95110.0071' 
+Leupeptin (100 gm) 32 ± 4" 44815 9.75010.016 
+Pepstatin (100 ttm) 3413" 445 14 9.64810.015 
+Desferoxamine (200 gm) 2513" 9017" 0.07610.009" 

(continued on next page) 
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Table 2 (continued) 

Addition 
	

%Cytotoxicity 	 "ROS" 
	

TBARS 

Incubation time 
	

2h 	 2h 
	

2h 

b. Effect of lysosomotropic/endocytosis agents or lysosomal protease inhibitors on non redox active metal induced hepatocyte oxidative stress and 
cell lysis 

None 
HgC12  (20 gm) 
+Monensin (10gm) 
+Methylamine (30 mm) 

1912 
56±6a 
56 13 
5513 

9015 
322111a 
301 18 
31215 

0.54110.006 
3.447 ± 0.011" 
3.71510.006 
3.77210.008 

+Chloroquine (100 gm) 5413 308 18 3.59210.009 
+3-Methyladenine (5 mM) 55 13 298 16 3.63710.006 
+Leupeptin (100 gm) 5714 308 15 3.04610.006 
+Pepstatin (100 gm) 5513 305 14 3.41810.005 
+Desferoxamine (200 gm) 47 ± 4" 27316" 1.98310.012" 
CdC12  (20 gm) 5215a 22517' 2.94810.308' 
+Monensin (10 tim) 56 13 23118 2.99710.009 
+Methylamine (30 mm) 5513 240 15 2.95610.006 
+Chloroquine (100 gm) 52 13 248 18 2.98810.006 
+3-Methyladenine (5 mM) 53 13 221 16 2.90810.007 
+Leupeptin (100 gm) 5714 24815 2.95010.006 
+Pepstatin (100 gm) 55 13 245 14 2.94810.005 
+ Desferoxamine (200 gm) 4613" 19316" 1.01910.008" 
Arsenite (50 gm) 52±5a 16519' 2.64810.248° 
+Monensin (10 gm) 48 13 141 18 2.29710.109 
+Methylamine (30 mm) 55 13 150 15 2.05610.106 
+ Chloroquine (100 gm) 5413 158 18 2.30810.026 
+3-Methyladenine (5 mM) 53 13 161 16 2.13810.107 
+Leupeptin (100 gm) 4714 158 15 2.15010.036 
+Pepstatin (100 gm) 49 13 15514 2.04810.015 
+ Desferoxamine (200 gm) 4813" 14316" 1.59710.008" 

Hepatocytes (106  cells/ml) were incubated in Krebs—Henseleit buffer pH 7.4 at 37°. 
Cytotoxicity was determined as the percentage of cells that take up trypan blue. 
"ROS" formation was expressed as fluorescent intensity units. 
TBARS formation was expressed as JIM concentrations. 
Values are expressed as means of three separate experiments (S.D.). 
a Significant difference in comparison with control hepatocytes (P <0.001). 
b  Significant difference in comparison with metal treated hepatocytes (P <0.001). 

consequent ATP depletion. Lack of mitochondrial ATP 
results in intracellular acidosis and osmotic injury which 
leads to plasma membrane lysis (Pourahmad and 
O'Brien, 2000b). 

Mitochondrial respiration consumes most of the oxy-
gen used by cells and therefore some of the endogenous 
"ROS" formation of the hepatocytes may be attributed 
to autoxidation of the reduced components of the 
respiratory electron transport chain. Previously hepato-
cyte "ROS" formation was found to markedly be 
increased by rotenone, an inhibitor of NADH dehy-
drogenase (Complex I) and Complex I was suggested to 
be an important mitochondrial site of "ROS" genera-
tion (Siraki et al., 2002). Previously antimycin A, an 
inhibitor of the ubiquinone-cytochrome b reductase 
(Complex III), was also found to stimulate hepatocyte 
"ROS" formation which was attributed to reaction of 
02  with reduced cytochrome b566 and/or ubisemiqui-
none (Siraki et al., 2002). Hepatocyte "ROS" formation 
was reported to be increased by keeping the hepatocytes  

under a nitrogen atmosphere for 90 min before restoring 
oxygen and adding DCFH (Moridani et al., 2003). 
similar results were previously reported using luminol 
chemiluminescence to follow "ROS" formation 
(Niknahad et al., 1995). 

Recently, mitochondrial uncouplers (e.g. CCCP and 
pentachlorophenol) were reported to strongly inhibit 
H202  generation by isolated heart muscle mitochondria 
as well as inhibit reverse electron transfer from succi-
nate to NAD (Korshunov et al., 1998). It was sug-
gested that mitochondrial reverse electron transfer to 
complex I produces H202  (Siraki et al., 2002). 

Of particular interest in our findings was the strong 
inhibition of non-redox active metals (CdII, HgII, 
AsIII) induced "ROS" formation on addition of non-
toxic concentrations of the uncouplers CCCP and pen-
tachlorophenol (Table 1A,Iillustration 1). We therefore 
conclude that mitochondria are likely a major con-
tributer for "ROS" formation by non-redox active car-
cinogenic metals. 
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Table 3 
Preventing redox active metal induced hepatocyte lysosomal mem-
brane damage by inhibitors of oxidative stress or endocytosis 

Addition (Acridine orange redistribution) 

Incubation time 15 min 30 min 60 min 

None 311 411 411 
Mercuric chloride (20gm) 412 712 812 
Cadmium chloride (20gm) 412 512 712 
Arsenite (50 gm) 412 612 612 
Copper chloride (50gM) 39±4a 68±7a  9518a  

+Catalase (200 µ/m1) 3±1b  3±1"  5±113  

+SOD (100 µ/m1) 6±1b  7±113  11 ± 2" 
+ Dimethyl sulfoxide (150 mM) 3±1b 4±1b  7±1b 
+Mannitol (50 mM) 6±1b 5±1"  8 ± 2" 
+Desferal (200p,m) 3±1b  3±1"  3±1b  
Dichromate (1 mM) 39±4a 72±6b 395±8a 
+Catalase (200 µ/m1) 3±1b 3±1b 3514" 
+SOD (100 µ/m1) 6±113  7±113  7115" 
+Dimethyl sulfoxide (150 mM) 3±1b  4±1b  4714" 
+ Mannitol (50 mM) 6±1b 511b 2813" 
+Desferal (200µm) 3±1b 3±1b 2312" 
Cobalt chloride (500gm) 42±4a 77±7a 268±8a 
+Catalase (200 µ/m1) 3±1b  4±1b  24± 1b  
+ SOD (100 µ/m1) 5±1b 911b 21121' 
+Dimethyl sulfoxide (150 mM) 3±1b 8±1b 27±1" 
+Mannitol (50 mM) 4±1b  9±1b  23 ± 213  
+Desferal (200p,m) 4±1b  4±1b  1911" 
Nickel chloride (2 mM) 36±3a 65±6a 165±4a 
+Catalase (200 µ/m1) 3±113  7±113  33±113  
+SOD (100 µ/m1) 6±1b  6±1b  41 ± 213  
+ Dimethyl sulfoxide (150 mM) 3±1b 511b 3711" 
+Mannitol (50 mM) 7±1b 6±1b 3812" 
+Desferal (200µm) 3±1b  3±1b  23±113  

Hepatocytes (106  cells/m1) were incubated in Krebs—Henseleit buffer 
pH 7.4 at 37°. 

Lysosomal membrane damage was determined as intensity unit of 
diffuse cytosolic green fluorescence induced by acridine orange fol-
lowing the release from lysosomes. 

Values are expressed as means of three separate experiments (S.D.). 
a Significant difference in comparison with control hepatocytes 

(P <0.001). 
b  Significant difference in comparison with metal treated hepato-

cytes (P <0.001). 

On the other hand our results showed that redox 
active metals induce lysosomal membrane disruption. 
Our findings also showed that redox active metals 
induced cytotoxicity as well as hepatocyte "ROS" for-
mation and lipid peroxidation were prevented by the 
hepatocyte lysosomotropic agents methylamine, chloro-
quine, monensin or 3-methyladenine. 3-Methyladenine 
also prevented the redox active metals induced lysoso-
mal disruption. These findings suggest that redox active 
carcinogenic metals (Cu!!, CrVI, NiII, CoH) induced 
hepatocyte membrane lysis and lipid peroxidation 
involves lysosomal "ROS" formation. 

We also found that the hepatocyte lysosomal protease 
inhibitors leupeptin or pepstatin prevented redox active 
metals induced cytotoxicity, These findings are further 
evidence that redox active carcinogenic metals induced  

hepatocyte injury involves oxidative injury to hepato-
cyte lysosomal membrane and the release of lysosomal 
proteolytic enzymes. 

Our results also showed that lysosomal membrane 
disruption induced by redox active carcinogenic metals 
was also prevented by the ferric chelator desferoxamine 
(Table 3). Ferric chelator desferoxamine also prevented 
hepatocyte cytotoxicity induced by nirofurantoin and 
other intracellular hydrogen peroxide generator glucose/ 
glucose oxidase (Pourahmad et al., 2001c; Starke et al., 
1985). 

These findings suggest that free Fe' ions in the 
lysosomes undergo redox cycling and form "ROS" from 
H202  (Haber-weiss reaction) which diffuses into the 
lysosomes after formation by the redox cycling of (Cull, 
CrVI, NiII, CoH) in the cytoplasm. Therefore we con-
clude that lysosomes are the "ROS" generating sites for 
redox cycling carcinogenic metals. 
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Challenge Tests for Mercury 

Does the "Challenge Test" really show you the "body 
burden" of mercury??  
Christopher W. Shade, Ph.D. 

For over two decades now, many clinical metals toxicologists have been relying on "challenge 
tests," also called provocation tests, to diagnose mercury and other metal toxicities. The 
diagnostic premise of the testing is that it shows the "body burden" of the individual — that pool 
of deeply held metals that represents our lifetime accumulation of unexcreted metals. 

The literature examining the challenge tests ranges from the years 1991 through 2001 and has 
thus far failed to find any evidence of the challenge tests revealing any more than recent 
exposures, and in some instances (Frumkin et al, 2001) failing to see exposures made clear by 
ambient testing. Recently, challenge tests have come under fire from federal authorities as a 
diagnostic tool. The problem is not really that the challenge tests have no use (especially in 
the case of lead, where EDTA challenge testing is documented to have slightly better 
correlations with bone lead than a do blood lead measurements, or the case of gadolinium 
where levels in blood and urine are undetectable without EDTA provocation); the problem is 
instead the way they are generally used and interpreted. There are many practitioners who 
use the data from challenge tests in scientifically and clinically valid ways, but in general use 
the challenge test has three main flaws: 

1. The propagation of the myth of a special relevance of the pool identified by the  
challenge (i.e. "body burden") and the yes/no interpretation (i.e. "I found mercury in the 
patient") 

2. The use of a non-challenged reference range to compare the challenged test to; this is 
probably the biggest problem from a regulatory standpoint since there is such obvious 
potential for over-treatment 

3. The lack of standardization of the challenge conditions  
a. DMPS has very different strength and specificity than DMSA 
b. IV vs. oral administration has vastly different pharmacokinetics 
c. Use of adjuncts such as EDTA, glutathione, and glycine vastly changes the 

dynamics of the test and its output 
The measurement of mercury in the body and extrapolation to body burden and toxic 
conditions is a very complicated field, requiring acute clinical discernment, including integration 
of patient history, current exposures, symptomology, and effect of co-morbidities. The 
simplification and deification of the challenge test is no longer serving the evolution of the field 
of clinical metals toxicology, and it is now time for the adoption of better tools. 

At Quicksilver Scientific, we have develop advanced mercury testing that 1) identifies different 
sources of mercury by measuring the relative amounts of the two main forms of mercury in the 
body, methylmercury and inorganic mercury, and 2) quantifies excretion capabilities for those 
two forms. Unfortunately, instead of being welcomed by the community, there has been quite 
a bit of angry backlash and accusation, born mostly of a stubborn refusal to move forward. So 
to the question, "Does the challenge test really show you 'body burden' of mercury?"; 
let's see what the scientific literature says... 



Studies of DMPS show that there 
is a difference in urinary excretion 
between exposed and unexposed 
groups. 
In the Frumkin study, there was a 
difference between in excretion 
PRIOR to DMSA treatment (p 
values); however following 
treatment, there was none. 
Ambient levels were actually a 
BETTER predictor of past 
exposure than challenged levels. 

Also, in this study, there was no 
signal from amalgam surfaces 
during DMSA treatment. 
However, such a signal is clearly 
evident in studies with DMPS 
treatment. 

We attempted to validate a potential 

biomarker of long-term occupational mer-

cury exposure, the DMSA chelation chal-

lenge response, by studying the association 

of this biomarker with quantitative esti-

mates of exposure in a cohort of exposed 

and unexposed individuals. The biomarker 

could not distinguish exposed and unex-

posed subjects, and it was riot associated 

with the magnitude of exposure. We con-

clude that DMSA  chelation challenge, 

according the protocol described here, is not 

useful in retrospective exposure assessment 

among mercury workers. 

p  Value 
for difference 

027 
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Article #1 - DMSA Challenge of Post-Industrial Exposure versus General Population 

Diagnostic Chelation Challenge with DMSA: A Biomarker of Long-Term 
Mercury Exposure? 
Howard Frumkin,1  Claudine C. Manning,2  Phillip L. Williams,3  Amanda Sanders,1  B. Brooks Taylor,4  
Marsha Pierce Lisa Elon,2  and Vicki S. Hertzberg2  

'Department of Environmental and Occupational Health, 'Department of Biostatistics, Rollins School of Public Health, Emory University, 
Atlanta, Georgia, USA; 3Department of Environmental Health Science, University of Georgia, Athens, Georgia, USA; 4Coastal Health 
District, Georgia Division of Public Health, Brunswick, Georgia, USA 	

Environmental Health Perspectives • VOLUME 109 I  NUMBER 2 February 2001 

Chelation challenge testing has been used to assess the body burden of various metals. The best-

known example is EDTA challenge in lead-exposed individuals. This study assessed diagnostic 
chelation challenge with dimercaptosuccinic acid (DMSA) as a measure of mercury body burden 

among mercury-exposed workers. Former employees at a chloralkali plant, For whom detailed 
exposure histories were available (1.7 = 119) ,  and unexposed controls  (a = 101) completed 24-hr 

urine collections before and after the administration of two doses of DMSA. 10 mg/kg. The uri-

nary response to DMSA was measured as both the absolute change and the relative change in 

mercury excretion. The average 24-hr mercury excretion was 4.3 pg/24 hr before chelation. and 
7.8 pg/24 hr after chelation. There was no association between past occupational mercury expo-

sure and the urinary excretion of mercury either before or after DMSA administration. There was 

also no association between urinary mercury excretion and the number of dental amalgam sur-

faces, in contrast to recent published results. We believe the most likely reason that  DMSA chela-

tion challenge failed to reflect past mercury exposure was the elapsed time (several years) since the 
exposure had ended. These results provide normative values for urinary mercury excretion both 

before and  after DMSA challenge, and suggest that DMSA chelation challenge is not useful as a 
biomarker of past mercury exposure. Key wvrdt biomarkers, chelation, chloralkali, DMSA, envi-

ronmental diseases, mercury, neurotoxicity, occupational diseases, renal toxicity, succimer. 

ERVir017 Health Perspect 109:167-171 (2001). [Online 25 January 2001] 

ht09.://ehpnetl.hiehs.nih.gov/docs/2001/109p167-171frurriltinhbstract.htail  

Table 1. Mercury excretion before and after DMSA chelation. 

Values 
Exposed 
(n=119) 

Unexposed 
(n=101) 

Baseline values 
Urinary Hg concentration, uncorrected (pg Hg/L) 

Group mean ± SD 
95% value 
Maximum value 

Urinary Hg concentration, corrected 
Hg/g creatinine) 

Group mean ± SD 

3.37 ± 2.51 
9.0 
18.2 

2.74 ± 2.35 

2.89 ± 2.18 
6.5 

12.8 

2.26 ± 1.92 
95% value 7.00 5.62 
Maximum value 11.75 11.82 

24-hr Hg excretion (pg/24 hi) 
Group mean ± SD 4.61 ± 3.85 3.94 ± 3.43 
Maximum value 21.84 22.4 

Rostchelation values 
24-hr Hg excretion (pg/24 hr) 

Group mean + SD 7.87 + 5.85 7.73 ± 5.58 
Maximum value 46.81 27.94 

Change in 24-hr Hg excretion 
(post-DMSA-baseline, pg/24 hr) 

Group mean ± SD 3.25 + 5.95 3.80 ± 5.53 
Range -14.59, 39.65 -10.70, 25.39 

Ratio of post-DMSA Hg excretion to 
baseline mercury excretion°  

Group mean ± SD 2.40 ± 2.25 2.77 ± 2.58 
Range 0.23, 15.65 0.26,18.29 

'Excludes one unexposed subject whose baseline Hg excretion was C. 

Discussion: Tow main points come out of this study. One is the inability of the 
challenge test to show historical exposure, and this is with a group that was 
industrially exposed to extreme levels of mercury. The second point is the inequality 
of DMSA and DMPS. Though many people know that DMPS is stronger than DMSA, we 
have seen with mercury speciation analysis that DMSA biases toward methylmercury 
and DMPS biases toward inorganic mercury. 
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Mobilized mercury in subjects with varying exposure 
to elemental mercury vapour 

Margareta 	Andrejs Schilz2 , Staffan Skertving2, and Gerd SidIsten3  

'Department of Prosthetic Dentistry*  University of Umea,Mmea:  swede ti 
Dcpartnient Qccupwional and Environmental Medicine, Universiq 	 SiNeckn 

'Department of Occupational 	University of Gothenburg, Uothenborg, Sweden 

Received April 29, 1990 f Accepted Much 21. 1991 

Summary. In a mercury mobilization teat, 0.3 g of the 
complexing agent sodium 2,3-dimercaptopropane- 
fonate (DMPS) was given orally to 10 workers with mod-
erate occupational exposure to elemental mercury vap-
our, to 8 dentists with slight exposure, to 18 matched 
controls, and to 5 referents without amalgam fillings. fn 
the workers, DMPS. caused an increase in 24-h urinary 
mercury excretion by a factor of 11.); in the dentists, 5.9; 
in the controls, 5.3; and in the amalgam-fret referents, 
3.8, Of the mercury excreted during 24 h, 59% appeared 
during the first 6 h. Close, albeit non-linear, associations 
were found between mobilized mercury and the pre-
rriobiliution memory levels in plasma and urine. but not 
with the duration of 'wool:rational expersure or the rough 
estimate of the integrated function of blood levels 
time, The 13re-sent data indicate that mercury mobilized 
after a single DMPS dose in close connection with expo-
sure is mainly an index of recent exposure and is not si2-
nificantly affected by slow body pools or Long-term expo-
lute- 

This DMPS study aimed to show long-
term body burden in older dentists versus 
acute exposure in short-term factory 
workers. The test aimed to show long-
term accumulation in dentists versus 
short-term acute exposure in industrial 
workers. The challenge test failed to 
show a different pattern than the pre-
challenged testing of plasma and urine 
showed — i.e. the DMPS challenge just 
amplified previously-existing signals. 
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Fig. 2. The correlation between urinary mercury excretion during 
24 h after [Li-J-4(24 h)] and bctore[U-1-4(pre)] ingestion of DMPS 
as calculated logarithmically. Correlation coefficient for the Ioga-
rithrnic values: r 0.97 

The mercury excretion provoked by DMPS intake  
was well associated with the pre-DMPS mercury levels in  
plasma and urine. As the latter are mainly indices of  
mercury exposure during previous weeks of months, the 
same should hold true for excretion induced by DMPS. 
Our hypothesis was that the body burden and, thus, the  
long-term exposure would be reflected by the DMPS-
mobilization test. However, this hypothesis was not sup-
ported by our data. 

Discussion: Clearly DMPS is very effective in mobilizing inorganic mercury, but the 
mobilization merely amplified a signal that existed in the ambient data. No "body 
burden" was revealed. 
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British Journal of Industrial Medicine 1991;48:247-253 

Urinary excretion of mercury after occupational 
exposure to mercury vapour and influence of the 
chelating agent meso-2,3-dimercaptosuccinic acid 
(DMSA) 

Table 1 Exposure to mercury in different study groups before-DMSA experiment 

Control (n = 16) 
Mean ( SEM) 

Removed from exposure 
(re = 11; battery plant) 
Mean (SEM) 

Currently exposed* 
(n 	16; chloralkali plant) 
Mean ( SEM) 

Years of exposure to Hg vapour 3.5 (0.5)(1-0-6-5)t 7.0 (1.1) (2.3-15) 
Years of removal from exposure 4.5 (0-6) (2-4-9-4) -- 
Hg air (pgirn') -- 1 l0; (18)(9-308) 
Hg13 (nil) 1.6 (0.3) (1.0-6-5) 2-8 5 (04)(1-2-4-3) 25.6 (3-5)(8-3-51-4) 
HgU (pgjg creatinine) 2.1 (0.2) (1.4-3-7) 6-93 (1•1) (3.0-13:3) 119 (10.1) (49-200) 

Both blood and non-provoked urine 
show the differences in the populations, 
even three years after removal from the 
source. Pre- and Post-challenged urines 
were very well correlated. 

Table 2 Concentrations of mercury in 24 hoar urine samples before and after a single oral administration of 2 g DMSA is 
groups of workers differently exposed so mercury trapozo. 

IOU tug 1-fg(24 h 
Conrred group 
(ri 	16) 

Alkafrne bane°,  
plan' I removed 
tram exposure) 

= 12 ) 

Chloralkah-  plant ( currently exposed)* 

Before rgelbetion 
of exposure 
(tr = 16) 

Alter reduction of exposure 

Before hohclay 
(.11 = 16) 

After holiday 
=  16) 

Before DMSA: 
Mean 4.1 10.4 184 76 66 
SEM 0 3 1.5 15 13 6 
Range 2.1-5- 3 4.3-191 93-293 24-136 24-134 

After DMSA:t 
Mean 8-3 31-1 793 257 174 
SEM 0-4 5-2 66 23 20 
Range 5-3-10.e 13.4-66-1 416-1269 106-159 49-324 

SEM = Standard error of the mean. 
*The same subjects were exammed at three different occasions (for details, see Subjects and methods): 
tSigalificart increases of the urinary mercury levels after DM SA kdrililliSILVarial% in ail the groups (paired r tear; p < 0.001). 

the renal markers in the different groups. The 
relation between the amount of mercury in the 24 
hour urine specimens before (x axis) and after (y axis) 
administration of DMSA was examined. Table 3 
shows that both parameters were highly associated in 
all the groups. In the chloralkali workers currently 

Article #4 — 
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Diagnostic Value 
of a Chelating Agent in Patients 
with Symptoms Allegedly Caused 
by Amalgam Fillings 

Cumulated amount 
in urine (pg Hg) Rate of excretion 

in urine (jig Hg 1 hour) 

20— 

Figure 2. Cumulative amount (bars) and rate of excretion (curves) of 
injection. Median values and quartiles (vertical lines). 

Stenman and Grans, 1997). In Daundereris intravenous test, the 
excretion of mercury in urine (first urination without time 
schedule} after injection of DMPS (4 mg/kg body weight) is 
measured, According to this test, a mercury level above 50 AWL 
indicates the necessity of amalgam removal (Daunderer, 1989), 
There are several factors to consider regarding the DMPS test; 
however, reproducible and comparable results can be -obtained 
only through standardized procedures (Aposhian et al, 1995). 
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Discussion: DMPS challenge certainly shows recent loading, but fails to show difference 
between people who never had amalgam and people who formerly had amalgam and people 
who never had amalgam, thus failing to show historical exposure. A closer analysis of rate of 
excretion during chelation shows the difference between amalgam-free and amalgam 
removed, but this would not be obvious upon clinical observation. 
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Comparative Effects of Methylmercury and Hg2±  on Human 
Neuronal N- and R-Type High-Voltage Activated Calcium 
Channels Transiently Expressed in Human Embryonic Kidney 
293 Cells 
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ABSTRACT 
Expression cDNA clones of «1E3 _1  or «1E_3  subunits coding for 
human neuronal N- (Cav2.2) or R-subtype (Cav2.3) Ca2±  chan- 
nels, respectively, was combined with «2 _0 and 	Ca2±  
channel subunits, and transfected into human embryonic kid-
ney cells for transient expression to determine whether specific 
types of neuronal voltage-sensitive Ca2±  channels are affected 
differentially by methylmercury (MeHg) and Hg2±. For both 
Ca2±  channel subtypes, MeHg (0.125-5.0 µM) or Hg2±  (0.1-5 
µ,M) caused a time- and concentration-dependent reduction of 
current. MeHg caused an initial, rapid component and a sub-
sequent more gradual component of inhibition. The rapid com-
ponent of block was completed between 100 and 150 s after 
beginning treatment. At 0.125 to 1.25 µM, MeHg caused a 
more gradual decline in current. Apparent IC50  values were 1.3 

and 1.1 AM for MeHg, and 2.2 and 0.7 AM for Hg2±  on N- and 
R-types, respectively. For N-type current, effects of Hg' were 
initially greater on the peak current than on the sustained cur-
rent remaining at the end of a test pulse; subsequently, Hg2±  
blocked both components of current. For R-type current, Hg2±  
affected peak and sustained current approximately equally. 
Kinetics of inactivation also seemed to be affected by Hg2±  in 
cells expressing N-type but not R-type current. Washing with 
MeHg-free solution could not reverse effects of MeHg on either 
type of current. The effect of Hg2±  on N- but not R-type current 
was partially reversed by Hg2±-free wash solution. Therefore, 
different types of Ca2±  channels have differential susceptibility 
to neurotoxic mercurials even when expressed in the same cell 
type. 

Voltage-sensitive Ca' channels play crucial roles in a 
number of cellular functions, including neurotransmitter re-
lease, gene expression, growth cone elongation, and dendritic 
action potential generation (Catterall, 1998, 2000). Various 
Ca' channelopathies resulting in neuronal or neuromuscu-
lar disorders are caused by mutations in genes coding for 
Ca' channel subunits (for review, see Meir and Dolphin, 
2002). At least six distinct subtypes of Ca2+  channels (L, N, 
T, P, Q, and R) have already been identified based on their 
differential biophysical, molecular biological, and pharmaco-
logical properties (Tsien et al., 1995). Neuronal Ca' chan-
nels contain four subunits: al , (3, a2, and S. The a1  subunit is 

This study was supported by National Institutes of Health Grants 
R01ES03299 and R01ES05822 (to W.D.A.). A preliminary report of these 
findings was presented at the 2001 Annual Meeting of the Society of Toxicology 
in San Francisco, CA and published in Toxicologist 60:185. 

R.K.H. and S.-Q.P. contributed equally to this study. 
Article, publication date, and citation information can be found at 

http://jpet.aspetjournals.org. 
DOI: 10.1124/jpet.103.049429. 

the pore-forming, voltage-sensing, and ligand-binding com-
ponent. cDNAs for at least seven distinct a subunits for 
high-voltage activated Ca2±  channels: a1A_1F) ais, have been 
cloned. Four different 13 subunits and two different a, sub-
units regulate assembly and modulate the kinetic parame-
ters of the channel. The presence of several isoforms and 
splice variants further complicates the functional expression 
characteristics and classification of high-voltage activated 
Ca' channels (Brust et al., 1993; DeWaard and Campbell, 
1995; McEnery et al., 1998; Pan and Lipscombe, 2000). Cells 
typically coexpress several types of Ca2±  channels, often with 
similar subcellular localization, providing a highly regulated 
degree of control over Ca'-dependent cell functions, but 
confounding analyses of the properties of distinct Ca' chan-
nel subtypes in isolation. Because of their portal location 
within the plasma membrane, Ca' channels are potentially 
susceptible to the actions of a number of polyvalent heavy 
metal-type toxicants and serve as entry paths into the cell for 
heavy metals (Kiss and Osipenko, 1994; Atchison, 2003). 

ABBREVIATIONS: MeHg, methylmercury; /B., Ba2+  current; HEK, human embryonic kidney; GFP, green fluorescent protein; V112, voltage for 
half-maximal activation. 
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Because of the crucial roles that Ca2+  channels play in key 
cellular functions, toxicant effects on Ca' channels could 
have significant deleterious consequences for neuronal func-
tion. 

Methylmercury (MeHg) and inorganic mercury (Hg') are 
environmental neurotoxicants that differ chemically in ionic 
charge, ionic radii, and lipophilicity. Together, these factors 
can impact the manner in which these mercurials affect a 
given cellular function. Neurotoxic mercurials act on a num-
ber of cellular targets. In several neuronal systems, cellular 
effects of MeHg and He+  are similar, yet distinct (Atchison 
et al., 1986; Hare and Atchison, 1992; Hewett and Atchison, 
1992; Yuan and Atchison, 1994). The exact mechanisms by 
which these mercurials exert neurotoxicity are not known 
with certainty. 

Disruption of function of voltage-sensitive Ca" channels 
is a prominent effect of acute exposure to low concentrations 
of both MeHg (Shafer and Atchison, 1991; Leonhardt et al., 
1996; Sirois and Atchison, 1996, 2000; Shafer, 1998) and 

He- (Biisselberg et al., 1991; Weisenberg et al., 1995). 
MeHg blocks Ba2+  currents (/,a) carried through multiple 
subtypes of Ca' channels in primary cultures of cerebellar 
granule cells and in rat pheochromocytoma (PC12) cells (Sha-
fer and Atchison, 1991; Sirois and Atchison, 2000). He-  also 
alters function of several types of Ca' channels at low 
micromolar concentrations (Bilsselberg et al., 1994; Leon-
hardt et al., 1996; Szucs et al., 1997). However, the actions of 
mercurials on Ca' channels may be more complex than 
mere block of function. In PC12 cells, very low concentrations 
of  He- increase amplitude of current carried through volt-
age-sensitive Ca2+  channels (Rossi et al., 1993), whereas in 
cerebellar granule cells and NG108-15 cells, MeHg causes an 
increase in fura-2 fluorescence, which is dependent, at least 
in part, on extracellular Ca', and which is delayed by ni- 
fedipine, w-conotoxin GVIA, and 	(Hare and Atchison, 
1995; Marty and Atchison, 1997). Moreover, treatment of 
rodents with Ca' channel blockers prevents the toxic effects 
of MeHg (Sakamoto et al., 1996), and Ca' channel blockers 
delay the onset of cerebellar granule cell death with MeHg 
(Marty and Atchison, 1997; Gasso et al., 2001). Finally, in 
cells lacking Ca2±  channels, the onset of intracellular action 
of MeHg is delayed, suggesting that Ca' channels provide a 
path of entry for MeHg into the cell (Edwards et al., 2002). 
Therefore, mercurials seem to interact with voltage-sensitive 
Ca' channels in a complex manner. 

Because of the numerous and important roles that voltage-
sensitive Ca' channels play in neuronal function, disrup-
tion of function of voltage-sensitive Ca' channels may be a 
significant contributory factor in mercurial-induced neuro-
toxicity. There are few published reports comparing the ef-
fects of different mercurials on function of voltage-sensitive 
Ca' channels (Hewett and Atchison, 1992; Szucs et al., 
1997; Schirrmacher et al., 1998), and no comparative study 
on the effects of these two forms of mercury on defined types 
of voltage-sensitive Ca' channels exists. 

The goal of the present study was to determine whether 
specific types of voltage-sensitive Ca' channels were af-
fected differentially by MeHg or Het We compared the 
effect of MeHg and He- on N-(Ca„2.2) and R-(Cav2.3) types of 
voltage-sensitive Ca2±  channels expressed using cDNA cop-
ies of their genes transferred into human embryonic kidney 
cells (HEK293). These cells are nonexcitable and commonly  

used for heterologous expression of membrane proteins, in-
cluding voltage-dependent Ca" channels (Williams et al., 
1994; Perez-Garcia et al., 1995; Quefurth et al., 1998). Ex-
pression cDNA clones of a,B_, or alE_, subunit were combined 
with «2435 and 133_a  Ca' channel subunits of human neuro-
nal origin for transient expression of N- and R-subtypes, 
respectively, of high-voltage activated Ca" channels. Jelly-
fish green fluorescent protein (GFP) was used as a cotrans-
fection reporter. 

Materials and Methods 

Materials. HEK293 cells (ATCC CRL-1573) were purchased from 
American Type Culture Collection (Manassas, VA). All reagents 
were pure or ultrapure laboratory grade unless specifically noted 
otherwise. cAMP, EGTA, HEPES, ATP, w-conotoxin GVIA, and te-
trodotoxin were all obtained from Sigma-Aldrich (St. Louis, MO). 
Stock solutions (5 mM) of methylmercuric chloride (ICN Pharmaceu-
ticals, Costa Mesa, CA) and (10 mM) HgC12  were prepared weekly in 
double-distilled water, from which test solutions were prepared daily 
in extracellular solution (see below). Plasmids containing expression 
cDNA clones of human neuronal Ca' channel subunits were gen-
erously provided by Dr. Kenneth A. Stauderman of SIBIA Neuro-
sciences (San Diego, CA), now Merck Research Laboratories. a,,_, 
(Williams et al., 1994) and 133, subunit clones (Mark Williams, 
Merck Research Laboratories, personal communication) were iso-
lated from hippocampus; 5_1  was isolated from the IMR32 cell line 
(Williams et al., 1992b), and a258 was isolated from brainstem and 
basal ganglia (Williams et al., 1992a). 

Cell Culture and Transfection. HEK293 cells were grown at 
37°C in Eagle's minimal essential medium fortified with 1 mM so-
dium pyruvate, 0.1 mM nonessential amino acids, 2 mM L-glu-
tamine, 1.5 g/1 sodium bicarbonate, 10% (v/v) fetal bovine serum, and 
penicillin/streptomycin/amphotericin B (at a final concentration of 
100 U/ml penicillin G, 100 p.g/m1 streptomycin sulfate, and 0.25 
p.g/m1 amphotericin B; Invitrogen, Carlsbad, CA) in a 5% CO2  envi-
ronment. One day before gene transfer, cells were plated at a density 
of 5 x 105  on 35-mm culture dishes. Cells were transfected with a 
mixture of plasmids containing human neuronal a1B_1, or alE_3  plus 
a2_b8 and 03_a  Ca' channel subunits and a jellyfish GFP cDNA 
sequence using FuGENE 6 (Roche Diagnostics, Indianapolis, IN) 
following the manufacturer's instruction. Reactions contained a total 
of 3µl of FuGENE 6 and 1µg of plasmid DNA containing the three 
subunits in 1:1:1 M ratio, with GFP plasmid at 20% of the total DNA. 
Two days were allowed for transient expression of proteins at which 
time the cells were examined for GFP expression. Cells from dishes 
with a reasonable number of green fluorescent cells (usually 20%), 
were replated at a low density of sufficiently isolated individual cells 
to facilitate recording. 

Ca' Channel Current Recording. Before recording, culture 
medium was removed, cells were rinsed twice with extracellular 
solution, and then replenished with 1 ml of extracellular recording 
solution. The extracellular solution contained 117 mM tetraethylam-
monium chloride, 20 mM BaC12, 1 mM MgC12, 25 mM n-glucose, 10 
mM HEPES, and 0.001 mM tetrodotoxin; pH was adjusted to 7.2 at 
room temperature (--23-25°C) with tetraethylammonium hydroxide. 
The osmolarity of the solution was 310 mOsM. Patch-clamp pipettes 
with resistances between 6 and 8 Mit were prepared from 1.5-mm 
i.d. glass capillaries (WPI, Sarasota, FL) using a two-stage micro-
electrode puller (PP-830; Narishige, Tokyo, Japan) and fire-polished 
using a Narishige MF-830 microforge. Intracellular (pipette) solution 
contained 140 mM CsC1, 10 mM EGTA, 10 mM HEPES, 2 mM 
ATP-Mg, and 1 mM cAMP; pH was adjusted to 7.2 with CsOH. 

The tight seal whole cell configuration of the patch-clamp tech-
nique (Hamill et al., 1981) was used on fluorescent green cells to 
record IBa  through transiently expressed Ca' channels. Whole cell 
currents were recorded using an Axopatch-1D amplifier (Axon In- 
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struments, Inc., Foster City, CA), sampled at 10 kHz and filtered at 
2 kHz (-3 dB, four-pole Bessel filter; Axon Instruments, Inc.) and 
acquired on-line using the pClamp6 program (Axon Instruments, 
Inc.). Pipette and cell capacitance was compensated online in all 
experiments. Series resistance was also compensated in the range of 
60 to 80%. Extracellular media were exchanged using a gravity-fed 
bath perfusion system (BPS-4; ALA Scientific Instruments, West-
bury, NY); the flow rate was 5 x 10' ml/s. The distance of the flow 
pipette from the cell was maintained at approximately 150 Am. All 
experiments were carried out at room temperature (23-25°C). 

To elicit I,a, the membrane was depolarized by a positive voltage 
step from the holding potential (-90 mV). Conventional voltage 
clamp step protocols were used to examine the amplitude of /Ba  over 
a range of membrane potentials and to examine the voltage depen-
dence of activation of /Ba  and of steady-state inactivation of /B.. In 
experiments designed to examine the effects of Ni2+, Cd2+, MeHg, 
He+, or w-conotoxin GVIA on /,a, the membrane was repeatedly (0.1 
Hz) depolarized (from —90 mV) by a voltage step to 0 mV (R-type) or 
to 20 mV (N-type). Each depolarization was preceded by a hyperpo-
larizing voltage step (one-quarter the amplitude of the depolarizing 
step) to permit measurement of leakage current. After establishing 
that the current elicited by each depolarizing step was eventually 
constant, the test compound (modulator) was applied to the cell as 
mentioned above. Unless noted otherwise, in all experiments I,a  
amplitude was measured after subtraction of leak current from the 
whole current elicited by the activating depolarization. 

Statistical Analysis. For each experiment recordings were made 
from a minimum of five cells, and these cells were derived from at 
least three independent transfections. Values are expressed as the 
mean ± S.E.M. The number of replicates is indicated for each exper-
iment in the figure legend. Curve fitting of data points on graphs was 
performed using Origin software (OriginLab Corp., Northampton, 
MA). 

Results 

Characteristics of Recombinant Transiently Expressed an, 
and a1E  Subunit-Mediated Ca' Channel Currents in 
HEK293 Cells. Basic biophysical and pharmacological qual-
ities of Ca' channels containing a - 1B (Cav  2.2) or alE  (Cav 2.3) 
subunit in combination with a2_b8 and (33-a  subunits and 
expressed transiently in HEK293 cells were similar to those 
of N-or R-type Ca' channels, respectively, as expressed in 
their native environment. A constant set of a2_b8 and 133-a  
subunits was used in all experiments so that we could focus 
on the comparative actions of the two mercurials on the 
principal phenotype-defining subunit of voltage-sensitive 
Ca' channels, the a, subunit. Representative tracings of IBa 
elicited from these cells along with their current-voltage re-
lationships and voltage dependence of steady-state inactiva-
tion and activation are shown in Fig. 1, A to C (for a,B) and 
Fig. 2, A to C (for alE), respectively. For am-containing 
channels, current seemed to activate at approximately —20 
mV, reached peak amplitude at about +20 mV and reversed 
at +60 mV. For channels containing alE  subunit, current 
activated at —40 mV, reached a peak amplitude at 0 mV and 
reversed at approximately +60 mV. The voltage for half-
maximal activation (V1/2) was 0 mV in am  -containing chan-
nels (Fig. 1C) and —14.8 mV in am-containing channels (Fig. 
2C), respectively. The isochronal inactivation (h) was deter-
mined using an 8-s inactivating prepulse. The inactivation 
curves are shown (Figs. 1C and 2C) with slope parameter (k) 
of 12.0 mV and Irv, of —64.6 mV for am  -containing channels, 

Fig. 1. Biophysical characteristics of whole cell Bo" current mediated by recombinant N-type Ca" channels expressed in HEK293 cells. A, 
representative family of current traces (filtered at 2 kHz but not leak subtracted) elicited by voltage steps from a holding potential of —90 mV to test 
potentials ranging from —20 to +60 mV. Ba" (20 mM) was used as the charge carrier. B, current-voltage relationship for the BO+ current was derived 
from the type of experiment illustrated in A. The peak current elicited during a voltage step is plotted as a function of the test potential. C, voltage 
dependence of activation (0) and of steady-state inactivation (0) is depicted. To examine voltage dependence of activation, peak current elicited during 
a depolarizing voltage step from the holding potential to each test potential was normalized to the maximum current elicited and normalized current 
was plotted as a function of test potential. Data points were fitted by the curve using a Boltzmann function: /limaa  = [1 + exp{(V — V,2)/k11-1, with 

= —64.6 mV and k = 12.0 mV. To examine the voltage dependence of steady-state inactivation, a conditioning voltage step (8 s, to potentials 
between —100 and 0 mV, in 10-mV increments) was applied to allow inactivation of the channel to achieve steady state, and the membrane was then 
stepped to +20 mV. Current elicited at +20 mV after each conditioning step was measured and normalized to amplitude elicited (at +20 mV) after 
a conditioning step to —100 mV. Normalized current was plotted as a function of conditioning (step) potential. Data points were fitted by the curve 
using a Boltzmann function: /lima. = [1 + exp{—(V — V,2)/k}1-1, with Vii.2  = 0.0 mV and k = 3.6 mV. Ba2± current amplitude was measured after 
subtraction of leak current from the whole current elicited by the activating depolarization. In B and C, values shown are the mean ± S.E.M. of 10 
cells. 
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Fig. 2. Biophysical characteristics of whole cell Ba" current mediated by recombinant R-type Ca" channels expressed in HEK293 cells. A, 
representative family of current traces (filtered at 2 kHz but not leak subtracted) elicited by voltage steps from a holding potential of -90 mV to test 
potentials ranging from -20 to +60 mV. Ea' (20 mM) was used as the charge carrier. B, current-voltage relationship for the IBa  was derived from 
the type of experiment illustrated in A. The peak current elicited during a voltage step is plotted as a function of the test potential. C, voltage 
dependence of activation (lb) and of steady-state inactivation (0). To examine voltage dependence of activation, peak current elicited during a 
depolarizing voltage step from the holding potential to each test potential was normalized to the maximum current elicited and normalized current 
was plotted as a function of test potential. Data points were fitted by the curve using a Boltzmann function: "max = [1 + exp{(V - VI/2)/H', with 

= -69.6 mV and k = 9.2 mV. To examine the voltage dependence of steady-state inactivation, a conditioning voltage step (8 s, to potentials 
between -100 and 0 mV, in 10-mV increments) was applied to allow inactivation of the Ba" current to come to steady state, and the membrane 
potential was then stepped to +20 mV. Current elicited at +20 mV after each conditioning step was measured and normalized to amplitude elicited 
(at +20 mV) after a conditioning step to -100 mV. Normalized current was plotted as a function of conditioning (step) potential. Data points were 
fitted by the curve using a Boltzmann function: /lima„ = [1 + exp{-(V - Vii.2)/k}]-1, with Vv, = -14.8 mV and k = 4.4 mV. Be" current amplitude 
was measured after subtraction of leak current from the whole current elicited by the activating depolarization. Values shown in B and C are the 
mean ± S.E.M. of seven cells. 

and k of 9.2 mV and V112  of —69.6 mV for a1E-containing 
channels, respectively. 

Figure 3 demonstrates that IBa  expressed in cells trans-
fected with am  subunit was sensitive to inhibition by w-cono-
toxin GVIA. At 1 or 10 tal, w-conotoxin GVIA caused a rapid 

CTX GVIA 10µM 

150 	300 	450 
	

600 

Time (s) 

Fig. 3. Effect of 1.0 and 10.0 µM w-conotoxin GVIA (w-CgTx GVIA) on 
peak Ba" current (20 mM Ba") amplitude in HEK293 cells expressing 
human neuronal al, subunit containing N-type Ca" channels. At 10.0 
µM, w-CgTx GVIA caused an almost complete and irreversible block of 
Ba" current, because current could not be restored by washing cells with 
toxin-free extracellular solution. Cells were depolarized from -90 to +20 
mV at a stimulation frequency of 0.1 Hz. Current responses were filtered 
at 2 kHz and leak current was subtracted. Values shown are the mean of 
five to six cells. To simplify the figure only representative S.E.M. values 
are shown. 

reduction of current amplitude; the rate with which block 
occurred was concentration-dependent. However, ultimately, 
both concentrations blocked virtually all current. The effect 
of co-conotwdn block was not reversed by washing the cell 
with toxin-free solution. Thus, the /,,a  recorded from HEK293 
cells expressing human neuronal an, subunits combined 
with a fixed complement of a28(33  subunits has biophysical 
and pharmacological properties consistent with those medi-
ated by N-type Ca' channels. We tested alE  subunit-ex-
pressing HEK293 cells with known specific antagonists (ni-
modipine and w-agatoxin IVA) for the L- or P/Q-type 
channels and found the Iga  to be resistant to block by both of 
these agents (data not shown), consistent with the charac-
teristics of R-type current. Therefore, we used varying con- 
centrations of Cd' and 	(both of which are known to 
block current carried through all known subtypes of voltage-
sensitive Ca' channels) on the aiE  subunit-containing cells 
(Fig. 4, A and B). The block of IBE, from these cells by both 
divalent cations was concentration-dependent. A stepwise 
reduction of current was seen after addition of successively 
higher concentrations of Cd2±  or Ni'; this effect seemed to 
plateau until the next higher concentration of metal was 
added. The reduction of amplitude of IBa  was complete at 100 
ILM Cd' or 1 mM 	These two observations together 
indicate that the pharmacological characteristics of a1  sub-
unit-mediated 4a  from these cells is consistent with that of 
the R-type. An interesting observation at the lowest concen- 
trations of Cd" (0.1 µM; Fig. 4A) and 	(1 euM; Fig. 4B) 
was an apparent slight increase rather than reduction in 
amplitude of /BE,. This effect was more prominent with Cd'. 
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Fig. 4. Effect of different concentrations of Cd' (A) and 	(B) on peak 
Ba' current (20 mM Ba') amplitude from HEK293 cells expressing 
human neuronal alE  subunit mediated R-type Ca' channels. Notice the 
stepwise reduction of current amplitude with each higher concentration 
of Cd' or 	addition that seems to plateau until the next higher 
concentration is added. The block of Ba' current becomes complete at 
100 µM Cd" and 1 mM Ni". Cells were depolarized from -90 to 0 mV 
at a stimulation frequency of 0.1 Hz. Current responses were filtered at 
2 kHz and leak current was subtracted. Values shown are the mean ± 
S.E.M. of six to seven cells. 

Perhaps this effect is due to these cations actually entering 
the Ca' channels based on their relatively similar ionic 
radii and electrical charges. These same cations become in-
hibitory at higher concentrations. 

Time- and Concentration Dependence of MeHg Ef-
fect on /B.. As shown in Figs. 5A and 6A for representative 
traces, and in composite data from a number of preparations 
in Figs. 5B and 6B, MeHg caused a rapid, concentration- and 
time-dependent reduction in current from both am  and alE  
subunit-containing channels. As shown in Fig. 5A for cells 
expressing am-type current, the effect of 5µM MeHg was 
initially greater on the peak current than on the sustained 
current remaining at the end of a test pulse. However, with 
additional time, MeHg blocked both components of current 
apparently equally. For cells expressing am  subunit, the 
degree of block of current by 5µM MeHg seemed to be 
approximately the same for both peak and sustained current 
(Fig. 6A). The effect of different concentrations of MeHg on 

Fig. 5. Effect of MeHg on peak Ba' current (20 mM Ba2±) amplitude 
from HEK293 cells expressing human neuronal an, subunit-containing 
N-type Ca' channels. A, representative current traces showing the effect 
of 5.0 µM MeHg on peak current at different times of exposure. B, time 
course of block of peak current by different concentrations of MeHg. Cells 
were depolarized from -90 to +20 mV at a stimulation frequency of 0.1 
Hz. Current responses were filtered at 2 kHz and leak current was 
subtracted. Values shown are the mean of five to seven cells. To simplify 
the figure only representative S.E.M. values are shown. 

Fig. 6. Effect of MeHg on peak Ba" current (20 mM Ba') amplitude 
from HEK293 cells expressing human neuronal alE  subunit-containing 
R-type Ca' channels. A, representative current traces showing the effect 
of 5.0 eM MeHg on peak current amplitude at different times of exposure. 
B, time course of block of peak Ba" current by different concentrations 
of MeHg. Cells were depolarized from -90 to 0 mV at a stimulation 
frequency of 0.1 Hz. Current responses were filtered at 2 kHz and leak 
current was subtracted. Values shown are the mean of five to seven cells. 
To simplify the figure only representative S.E.M. values are shown. 

whole cell /Ba  with either subunit is shown as a time course 
in Figs. 5B and 6B and was determined after at least 5-min 
stabilization of the control current. Addition of MeHg concen-
trations between 0.125 (or 0.25 for am  subunit) and 5.0 
to the extracellular solution resulted in a concentration-de-
pendent block in the rate and magnitude of /Ba  after leak 
subtraction. For both kinds of channels, the block of peak 
current by MeHg was again concentration- and time-depen-
dent. MeHg concentrations in excess of 1µM caused com-
plete block of current within 2 to 6 mM. Submicromolar 
concentrations also caused measurable inhibition (Figs. 5B 
and 6B). The rate at which inhibition occurred at micromolar 
concentrations seemed to consist of two distinct components: 
one which was initially more rapid, and the other, which was 
more gradual (Figs. 5B and 6B). Depending upon the concen-
tration of MeHg used, the rapid component was completed 
between 100 and 150 s after beginning treatment. Lower 
concentrations of MeHg (0.125-1.25 AM) caused a more grad-
ual decline in current amplitude. Inhibition of current at 1.25 
AM MeHg seemed ultimately to reach the same plateau as at 
higher concentrations. At 0.125 AM in am- and 0.25 AM in 

alE-containing channels, inhibition never reached the same 
level as at higher concentrations over the 10-mM recording 
period. Because lower concentrations of MeHg caused a 
slow, progressive block of current that didn't reach a pla-
teau, we could only estimate an apparent IC50  value for 
MeHg. This was done by comparing the percentage of block 
at each concentration at a set time point. At 200 s, MeHg 
blocked -50% of both types of current at 1.3 (N-type) and 
1.1 AM (R-type). 

Concentration Dependence of He- Effect on /B.. 
Figures 7 and 8 show the effects of He- on ./Ba  from HEK293 
cells expressing am  and am  subunit-containing Ca' chan-
nels, respectively. Figures 7A and 8A depict representative 
current traces showing effects of different concentrations of 
He- H- on current after 2-mM 	He - caused H- caused a rapid, 
concentration-dependent reduction in current from both a,B  
and alE  subunit-expressing channels. As shown in Fig. 7A for 
cells expressing a113-type current, the effect of 0.5, 1, and 5.0 
AM He+ was initially greater on the peak current than on 
the sustained current remaining at the end of a test pulse. 
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Fig. 7. Effect of He- on peak Ba" current (20 mM Ba") amplitude from 
HEK293 cells expressing human neuronal au, subunit-containing N-type 
Ca' channels. A, representative current traces showing effect of differ-
ent concentrations of He+ on peak current amplitude after 2-min expo-
sure. B, peak currents recorded after a 2-min exposure to different con-
centrations of He+ were fitted using the equation ./[„g24,, /,„„,, = [1 + 
(Fe+ idic5o)"ri with IC50  = 2.2 M. Only a single concentration of 
He+ was applied per cell. Cells were depolarized from -90 to +20 mV at 
a stimulation frequency of 0.1 Hz. Current responses were filtered at 2 
kHz and leak current was subtracted. Values shown are the mean ± 
S.E.M. of six cells. 
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Fig. 8. Effect of He+ on peak Ba' (20 mM) current amplitude from 
HEK293 cells expressing human neuronal alE  subunit-containing R-type 
Ca' channels. A, representative current traces showing effect of differ-
ent concentrations of He- on peak current after 2-min exposure. B, peak 
currents recorded after a 2-min exposure to different concentrations of 
He+ were fitted using the equation /r„g2+//,..,,, = [1 + (Fe+ 111C5orl -1 

with IC,„ = 0.7 a.M. Only a single concentration of He+ was applied per cell. 
Cells were depolarized from -90 to 0 mV at a stimulation frequency of 
0.1 Hz. Current responses were filtered at 2 kHz and leak current was 
subtracted. Values shown are the mean ± S.E.M. of five cells. 

However, with additional time, He- blocked both compo-
nents of current. For cells expressing alE  subunit, the degree 
of block by 0.1, 0.5, and 1 	He - seemed seemed to be approxi-
mately the same for both peak and sustained current (Fig. 
8A). Furthermore, the inactivation kinetics seems to be af-
fected by He-  in cells expressing aurtype current. Figures 
7B and 8B depict the degree of reduction of normalized /Ba  as 
a function of concentration of Het The IC50  values for 
He+  -induced block of an, and a„-type current were 2.2 and 
0.7 ILM, respectively. 

Effect of Wash with MeHg- or Hg2±-Free Solution on 
As shown in Fig. 9, the block by MeHg of either type of 

current could not be reversed by washing with MeHg-free 
solution. However, the He- induced reduction of /Ba  
through a„-mediated N-type channels was partially revers-
ible (Fig. 10A), but the IBa  reduction from alE  mediated R-
type channels was not reversed by washing with He+ -free 
solution (Fig. 10B). 

0 	150 300 450 600 0 	150 300 450 600 
Time (s) 	 Time (s) 

Fig. 9. Irreversible block by MeHg of Ba' current (20 mM Ba') in 
HEK293 cells expressing an, or alE  subunit-containing human neuronal 
Ca' channels. A 5-min treatment with 5µM MeHg was followed by wash 
with MeHg-free solution. Cells were depolarized at a stimulation fre-
quency of 0.1 Hz from -90 to +20 mV for cells with channels containing 
an, and -90 to 0 mV for those containing a„. Current responses were 
filtered at 2 kHz and leak current was subtracted. Values shown are the 
mean ± S.E.M. of five to seven cells. 
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Fig. 10. Effects of wash with Hetfree solution on block of /Ea. A, block 
by 5 pal He' of peak Ba' current (20 mM Ba') in HEK293 cells 
expressing a,B  subunit-containing human neuronal Ca" channels after 
a 1-min exposure is partially reversed by wash with Hetfree solution. 
B, block by 5µM He- of peak Ba2' current in HEK293 cells expressing 
alE  subunit-containing human neuronal Ca' channels after a 1-min 
exposure was not reversed by wash with Hetfree solution. Cells were 
depolarized from -90 to +20 mV for an, and -90 to OmV for aiE. Current 
responses were filtered at 2 kHz and leak current was subtracted. Values 
shown are the mean ± S.E.M. of five to seven cells. 

Discussion 
Previous studies have shown that MeHg (Shafer and Atchi-

son, 1991; Marty and Atchison, 1997; Shafer, 1998; Sirois 
and Atchison, 2000) and He- (Biisselberg et al., 1994; 
Leonhardt et al., 1996; Szucs et al., 1997) affect the function 
of native Ca' channels in multiple types of cells. However, 
in most of these studies, the cells examined express more 
than one subtype of Ca2+  channels, and attempts to compare 
the actions of these metals on known subtypes of Ca' chan-
nel were incomplete and/or indirect. Until recently (Peng et 
al., 2002), there have been no studies of effects of mercurials 
on distinct subtypes of Ca' channel in isolation. The present 
study using transient expression of human neuronal Ca' 
channels is the first to characterize and comparethe effects 
of the organomercurial MeHg and inorganic He- on current 
mediated by single, identified phenotypes (N- and R-type) of 
Ca' channel in isolation. Because the two types of expressed 
Ca' channel contained the same a28 and (3 subunits, differ-
ential effects of the mercurials on expressed N- and R-type 
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channel current must be due largely to the mercurial inter-
actions with, or action on, the a, pore-forming subunit of the 
channel. Our results support and extend several aspects of 
previous studies of mercurials on native N-type and R-type 
Ca' channels. Our results demonstrate that, first, MeHg is 
an irreversible and essentially equipotent inhibitor of cur-
rent recorded from HEK293 cells expressing human neuro-
nal alB  (N-type) or alE  (R-type) subunit containing Ca' 
channels. Second, although He-  inhibits current mediated 
by the same channels, it has a more potent effect on recom-
binant R-type channels than N-type channels. Third, the 
effect of He-  is partially reversible for recombinant N-type 
channels but is evidently irreversible for R-type channels. 

Our recordings show that the voltage- and time-dependent 
characteristics of the current mediated by channels contain-
ing the an, subunit and those containing the alE  subunit 
expressed in transfected cells resemble those of native N- and 
R-type Ca' channels, respectively, in neurons (Randall and 
Tsien, 1995). The different biophysical characteristics of na-
tive N-type channel current and current mediated by recom-
binant channels containing the am  subunit and of native 
R-type channel current and current mediated by recombi-
nant channels containing the alE  subunit may simply reflect 
differences of the 0/25 and /3 subunits expressed in recombi-
nant and native channels. Alternatively, these differences 
may be due to differences of the human a, subunits ex-
pressed in cells studied here and the a, subunits of the native 
channels of nonhuman derived neurons such as those studied 
by Randall and Tsien (1995). Furthermore, we have demon-
strated that recombinant channels containing the am  sub-
unit are sensitive to w-conotoxin GVIA as are native N-type 
Ca' channels, whereas those channels expressing the alE 
subunit were highly sensitive to block by Cd' and to a lesser 
extent 	as is the case for native R-type channels. 

The data presented here show that recombinant expressed 
N-type channels were more sensitive to the effects of MeHg 
than were presumptive N-type native channels in PC12 cells 
(Shafer and Atchison, 1991; Shafer, 1998) and dorsal root 
ganglion cells (Leonhardt et al., 1996) but were equally sen-
sitive compared with presumptive N-type channels of rat 
cerebellar granule cells (Sirois and Atchison, 2000). Such 
differential sensitivity of native and recombinant expressed 
channels has also been reported for other toxins, including 
calcicludine effects on L-type channels (Stotz et al., 2000), 
w-agatoxin WA effects on P/Q-type channels (Bourinet et al., 
1999), and peptide spider toxin DW13.3 effects on N-type 
channels (Sutton et al., 1998). These differential effects of 
mercurials and other toxins on recombinant and native chan-
nels may reflect differences between human and nonhuman 
a, subunits (present in studies of recombinant channels and 
native channels, respectively), or between the accessory (a28 
and /3) subunits of various native channels and recombinant 
channels. 

The present study of mercurials on recombinant Ca' 
channels also confirms previous observations concerning sev-
eral aspects of the effect of MeHg on native channels. First, 
as has been observed for native channels in cerebellar gran-
ule cells (Sirois and Atchison, 2000) and PC12 cells (Shafer 
and Atchison, 1991), the effect of MeHg on recombinant am-
(N-type) and alE  (R-type)-containing channels was not volt-
age-dependent. Second, the reduction of current during ex-
posure to MeHg was irreversible regardless of whether the  

current was mediated by channels containing the ai, (N-
type) or alE  (R-type) subunit or by various types of native 
Ca' channel. Third, it is also noteworthy that the effect of 
MeHg proceeds to complete reduction of the current medi-
ated by channels containing the am  (N-type) or alE  (R-type) 
subunit and by at least some native channels (given a suffi-
cient duration of exposure to MeHg), although this effect was 
not observed for MeHg effects on recombinant ale  (L-type) 
subunit-containing channels (Peng et al., 2002). Fourth, the 
effect of He-  on native channels, which has variously been 
reported to be reversible or irreversible (Leonhardt et al., 
1996), was found in the present study to be partially revers-
ible for channels containing the a,B  (N-type) subunit, but 
evidently irreversible, for channels containing the alE  (R-
type) subunit. Although mechanisms associated with revers-
ibility were not examined, this observation may help to ex-
plain the variability of reversal seen in studies with He- of 
native channels, inasmuch as, depending upon the comple-
ment of channel phenotype in the preparation being studied, 
the actions of He-  may be more or less reversible. In the 
case of the irreversible effect of MeHg or He-,it   is possible 
that the mercurial binds covalently to the channel (so that 
the mercurial cannot be removed) or interacts in some way 
with the channel that is irreversible (even after removal of 
the mercurial). Again, differences concerning the reversibil-
ity of a mercurial effect on native channels and on recombi-
nant channels may reflect differences between the a, subunit 
or the accessory units of the native and recombinant Ca' 
channels. Regardless of the reversibility of the interaction of 
He-  or MeHg with the channel, the specific site of interac-
tion between mercurial and channel is unclear. He- or   
MeHg could act directly in the channel pore, have nonspecific 
or specific interactions with negatively charged groups on the 
cell surface, or act at a regulatory or allosteric binding site on 
the intra- or extracellular surface of the channel. However, it 
should be noted that Shafer (1998) reported that intracellu-
lar application of MeHg did not affect Ca" channel current 
in PC12 cells. Another difference between the effects of He-
on recombinant and native channels is that He-  seems to 
increase Ca' current through native channels at low con-
centration (Manalis and Cooper, 1975; Rossi et al., 1993); this 
phenomenon was not observed in our study of recombinant 
channels. 

In summary, both MeHg and He-  perturb the function of 
heterologously expressed, recombinant human neuronal N-
type and R-type Ca' channels at low micromolar concentra-
tions, well within the range of concentrations known to cause 
disruption of function of corresponding native channels as 
well as toxicity from these agents in vivo. MeHg was an 
equipotent inhibitor of human neuronal N-type and R-type 
Ca' channels expressed in HEK293 cells. However, there 
seem to be subtle differences on the effects of  He-, which 
vary somewhat depending on the type of a, subunit. 
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DELAYED BRAINSTEM AUDITORY EVOKED POTENTIAL LATENCIES IN 
14-YEAR-OLD CHILDREN EXPOSED TO METHYLMERCURY 

KATSUYUKI MURATA, MD, DMSc, PAL WEIHE, MD, ESBEN BUDTZ-JORGENSEN, PHD, POUL J. JORGENSEN, MSC, 

AND PHILIPPE GRANDJEAN, MD, DMSc 

Objective To determine possible exposure-associated delays in auditory brainstem evoked potential latencies as an 
objective measure of neurobehavioral toxicity in 14-year-old children with developmental exposure to methyhnercury (MeHg) 
from seafood. 

Study design Prospective study of a birth cohort in the Faroe Islands, where 878 of eligible children (87%) were examined 
at age 14 years. Latencies of brainstem evoked potential peaks I, III, and V at 20 and 40 Hz constituted the outcome variables. 
Mercury concentrations were determined in cord blood and maternal hair, and in the child's hair at ages 7 and 14. 

Results Latencies of peaks III and V increased by about 0.012 ms when the cord blood 
mercury concentration doubled. As seen at age 7 years, this effect appeared mainly within 
the I—III interpeak interval. Despite lower postnatal exposures, the child's hair mercury 
level at age 14 years was associated with prolonged III—V interpeak latencies. All 
benchmark dose results were similar to those obtained for dose-response relationships at 
age 7 years. 

Conclusions The persistence of prolonged I—III interpeak intervals indicates that 
some neurotoxic effects from intrauterine MeHg exposure are irreversible. A change in 
vulnerability to MeHg toxicity is suggested by the apparent sensitivity of the peak III—V 
component to recent MeHg exposure. (J Pediatr 2004;144:177-83) 

M ethylmercury (MeHg) is a worldwide contaminant of seafood and freshwater 
fish.' MeHg toxicity can produce widespread adverse effects within the nervous 
system, especially when exposures occur during brain development.2'3  Early 

adverse effects have been characterized by administering neurobehavioral tests to children 
exposed in utero from maternal seafood diets.'" Thus, a National Research Council 
(NRC) committee7  concluded that intrauterine MeHg exposure was the most critical and 
emphasized the findings from a prospective birth cohort study carried out in the Faroe 
Islands.5  The damage to the developing nervous system is thought to be potentially 
irreversible.?  The possibility also exists that exposure during postnatal development may 
induce brain lesions; dinical2'8  and experimental9  information suggests that such effects 
would tend to be more focal and would particularly involve the sensory cortex and the 
granular layer of the cerebellum. 

Current advisories on fish consumption issued by national and state authorities differ 
and mainly aim at pregnant women or women of reproductive age groups.' Because the risk 
to children from dietary MeHg exposure is unclear, some fish advisories in the United 
States also address "young children,"1°  or children as old as, for example, 8 years" or 15 
years.12  

As an indicator of MeHg neurotoxicity, delayed evoked potential latencies have 
been recorded in poisoning victims'3'14  and in laboratory animals.15  In contrast with 

BAEP Brainstem auditory evoked potential MeHg Methylmercury 
BMD Benchmark dose NRC National Research Council 
BMDL Benchmark dose level PCB Polychlorinated biphenyl 
BMR Benchmark response 
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neuropsychologic test outcomes, this measure is thought to 
be independent of socioeconomic covariates.16  As illustrated 
by environmental exposure to lead, evoked potential abnormal-
ities constituted important objective evidence on neurotoxic 
effects in children.17  

In an extended follow-up of the Faroese birth cohort, 
we have assessed brainstem auditory evoked potentials 
(BAEPs) at age 14 years. We previously showed that in-
creased intrauterine MeHg exposures were associated with 
delayed peak III latencies at age 7 years.5'18  We hypothesized 
that these delays would remain at age 14 years and that 
BAEP latencies would also be sensitive to MeHg from 
adolescent seafood diets. 

METHODS 

Study Population and Follow-up 
A cohort of 1022 births was assembled in the Faroe 

Islands during a 21-month period in 1986 to 1987.19'20  The 
primary indicator of intrauterine exposure to MeHg was the 
mercury concentration in cord blood, and concentrations in 
maternal hair at parturition were also determined.19  MeHg 
exposures varied considerably: 15% of the mothers had hair 
mercury concentrations >10 µg/g, whereas 4% were below 
1 µg/g, a level that corresponds with the exposure limit 
recommended by the NRC committee.7  Concomitant expo-
sure to polychlorinated biphenyls (PCBs) was determined 
from the concentration in umbilical cords from 438 cohort 
members.5  The first follow-up examination was performed 
7 years later and included hair mercury assessment, evoked 
potentials, and pediatric examination.5'21  

At age 14 years, a total of 878 of 1010 live cohort 
members (86.9%) were examined. Most examinations took 
place at the National Hospital in Torshavn, the capital of the 
Faroe Islands, from April to June of 2000 and 2001. For 
families who had moved, examinations were also offered in 
Odense, Denmark, in November 2000. Each day, four 
children were examined during the morning and four during 
the afternoon. The examinations were conducted by a team of 
health professionals who had no access to information on 
individual exposure levels. The 438 boys and 440 girls 
examined had an average age of 13.83 (SD 0.32) years. 

Hair samples were again obtained, and the proximal 
2-cm segment was analyzed by flow-injection cold-vapor 
atomic absorption spectrometry after digestion of the hair 
sample in a microwave oven.5  The total analytical impreci-
sion for this analysis was estimated to be 4.3% and 5.5% at 
mercury concentrations of 4.7 Rig and 11.1 µg/g, re-
spectively. Accuracy was ensured by participation in the 
Canadian Hair Mercury Quality Control Program; all our 
results were within 1 SD of the adjusted mean. The high 
analytical quality is comparable with previous perfor-
mance. 

9
Results in micrograms may be converted to 

nanomol by multiplying by 5.0. 
The study protocol was approved by the ethical review 

committee for the Faroe Islands and the institutional review  

board at the US institution, and parental informed consent 
was obtained. 

Neurologic Examination 

A thorough pediatric examination included otoscopy 
and assessment of neurologic optimality. None of the children 
had current middle ear infection. A total of 18 children 
examined had neurologic disorders thought to be independent 
of MeHg exposure and were therefore excluded from the data 
analysis: congenital hypothyroidism, one; Tourette syndrome, 
one; dystonia, three; epilepsy, two; polyneuropathy sequelae, 
one; mental retardation, one; psychomotor retardation, four; 
meningitis sequelae, one; concussion, three; and deafness, one. 
None of the subjects examined had diabetes. The MeHg 
exposure of these subjects did not differ from that of other 
cohort members. 

Brainstem auditory evoked potentials were determined 
in all participating subjects except one refusal (N = 859). We 
used a four-channel electromyograph (Medelec Sapphire-
4ME, Surrey, United Kingdom) also used previously.5'21  
Click signals at an intensity of 65 dB hearing level (0.1-ms 
impulses of alternating polarity) were presented to the right 
ear through shielded ear phones at 20 Hz and 40 Hz 
(sampling time, 0.01 ms); the other ear was masked with 
white noise at an intensity of 45 dB HL. A frequency of 50 
Hz was also attempted, but peak I was poorly defined at this 
click rate. Evoked potentials were recorded by using three 
standard electroencephalogram electrodes placed on the 
vertex, the right mastoid ipsilateral to stimulation, and the 
left mastoid (round). Although 1024 responses were used 7 
years before, '21  the number was increased to 2048 to 
improve the definition of peak I. Amplification and filtration 
were unchanged, and one replication of each condition was 
again performed for calculation of average peak latencies. 
The coefficients of variation for duplicate assessments 
remained higher for peak I (mean, 8.4%) than for peaks 
III and V (means, 4.3% and 3.7%, respectively). As an 
additional step for quality assurance, latencies from the first 
250 children examined in Torshavn in 2000 were scored 
twice by the same examiner (K. M.). The results of this 
blinded scoring—rescoring showed average coefficients of 
variation of 8.9%, 4.4%, and 3.7% for peaks I, III, and V, ie, 
similar to the duplicate assessments. Thus, although highly 
appropriate for latency measurement, the study circumstances 
did not allow accurate assessment of peak amplitudes. Peaks 
I, III, and V are thought to reflect the volume-conducted 
electric activity from the acoustic nerve, pons (superior 
olivary nucleus), and midbrain (inferior colliculi), respec-
tively.16  

Audiometry was performed by a trained nurse using 
Interacoustics Diagnostic Audiometer AD229 with a Peltor 
H7A headphone (Assens, Denmark) in a sound-insulated 
room. The patient-controlled Hughson-Westlake procedure 
was used in accordance with International Organization for 
Standardization 8253-1. A threshold was defined as two of 
three correct responses in a procedure with 5-dB increases and 
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Table I. Results of developmental methylmercury exposure biomarkers for 859 birth cohort members without 
neurological disease examined at age 14 years 

Biomarker n 
Geometric 

average 
Interquartile 

range 
Association with 

cord bloodt 

Cord blood (ug mercury/L) 835 22.6 13.2-40.8 (I) 
Hair (pg mercury/g) 

Maternal, parturition 855 4.22 2.55-7.68 0.77 

Child, 7 years 800 0.60 0.34-1.24 0.33 

Child, 14 years 839 0.96 0.45-2.29 0.35 

*Concentrations in ug may be converted to nmol by multiplying by 5.0. 

f Correlation coefficient after logarithmic transformation. 

10-dB decreases. Pure-tone air-conduction hearing thresholds 
were measured at 125, 250, 500, 750, 1000, 1500, 2000, 3000, 
4000, 6000, and 8000 Hz. Two children did not complete 
their audiometry examination. 

Data Analysis 
Pearson correlation coefficients were used to assess 

bivariate relationships between exposure variables. Regression 
analysis was used to determine the association of MeHg 
exposure with the outcome variables. Age and sex may be 
important predictors of BAEP latencies16'21  and were 
therefore included as independent variables along with the 
exposure variables. In addition, confounders previously in-
cluded in the analysis of neuropsychologic test results5  were 
screened for possible associations with the outcomes in the 
current study, but no pattern was found. Further models 
included as an independent variable the latency result obtained 
7 years previously along with the age at that examination. 
Additional analyses incorporated PCB and postnatal MeHg 
exposure parameters as explanatory variables. Because of 
skewed distributions, logarithmic transformation of the con-
taminant concentrations was used, and the mercury regression 
coefficients therefore correspond to the change in the 
dependent variable associated with a 10-fold increase in 
MeHg exposure. Significant exposure effects were further 
explored in generalized additive models, which do not require 
linearity assumptions while providing a smooth, nonparamet-
ric dose-response curve.22  

Calculation of the benchmark dose (BMD) is in-
creasingly used for comparison of dose-response curves at 
low dose levels and for determining exposure limits.7'18  The 
BMD is the dose of a substance that increases the risk of an 
abnormal response by a benchmark response (BMR), ie, from 
Po  (usually 5%) for an unexposed child to Po  + BMR for 
a child exposed at the BMD.23  The NRC committee used 
a BMR of 5% so that an exposure at the corresponding BMD 
will double the risk of an abnormal response.?  To take the 
statistical uncertainty into account, a lower 95% confidence 
limit (BMDL) for the BMD is also determined. Using linear 
dose-response models, BMDLs expressed as the maternal hair 
mercury concentration were approximately 10 µg/g for the 
most sensitive neuropsychologic and BAEP outcomes in the 

Faroese children at age 7 years.7'18'24  For comparison with 
these dose-response associations, we used the same default 
settings when calculating BMDL results for BAEP outcomes 
at age 14 years. 

RESULTS 

Prolonged Peak III and Peak V Latencies at Higher 
Prenatal Methylmercury Exposures Were Caused by 
Increased 	Intervals That Were Prolonged 
Already 7 Years Before 

Hair mercury concentrations at age 14 years (Table I) 
indicated that the children's current MeHg exposure had 
increased since the previous examination (P < .001). 
Approximately half of the children now exceeded the hair 
mercury limit of 1 µg/g, but the average corresponded to only 
one fourth of the concentrations in maternal hair at child 
birth. Nonetheless, the different sets of exposure biomarkers 
correlated well. 

The BAEP latencies were similar to the results obtained 
at age 7,5,18,21 and again differed as expected16  between boys 
and girls. Age had no effect within the limited range studied. 

Intrauterine MeHg exposure biomarkers showed several 
statistically significant associations with the BAEP latencies, 
especially peaks III and V at both frequencies (Table II). The 
same tendency was seen for the interpeak I—III latency, despite 
being affected by the greater imprecision of peak I de-
terminations. Because peak I and interpeak III—V latencies 
were clearly not associated with the intrauterine exposure level, 
MeHg appeared to affect mainly the I—III interval. Neither sex 
nor age was associated with MeHg exposure levels, and 
confounder adjustment therefore did not affect the mercury 
regression coefficients. 

Given the more robust findings for the full peak III 
latency (Fig 1), its better precision, and the parallel results for 
this outcome obtained at age 7 years,5'18  this outcome 
parameter was selected for more detailed calculations. In-
clusion of the postnatal exposure biomarkers as additional 
predictors did not affect the regression coefficients for the 
prenatal exposures. However, they were almost completely 
abolished when peak III latencies at age 7 were incorporated as 
predictors. 

Delayed Brainstem Auditory Evoked Potential Latencies in 
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Table II. Mean results and regression coefficients for logarithmic transformations of mercury exposure 
biomarkers as predictors of latencies of brainstem auditory evoked potentials (ms) in 859 Faroese children 
at 14 years 

Mean (SD) 

Regression coefficient*  (P value) 

Cord blood 

(n = 835) 

Maternal hair 

(n = 855) 

Hair at 7y 

(n = 800) 

Hair at 14y 

(n = 839) 

20 Hz 

1.770 (.129) 0.015 (.213) 0.001 (.942) -0.005 (.622) 0.006 (.553) 

3.952 (.161) 0.045 (.002) 0.037 (.014) 0.012 (.335) 0.001 (.907) III 

 5.788 (.204) 0.049 (.006) 0.032 (.085) -0.002 (.901) 0.018 (.159) 

I-111 2.183 (.152) 0.027 (.051) 0.036 (.013) 0.017 (.150) -0.004 (.631) 
III-V 1.835 (.132) 0.004 (.722) -0.005 (.686) -0.014 (.181) 0.017 (.056) 

40 Hz 

1.806 (.169) 0.027 (.089) 0.014 (.410) 0.007 (.602) 0.012 (.293) 

III 4.054 (.178) 0.032 (.048) 0.023 (.169) 0.008 (.536) 0.002 (.847) 

V 5.954 (.214) 0.048 (.009) 0.036 (.066) 0.006 (.686) 0.024 (.070) 

I-111 2.248 (.190) 0.004 (.805) 0.009 (.614) 0.001 (.925) -0.010 (.430) 

III-V 1.900 (.148) 0.015 (.226) 0.013 (.383) -0.002 (.852) 0.022 (.028) 

*Adjusted for sex and age; because of the logarithmic transformation of the mercury concentrations, the regression coefficient indicates the change 
in the dependent variable associated with an increase in MeHg exposure by a factor of 10. 

Current Methylmercury Exposures Were Associated 
With Prolonged III-V Interpeak Latencies 

The regression coefficients also suggested an effect of 
recent MeHg exposure, but only on the III-V interpeak 
interval (Table II, Fig 2). This association was not affected by 
inclusion of prenatal exposure biomarkers, and neither did the 
lower mercury concentrations at age 7 years seem to affect this 
outcome parameter. At the same time, this interpeak variable 
was significantly associated with all other peak latencies, 
except for the peak I latency. 

Inclusion of PCB exposure within the subset of the 
cohort for which this parameter was available did not affect 
any of the MeHg regression coefficients. In addition, the PCB 
parameter did not reach statistical significance in any of the 
analyses. 

Audiometry results generally showed normal hearing, 
and hearing thresholds above 30 dB(A) were recorded for only 
approximately 2% of the children. Hearing thresholds were 
not associated with MeHg exposure, except for 4 kHz in the 
right ear (Table III). The association with the peak III latency 
(Table III) was caused by a prolonged latency for peak I at 
increased hearing thresholds, whereas the interpeak 
interval was unaffected. PCB exposure and postnatal MeHg 
exposure were not associated with the audiometry results. 
Inclusion of the hearing threshold at 4 kHz as a predictor of 
BAEP latencies changed the mercury regression coefficients 
only marginally. 

Benchmark Dose Results Were Similar to Those 
Seen at Age 7 Years 

The relative magnitude of the regression coefficients 
(Table II) can be judged by comparison with the variability of 
the outcome variables. Thus, for peak III latencies, an average  

regression coefficient of approximately 0.04 corresponds to 
almost 25% of the SD. Because a logarithmic transformation 
of the mercury concentrations was used, the effect of 
a doubling of the exposure can be determined by multiplying 
the regression coefficient by 0.301. Accordingly, a doubling of 
the prenatal exposure results in a latency prolongation by 
about 7% of the SD. Similarly, a doubling of the current 
exposure level is associated with a prolongation of the 
interpeak III-V interval by about 5% of the SD. 

Additional comparisons may be based on BMD 
calculations. Prenatal BMDL results for peak III at the two 
frequency conditions corresponded to an average of approx-
imately 10 Rig hair based on either cord blood or maternal 
hair. For the III-V interval, postnatal BMDLs averaged 
approximately 5 1.tg/g for the child's hair mercury concentra-
tion at age 14 years. 

DISCUSSION 

The developing brain is thought to be the organ most 
vulnerable to MeHg exposure.1'7  Emphasis in risk assessment 
has therefore been placed on neurologic function of children 
with intrauterine exposure to this neurotoxicant, and previous 
studies have applied neuropsychologic function as a key 
measure of adverse effects.'" In parallel, neurophysiologic 
tests, such as BAEP assessment, have been used in population 
studies as highl/ standardized, rapid, painless, and inexpensive 
procedures.16'2  Prolonged BAEP latencies have been re-
ported as an effect of exposure to MeHg13-15  and other 
neurotoxicants, such as lead.17'25  

We report that BAEP latency assessments were highly 
reproducible and that several latencies at age 14 years showed 
a positive association with MeHg exposure. Intrauterine 
exposure was mainly associated with delays in peaks III and V, 
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Maternal Hair Mercury Concentration (ug/g) 

Fig I. Prenatal dose-effect relationship between maternal hair 
mercury at birth and the peak III latency of the brainstem auditory 
evoked potentials in 859 Faroese children at 14 years, adjusted for sex 
and age. The association is estimated in a generalized additive model 
analysis in which a smooth nonparametric curve (equivalent degrees 
of freedom, 3) is fitted to the data while adjusting for confounders. 
The broken lines indicate the point-wise 95% confidence interval for 
the dose-response relationship. Each vertical line above the horizontal 

axis represents one observation at the exposure level indicated. To 
convert to nmollg, multiply mercury concentration in µgig by 5.0. 

and the I—III interpeak interval appeared to be most sensitive. 
This result is in accord with previously reported exposure-
associated delays in the same cohort examined at age 7 years 
and in a cross-sectional study of 7-year-old children from 
another North Atlantic fishing population.18'21  However, the 

41 regression coefficients at age 7 1  were approximately twice the 
magnitude observed 7 years later. Furthermore, adjustment of 
the most recent peak latency for the result obtained 7 years 
previously virtually abolished the mercury effect. These 
observations suggest a lasting neurotoxic effect of the 
intrauterine exposure, although the reduced regression co-
efficient may perhaps indicate some degree of compensation. 
The peak III results also suggest that this outcome is not 
affected by postnatal exposures at the levels occurring in this 
population. 

More recent MeHg exposure, as reflected by the current 
hair mercury concentrations of the children, was associated 
with a prolonged interpeak III—V interval. This observation is 
noteworthy, because the children's current exposures averaged 
less than one fourth of the maternal levels during pregnancy, 
and a single hair analysis probably is a very inaccurate marker 
of the causative postnatal exposure levels. Although paired 
mother—child exposure data correlated well and thereby 
suggested relatively stable dietary habits within each house-
hold, only the recent exposure level was associated with this 
outcome. Hair mercury concentrations at age 7 years were the 
lowest and did not contribute to this association. 

Despite the delayed BAEP latencies, the audiometry 
data suggested only limited, if any, effect of MeHg exposure 
on hearing thresholds. These results parallel those obtained at 
age 7 years.26  All BAEP latencies were recorded with a sound 
pressure adjusted for audiometry results; no association 

1 74 
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Child Hair Mercury Concentration (ug/g) 

Fig 2. Postnatal dose-effect relationship between the child's current 
hair mercury and the interpeak III-V latency of the brainstem 
auditory evoked potentials in 859 Faroese children at 14 years, 
adjusted for sex and age. The association is estimated in a generalized 
additive model analysis as in Figure 1, but the horizontal scales differ. 
The broken lines indicate the point-wise 95% confidence interval for 
the dose-response relationship. Each vertical line above the horizontal 

axis represents one observation at the exposure level indicated. To 
convert to nmollg, multiply mercury concentration in tig/g by 5.0. 

between hearing thresholds and BAEP latencies was detected, 
except for peak I at a single sound frequency on one side only. 
Although deafness has been reported in severe congenital 
MeHg poisoning cases,2  hearing loss is not a uniform finding 
in less serious childhood poisonings or in adult cases.2'27  

The MeHg-associated prolongation of BAEP latencies 
in the current study was subtle and comparable with effects 
associated with lead exposure.17'25  These changes are much 
less extensive than clinical findings in patient groups, such as 
the abnormal BAEP waves with poorly defined or absent 
peaks III and V in multiple sclerosis, and the markedly 
prolonged interpeak latencies in patients with acoustic 
neurinoma or diabetes mellitus.28  However, the relative 
change parallels the extent of neuropsychologic deficits 
determined in the cohort children at age 7 years.5  Thus, in 
several functional domains, a doubling of the intrauterine 
MeHg exposure showed a decrease in performance by 5% to 
10% of the SD.5'29  Subtle neurotoxic effects, sometimes 
expressed in terms of IQ points, have important societal 
implications in regard to educational achievement and earning 
potential.3°  

The BMDL represents a statistically defined point on 
the dose-response curve that allows comparison between low-
range toxicity studies. However, the BMDL should not be 
interpreted as a threshold indicator. Indeed, significant 
exposure-related deficits on neuropsychologic tests at age 
7 years were documented at maternal hair mercury con-
centrations below the BMDL.5  Previous calculations7'12,24,31 

 

based on the most sensitive neurologic, neuropsychologic, and 
neurophysiologic endpoints all indicate a BMDL of about 
10 µgig maternal hair, ie, the same level as found for peak 
III delays at age 14 years. We found that the postnatal BMDL 
for the prolonged III—V interpeak interval was approximately 
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Table Ill. Cord blood mercury concentration 
(geometric mean) and peak Ill latency of the 
brainstem auditory evoked potentials measured at age 
14 years (arithmetic means) in 857 Faroese cohort 
children in relation to the hearing threshold at 4 kHz 
on the right ear 

Peak III latency (ms) 

Hearing 
threshold 	Mercury 
(d B [A]) n concentration*  20 Hzt 	40 Hzt 

<0 158 20.0 3.94 4.03 

0 171 20.8 3.92 4.02 

5 218 22.8 3.94 4.03 

10 161 24.9 3.99 4.09 

>10 136 25.4 3.98 4.10 

P value for association (Spearman correlation coefficient) with hearing 
threshold: * < .01, t < .001. 

one half of that. However, because of statistical uncertainty, 
this difference may not necessarily reflect the relative toxic 
potentials of prenatal and postnatal exposures. 

The participation rate at age 14 years was very high, 
thereby reducing the concern that the results may have been 
affected by differential follow-up rates. An important strength 
of this study is that the examinations relied on the same 
methodology as 7 years before, and were performed by the 
same examiner, who was blinded to exposure data and previous 
peak latency results. In addition, the outcome measures were 
confirmed to be independent of socioeconomic confounders. 
The known16  BAEP peak latency difference between boys and 
girls was replicated, but sex was not associated with MeHg 
exposure and therefore did not cause confounding. At age 7 
years,21  prolongations of the peak I latency occurred as a result 
of middle ear infection, but at age 14 years, this trait was 
absent. 

An important limitation is that few postnatal exposure 
estimates were obtained and that the prenatal and postnatal 
exposure indicators were highly associated. Although dietary 
patterns may have been rather stable, the postnatal exposure 
biomarkers do not necessarily represent the magnitude of the 
toxic exposure at susceptible time windows. Any exposure 
misclassification would be mostly random and would tend to 
dilute the associations with the outcome variables, although 
this dilution would be limited by the wide exposure interval 
covered within this cohort. Despite this bias, the size of the 
cohort allowed separation of latency prolongations associated 
with intrauterine and recent MeHg exposures. The fact that 
peaks III and V at both frequencies showed clear associations 
with two independent indicators of prenatal MeHg exposure, 
and not with indicators of postnatal exposure, suggests that the 
findings are robust and credible for human health risk 
assessment. Likewise, although unanticipated, the association 
of the prolonged interpeak III-V interval with recent MeHg 
exposure only was also seen at both frequencies. 

As previously reported for the results at age 7 years,26  
concomitant prenatal exposure to PCBs, which occur in whale 
blubber sometimes eaten in the Faroes, did not influence the 
BAEP outcomes. Developmental exposure to PCBs is now 
thought to affect primarily cochlear function and effect on 
BAEP amplitudes rather than latencies.32  In addition, lead 
exposure was comparatively low and not associated with expo-
sure to mercury.1  The generalizability of this study would 
therefore not seem to be limited by concomitant exposures 
to other neurotoxicants. 

Although a chance finding in multiple comparisons 
cannot be ruled out, the possibility that prenatal and postnatal 
MeHg exposure may affect different targets in the brain is 
supported by both experimental and clinical evidence. Prenatal 
exposure of rats to toxic amounts of MeHg results in severe 
lesions that include the brainstem, whereas effects of postnatal 
treatment are less diffuse and particularly involve the sensory 
cortex.9  Similarly, neuropathologic and imaging evidence 
reveals a greater degree of focal cortical damage with postnatal 
MeHg exposure compared with congenital cases.2'3'8  The 
results of this study would therefore seem to be plausible, 
although the specific vulnerability of the interpeak III-V 
interval to postnatal MeHg exposure was not predicted. 
Although the significance of postnatal MeHg exposure needs 
to be documented further in independent studies with more 
frequent exposure assessments, our results suggest that 
developmental vulnerability to MeHg neurotoxicity is likely 
to extend into the teenage period. 

We are grateful to the cohort families for their loyal support, to 
the highly competent clinical staff in Torshavn, and to Dr. David A. 
Otto for advice regarding the quality assurance for the BAEP 
measurements. 
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STUDY 

Dental Metal Allergy in Patients With Oral, 
Cutaneous, and Genital Lichenoid Reactions 
Leigh Ann Scag; Joseph F. Fowler Jr, Kelli W. Morgan, and Stephen W. Looney 

Background:  The subject of lichen planus (LP) and dental metal allergy long has been debated. An overwhelming majority of the 
existing literature focuses on mercury and gold salts in relation to oral lichen planus. 

Objective:  Our objective was to expand current knowledge regarding LP and lichenoid lesions (LL) and dental metal allergy by 
investigating more metals and investigating cutaneous and genital disease in addition to oral disease. 

Methods:  Fifty-one patients with known LP or LL were patch tested to a series of dental metals. Patients chose to replace their 
dental metals or make no revision. A telephone survey was conducted after 1 year to determine disease state. 

Results:  Thirty-eight of 51 patients (74.5%) had at least 1 positive reaction. Twenty-five of 51 patients (49.0%) showed sensitivity 
to at least 1 mercurial allergen. Prevalence data for patients patch tested by the North American Contact Dermatitis Group (NACDG) 
from 1996 to 1998 was available for chromate, cobalt, gold, nickel, and thimerosal. The prevalence of positive reactions was higher 
in our group than in the NACDG group for all 5 of these allergens, and statistical significance was achieved for chromate (P = .028), 
gold (P = .041), and thimerosal (P = .005). Of patients who had a positive patch test reaction to 1 or more metals, 100% (9 of 9) 
reported improvement after metal replacement, whereas 62.5% (15 of 24) reported improvement without metal replacement. 

Conclusion:  Sensitization to dental metals is more common among LP and LL patients than in routinely tested patients, and 
might be an etiologic or triggering factor in the disease. 
Copyright © 2001 by W.B. Saunders Company 

ICHEN PLANUS (LP) is a T cell—mediated, inflam- 
 	matory, papulosquamous disease that can involve the 
skin, oral and genital mucosa, nails, and hair." LP affects 
all races and is distributed across the world. Estimates of 
the prevalence of cutaneous LP in the United States range 
from 1% to 14%, whereas estimates for oral LP are 1% to 
2%. Most patients are in their fourth to sixth decades with 
a predominance of female patients affected.1,2,4  Lichenoid 
lesions (LL) have clinical and histopathologic similarities 
to LP and are included in our study.5,6  

Oral lichenoid lesions (OLL) and oral lichen planus 
(OLP) are often considered idiopathic (Fig 1). Authors 
have used these terms interchangeably and for the purpose 
of this study, we considered these terms to be equivalent. 
Certain cases have been linked to a particular etiology such 
as hepatitis C, graft-versus-host disease or drug hypersen-
sitivity or associated with diabetes mellitus, candidiasis, 
and lupus erythematosus.2,5,7-9  However, it is difficult to 
determine if the above associations represent causal or 
coincidental relationships.2  

Recent studies have shown preliminary evidence that 
patients with oral LP and LL and a shown allergy to dental 
metals improved after replacement of their dental 
work 6.8-2° Those studies focused primarily on oral LP/LL 
and allergy to the mercury or gold salts. Our study was 
designed to expand current knowledge regarding LP/LL 
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and dental metal allergy by investigating a broad spectrum 
of dental metals. In addition, this study is unique in that 
cutaneous LP/LL was studied as well. 

Materials and Methods 
Phase I 

Potential participants were identified by searching the 
medical records of a tertiary dermatology center for the 
diagnoses of LP and LL. There was no selection criteria for 
age, race, or sex. Inclusion criteria were as follows (1) the 
subject must have a documented history of LP or LL, (2) 
currently have metallic dental work, such as crowns, fill-
ings, or dentures, and (3) agree to be evaluated with patch 
testing. 

Patch testing 

Patients were patch tested by placing allergens in Finn 
Chambers secured with Scanpor tape (Hermal USA, Oak 
Hill, NY) on the upper back. The following allergens were 
tested: potassium dichromate 0.25% in petrolatum pet., 
cobalt chloride 5% pet., copper sulfate 2% pet., gold sodium 
thiosulfate 0.5% pet., indium (III) sulfate 10.0% in water 
aq., iridium (III) chloride hydrate 1.0% aq., mercury 0.5% 
pet., nickel sulfate hexahydrate 2.5% pet., palladium chlo-
ride 1% pet., phenylmercuric acetate 0.05% pet., silver 
nitrate 1% aq., and thimerosal 0.1% pet. Allergens were 
supplied by Chemotechnique, Malmo, Sweden. The sub-
jects returned after 48 hours for removal of the patches 
and marking of the sites. The first reading was performed 
15 to 30 minutes after removal of the patches to minimize 
the effects of pressure from the disks and dermographic 
erythema. Grading was performed on a scale of 0 to 3+, 
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based on the system used by the North American Contact 
Dermatitis Group (NACDG).2' Subjects returned for a 
second reading from 96 hours to 7 days after application. 

Phase II 

Each subject who had completed Phase I of the study chose 
either to replace his or her dental work with another 
substance or make no revision in his or her dental work. All 
subjects, regardless of whether or not they chose to revise 
their dental work, were followed up by telephone survey 
after 1 year to assess the state of their disease as "better," 
"same," or "worse." 

Statistical Analysis 

Exact methods based on the binomial distribution were 
used to test for significant differences in the prevalence of 
positive reactions between the test group and the group 
tested by the NACDG. 

Results 
Phase I 

The positive patch test results obtained for the 51 patients 
(34 women and 17 men) are summarized in Table 1. 
Patient age ranged from 17 to 82 years with a mean of 55.9 
years. The duration of disease ranged from 3 months to 45 
years, with a mean of 8.6 years. 

Of 51 patients, 38 (74.5%) had at least 1 positive reac-
tion. See Table 1 for detailed results. The prevalence of 
positive reactions was significantly higher in our test group 
than in the group tested by NACDG for chromate (P = 
.028), gold (P = .041), and thimerosal (P = .005). Of 51 
patients, 25 (49.0%) showed sensitivity to 1 or more mer-
cury containing compounds (mercury, phenylmercuric ac- 

Table 1. Positive Patch Test Results for the Entire Test Group 

etate, and thimerosal). The allergen that most commonly 
elicited a positive reaction was phenlymercuric acetate, 
with 14 of 51 patients (27.5%) reacting. Of the 13 positive 
to thimerosal, 4 reacted to one of the other mercurial 
allergens and 6 reacted to other metals. 

Thirty-four (66.7%) of the 51 patients had OLP. Of 
these 34, 25 (73.5%) patients had at least 1 positive reac-
tion. See Table 2 for detailed results. The prevalence of 
positive reactions to chromate and gold was significantly 
higher in the OLP group than in the group tested by the 
NACDG (P = .029 and P = 0.025, respectively). A total of 
13 patients had isolated oral disease without cutaneous or 
genital involvement. Of these 13, 8 (61.5%) had at least 1 
positive reaction. Table 3 contains individual allergen re-
sults in the isolated OLP group. The prevalence of positive 
reactions to chromate was significantly higher than the 
prevalence in the group tested by the NACDG (P = .010). 

Thirteen (23.5%) of 51 had genital lichen planus (GLP) 
but none had genital disease alone. Ten of 13 (76.9%) 
patients showed 1 or more positive reactions. (See Table 
2.) The prevalence of positive reactions to cobalt was 
significantly higher in the GLP group than in the group 
tested by the NACDG (P = .008). 

A total of 35 subjects (68.6%) had cutaneous lichen 
planus (CLP). Of those with CLP, 27 of 35 (77.1%) had at 
least 1 positive reaction. (See Table 2.) The prevalence of 
positive reactions was significantly higher in the CLP group 
than in the group tested by the NACDG for both cobalt 
(P = .022) and thimerosal (P = .002). 

Of the 35 patients with CLP, 13 of them had isolated 
cutaneous disease. Ten (76.9%) of the 13 had at least 1 
positive reaction. Eleven of 13 (84.6%) were women. Pa-
tient age ranged from 17 to 81 years with a mean of 57.8 
years. The duration of disease ranged from 6 months to 32 
years, with a mean of 7.1 years. Table 3 contains individual 

Positive Final Readings (n = 51) 
NACDG Percent Allergic 

(1996-1998) Percent (No.) P-Value 

Potassium dichromate 0.25% pet. 9.8% (5) 0.028* 2.8% 
Cobalt chloride 5% pet. 15.7% (8) 0.169 9.0% 
Copper sulfate 2% pet. 3.9% (2) NT 
Gold sodium thiosulfate 0.5% pet. 19.6% (10) 0.041* 9.5% 
Indium (Ill) sulfate 10.0% aq. 3.9% (2) NT 
Iridium (III) chloride hydrate 1.0% aq. 3.9% (2) NT 
Mercury 0.5% pet. 7.8% (4) NT 
Nickel sulfate hexahydrate 2.5% pet. 15.7% (8) 0.896 14.2% 
Palladium chloride 1% pet. 17.7% (9) NT 
Phenylmercuric acetate 0.05% pet. 27.5% (14) NT 
Silver nitrate 1% aq. 3.9% (2) NT 
Thimerosal 0.1% pet 25.5% (13) 0.005** 10.9% 
One or more mercury-containing compounds 

(mercury, phenylmercuric acetate, and/or thimerosal) 49.0% (25) Information not available 

Abbreviations: NACDG, North American Contact Dermatitis Group; pet. in petrolatum; NT, not tested; aq.; in water. 
*P < .05 
**P < .01 
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Table 2. Positive Patch Test Results for OLP, CLP, and GLP Groups 

Final Reading 
(All Patients With 

OLP Tested) (n = 34) 

Final Reading 
(All Patients With 

CLP Tested) (n = 55) 

Final Reading 
(All Patients With 

GLP Tested) (n = 13) 

Percent (No.) P-Value Percent (No.) P-Value Percent (No.) P-Value 

Potassium dichromate 0.25% pet. 11.8% (4) 0.029* 5.7% (2) 0.514 0% (0) 1.000 
Cobalt chloride 5% pet. 11.8% (4) 0.733 22.9% (8) 0.022* 38.5% (5) 0.008** 
Copper sulfate 2% pet. 2.9% (1) 5.7% (2) 7.7% (1) 
Gold sodium thiosulfate 0.5% pet. 23.5% (8) 0.025* 20.0% (7) 0.088 23.1% (3) 0.239 
Indium (III) sulfate 10.0% aq. 5.9% (2) 2.9% (1) 0% (0) 
Iridium (III) chloride hydrate 1.0% aq. 5.9% (2) 2.9% (1) 7.7% (1) 
Mercury 0.5% pet. 8.8% (3) 5.7% (2) 0% (0) 
Nickel sulfate hexahydrate 2.5% pet. 11.8% (4) 0.919 20.0% (7) 0.443 7.7% (1) 0.861 
Palladium chloride I% pet. 17.7% (6) 20.0% (7) 15.4% (2) 
Phenylmercuric acetate 0.05% pet. 32.4% (11) 25.7% (9) 30.8% (4) 
Silver nitrate 1% aq. 2.9% (1) 5.7% (2) 0% (0) 
Thimerosal 0.1% pet 20.6% (7) 0.141 31.4% (11) 0.002* 15.4% (2) 0.844 
One or more mercury-containing compounds 

(mercury, phenylmercuric acetate, and/or thimerosal) 
44.1% (15) 54.3% (19) 46.2% (6) 

Abbreviations: OLP, oral lichen planus; CLP, cutaneous lichen planus; GLP, genital lichen planus; pet., in petrolatum; aq., in water. 
*P < .05 
**P < .01 

allergen results in the isolated CLP group. Although the 
prevalence of positive reactions was higher in our group for 
4 of the 5 allergens tested by the NACDG, none reached 
statistical significance at the 0.05 level. 

Two patients reported flaring of their LP during patch 
testing. Subject number 35 was a 39-year-old man with a 
10-month history of oral, cutaneous and genital LP (see Fig 
2). Koebernization was observed at the sites of previous leg 
surgery. His history included a rash under his watch and 
the presence of large staples in each tibia. A previous test 
for hepatitis C was negative. OLP was in close proximity to 
dental work, but the patient denied any temporal associa- 

tion between LP onset and placement of new dental work. 
He had positive test reaction for cobalt. 

The second patient who reported a flare during testing 
was subject number 37, a 43-year-old woman with cutane-
ous LP for 13 years. She had a history of jewelry allergy. 
She reported that LP onset had occurred soon after having 
several dental fillings placed. Patch testing revealed aller-
gies to cobalt, gold, nickel, and palladium. 

Of the 51 patients, 15 (29.4%) reported that onset or 
exacerbation of LP/LL was temporally associated with 
placement of dental work. Of these 15 patients, 14 of 15 
(93.3%) were allergic to at least 1 of the tested allergens. 

Table 3. Positive Patch Test Results for Patients With Isolated Cutaneous and Oral Disease 

Allergic Patients With 
Isolated Cutaneous 
Disease (n = 13) 

Allergic Patients With 
Isolated Oral 

Disease (n = 13) NACDG Percent 
Allergic 

(1996-1998) Percent (No.) P-Value Percent (No.) P-Value 

Potassium dichromate 0.25% pet. 7.7% (1) 0.617 23.1% (3) 0.010* 2.8% 
Cobalt chloride 5% pet. 23.1% (3) 0.211 0% (0) 0.587 9.0% 
Copper sulfate 2% pet. 7.7% (1) 0% (0) NT 
Gold sodium thiosulfate 0.5% pet. 7.7% (1) 1.000 23.1% (3) 0.239 9.5% 
Indium (III) sulfate 10.0% aq. 0% (0) 7.7% (1) NT 
Indium (III) chloride hydrate 1.0% aq. 0% (0) 7.7% (1) NT 
Mercury 0.5% pet. 7.7% (1) 15.4% (2) NT 
Nickel sulfate hexahydrate 2.5% pet. 30.8% (4) 0.202 7.7% (I) 0.861 14.2% 
Palladium chloride 1% pet. 23.1% (3) 7.7% (1) NT 
Phenylmercuric acetate 0.05% pet. 15.4% (2) 23.1% (3) NT 
Silver nitrate 1% aq. 7.7% (1) 0% (0) NT 
Thimerosal 0.1% pet 30.8% (4) 0.090 15.4% (2) 0.844 10.9% 
One or more mercury-containing compounds 

(mercury, phenylmercuric acetate, and/or thimerosal) 
53.9% (7) 30.8% (4) Information not 

available 

Abbreviations: NACDG, North American Contact Dermatitis Group; pet., in petrolatum; aq., in water; NT, not tested. 
*p < 0.05 
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Figure 1. OLP in a patient with gold allergy. 

Twenty-four of the 51 patients (47.1%) denied this tempo-
ral association. Seventeen of these 24 patients (70.8%) had 
a positive test reaction to at least 1 dental metal. Twelve 
patients could not remember if such a temporal association 
occurred. 

Thirty-nine of 51 (76.5%) patients had active disease at 
the time of patch testing. Of these, 31 (79.5%) reacted to 
at least 1 dental metal. Of the 12 patients without active 
disease at the time of testing but with a documented 
history of LP or LL, only 7 of 12 (58.3%) had a positive 
reaction to at least 1 allergen. 

Phase II 

Of 51 subjects, 10 chose to have all or part of their dental 
work replaced (see Table 4). Of these 10, 9 had a positive 
test reaction to at least 1 metal. Nine of 9 (100%) patients 
with positive patch test results who chose to replace their 
dental metals reported an improvement on 1-year follow-
up. The one patient who had a negative patch test result 
(100%) who chose to replace his dental metals reported 
improvement on 1-year follow-up. 

Thirty-three of the 51 subjects did not have their dental 
metals replaced. Nine of the 33 had negative patch test 

Figure 2. LP on wrist of patient with cobalt allergy. 

Table 4. Phase II: Disease Assessment at 1-Year Follow-Up 

Patient's Assessment of 
Disease at 1-Year Follow-Up 

Better 
(No.) 

Same 
(No.) 

Worse 
(No.) 

10 subjects had metals 
replaced: 

Patch test positive 
(n = 9) 

100% (9) 0 0 

Patch test negative 
(n = 1) 

100% (1) 0 0 

33 subjects did not have 
metals replaced: 

Patch test positive 
(n = 24) 

62.5% (15) 37.5% (9) 0 

Patch test negative 
(n = 9) 

33.3%(3) 66.6% (6) 0 

NOTE. Eight subjects were unavailable for follow-up. 

patch test results. Three of the 9 (33.3%) patients who had 
negative patch test results reported an improvement in 
their condition after 1 year. Of the 33 subjects, 24 who did 
not replace their dental metals had positive patch test 
results. Of the 24, 15 (62.5%) patients with positive results 
reported an improvement. Eight of the 51 subjects were 
unavailable for follow-up. 

Discussion 

Prevalence data for patients who underwent routine patch 
testing by the NACDG from 1996 to 1998 were available 
for the following allergens in our series: chromate, cobalt, 
gold, nickel, and thimerosal. The prevalence of positive 
reactions was higher in our test group than in the group 
tested by the NACDG for all 5 of these allergens, and 
statistical significance was achieved for chromate (P = 
.028), gold (P = .041), and thimerosal (P = .005) (see 
Table 1). The most impressive difference in prevalence 
between the 2 groups was for thimerosal allergy. NACDG 
data from 1996 to 1998 showed a 10.9% prevalence of 
thimerosal allergy. Our study showed a 25.5% prevalence 
of thimerosal allergy in patients with a documented history 
of LP or LL. 

The origin of thimerosal allergy, has been attributed in 
many cases to prior inoculation with vaccines preserved 
with thimerosa1.22-23  The thiosalicylic acid portion of the 
molecule might cause reactivity in the absence of true 
mercury allergy, but most thimerosal allergic patients are 
allergic to the mercury moiety.24  We were unable to doc-
ument which of our patients received thimerosal-contain-
ing vaccines; However, there is no reason to believe our 
patients would be any different from the NACDG patients 
in this regard. 

The group of 13 patients who had isolated cutaneous 
disease is of particular interest because to the relatively 
small amount of research in this area. This group provides 
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evidence that cutaneous LP and LL might be related to 
dental metal allergy. Ten (76.9%) of the 13 had at least one 
positive reaction. The 2 most prevalent allergens in pa-
tients with isolated cutaneous disease were nickel and 
thimerosal, each having a prevalence of 30.8% (4 of 13). 
Chromate, cobalt, nickel, and thimerosal elicited a greater 
percentage of positive reactions in patients with isolated 
CLP or CLL than in the general patch test population 
tested by the NACDG (see Table 3). 

The 2 patients who reported a flare during patch 
testing might have experienced a progression of a flare 
that was already in progress; However, theses flares 
could have been initiated or exacerbated by exposure to 
the allergens to which the patients reacted positively. 
The presence of Koebnerization, as was seen in subject 
35, is often noted when a patient's disease is unstable or 
is acutely flaring.2  

Yiannias et al25  recently reported a study of contact 
sensitivities in patients with OLP. Their study differs 
from the current study in that the data were collected 
retrospectively. Each patient was tested to standard and 
preservative series. Certain individuals were tested to 
metal, stomatitis, and/or dental series based on the 
physician's clinical impression of likely sensitizers. Thus, 
all patients in the study were not tested to the same 
allergens. This might account for the greater prevalence 
of patients with at least 1 metal sensitivity in the current 
study versus the Yiannias study. Thirty-eight of 51 (74.5%) 
of our patients and 19 of 46 (41%) of patients in the 
Yiannias study reacted to a metal allergen. The Yiannias 
study and the current study had similar numbers of 
participants, 46 and 51, respectively, as well as similar 
conclusions that contact allergy might play a significant 
role in patients with LP. 

The greater prevalence of dental metal allergy in 
patients with LP and LL than in the general patch tested 
population suggests that an etiologic relationship exists. 
To more definitively determine the etiologic relationship 
of dental metal allergy and LP/LL, a 1-year follow-up 
was conducted to determine if clearing occurred on 
removal of dental metals. Of patients who had positive 
patch test reactions to at least 1 metal, 100% (9 of 9) 
reported improvement after metal replacement, 
whereas, 62.5% (15 of 24) reported improvement with-
out metal replacement. 

We realize that the data on clinical improvement are 
subjective and that the disease might wax and wane spon-
taneously. We did not attempt to assess the value of the 
various treatments the patients might have received be-
cause this was not an interventional study. Despite these 
factors, we believe the evidence clearly suggests that re-
moval of dental metals might be beneficial in patients with 
chronic LP or LL. 
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Abstract 

In this study, in vitro blood—brain barrier (BBB) models composed of two different cell types were compared. The aim of our study 
was to fmd an alternative human cell line that could be used in BBB models. Inorganic and organic mercury and aluminum were 
studied as model chemicals in the testing of the system. BBB models were composed of endothelial RBE4 cell line or retinal pigment 
epithelial (RPE) cell line ARPE-19 and neuronal SH-SY5Y cells as target cells. Glial U-373 MG cells were included in part of the 
tests to induce the formation of a tighter barrier. Millicell CM filter inserts were coated with rat-tail collagen, and RBE4 or ARPE-19 
cells were placed on the filters at the density of 3.5-4 x 105  cells/filter. During culture, the state of confluency was microscopically 
observed and confirmed by the measurement of electrical resistance caused by the developing cell layer. The target cells, SH-SY5Y 
neuroblastoma cells, were plated on the bottom of cell culture wells at the density of 100 000 cells/cm2. In part of the studies, glial U-373 MG 
cells were placed on the under side of the membrane filter. When confluent filters with ARPE-19 or RBE4 cells were placed on top of the SH-
SY5Y cells, different concentrations of mercuric chloride, methyl mercury chloride, and aluminum chloride were added into the filter cups 
along with a fluorescent tracer. Exposure time was 24 h, after which the cytotoxicity in the SH-SY5Y cell layer, as well as in the ARPE-19 or 
RBE4 cell layer, was evaluated by the luminescent measurement of total ATP. The leakage of the fluorescent tracer was also monitored. The 
results showed that both barrier cell types were induced by glial cells. Inorganic and organic mercury caused a leakage of the dye and 
cytotoxicity in SH-SY5Y cells. Especially, methyl mercury chloride could exert an effect on target cells before any profound cytotoxicity in 
barrier cells could be seen. Aluminum did not cause any leakage in the barrier cell layer, and even the highest concentration (1 mM) of 
aluminum did not cause any cytotoxicity in the SH-SY5Y cells. In conclusion, BBB models composed of RBE4 and ARPE-19 cells were 
able to distinguish between different toxicities, and ARPE-19 cells are thus promising candidates for studies of drug penetration through the 
blood—brain barrier. 

2003 Elsevier Inc. All rights reserved. 

Keywords: Blood—brain barrier; In vitro; Mercury; Aluminum 

Introduction 

Novel techniques in drug and chemical industry have 
allowed the emergence of a vast number of new drugs and 
chemicals in the market. There is a need to test these 
compounds in the most efficient way. In vitro models are 
becoming more and more valuable in evaluating the safety 
of chemicals discovered (Ball et al., 1995; Hartung, 2001; 
Roberts, 2001). One of the essential points is how well these 
new drugs gain entry into the brain, even when the target of 
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the drug is not the central nervous system. In vivo, the 
blood—brain barrier (BBB) isolates the brain from the 
systemic blood circulation and forms a restrictive barrier 
against toxins and foreign compounds (Risau and Wolburg, 
1990). The BBB is formed by endothelial cells and partly by 
astrocytes. It is possible to isolate and culture the cell types 
of the natural BBB, and thus there are several in vitro cell 
culture models for studying bather functions. Some of the 
models mimic the structure and functions of the normal 
BBB quite well, but the results are not necessarily easy to 
reproduce and compare. Endothelial microvessel cells iso-
lated for barrier cultures often come from animal sources, 
usually from bovine or rat brains (Abbott et al., 1992; 
Audus and Borchardt, 1987; Begley et al., 1996; Raub et 
al., 1992; Rist et al., 1997). There is a need to frequently 
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start a new culture if one chooses to use primary cultures, 
because freshly isolated brain endothelial cells dedifferenti-
ate quickly (Liebner et al., 2000; Panula et al., 1978). 
Consequently, cultures are different each time. To minimize 
variation between individual cultures, continuos cell lines, 
preferably of human origin, are valuable for establishing in 
vitro barrier models. 

In vivo, glial cells form an important part of the blood 
brain barrier (Prat et al., 2001). In fact, most of the outer 
area of the endothelial cells is covered with foot processes of 
glial cells. Glial cells are metabolically active and control 
the access of many chemicals and metabolites into the brain 
(Pardridge, 1999). Glial cells induce the formation of a tight 
barrier cell layer in vivo (Janzer and Raff, 1987). Also in 
vitro, it has been shown that glial cells are important co-
operators in forming the barrier (Abbruscato and Davis, 
1999; Arthur et al., 1987; Hayashi et al., 1997; Shivers et 
al., 1988). High resistance tight junctions in blood—brain 
barrier models have been achieved by treating brain endo-
thelial cells with a combination of astrocyte-conditioned 
medium and agents that elevate intracellular cAMP (Rist et 
al., 1997; Rubin et al., 1991; Yang et al., 2001). Cells treated 
this way exhibited low rates of paracellular leakage and 
fluid-phase endocytosis. Either glial cells or astrocyte-con-
ditioned medium are obviously important factors to be 
included in in vitro barrier models. 

In the present study, we compared rat brain endothelial 
cells with human retinal pigment epithelial (RPE) cells for 
barrier functions. The advantage of RPE cells is that they are 
part of the natural blood—retinal barrier and therefore their 
functions are similar to the BBB of the brain. They are able 
to form tight junctions when grown in vitro on permeable 
filters (Ban and Rizzolo, 1997; Rizzolo and Li, 1993). RPE 
cells are relatively stable and retain many of their character-
istics in vitro. Our aim was to study how well RPE cells 
could be utilized in a novel BBB barrier model. Many RPE 
human cell lines are available, which makes it possible to 
build a barrier model constructed totally of human cells. 

In developing the barrier systems presented here, the 
model chemicals chosen were inorganic and organic mer-
cury and aluminum. They are all neurotoxic in their specific 
ways (Aschner and Aschner, 1990; Nicotera and Rossi, 
1993; van der Voet et al., 1991). Inorganic mercury, as a 
polar ion, cannot easily penetrate the brain through an intact 
barrier. The neurotoxicity may result from interference with 
enzymes (Albrecht et al., 1994; Oliveira et al., 1994; 
Szumaflska et al., 1993). Methyl mercury is more of 
environmental concern. It is almost completely absorbed 
into the bloodstream and distributed to all tissues. The brain 
is one of the tissues that accumulate methyl mercury a great 
deal (Hargreaves et al., 1985; Vahter et al., 1994; Warfvinge 
et al., 1992). In the mammalian metabolism, methyl mercu-
ry can be converted to inorganic mercury (Charleston et al., 
1995; Pedersen et al., 1999). Mercury-induced cytotoxicity 
is well documented in different types of cells (Bohets et al., 
1995; Bracken et al., 1984; Brawer et al., 1998; Bucio et al.,  

1995; Imura et al., 1980; Kappus and Reinhold, 1994; 
Olivieri et al., 2000; Walther et al., 2002; Zierold, 2000). 
Aluminum neurotoxicity is more controversial (Savory et 
al., 1996). Aluminum has often been connected to neuro-
degenerative diseases, such as Parkinsonism dementia in 
Guam, Alzheimer's disease, dialysis encephalopathy, and 
amyotrophic lateral sclerosis (ALS) (Altschuler, 1999; Meiri 
et al., 1991; Shin et al., 1995; Yasui et al., 1991). There is 
ample evidence of aluminum toxicity in different studies, 
even though aluminum is not considered highly cytotoxic 
(Campbell et al., 2001; Dominguez et al., 1995; Guo and 
Liang, 2001; Levesque et al., 2000; Murphy et al., 1993; 
Sargazi et al., 2001; Suarez Fernandez et al., 1999). 

We studied the cytotoxicity caused by inorganic and 
organic mercury and aluminum in in vitro BBB models. 
The models were composed of human ARPE-19 cell line or 
rat brain endothelial (RBE4) cell line grown on a micropo-
rous membrane filter forming a restrictive barrier, and 
neuronal cells as target cells. In the co-culture model glial 
cells, U-373 MG was grown on the opposite side of the 
membrane filter. After the exposure, cytotoxicity was eval-
uated in all cell layers. 

Materials and methods 

Materials 

Cells. Human retinal pigment epithelial cell line ARPE-19 
(cat no CRL-2302), human neuroblastoma cell line SH-
SYSY (cat no CRL-2266), and human glioblastoma cell line 
U-373 MG (cat no HTB-17) were obtained from American 
Type Culture Collection (ATCC). Rat brain endothelial 
RBE4 cell line was a generous gift from Dr. Michael 
Aschner, Winston-Salem, NC, USA. 

Materials. Transparent Millicell-CM filters (12 mm 0, 
pore size 0.4 gm, membrane material: hydrophilic PTFE) 
were purchased from Millipore. All cell culturing plastics 
came from Nunc (Denmark). Black Cliniplate 96-wells, 
ATP Monitoring Reagent (6415000), and 0.1 M Tris—
acetate buffer (6415400) were supplied by Thermo Labsys-
tems (Finland). 

Cell culture media. All cell culture media and supplements 
were obtained from Gibco (UK). Medium for ARPE-19 cell 
line was 1:1 Dulbecco's Modified Eagle Medium/Ham's 
F12 medium (DMEM/F12) supplemented with 10% fetal 
bovine serum (FBS), 1% antibiotic/antimycotic solution 
(AB—AM) containing 100 units/ml penicillin, 100 g/ml 
streptomycin, 250 ng/ml amphotericin B, and 1.2 g/1 final 
concentration of sodium bicarbonate. 

Medium for U-373 MG cell line was Minimum Essential 
Medium (MEM) supplemented with 1 mM sodium pyru-
vate, 2 mM L-glutamine, 0.1 mM nonessential amino acids, 
1% AB—AM, 1.5 g/I sodium bicarbonate, and 10% FBS. 
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SH-SY5Y cell line was grown in 1:1 MEM/Ham's F-12 
Kaighn's Modification medium supplemented with 1% 
AB-AM, 10% FBS, 2 mM L-glutamine, and 0.1 mM 
nonessential amino acids. 

For RBE4 cell line, the medium was 1:1 Alpha MEW 
Ham's F10 medium supplemented with final concentration 
of 1 ng/ml of basic Fibroblast Growth Factor (bFGF), 10% 
FBS, 1% AB-AM, 25 mM HEPES, and 2 mM L-glutamine. 

Methods 

Cell culture. SH-SY5Y, ARPE-19, U-373 MG, and RBE4 
cells were cultured in standard conditions (at 37 °C with 5% 
CO2  in a humidified incubator) according to the instructions 
of the originator (ATCC or Dr. Aschner). The cells were 
subcultured after reaching 80% confluency. Passages of 35-
38 (ARPE-19), 32-39 (SH-SY5Y), 189-191 (U-373 MG), 
and 5-7 (after obtaining RBE4) were used in the study. 

Measurement of transmembrane resistance. The Ag/AgC1 
electrodes of Millicell-ERS were sterilized with 70% etha-
nol for 15 min. After the 15-min equilibration period in cell 
growth medium, the electrodes were positioned so that one 
electrode was inside the filter cup and the other in the 
outside liquid, and the resistance was read. Blank filter cups 
with no cells were included in the measurement. To get non-
drifting readings, the electrodes had to be clamped using a 
stand. For calculation of the results in I/ cm2, blank values 
were first subtracted, and then the resultant value was 
multiplied by the membrane area 0.6 cm2  (in 12-mm 
Millicell CM filters). 

Coating of filters. Millicell CM filter inserts (made of 
PTFE) were coated with 180 µ1 of rat-tail collagen (2.7 
mg/ml in 0.1 N acetic acid/60% ethanol) and left to dry 
before the subculturing of cells. For a model with glial cells 
to be grown on the underside of the filter insert, the filter 
was coated on both sides. 

Construction of barrier models. Human ARPE-19 RPE 
cells or rat endothelial RBE4 cells were placed on the 
transparent filters at the densities of 3.5-4 x 105  cells/ 
filter. The total amount of medium in the filter cups was 400 

Table 1 
Actual concentrations of mercury and aluminum in the bottom wells 

Concentration 

(0m) 
Mercury 

(-tm) 
Methyl mercury 

(1m) 
Aluminum 

Ulm) 
ARPE-19 RBE4 ARPE-19 RBE4 ARPE-19 RBE4 

Control 0.03 0.03 0.03 0.03 0.2 0.2 
1 (0.2)a  0.20 0.07 0.17 0.14 0.2 0.3 
10 (2.1) 0.87 0.78 1.32 1.66 0.5 0.8 
50 (10.5) 3.17 3.96 6.14 5.95 
100 (21.1) 0.6 1.5 

a  Initial concentrations applied into filter cups, theoretical diluted concen-
trations in target wells in parenthesis. 

Table 2 
Transepithelial resistances of ARPE-19 and RBE4 barrier cell layers at 
confluency and the effect of glial cells in the co-culture with barrier cells 

Resistance 
	

ARPE-19 	 RBE4 

No glia 	With glia 	No glia 	With glia 

Mean (SZ cm2) 
	

116.4 	354.2 
	

156 	384.2 
SEM 
	

57.2 	128.0 
	

46.6 	109.1 
t test: no glia 
	

P = 0.1318 
	

P = 0.1417 
vs. with glia 

ARPE-19 and RBE4 barrier models with and without glial cells were 
compared statistically with t test. 

µ1. The cultures were incubated in a humidified atmosphere 
(+37 °C, 5% CO2). In the glial co-culture model, after 1 day, 
the membrane was turned upside down, and 20 000 glial U-
373 MG cells were applied on the filter and let attach for 
some minutes (taking care not to let the cells dry). The filter 
was turned over again and the culturing continued, now with 
cells on both sides of the membrane filter. The development 
of confluency was microscopically observed and confirmed 
by the measurement of electrical resistance. 

The target cells, SH-SY5Y neuroblastoma cells, were 
plated separately onto the bottom of the 12-well cell culture 
plates at the density of 100 000 cells/cm2, with 1.5-ml 
growth medium in the well. Filters with confluent barrier 
cells were placed on top of the SH-SY5Y cells. The medium 
was changed to one with low serum-content (1%), and the 
cultures were left to adapt for 1 day before the exposure to 
test chemicals. 

Exposure. Stock solutions for aluminum and mercuric 
chloride were dissolved in distilled water, and these stock 
solutions were then sterilized by filtering. Methyl mercury 
chloride was dissolved in 100% ethanol. Different con-
centrations of mercuric chloride (0.1-100 µM), methyl 
mercury chloride (0.1-100 µM), and aluminum chloride 
(1-1000 µM) were added into the filter cups along with 
the fluorescent tracer fluorescein. The final solvent con-
centration did not exceed 0.25% in the filter cups. In 
control cultures, there were no barrier cells in filter cups; 
otherwise, the exposure was as explained above. As a 
positive leakage control, 1 mM EDTA was added into the 
filter cups to detach the barrier cell layer. Exposure time 
was 24 h, after which the viability in the SH-SY5Y cell 
layer, as well as that in the barrier cell layer cells, was 
evaluated by the luminescent measurement of total ATP. 
The actual concentrations that reached target wells were 
measured using the technique of cold vapor atomic ab-
sorption spectrophotometry by the Finnish Institute of 
Occupational Health. 

Total ATP measurement. To measure the total ATP con-
tent of the cells, 5 µI of ice-cold 10% TCA was added 
into 100 µI of the culture medium to stop the cellular 
reactions. The filter cups were moved to unused empty 
wells and handled separately. In the glial co-culture 
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model, before adding TCA, the glial cells were detached 
from the filter with trypsin treatment, and then treated 
separately. 

After TCA treatment, the plates were shaken 600 rpm for 
1 min and then put into —75 °C freezer. The plates were 
thawed and frozen three times to release all ATP from the 
cells. Then, 25 ill of thawed cell suspension was moved to 
Black Cliniplate 96-well microtiter plate, in triplicates from 
every well. Then, luciferase reagent (Thermo Labsystems) 
and Tris —acetate buffer were combined in ratio 1:5 (e.g., 1 + 
4 ml), and 100µ1 of the combined reagent was added into all 
wells. Luminescence was measured with Thermo Labsys- 

tems Luminoskan Ascent luminometer with the integration 
time of 1000 ms. Luminescence did not show any significant 
bleaching during the measurement (decay rate < 2%/min). 

Fluorescein leakage. A sample of the growth medium in 
the bottom wells was collected after the 24-h incubation 
time. The fluorescence was monitored with Thermo Labsys-
tems Fluoroskan Ascent fluorometer at an excitation wave-
length of 485 nm and emission wavelength of 538 nm. All 
reagents and media included were tested for fluorescence 
and found negative. The bleaching of fluorescein was minor 
and did not cause problems during the measurement. 
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Fig. 1. Leakage of fluorescein after 24 h of exposure to mercury, methyl mercury, and aluminum. Mercury (0.1-100 iitM), methyl mercury (0.1-100 µM), and 
aluminum (1-1000 µM) were applied to upper wells and fluorescein leakage measured (485 nm excitation, 538 nm emission) from the bottom wells after the 
exposure. RFU = Relative Fluorescence Units. Each point represents the mean ± SEM of three to four independent experiments. The significances compared 
to the controls with t test are expressed with asterisks: *P < 0.05, **P < 0.01, ***P < 0.001. 
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Statistics. Each test was repeated three to four times. The 
means and SEM of independent cultures were calculated at 
each concentration. The statistical significances of the 
differences between controls and exposed cultures were 
calculated by ANOVA and by Student's t test at each test 
concentration by using Graph Pad Prism 3.0 software. 

Results 

The purpose of this study was to develop and test a new 
blood—brain barrier model composed of retinal pigment 
epithelial cell line ARPE-19. ARPE-19 barrier tests were 
performed in parallel with a barrier made of brain endothelial 
cell line RBE4. First, ARPE-19 cells were cultured without 
glial cells. To improve the method, in the final version, 
barrier cells were cultured inside membrane filter cups, with 
the glial cells on the reverse side of the filter and the neuronal 
SH-SY5Y cells as target cells on the bottom of the wells. 

The test chemicals mercury, methyl mercury, and alumi-
num chloride were added into the filter cups, and the 
exposure to target cells was only through the barrier cell 
layer. It is notable that concentrations in the filter cups 
(concentrations that affect directly the barrier cells) were 
considerably higher than those that could reach the target 
cells in the wells. Theoretically, if the test compounds were 
equally divided without the restriction of the barrier, the 
dilution would be 4.75 times. In reality, barrier cells are 
bound to hinder the passage of chemicals. 

Concentrations in the wells were generally much lower 
than those theoretically calculated (Table 1), which indicates 
the function of barrier cells. There was no apparent differ-
ence in the transport of chemicals through the two barrier 
types. Methyl mercury was more permeant than inorganic 
mercury, in agreement with the earlier findings. With 
aluminum, the leakage was not greatly increased at higher 
concentrations. 

Transepithelial resistance 

To measure transepithelial resistance, two electrodes 
were placed on the opposite sides of the membrane filter, 
and transepithelial resistance caused by the developing cell 
layer was measured with Millicell ERS meter. We found that 
the results at confluency were highly variable (see Table 2). 
To get any stable results, the electrodes had to be clamped to 
a certain position. If culturing was still continued after the 
peak value, the resistance started gradually to decrease, and 
no higher values were reached. RBE4 cells gave slightly 
higher values than ARPE-19 cells. Both cells were inducible 
with glial cells. 

Fluorescein leakage 

Fluorescein dextrane (MW 70000) and fluorescein 
were tested for a marker of leakage. A two-sided coating  

of filters with rat-tail collagen decreased the leakage of 
fluorescein dextrane to 39%, compared with non-coated 
filters. Coating affected fluorescein leakage less. After 
similar coatings, the values were 78% of control. Fluores-
cein was chosen for a marker to avoid mechanical obstruc-
tion of the dye. 

The results showed that glial cells made the ARPE-19 
barrier more resistant to leakage (gray and black columns in 
Fig. 1). Without glial cells, the leakage was also highly 
variable. The level of leakage of ARPE-19 barrier was less 
than that of RBE4 barrier. The tested concentrations of 
mercury and methyl mercury caused major damage to the 
barrier at high concentrations, aluminum toxicity was only 
apparent in 1 mM concentration. 
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(0.1-100 itM), methyl mercury (0.1-100 itM), and aluminum (1-1000 
11M) measured in different cell layers and cytotoxicity in SH-SY5Y cells 
when no barrier cells were present. Cytotoxicity was evaluated with the 
measurement of total ATP. Each point represents the mean ± SEM of three 
to four independent experiments. The significances compared to the 
controls with t test are expressed with asterisks: *P < 0.05, 55P < 0.01, 
***P < 0.001. RLU = relative light units. 
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Cytotoxicity 

The amount of intracellular ATP correlates well to cell 
number and is a sensitive marker of cytotoxicity (Lundin 
et al., 1986). BBB models with ARPE-19 cells and RBE4 
gave quite similar cytotoxicity patterns (Figs. 3 and 4). 
The total ATP level was different in these two cell lines, 
but the cytotoxicity started at similar concentrations. In 
ARPE-19 model without glial cells (Fig. 2), the cytotox-
icity appeared earlier than in the models with glial cells. 
This shows that the barrier is tighter when glial cells are 
present. Also, when the growths of the target cells, SH- 
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Fig. 3. ARPE-19 barrier model with glial cells. Cytotoxicity of mercury 
(0.1-100 i.tM), methyl mercury (0.1-100 iiM), and aluminum (1-1000 
µM) measured in different cell layers and cytotoxicity in SH-SY5Y cells 
when no barrier cells were present. Cytotoxicity was evaluated with the 
measurement of total ATP. Each point represents the mean ± SEM of three 
to four independent experiments. The significances compared to the 
controls with t test are expressed with asterisks: 5/)  < 0.05, **/' < 0.01, 
***P < 0.001. RLU = relative light units. 

Fig. 4. RBE4 barrier model with glial cells. Cytotoxicity of mercury (0.1-
100 tiM), methyl mercury (0.1-100 tiM), and aluminum (1-1000 tiM) 
measured in different cell layers and cytotoxicity in SH-SY5Y cells when 
no barrier cells were present. Cytotoxicity was evaluated with the 
measurement of total ATP. Faith point represents the mean ± SEM of 
three to four independent experiments. The significances compared to the 
controls with t test are expressed with asterisks: *P < 0.05, **P < 0.01, 
***P < 0.001. RLU = relative light units. 

SY5Y cells, were compared, clear growth induction was 
shown when glial cells were present (compare SH-SY5Y 
and SH-SY5Y-no barrier cells in Figs. 3 and 4). There 
was no such induction when only ARPE-19 cells were 
present (Fig. 2), indicating the effect was indeed caused 
by glia. 

Two mercurial compounds showed different toxicity. 
Methyl mercury could pass through the barrier earlier 
and exert an effect on target cells before the barrier was 
damaged. At 10 tiM concentration, ARPE-19 and RBE4 
cells were still totally viable, but cytotoxicity was seen in 
SH-SY5Y cell layer. Inorganic mercury-caused cytotoxic- 
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no barrier cells 
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Table 3 
Comparison of different barrier models on cytotoxicity caused by mercury, 
methyl mercury, and aluminum 

P values 
	

ARPE-19 barrier vs. 	ARPE-19 barrier with 
RBE4 barrier 	 or without glia 

Neuronal Barrier Glia Neuronal 
	

Barrier 
cells 	cells 	cells 	cells 	cells 

Mercury 0.5729 0.8251 0.109 0.6241 0.7196 
Methyl mercury 0.9814 0.4938 0.7247 0.5278 0.8743 
Aluminum 0.2638 0.5234 0.3865 0.0021* 0.551 

Results from each cell types were collected and normalized in relation to 
control values (control = 100%). Data from ARPE-19 cells were compared 
with t test with those of RBE4 cells. Similar comparison was made for data 
from ARPE-19 cells with and without glial cells. 
*p < 0.01. 

ity in the barrier cell layer was followed by toxicity in the 
target cell layer more precisely. Aluminum failed to give 
any cytotoxicity in target cells at these concentrations, 
although some effects could be seen in ARPE-19 cells 
(Fig. 2). 

Statistical analyses 

Each barrier model was compared with each other to find 
out if they give statistically similar results (Table 3). First, 
the results were normalized so that control values were 
100% to make it possible to compare different values. The 
comparison was made using one-way ANOVA and t test. 
We found no statistical difference between the ARPE-19 
and RBE4 barrier models. When two different ARPE-19 
barriers were compared, only aluminum exposure showed 
difference in SH-SY5Y cells. 

Discussion 

In this study, blood—brain bather models composed of 
two different cell types were compared. The aim of our 
study was to find an alternative human cell line that could be 
used in barrier models (Takahashi et al., 1990). RBE4 cells 
are widely used in blood—brain barrier studies (Begley et 
al., 1996; Durieu Trautmann et al., 1993; Roux et al., 1994). 
RBE4 cells are able to form a very dense monolayer with 
high electrical resistance, and they are inducible with glial 
factors (Yang et al., 2001). Their drawback is that they are 
of rat origin. Our group has earlier worked with retinal 
pigment epithelial (RPE) cells (Mdenpad et al., 1997; 
Mannerstrom et al., 2001; Toimela and Tali, 2001; Toimela 
et al., 1995, 1998). Although RPE cells are not endothelial 
cells of brain microvessels, one of their main functions is to 
form barrier structures (the blood retinal barrier) inside the 
eye. Many of their characteristics suggest they are suitable 
for forming an in vitro barrier. These cells are of neural 
origin, relatively stable in culture, and form tight junctions 
when cultured on microporous filters (Giordano et al.,  

1997). Pig primary RPE cells are easy to isolate, but more 
importantly, several human RPE cell lines are available. 
Because especially human barrier models are valuable, we 
were interested in testing the suitability of human continu-
ous RPE cell line ARPE-19 for barrier functions (Bridges et 
al., 2001; Dunn et al., 1996, 1998; Philp et al., 2003). 
ARPE-19 cell line forms polarized epithelial monolayers on 
porous filter supports. 

There are indications that glial cells induce the forma-
tion of a tighter barrier, not only in vivo but also in vitro 
(Scism et al., 1999; Stanness et al., 1997). Therefore, we 
added metabolically active human U-373 MG glial cells to 
our barrier model (Dunlop et al., 1999; Klegeris et al., 
1997; Sultana et al., 1998; Zhou and Skalli, 2000). In our 
model, glial cells were kept on the other side of the 
membrane filter separated from barrier cells. The pore size 
of the membrane was 0.4 RIVI, so the cells were not able to 
invade the filter, but chemical contact was possible. The 
filter material we chose after several tests was PFTE. We 
abandoned otherwise suitable polycarbonate filters, mainly 
because of their poor optical quality. By visual inspection, 
we could detect if there were plaques without cells. The 
plaques or empty places could not be detected solely with 
the measurement of transepithelial resistance. The forma-
tion of empty cell-free plaques was initially a problem, 
because these empty places were not easily filled up 
during the culture, and the cells tended to curl up at the 
edges of the plaques, not spreading throughout the empty 
space. The problem was solved by increasing the initial 
cell density and by modifying the coating procedure of the 
filters. There are multiple choices for choosing membrane 
coating materials (Tilling et al., 1998). We ended up with 
rat-tail collagen in our tests. There are commercially 
coated filters available, but our demand for turnable filter 
cups reduced the choice. We built our model in 12-well 
plates because turning the filter was impossible in smaller 
wells. The turning has to be done under medium, other-
wise air bubbles will appear inside the cups. 

The coating with collagen lowered the permeability of 
the membrane. This was shown when the transfer of tracer 
molecules was studied. The purpose of the tracer was to 
help to evaluate how easily the test compound can go 
through the barrier cell layer during the exposure. A low 
molecular weight tracer was chosen to avoid mere physical 
obstructions of the marker dye, because the molecular 
weight had a clear effect on the tracer permeability (van 
Bree et al., 1988), especially when the membrane was 
coated on both sides. Fluorescein-dextrane of a molecular 
weight of 70 000 was almost blocked by the coated 
membrane, even when there were no cells yet. Fluorescein, 
on the contrary, could go through the coated membrane 
more easily. 

Major problems in verifying the barrier integrity were 
confronted with the measurement of electrical resistance. 
Other groups (Hurst and Clark, 1999; Tilling et al., 1998) 
have reported high transmembrane resistances with different 
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cells. In our experience, the results were varying and highly 
dependent on how the measurement was performed. To get 
sound results, the electrodes had to be stabilized to a certain 
position in respect to the surface of the liquid and the filter 
cup. The highest resistance we found for RBE4 cells was 
384 ± 109 f cm2, and for ARF'E 19 cells, 354 ± 128 0, 
cm2

. Glial cells seemed to increase the resistance, in 
agreement with the findings of other groups (Abbruscato 
and Davis, 1999; Naassila et al., 1996; Nam et al., 1996; 
Roux et al., 1994; Tao Cheng et al., 1987). 

There are several possibilities as to how the compound 
can go through the barrier. In this first phase of developing a 
new barrier model, we merely wanted to see how well our 
model can differentiate compounds of different toxicity, not 
the actual route of penetration, may it be paracellular or 
vesicular. With this in mind, we chose compounds that 
differed in cytotoxic potency: mercury, methyl mercury, 
and aluminum. They would penetrate the barrier each in a 
different way, and as expected, the three compounds showed 
different toxicity patterns. There was even a difference 
between the two mercury compounds. Methyl mercury 
was not very toxic to barrier cells but could go through 
the barrier and affect the neural cells. On the contrary, 
inorganic mercury was toxic to both barrier cells and neural 
cells. Aluminum was not toxic to neural cells, although 
some toxicity could be seen in barrier cells. The differences 
between RBE4 and ARPE-19 barriers were not large, which 
will encourage us to further studies on ARPE-19 cells. 
Some results were even better for ARPE-19 cells. Glial 
cells seemed to induce both cell types to form a tighter 
barrier. This study is continuing with the investigation of the 
actual penetration mechanisms through the barrier cells, and 
drugs with different mechanisms will be used. A further aim 
will probably be to simplify the setting up of the system to 
make it more suitable for larger-scale toxicity studies. 
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Abstract 

The organic compound ethylmercurithiosalicylate (thimerosal), which is primarily present in the tissues as ethylmercury, has caused 
illness and several deaths due to erroneous handling when used as a disinfectant or as a preservative in medical preparations. Lately, possible 
health effects of thimerosal in childhood vaccines have been much discussed. Thimerosal is a well-known sensitizing agent, although usually 
of no clinical relevance. In rare cases, thimerosal has caused systemic immune reactions including acrodynia. We have studied if thimerosal 
might induce the systemic autoimmune condition observed in genetically susceptible mice after exposure to inorganic mercury. 

A.SW mice were exposed to 1.25-40 mg thimerosal/1 drinking water for 70 days. Antinucleolar antibodies, targeting the 34-kDa protein 
fibrillarin, developed in a dose-related pattern and first appeared after 10 days in the two highest dose groups. The lowest observed adverse 
effect level (LOAEL) for antifibrillarin antibodies was 2.5 mg thimerosal/1, corresponding to an absorbed dose of 147 ttg Hg/kg bw and a 
concentration of 21 and 1.9 lig Hg/g in the kidney and lymph nodes, respectively. The same LOAEL was found for tissue immune-complex 
deposits. The total serum concentration of IgE, IgGl, and IgG2a showed a significant dose-related increase in thimerosal-treated mice, with a 
LOAEL of 5 mg thimerosal/1 for IgG1 and IgE, and 20 mg thimerosal/1 for IgG2a. The polyclonal B-cell activation showed a significant 
dose—response relationship with a LOAEL of 10 mg thimerosal/1. Therefore, thimerosal induces in genetically susceptible mice a systemic 
autoimmune syndrome very similar to that seen after treatment with inorganic mercury, although a higher absorbed dose of Hg is needed 
using thimerosal. The autoimmune syndrome induced by thimerosal is different from the weaker and more restricted autoimmune reaction 
observed after treatment with an equipotent dose of methylmercury. 
© 2003 Elsevier Inc. All rights reserved. 

Keywords: Thimerosal; Ethylmercury; Mice; Autoimmunity 

Introduction 

In a recent review Clarkson (2002) described thimerosal 
in vaccines as one of three modem faces of mercury, the two 
other being methylmercury in fish and mercury vapor from 
dental amalgam fillings. Thimerosal is an organic, alkyl-
mercury compound in which an organic radical, ethylmer-
cury, is bound to the sulfur atom of the thiol group of 
salicylic acid. The type of anion attached to ethylmercury 
affects neither the distribution of mercury in the body nor 
the toxicity (Suzuki et al., 1973; Ulfvarson, 1962), while the 
organic radical has a strong impact on both (Magos, 2003). 

* Corresponding author. Fax: +46-13132257. 
E-mail address: perhu@imk.liu.se  (P. Hultman). 

0041-008X/$ - see front matter 2003 Elsevier Inc. All rights reserved. 
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Ethylmercury and its decomposition product, Hg2+, rapidly 
accumulate in the tissues (Magos, 2001). 

Ethylmercury has been frequently used since it was first 
synthesized in the 19th century. When used as a seed 
disinfectant in developing countries, it caused several out-
breaks of poisoning with neurological symptoms and signs 
similar to those of methylmercury intoxication (Clarkson, 
2002). Such manifestations have also been recorded after 
occupational exposure and after use as a wound disinfectant 
and a preservative in medical preparations (Magos, 2001). A 
number of severe intoxications and deaths have occurred 
with the use of erroneous concentrations of thimerosal in 
medical preparations during the last 30 years (Axton, 1972; 
Suzuki et al., 1973). 

Since the 1930s, thimerosal has been used world-wide 
as a preservative in vaccines, a use that was approved as 
late as 1976 by the U.S. Food and Drug Administration 
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(Stratton et al., 2001). However, after introduction of more 
extensive childhood immunization schedules in the early 
1990s, it was realized that 2-year-old children might be 
exposed for up to 275 jig of mercury, which caused 
concern for possible health effects, especially neurodeve-
lopmental disorders, and led to restrictions in the use of 
thimerosal as a preservative in U.S. childhood vaccines 
(Ball et al., 2001). 

Poisoning with ethyl- and methylmercury is character-
ized by an interval of several weeks between the first 
exposure and the onset of symptoms. This similarity is 
likely to be due to similar tissue distribution of the two 
compounds (Ball et al., 2001; Goldman and Shannon, 
2001). However, ethylmercury induces significantly lower 
Hg concentration in the brain but higher concentration in 
the kidney compared with methylmercury (Suzuki et al., 
1963). In addition, conversion to inorganic mercury is 
believed to be more rapid for ethylmercury, which leads 
to higher accumulation of inorganic mercury in the brain, 
blood, and kidneys after exposure to ethylmercury (Magos 
et al., 1985). 

Mercury in the form of metallic mercury (vapor) and 
inorganic ionic as well as organic mercury (methylmercury) 
compounds may cause adverse effects in the human immune 
system, including local and systemic hypersensitivity (Ene-
strom and Hultman, 1995; Pollard and Hultman, 1997). 
Thimerosal, with ethylmercury as the main sensitizing moi-
ety (Santucci et al., 1998), is a frequent sensitizer according 
to the diagnostic patch test. In recent studies, the prevalence 
of a positive patch test was 8.7% (Suneja and Belsito, 2001), 
11.8% (Wohrl et al., 2003), and 13.4% (Gongalo et al., 1996) 
in patients with suspected contact allergy. Sensitization is 
more common in individuals with certain polymorphisms in 
the glutathione transferase genes (Westphal et al., 2000). 
Although clinically relevant hypersensitivity to thimerosal is 
unusual (Suneja and Belsito, 2001; van't Veen and van Joost, 
1994), thimerosal has in rare cases caused systemic hyper-
sensitivity with manifestations in the skin (Zenarola et al., 
1995) and the airways (Maibach, 1975), as well as acrodynia 
(Matheson et al., 1980). Acrodynia occurs in only 1:500 
mercury-exposed children, indicating that the susceptibility 
is genetically regulated (Black, 1999). 

Genetically regulated susceptibility is a characteristic 
also of mercury-induced autoimmunity (HgIA) in rodents 
(Foumie et al., 2001; Pollard and Hultman, 1997). The 
induction of antinuclear autoantibodies (ANA) by mercury 
in mice is highly specific and controlled in large part by 
the mouse MHC (11-2): mice with certain H-2 haplotypes 
develop autoantibodies to fibrillarin (AFA), a nucleolar 
protein, in response to mercury (Goter-Robinson et al., 
1986; Hultman et al., 1992; Mirtcheva et al., 1989). The 
mercury-induced AFA target epitopes on fibrillarin that is 
also recognized by the AFA present in a subset of 
humans with systemic scleroderma (Takeuchi et al., 
1995). The susceptible mouse strains develop systemic 
immune-complex deposits, which contain AFA (Hultman 

Table 1 
Autoimmune parameters in A.SW (H-2') mice treated with equipotent 
doses of mercury in the form of mercuric chloride or methylmercury 

Immune parameter HgC12  MeHg 

Serum antinucleolar antibodies +d—Fa  +13 

Polyclonal B-cell activation ++a  Ob  
Total serum IgG1 concentration +a  Ob  
Total serum IgG2a concentration +a +13 

Total serum IgE concentration +d—Fa  (F
)b 

 

Immune-complex deposits 
Glomerular deposits ++c +01' 
Systemic vessel walls deposits ++c +ob 

±0, no change; +, slight increase; ++, moderate increase; -HF+, strong 
increase. 
a Johansson et al., 1998. 
b  Hultman and Hansson-Georgiadis, 1999. 

Hultman et al., 1996. 

and Enestrom, 1988). Other manifestations include lym-
phoproliferation and hypergammaglobulinemia (Pollard 
and Hultman, 1997). 

The ongoing debate on thimerosal in vaccines has 
revealed a lack of information on the toxicology of thimer-
osal, and conclusions were to a large extent arrived at by 
making an analogy with the toxicology of methylmercury 
(Stratton et al., 2001). However, equimolar doses of Hg in 
the form of methylmercury and inorganic mercury have 
different effects on the immune system (Table 1). We have 
therefore studied the effect of thimerosal on the immune 
system using a mouse model for induction of autoimmunity. 
Thimerosal induces an autoimmune reaction similar to that 
of inorganic mercury, which is in several aspects different 
from that of methylmercury (Hultman and Hansson-Geor-
giadis, 1999). 

Material and methods 

Animals. Female A.SW (H-2s) mice were obtained from 
Taconic M&B, Ry, Denmark. All mice were 9-12 weeks of 
age at onset of the experiments. Mice were housed under 
12:12-h dark/light cycles, kept in steel-wire cages, given 
pellets (Type R 70; Lactamin, Vadstena, Sweden) and tap 
water ad libitum. The pellets were examined by gas chro-
matography—inductively coupled plasma—mass spectrome-
try (Qvarnstrom et al., 2003) and contained 23 ng Hg2±/g 
and 4 ng methylmercury as Hg/g, whereas the ethylmercury 
concentration was below the detection limit (0.1 ng/g). 

Thimerosal treatment. Ethylmercurithiosalicylate, C9H9  
HgNaO2S, thimerosal (Fluka, Seelze, Germany), contained 
less than 1% free Hg (Qvarnstrom, unpublished observa-
tions) as assessed by gas chromatography—inductively cou-
pled plasma—mass spectrometry (Qvarnstrom et al., 2003). 
Groups of five to eight female A.SW received drinking water 
ad libitum with thimerosal for 70 days using the following 
concentrations: 1.25, 2.5, 5, 10, 20, and 40 mg/l. Whereas 
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the actual consumption of drinking water was not monitored 
in this study, a previous study using mercuric chloride 
(Hultman and Nielsen, 1998) showed no significant differ-
ences in drinking water consumption over a wide dose range 
(1-16 mg HgC12/1). Furthermore, in the present study, a 
highly significant dose—response relationship was observed 
between the concentration of thimerosal in the drinking 
water and the body burden assessed by the renal mercury 
concentration (see below). Drinking water was freshly pre-
pared weekly using tap water and thimerosal. Controls 
received tap water without any additions. 

Blood and tissue sampling. Blood was obtained after 10, 
42, and 70 days of treatment in one set of animals. In a 
second set of animals, blood was collected after 21 days, 
and pieces of the liver, spleen, and right kidney were 
obtained after 42 days for examination of immune deposits 
and histology. The mesenterial lymph nodes and the left 
kidney were excised using instruments regularly washed in 
a fresh solution of 65% HNO3, weighed, and stored in 
Eppendorf tubes at —70 °C before analyzed for the total 
concentration of Hg. 

Serum antinuclear antibodies by indirect immunofluores-
cence. Antibodies to nuclear antigens (ANA) were 
detected by indirect immunofluorescence (IIF) as previ-
ously described (Hultman et al., 1989). HEp-2 slides 
(Binding Site Ltd., Birmingham, England) were used as 
the antigenic substrate, serum diluted 1:40 for screening 
purposes, and bound antinuclear antibodies detected by 
fluorescein isothiocyanate (FITC)-conjugated goat anti-
mouse IgG antibodies (Sigma, St Louis, Missouri, USA) 
diluted 1:50. Sera showing a positive nuclear staining at a 
dilution of 1:40 were further assessed by diluting twofold 
up to 1:81920. The pattern and titer of the serum antinu-
clear antibodies was recorded. 

Serum antinuclear antibodies assessed by immunoblot-
ting. The specificity of the antinuclear antibodies in the 
serum was assessed by immunoblotting as described before 
(Warfvinge et al., 1995) with minor modifications. Briefly, 
mouse liver nucleoli were isolated (Chan and Pollard, 
1992), aliquots of boiled nucleoli were SDS-PAGE separat-
ed using a 12.5% gel, and electrophoretic transfer to 0.45-
pm nitrocellulose membranes (BioRad Lab, Hercules, CA, 
USA) was performed for 1 h at 0.8 mA/cm2  under water 
cooling (Criterion Blotter; BioRad Lab). Nitrocellulose 
strips were blocked in a Tris-buffered solution (TBS)-5% 
nonfat dry milk (blotting grade; BioRad Lab)-0.05% 
Tween 20 overnight at 4 °C before being incubated with 
sera diluted 200-fold in TBS-Tween. Bound antibody was 
detected with horseradish peroxidase (HRP)-conjugated 
goat anti-mouse IgG (Southern Biotechnology, Birming-
ham, AL, USA) diluted 1:5000, followed by enhanced 
chemiluminescence (ECL Western blotting detection 
reagents; Amersham, Stockholm, Sweden). 

Serum antichromatin antibodies assessed by ELISA. Anti-
chromatin antibodies (ACA) were measured using the 
method of Burlingame and Rubin (1990). Calf thymus 
chromatin (180 id/well) in distilled water was added to 
ELISA plates (Nunc, Copenhagen, Denmark) followed by 
20 111 of 10 x PBS. After overnight incubation at 4 °C, the 
plates were post-coated with gelatin, incubated with serum, 
washed, alkaline phosphatase (ALP)-conjugated goat anti-
mouse IgG antibody (Caltag Laboratories, Burlingame, CA, 
USA) added, followed by washing and addition of substrate. 
The optical density was read at 405 nm, and background 
values were subtracted. 

Serum anti-ssDNA antibodies assessed by ELISA. The 
method used has been described before (Johansson et al., 
1997). Microtiter plates (Nunc) were coated overnight with 
ssDNA, washed with PBS-Tween 20, blocked with BSA—
Tween 20—PBS, repeatedly washed first with PBS—Tween 
and then with PBS. Sera diluted 1:150 in 1% BSA—PBS 
were incubated in the wells, the plates washed six times with 
BSA—Tween—PBS, and incubated with ALP-conjugated 
rabbit anti-mouse Ig (reacting with IgG, IgM, and IgA) 
(Sigma) diluted in BSA—Tween—PBS. The plates were 
repeatedly washed, substrate added, the reaction stopped 
with 3 M NaOH, the optical density measured at 405 nm, 
and the background subtracted. A pool of sera from MRL-
Ipelpr mice was used as positive control. Using a mono-
clonal antibody (clone HB2) reacting with dsDNA (Sera-
Lab), we detected no contamination with dsDNA in the 
coating (data not shown). 

Serum anti-DNP antibodies assessed by ELISA. The 
method used has been described before (Johansson et al., 
1997). Microtiter plates (Nunc) were coated over night with 
human serum albumin conjugated with 30-40 mol DNP per 
mole albumin (Sigma). Following repeated washes with 
BSA—PBS, the wells were incubated with sera diluted 
1:100, washed, and ALP-conjugated rabbit anti-mouse Ig 
(reacting with IgG, IgM, and IgA) (Sigma) added. After 
repeated washes with BSA—PBS, substrate was added and 
the reaction stopped with 3 M NaOH. The optical density 
was measured at 405 nm, and the background values in 
wells coated with PBS were subtracted. 

Serum IgM, IgG I, and IgG2a concentrations assessed by 
ELISA. Microtiter plates (Nunc) were coated overnight at 
4 °C with rat anti-mouse IgGI and IgM MAb (LO-IMEX, 
Brussels, Belgium). The plates were washed, blocked with 
PBS, and the wells incubated with diluted serum. Bound 
IgG1 and IgM were detected using HRP-conjugated rat anti-
mouse IgG1 and rat anti-mouse IgM MAb (LO-IMEX), 
respectively. After washing and addition of substrate, the 
optical density in the wells was measured at 450 nm, and the 
background values in wells coated with PBS instead of 
serum were subtracted. Standard curves using mouse mye-
loma proteins of the IgG1 and IgM isotype (LO-IMEX) 
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were used to obtain the actual concentration. For serum 
IgG2a analysis, microtiter plates (Nunc) were coated with 
purified anti-mouse Ig -light Chain (Pharmingen Inc., San 
Diego, CA, USA), the wells were incubated with diluted 
sera, and bound IgG2a was detected with ALP-conjugated 
anti-mouse IgG2a (Pharmingen). The IgG2a concentration 
in the samples was obtained from a standard curve using 
purified IgG2a (Pharmingen). 

Serum IgE concentration assessed by ELISA. Serum IgE 
was determined as described before (Warfvinge et al., 
1995). Briefly, microtiter plates were coated with rat anti-
mouse IgE (Southern Biotechnology), followed by blocking 
and incubation with diluted serum. Bound IgE was detected 
by HRP-conjugated goat anti-mouse IgE (Nordic Immuno-
logical Lab, Tilburg, Netherlands), and the IgE concentra-
tion in the samples was derived from a standard curve using 
mouse myeloma protein of the IgE isotype (Sigma). 

Tissue immune deposits. Pieces of the right kidney were 
examined with direct immunofluorescence as described be-
fore (Hultman et al., 1995) using FITC-conjugated goat anti-
mouse IgG and IgM (Sigma), as well as anti-C3c antibodies 
(Organon-Technica, West Chester, PA, USA). The titer of 
glomerular IgG and C3c deposits was determined by serial 
dilution of the antibodies to 1:5120. Pieces of the spleen were 
examined using anti-IgG and anti-C3c abs diluted 1:40. The 
presence of IgG and C3c deposits in the renal and splenic 
vessel walls was recorded. 

Determination of total mercury concentration in the kidneys 
and the mesenterial lymph nodes. The frozen tissues were 
thawed and cut with a scalpel into 5- to 10-mg pieces that 
were directly analyzed in a Leca AMA 254 mercury 
analyzer. 

Statistical methods. Statistical analyses were performed 
using GraphPad Software Inc. The Spearman rank correla-
tion test was used to study dose—response relationships. 
Concerning differences between controls and thimerosal-
treated mice, most parameters were analyzed by the non-
parametric Kruskal—Wallis test followed by Dunn's post 
test. Differences in the frequency of tissue vessel immune-
complex deposits was however analyzed by Fisher's Exact 
Test. Results were considered statistically significant at a 
level of P < 0.05. 

Results 

Animal health 

Two of the mice given 40 mg thimerosal/1 died in 
connection with blood sampling after 42 days, and one 
mouse died of unknown cause after 8 weeks. These deaths 
indicate an increased vulnerability in the highest dose group  

especially during stress such as blood sampling. However, 
the behavior in all thimerosal-treated mice was normal, and 
regular examinations revealed no signs of disease. Since 
LD50 for oral exposure to thimerosal is 91 mg/kg bw 
(National Toxicology Program, 2003), and 40 mg thimero-
sal/1 drinking water corresponds to a daily dose of thimer-
osal of 4.8 mg/kg bw, this was not unexpected. 

Development of serum antinuclear antibodies 

Sufficiently high doses of thimerosal induced antinucleo-
lar antibodies (ANoA), which stained the nucleoli in a 
"clumpy" pattern, gave a modest staining of condensed 
chromosomes and stained multiple dots in the nucleus, a 
pattern compatible with antifibrillarin antibodies (Pollard 
and Hultman, 1997). The two highest concentrations of 
thimerosal (20 and 40 mg/1) induced ANoA in some mice 
already after 10 days administration (Fig. 1A). After 42 days 
of administration, all mice receiving 10 mg/1 or more of 
thimerosal showed high titers of ANoA, although the 
response was heterogeneous in mice given 2.5 and 5.0 
mg/1 (Fig. 1B). In the 2.5 mg/1 group, two mice showed a 
high titer after 42 days, although the other five mice 
remained negative also after 70 days of treatment (Fig. 
1C). In the 5 mg/1 group, four mice showed modest-high 
titers of ANoA after 42 days of treatment. After 70 days of 
treatment, another mouse had developed ANoA, although 
two mice remained negative. A single mouse treated with 
1.25 mg thimerosal/1 showed ANoA after 42 and 70 days. 

The correlation between the dose of thimerosal and the 
reciprocal ANoA titer was significant after 42 and 70 days 
(P = 0.0004 and 0.0238, respectively; Spearman rank 
correlation test), but the ANoA titer plateaued after 42 and 
70 days of treatment in mice given 10-40 mg thimerosal/1. 
Sera from a few controls, as well as thimerosal-treated mice, 
showed ANA with another pattern than nucleolar, but none 
of the pattern showed any correlation with thimerosal 
treatment (data not shown). 

Specificity of the antinucleolar antibodies 

Immunoblotting using mouse liver nucleoli as antigen 
showed that ANoA-positive sera with a titer of 1:320 or 
more generally reacted with a 34-kDa protein that was also 
targeted by a human reference serum against fibrillarin (Fig. 
2). A few sera also reacted with nucleolar proteins of an 
apparent molecular weight of 65-70 kDa (Fig. 2) as 
described before (Pollard and Hultman, 1997). The blotting 
reaction was generally stronger using sera with a higher 
ANoA titer. The two mice in the 2.5 mg/1 group with ANoA 
both showed a modest reactivity with the 34-kDa protein in 
immunoblotting (Fig. 2, lane 7, and data not shown). A 
single mouse given 1.25 mg thimerosal/1 showed an ANoA 
titer of 1:5120 after 42 and 70 days. However, repeated 
immunoblotting of these two sera from this mouse did not 
demonstrate any convincing reactivity with nucleolar pro- 



days, mice given 5 mg thimerosal/1 or more showed a 
significant increase of ACA compared with controls. All 
concentrations of thimerosal, except 5 mg/I, caused a 
significant (P < 0.05) increase in ACA after 70 days 
compared with the controls. However, the absolute increase 

• in ACA was modest. While the controls generally showed 
• ACA levels of 0.015-0.065, measured as the optical density 

• at 405 nm, the thimerosal-treated mice did not attain a 
higher ACA value than 0.1 (data not shown). • 
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Fig. 1. Reciprocal titer of serum IgG antinucleolar antibodies in control mice 
(0) and in mice treated with 1.25-40 mg thimerosal/1 drinking water for 
10 (A), 42 (B), or 70 (C) days as determined by indirect immunofluor-
escence using HEp-2 cells as a substrate. Horizontal scale bars denote 
median titer. 

teins (data not shown). Due to the high titer of ANoA, AFA 
should have been readily detectable by immunoblotting. We 
therefore conclude that this mouse did not develop AFA. 
Sera from the controls showed no reaction with mouse liver 
nucleoli proteins. 

Serum antichromatin antibodies 

The serum ACA level was significantly correlated with 
the dose of thimerosal after 42 and 70 days (P = 0.0028 and 
P = 0.024, respectively). The increase in ACA was statis-
tically significant (P < 0.01) after 10 days in mice given 40 
mg thimerosal/1 group compared with the controls. After 42 

Serum immunoglobulins 

The serum IgE concentration showed a significant cor-
relation with the dose after 10 days (P = 0.0238). The mean 
serum IgE concentration increased 36- to 39-fold after 10 
days of treatment with 10-40 mg thimerosal/1 compared 
with the controls. In the 5 mg/1 group, the increase was 
eightfold (Fig. 3). After 42 and 70 days, the mean serum IgE 
concentration was not increased more than twofold at any 
dose of thimerosal as compared with the controls, although 
a few thimerosal-treated mice showed up to an eightfold 
increase. After 10 days of treatment with a dose of 5-40 mg 
thimerosal/1, serum IgE was significantly increased com-
pared with the controls. Serum IgG1 showed a dose-related 
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Fig. 2. Inununoblotting of sera from A.SW mice using SDS-PAGE 
separated mouse liver nucleoli. Lane 1: molecular weight markers (kDa). 
Lane 2: human reference serum blotting the 34-kDa protein fibrillarin. 
Block A: sera from three control mice. Lane 6: serum from a mouse treated 
with 20 mg thimerosaV1 drinking water for 10 days. Lane 7: serum from a 
mouse treated with 2.5 mg thimerosal/1 for 70 days. Block B: mice treated 
with 5 mg thimerosal/1 for 42 (lane 9) or 70 (lane 8 and 10) days. Block C: 
sera from mice treated with 10 mg thimerosal/1 for 42 days. Numerals 
beneath the figure are the reciprocal titer of ANoA. All ANoA-positive sera 
targeted a protein with an apparent molecular weight of 34-kDa 
corresponding to fibrillarin. A single serum reacted in addition with a 
protein of 65-70 kDa (lane 6). 
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Fig. 3. Serum concentrations of IgE, IgGI, and IgG2a in mice after 10, 42, and 70 days of treatment with 1.25-40 mg thimerosalll drinking water or 
controls (0). Horizontal scale bars denote median value. *P < 0.05; **P < 0.01; ***/3  < 0.001 compared with the controls (Kruskal-Wallis followed by 
Dunn's post test). 

increase after 42 and 70 days (P = 0.0123 and 0.0028, 
respectively). Serum IgG1 was significantly increased com-
pared with the controls in the groups receiving 20 and 40 
mg thimerosal/1 after 10 days, in the 10-40 mg/1 groups 
after 42 days, and in the 5-40 mg/1 groups after 70 days 
(Fig. 3). Serum IgG2a was significantly increased in the 
20-40 mg/1 groups after 42 and 70 days compared with the 
controls, and there was a significant dose-response rela-
tionship after 70 days (P = 0.0238). 

Polyclonal B-cell activation markers 

The total (IgA, IgG, IgM) anti-ssDNA ab level showed a 
significant dose-related increase after 10, 42, and 70 days 
(P = 0.012, 0.00040, and 0.0028, respectively) and was sig-
nificantly increased compared with the controls in the 10-
40 mg/1 groups after 10, 42, and 70 days. In addition, the 2.5 
mg/I group (but not the 5 mg/I group) showed a significant 
increase after 70 days (Fig. 4). The total anti-DNP ab level 
showed a significant dose-related increase after 10, 42, and 
70 days (P = 0.0028, 0.048, and 0.048, respectively) and 
was significantly increased compared with the controls in  

the 10-40 mg/1 group s after 10 days, in the 10 and 40 mg/ 
1 groups after 42 days, and in the 20-40 mg/I groups after 
70 days (Fig. 4). The serum IgM concentration showed a 
significant dose-related increase after 10, 42, and 70 days 
(P = 0.0067, 0.012, and 0.048, respectively) and was signi-
ficantly increased compared with the controls in the 2.5 and 
10-40 mg/1 groups after 10, 42, and 70 days (Fig. 4). Taken 
together, the data show a significant dose-related increase in 
these parameters for assessment of polyclonal B-cell acti-
vation (Izui et al., 1977). The lowest dose of thimerosal that 
caused a significant increase in all three parameters for 
polyclonal B-cell activation compared with the controls was 
10 mg/I, which is therefore considered to be the lowest 
observed adverse effect level (LOAEL) for polyclonal B-
cell activation. 

Tissue immune-complex deposits 

The titer of granular IgG deposits in the renal mesangium 
showed a correlation with the dose (P < 0.0001), and the 
titer reached a plateau level at a dose of 20 mg thimerosal/ 
1 (Table 2). The mean titer of C3c in the mesangium showed 
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Fig. 4. The polyclonal B-cell activation markers anti-ssDNA and anti-DNP antibodies, and serum IgM, after 10, 42, and 70 days of treatment with 1.25-40 mg 
thimerosa1/1 drinking water or controls (0). Horizontal scale bars denote median value. *P < 0.05; **P < 0.01; ***P < 0.001 compared with the controls 
(Kruskal-Wallis followed by Dunn's post test). 

a correlation with the dose (P < 0.0001) and plateaued at a 
dose of 5 mg/l. The graded titer of mesangial IgM deposits 
showed a significant (P = 0.0059) correlation with the dose, 
and the mean graded titer was increased compared with the 
controls at a dose of 5 mg thimerosa1/1 and higher. Granular 

Table 2 
Tissue immune-complex deposits in thimerosal-treated and control mice 

renal and splenic vessel wall deposits of IgG developed in a 
significant (P < 0.0001) correlation with the dose, first 
appeared in a fraction of mice given a dose of 2.5 mg/1, but 
was present in all mice given at least 10 mg thimerosa1/1. 
Granular deposits of C3c in the vessel walls first appeared at 

Treatment/ 	No. 	Immune-complex deposits 
dose (mg/1) 	 Renal mesangium 

	
Vessel walls 

IgGa 	 C3ca IgMb  

 

Kidney 	 Spleen 

IgG 	C3c 
(% positive) 

 

IgG 	C3c 

Controls 
1.25 
2.5 
5.0 
10 
20 
40 

5 
5 
5 
5 
5 
5 
2 

0 
0 
512 ± 78 
704 ± 256 
768 ± 128 

1152 ± 128** 
1280 ± 0 

224 ± 39 
512 ± 74 
928 ± 229 

1408 ± 313 
832 ± 192 

1344 ± 356 
1920 ± 640 

1.4 ± 0.24 
1.2 ± 0.20 
1.2 ± 0.20 
1.8 ± 0.20 
1.8 ± 0.20 
1.8 ± 0.20 
2.0 + 0 

0 

0 

40 
80* 

100* 
100* 
100* 

0 

0 

0 

20 
40 

100* 
50 

0 

0 

80* 
80* 

100* 
100* 
100* 

0 

0 

0 

20 
20 
80* 

100* 

a  Mean reciprocal titer ± SEM. 
b Grading, 0-3: figures denote mean ± SEM. 
* Significantly different from controls P < 0.05; Fisher's Exact Test. 
**Significantly different from controls P < 0.01; Kruskal-Wallis and Dunn's post test. 
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Fig. 5. The total mercury concentration in kidney and mesenterial lymph node after 42 days of treatment with 1.25-40 mg thimerosal/1 drinking water or 
controls (0). Horizontal scale bars denote median values. *P < 0.05; **P < 0.01; ***P < 0.001 compared with the controls (Kruskal—Wallis followed by 
Dunn's post test). 

a dose of 5 mg/I, but a dose of 20-40 mg/1 was needed in 
order for deposits to develop in all treated mice. The vessel 
wall C3 deposits showed a significant (P < 0.0001) corre-
lation with the dose. 

Tissue mercury concentrations 

Controls contained 0.05-0.08 µg Hg/g renal tissue and 
ca. 0.001 tig Hg/g lymph node tissue. The total mercury 
concentration in both the kidney and the lymph nodes 
showed a significant correlation with the dose (P = 
0.000 40 in both tissues), and the mercury concentration 
was significantly higher in both the kidney and the mesen-
terial lymph nodes in mice given a dose of 5.0 mg 
thimerosal/1 or more as compared with the controls (Fig. 5). 

Discussion 

We show in this study that genetically susceptible mice 
exposed to the organic ethylmercury compound thimerosal 
develop, in a dose-dependent pattern, all the features de-
scribed in the systemic autoimmune condition occurring in 
genetically susceptible mice after exposure to inorganic 
mercury (Pollard and Hultman, 1997), whether given as 
metallic mercury vapor (Warfvinge et al., 1995) or mercuric 
chloride via the oral (Hultman and Enestrom, 1992) or 
subcutaneous (Hultman and Enestrom, 1989) route. This 
is in contrast to another organic mercury compound, meth-
ylmercury, which induces only modest titers of antifibril-
larin autoantibodies, and none of the two other hallmarks of 
mercury-induced autoimmunity, a marked increase of IgE 
and systemic immune-complex deposits (Hultman and 

Hansson-Georgiadis, 1999). This difference between ethyl-
and methylmercury is interesting because it has been argued 
that the toxicology of ethylmercury is similar to that of 
methylmercury due to similarities in chemistry and toxico-
kinetics between the two compounds (Ball et al., 2001; 
Goldman and Shannon, 2001). 

Might there be other explanations for our findings than a 
qualitatively different effect on the immune system of ethyl-
as compared with methylmercury? One possibility would be 
differences in the absorbed dose of Hg. The increase of IgE 
and induction of immune-complex deposits were first ob-
served at a dose of 5.0 mg thimerosal/1 drinking water. 
Given a mercury content of 49.6% in thimerosal, a drinking 
water consumption of 2.5 ml/day (Hultman and Nielsen, 
1998), and an uptake of 95% in the gastrointestinal tract 
(Goldman and Shannon, 2001), the daily absorption using a 
dose of 5.0 mg/1 would be 5.9m Hg/mouse, corresponding 
to 295 µg Hg/kg bw per day. In the methylmercury study, 
where genetically susceptible A.SW mice were also used 
(Hultman and Hansson-Georgiadis, 1999), treatment con-
sisted of subcutaneous injections of 1.0 mg CH3HgC1/kg bw 
every third day for 4 weeks. Given a mercury content of 
80% in CH3HgC1, the absorbed dose corresponds to 270 jig 
Hg/kg bw per day. Therefore, the absorbed dose of meth-
ylmercury in the previous study (Hultman and Hansson-
Georgiadis, 1999) should have caused an increase of serum 
IgE and tissue immune-complex deposits if methylmercury 
had been equipotent with ethylmercury. 

Another possible explanation for the different effects of 
ethyl- and methylmercury on the immune system would be 
different toxicokinetics. The pattern of tissue disposition of 
ethyl- and methylmercury is qualitatively similar (Clark-
son, 2002). However, in a short-term study in mice (Suzuki 
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et al., 1963), using an equipotent dose of Hg given as 
ethyl- or methylmercury, ethylmercury caused higher levels 
of Hg in the kidney and the liver, but lower levels in the 
brain. A higher concentration of Hg in the kidney after 
ethyl- as compared with methylmercury exposure was also 
reported in a long-term study in rats, while the Hg 
concentration in the liver was similar (Ulfvarson, 1962). 
Studies on the accumulation of ethyl- and methylmercury 
in the immune system are scarce, but the short-term study 
in mice (Suzuki et al., 1963) showed similar accumulation 
of Hg in the spleen after exposure to the two compounds. 
A more rapid conversion of ethylmercury to inorganic 
mercury, as compared with methylmercury, has been dem-
onstrated (Magos et al., 1985; Matheson et al., 1980). This 
would lead to an earlier and stronger effect on the immune 
system from ethylmercury exposure due to the potent 
interaction of inorganic mercury with the immune system. 
AFA and maximum levels of serum IgE are present already 
after 10 days of exposure to ethylmercury (present study). 
The crucial effects of mercury on the immune system, 
which induce autoimmunity, must therefore take place 
already during the first week of exposure. Preliminary 
studies have shown that Hg2+  make up 27-33% and 
13-18% of the total Hg concentration in kidney and 
lymph nodes after 6 days of exposure to thimerosal 
(Qvarnstrom et al., 2003) and methylmercury (Hultman 
et al., unpublished observations), respectively. Therefore, 
the available data do not support differences in toxicoki-
netics as a likely explanation for the different effects 
observed on the immune system after exposure to ethyl-
and methylmercury. 

With regard to the dose of ethylmercury needed to induce 
autoimmunity in genetically susceptible mice, the LOAEL 
for AFA was 2.5 mg thimerosal/1 drinking water, 
corresponding to an absorbed dose of 147 1.1g Hg/kg bw 
and 21 tig Hg/g kidney tissue. The LOAEL for ANoA/AFA 
after oral HgC12  exposure in female A.SW mice was in two 
different studies 0.5 and 1.25 mg HgC12/1 drinking water, 
which corresponds to a daily absorbed dose of 11 and 28 lug 
Hg/kg bw and a renal mercury concentration of 0.71 and 2.4 

Hg/g, respectively (Hultman and Enestrom, 1992; Hult-
man and Nielsen, 2001). The LOAEL for vessel wall 
immune-complex deposits in thimerosal-treated mice was 
the same as for induction of AFA (present study), which 
should be compared with 28 and 56 j.tg Hg/kg bw per day, 
corresponding to 2.4 and 3.8 lig Hg/g kidney tissue, 
respectively, after oral HgC12-exposure (Hultman and Ene-
strom, 1992; Hultman and Nielsen, 2001). Consequently, 
5-13 and 3-5 times higher absorbed dose of Hg is needed 
to induce AFA and immune-complex deposits, respectively, 
after exposure to ethylmercury as compared with inorganic 
mercury. Considering that part of the ethylmercury in the 
tissues is converted to the immunologically more active 
inorganic mercury (Magos et al., 1985; Qvarnstrom et al., 
2003), ethylmercury must have a considerably weaker 
autoimmune effect than inorganic mercury. 

What about the risk for development of autoimmunity in 
humans due to ethylmercury exposure? Such an event 
requires two conditions. First, the individual should be 
genetically susceptible. Secondly, a sufficient exposure must 
take place. With regard to genetical susceptibility to mer-
cury-induced autoimmunity in humans, there is a limited 
number of case reports of mercury-induced immune-medi-
ated disease (Enestrom and Hultman, 1995), and Kazantzis 
et al. (1962) observed that only a few of similarly mercury-
exposed persons developed adverse immunological reac-
tions. Unfortunately, no biomarker exists for genetical 
susceptibility to adverse immune reactions after mercury 
exposure, but a recent review indicated that in all events, 
less than 1% of the population is at risk of being susceptible 
(Berlin, 2003). 

Using the dose—response data in mice (present study), 
genetically susceptible humans would need to absorb at 
least 147 us Hg/kg bw per day for at least 5 days to develop 
autoimmunity. Interestingly, the median daily dose of Hg 
caused by exposure to ethylmercury p-toluene sulfonanilide 
in bread from an outbreak of poisoning by dressed seeds 
was 180 µg/kg bw for 45 days, and infusion of plasma with 
erroneous high thimerosal concentration for 90 days was 
calculated to have resulted in a daily dose of 160 n  Hg/kg 
bw (Magos, 2001). Several cases with acute neuro- and 
nephrotoxicity have been described after doses of thimero-
sal ranging from 3 mg/kg bw to several hundred mg/kg bw 
(Ball et al., 2001). However, the main cause for thimerosal 
exposure in the human population in recent time is as a 
preservative in vaccines (Clarkson, 2002). The maximum 
cumulative dose of mercury from thimerosal in vaccines 
before late 1999 in the U.S. was estimated to 200 and 275 

in a 6-month- and 2-year-old child, respectively (Stratton 
et al., 2001). Since mercury exposure due to vaccination is 
episodic, the time over which averaging of the exposure is 
performed becomes critical. The most cautious calculation 
used an averaging period of only 1 day, which would give 
rise to a maximum single-day exposure to mercury of 15-
20 1.1.g/kg bw (Stratton et al., 2001). This is approximately 
10-15% of the daily dose that would need to be present for 
at least 5 days to induce autoimmunity in genetically 
susceptible humans (see above). We therefore conclude that 
there exists no significant risk for de novo induction of 
systemic autoimmunity in humans due to thimerosal in 
vaccines. 

Autoimmune diseases occur with different frequencies in 
females and males, the female/male ratio being 7 for 
systemic lupus erythematosus and as high as 15 for Sjogren 
syndrome (Jacobson et al., 1997). Our study included only 
female mice, and our data are therefore formally not 
applicable to the male gender. However, because genetically 
susceptible male mice develop autoimmunity after exposure 
to the ultimate metabolite of thimerosal, inorganic mercury 
(Nielsen and Hultman, 2002), it can be assumed that males 
from genetically susceptible strains will develop autoimmu-
nity after exposure to ethylmercury. After an equivalent 
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dose of mercuric chloride, male mice accumulate slightly 
more mercury than females (Nielsen, 1992). If the influence 
of gender differences in kinetics is excluded by using 
instead the absorbed and retained whole-body mercury 
deposition, females show a lower threshold for induction 
of AFA (Nielsen and Hultman, 2002). Furthermore, female 
mice need a lower threshold to reach 100% AFA response 
(Nielsen and Hultman, 2002). Female mice therefore have a 
higher sensitivity and responsitivity for induction of auto-
immunity by inorganic mercury. With regard to the kinetics 
of mercury in humans, one study found no difference in the 
body burden between the genders as estimated by the total 
renal mercury concentration (Drasch et al., 1992), but 
another study showed significantly lower burden in males 
(Barregard et al., 1999). There exists no specific data for 
ethylmercury in humans, but it seems unlikely that males 
should absorb more mercury or be at higher risk for 
autoimmune manifestations than females. 

However, recent discussions regarding the autoimmune 
effect of mercury are not only, or even mainly, concerned 
with the risk of inducing de novo autoimmune condition, 
but further the possibility that mercury might accelerate or 
aggravate spontaneously occurring systemic autoimmune 
conditions. These concerns have been derived from the 
finding of such effects in a number lupus-like mouse models 
(Al-Balaghi et al., 1996; Pollard et al., 1999, 2001). In one 
of these studies, the daily dose of Hg, administered as 
HgC12, which was needed to accelerate the autoantibody 
production in the spontaneous lupus-like condition of fe-
male BXSB mice, was 4 i.tg/kg bw (Pollard et al., 2001), 
which should be compared with the 11-28 	Hg/kg bw 
needed for de novo induction of autoimmunity. Further 
studies are necessary to examine if and at what doses 
thimerosal may accelerate the manifestations of spontane-
ously occurring systemic autoimmunity. 
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SUMMARY 

T-helper cells type 1 (Thl) and type 2 (Th2) play an important role in the pathogenesis of autoimmune 
diseases. In many Th1-dependent autoimmune models, treatment with recombinant interleukin-12 (rIL-
12) accelerates the autoimmune response. Mercury-induced autoimmunity (HgIA) in mice is an H-2 
regulated condition with antinucleolar antibodies targeting fibrillarin (ANoA), systemic immune-
complex (IC) deposits and transient polyclonal B-cell activation (PBA). HgIA has many characteristics 
of a Th2 type of reaction, including a strong increase of IgE, but disease induction is critically dependent 
on the Thl cytokine IFN-y. The aim of this study was to investigate if a strong deviation of the immune 
response in HgIA towards Thl would aggravate HgIA. Injections of both rIL-12 and anti-IL-4 mono-
clonal antibody (a-IL-4) reduced the HgC12-(Hg-)induced concentration of the Th2-dependent serum 
IgE and IgG1, but increased the Th1-dependent serum IgG2a. The IgG-ANoA developed earlier and 
attained a higher titre after combined treatment, and the ANoA titre of the IgG1 isotype decreased 
while the ANoA titre of the Thl-associated IgG2a, IgG2b and IgG3-ANoA isotypes increased. Treat-
ment with rIL-12 alone increased the Hg-induced IgG2a and IgG3 ANoA titres, the PBA, and the IC 
deposits in renal and splenic vessel walls, while treatment with a-IL-4 + Hg inhibited renal but not 
splenic vessel wall IC deposits. We conclude that manipulating the cytokine status, by altering the 113.1/ 
Th2 balance, will influence autoimmune disease manifestations. This might be an important way of mod-
ulating human autoimmune diseases. 

Keywords autoimmunity interleukin-12 anti-interleukin-4 mercury mice 

INTRODUCTION 

The paradigm of T helper cells type 1 (Thl) and type 2 (Th2) 
[1] is well established and plays a crucial role in autoimmune 
diseases [2]. For example, transfer of Thl cells induces autoim-
mune disease in murine allergic encephalomyelitis [3] and 
insulin-dependent diabetes mellitus (IDDM) [4]. Other Th1-
dependent autoimmune diseases in mice are collagen-induced 
arthritis (CIA) [5] and autoimmune myasthenia gravis [6]. 
Because of the reciprocal regulation of Th1 and Th2 cells, it has 
been proposed that activated Th2 cells may inhibit Thl-
dependent autoimmune diseases (reviewed in [7]). In agree-
ment with this, treatment with the Th2 cytokine IL-4 confers 
protection from IDDM development [8]. However, Th2 cells 
may, under certain conditions, cause diseases otherwise induced 
by Thl cells [9,10]. Therefore, linking the Th1 or Th2 type of 
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reaction to susceptibility or resistance to particular autoim-
mune conditions is an oversimplification. 

In murine mercury-induced autoimmunity (HgIA), mice with 
a specific MHC haplotype (H-2') rapidly develop a systemic 
autoimmune disease characterized by antinucleolar antibodies 
(ANoA), specifically persistent antifibrillarin antibodies (AFA), 
systemic immune-complex (IC) deposits, transient polyclonal B-
cell activation (PBA) and transient hyper-IgE condition [11,12]. 
Induction of AFA seems to be an antigen-specific reaction caused 
by modification of fibrillarin due to binding of Hg [13,14] and/or 
necrosis-induced proteolytic modification [15]. In support of an 
antigen-specific mechanism, Hg-induced AFA are dependent on 
CD4+ cells [16], and T cells recognizing Hg-modified fibrillarin 
have been identified [14]. 

In 1991 Goldman et al. have suggested that HgIA was a pro-
totypic Th2 disease [17]. Studies have been conducted in the 
mouse with the intention to attenuate or ameliorate HgIA by 
deviating the response towards Th1. Deviation has been accom-
plished by treatment with a-IL-4 [18] or recombinant interferon-
gamma (rIFN-y) [19]. The Th2-dependent parameters such as IgE 
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are reduced efficiently by such deviation, but the ANoA response 
is not affected. By using mice with targeted mutations Kono et al. 
showed subsequently that IFN-y but not IL-4 is required for 
induction of HgIA [20]. This implies that Thl cells play a key role 
in the induction of HgIA. 

Recently, we assessed the expression of mRNA for several 
cytokines during induction of HgIA. We found an early expres-
sion of Thl-derived IL-2 and IFN-y that vanished rapidly. The lat-
ter might be due to the massive increase of IL-4 [21], which 
inhibits Thl cells [22]. Our objective with the present study was to 
examine if a strong deviation towards Th1 would aggravate the 
autoimmune disease manifestations in HgIA. We used a treat-
ment which has proved to be very efficient for ameliorating pro-
gressive cutaneous leishmaniasis in mice [23], a disease condition 
which shares with HgIA the dominance of Th2-associated cytok-
ines [21]. We found that Thl deviation accelerated several aspects 
of the HgIA condition. 

MATERIALS AND METHODS 

Animals 
Female A.SW (H-2') mice were obtained from M&B A/S (Ry, 
Denmark) The mice were housed in steel-wire cages under 12-h 
dark/12-h light cycles and given type R36 pellets (Lactamin, Vad-
stena, Sweden) and drinking water ad libitum. All mice were 9-10 
weeks old at onset of the experiment. 

Substances used for treatment 
HgC12  (Hg) of analytical grade (Fluka, Seelze, Germany) was 
dissolved and diluted to 10 mg/1 in tap water. NaC1 was a sterile, 
0.9% solution. Rat IgG1 (RIg) (hybridoma IR 871) was a sterile 
solution, free from endogenous toxins, in 0.15 M phosphate buff-
ered saline (PBS) (Technopharm, Paris, France). Monoclonal 
antibodies to IL-4 (a-IL-4 antibody) (clone 11B11 [24]) were 
obtained as a sterile solution in PBS from National Institute of 
Health (Bethesda, MD, USA). Recombinant interleukin-12 
(rIL-12), Cat. 419-ML (R&D Systems Inc., Minneapolis, MN, 
USA) was freshly prepared as a 1-µg/m1 solution in NaC1 and 
aliquots for daily injections were kept at —70°C and thawed just 

rIL-12 

n =5 
* 	Intraperiton eal 

injection  

prior to administration. Monoclonal antibodies to CD4 (a-CD-4 
Ab) (clone GK1.5) were prepared as a 10-mg/m1 solution in 
NaCl. 

Treatment 
Ten mg Hg/1 was given ad libitum in the drinking water. Treatment 
with rIL-12 was started 18 h prior to Hg treatment and consisted 
of daily intraperitoneal (i.p.) injections of 0.2 µg rIL-12 for 
10 days. Treatment with a-IL-4 consisted of 2 mg antibody given 
as i.p. injections 24 h prior to the start of Hg treatment and after 
4 days of Hg treatment (Fig. 1). Controls were instead given 
0.2 ml NaC1 i.p. and 2 mg RIg i.p. The different treatment groups 
and the treatment schedule are described in Table 1 and Fig. 1. 

In addition, in the pilot study, groups were given 1 mg a-CD-
4 antibody i.p. 7 days prior to Hg treatment, in combination with 
rIL-12 + a-IL-4 treatment. 

Blood and tissue sampling 
Blood samples were obtained from the mice by weekly bleeding 
from the retro-orbital plexus (Fig. 1). Animals were sacrificed 
after 4 weeks and tissues from the spleen, kidney and liver were 
snap-frozen in isopentan-0O2  for direct immunofluorescence and 
fixed in HistoCHOICE' (Amresco Inc., Solon, OH, USA) for 
light microscopy. 

Serum ANA 
Indirect immunofluorescence was performed as described previ-
ously [25]. Briefly, sera diluted 1 : 30-1 : 20 480 were applied to 
monolayers of fixed Hep-2 cells (Binding Site Ltd, Birmingham, 
UK), and bound serum antibody detected by FITC-conjugated 
goat antimouse IgG antibodies (Sigma Chemical Company, St 
Louis, MO, USA) diluted 1 : 50. The presence and pattern of flu-
orescence were observed using an epi-illuminescence microscope 
(Nikon Instech Co. Ltd, Kanagawa, Japan). The titres of ANoA of 
the IgM, IgGl, IgG2a, IgG2b and IgG3 isotype were assessed 
similarly using FITC-conjugated goat anti( a)-mouse IgM, goat a-
mouse IgGl, a-mouse IgG2a, a-mouse IgG2b and a-mouse IgG3 
antibodies (SouthernBiotech, Birmingham, AL, USA) diluted 

: 80 and 1 : 50, respectively. 

Treatment group 

Hg controls 

n=5 

Hg + rIL-12 + a-IL-4 

it =5 

	

I 	Hg + rIL-12 

n =5 

	

I 	Hg + a-IL-4 

n=5 

n =7 

HgC12  

NaC1 

Rat IgG1 

MD a-IL-4 

I 	I 

1 : 80, 1 : 50,1 : 160, 1 

n =7 n=5 

n =5 n =5 

n=6 n =5 

n=5 n=5 

Blood sampling 
	 4 	

A7 
	 A14 	 21 	 28 Time (days) 

Fig. 1. Treatment schedule for Hg, rIL-12, a-IL-4 and control substances in the different groups. 
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Table 1. IgM-a-ssDNA and IgM-a-DNP antibody titre in the different treatment groups 

Antibody titre' Treatment group 

Weeks after onset of treatment with Hg 

n 1" 2b  3b 

IgM-a-ssDNA Hg controls 9 0.569 ± 0.210 7 0.544 ± 0.153 5 0.487 ± 0.094 
Hg + rIL-12 + a-IL-4 7 0.464 ± 0.065 5 0.715 ± 0.168 5 0.774 ± 0.116 
Hg + rIL-12 7 0.534 ± 0.205 6 0.875 ± 0.221` 5 1.031 ± 0.369' 
Hg + a-IL-4 5 0.422 ± 0.046 5 0.538 ± 0.090d  5 0.493 ± 0.079f  

IgM-a-DNP Hg controls 9 0.436 ± 0.176 7 0.423 ± 0.119 5 0.359 ± 0.076 
Hg + rIL-12 + a-IL-4 7 0.380 ± 0.076 5 0.663 ± 0.137` 5 0.656 ± 0.219' 
Hg + rIL-12 7 0.456 ± 0.070 6 0.715 ± 0.110' 5 0.708 ± 0.115' 
Hg + a-IL-4 5 0.384 ± 0.071 5 0.436 ± 0.092'4  5 0.363 ± 0.073E4  

a(OD.5). bMean antibody titre ± s.d. Significantly different antibody titre when comparing groups using ANOVA followed by Tukey's post-test: 'P < 0.05, 
versus Hg controls; dP < 0.05, versus Hg + rIL-12; eP < 0.01, versus Hg controls; fl3  0-01, versus Hg + rIL-12; ,13  < 0-05, versus Hg + rIL-12 + a-IL-4. 

Serum IgM-a-DNP and IgM-a-ssDNA antibodies 
These methods have already been described [26]. For measuring 
anti-dinitrophenyl antibodies (a-DNP antibodies) the method 
described by Jachez [27] was used with minor modifications. 
Briefly, microtitre plate wells were coated with serum albumin 
conjugated with DNP, followed by serum diluted 1 :100 with 
PBS-Tween 20 (0.1%) and bovine serum albumin (BSA) (1%). 
For detection alkaline phosphatase (ALP)-conjugated goat anti-
mouse IgM antibodies (Sigma) were used. 

IgM-a-ssDNA antibodies were measured by an enzyme-
linked immunosorbent assay (ELISA), which is a modification by 
Johansson et al. [26] of the method described previously by Izui 
et al. [28]. Briefly, microtitre plate wells were coated with single-
stranded DNA (ss-DNA) overnight followed by blocking with 
PBS-Tween 20 (0.2%) - BSA (1%). Serum diluted 1 : 150 was 
then applied and bound antibodies detected as described above. 
Pooled sera from autoimmune MRL-lpr/lpr mice were used as 
positive controls and from normal mice as negative controls. 

Serum Ig isotype concentrations 
For analysis of serum IgM [26] microtitre plates were coated with 
rat a-mouse IgM (clone LO-MM-3) monoclonal antibody 
(MoAb) (Technopharm, Paris, France). Following blocking, the 
wells were incubated with diluted serum, and bound IgM was 
detected using diluted horseradish peroxidase (HRP) conjugated 
rat antimouse IgM (clone LO-MM-3) MoAb (Technopharm). A 
standard curve was constructed by using mouse myeloma protein 
of the IgM isotype (clone MADNP-5, Technopharm). For mea-
suring serum IgE, microtitre plate wells were coated with rat anti-
mouse IgE MoAb (clone 23G3, Southern) overnight and then 
blocked with normal goat serum. Serum diluted 1 : 2-5-1 : 160 was 
added and HRP-conjugated antimouse IgE antibodies (clone 
23G3, Southern) were used to detect bound IgE. A standard 
curve was constructed by using mouse IgE from an a-DNP hybri-
doma (clone SPE-7, Sigma). 

For measuring serum IgGl, microtitre plate wells were coated 
with rat antimouse IgG1 MoAb (clone LO-MG1, Technopharm) 
overnight and then blocked with fat-free milk. Serum diluted 
1 : 1000-4000 was added and HRP-conjugated antimouse IgG1 
antibodies (clone LO-MG1-2, Technopharm) were used to detect 
bound IgGl. A standard curve was constructed by using mouse 
IgG1 from an a-DNP hybridoma (MADNP-1, Technopharm). For  

measuring serum IgG2a, microtitre plate wells were coated with 
rat antimouse IgG2a MoAb (clone R8-140, Pharmingen) over-
night and then blocked with fat-free milk. Serum diluted 1 :200 
was added and ALP-conjugated antimouse IgG2a antibodies 
(clone R19-15, Pharmingen) were used to detect bound IgG2a. A 
standard curve was constructed by using purified mouse IgG2a 
(Pharmingen). 

Tissue immune complex deposits 
Cryostate sections were prepared from samples of the left kidney 
and examined by direct immunofluorescense as described before 
[16] using FITC-conjugated goat antimouse IgG antibodies 
(Southern) and anti-C3c antibodies (Organon-Technica, West 
Chester, PA, USA). The titre of immune reactants in the tissues 
was determined by serial dilution of the antibodies to 1 : 5120. 
The actual titre was defined as the highest dilution that still 
resulted in a specific staining. Deposits in vessel walls were graded 
as 0, absent; +1, scattered deposits; +2, moderate amount of 
deposits; +3, abundant deposits; +4, vessel walls filled with depos-
its. The slides were examined without knowledge of the treatment 
given. 

Light microscopy 
The tissue was dehydrated, cleared and embedded in paraffin 
blocks. Four-pm sections were cut in a microtome and stained 
with periodic acid Schiff reagent and periodic acid silver-meth-
amine [29]. 

Statistical methods 
ANOVA followed by Tukey's test was used for comparisons of 
results obtained by ELISA. The differences between the groups 
with regard to the presence and titre of ANoA and IC deposits 
were analysed with Fisher's exact test and the non-parametric 
Kruskal-Wallis test followed by Dunn's test. P <0.05 was consid-
ered statistically significant. 

RESULTS 

Animal health 
The animals showed no signs of disease during the experiment. A 
few mice died during or immediately after the blood samplings. 
Among the Hg controls two mice died at the blood samplings 
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after 1 and 2 weeks. Two mice died in the group given Hg + rIL-
12 + a-IL-4 during the blood sampling after 1 week. In the group 
given Hg + rIL-12 one mouse died during the blood sampling 
after 1 week, and another mouse during the blood sampling after 
2 weeks. 

Pilot study using a-CD4 + rIL-12 + a-IL-4 to deviate the 
immune response in HgIA 
We first used treatment with a-CD4 followed immediately by 
treatment with rIL-12 and a-IL-4 for modulating the Th1/Th2-
balance in HgIA. The rationale for this therapy was to deplete 
existing CDC cells and subsequently deviate developing Th0 cells 
into Thl cells. However, this regimen abolished the induction of 
ANoA (data not shown), indicating that the development of new 
CDC cells was not sufficient to support the induction of ANoA, 
known to be a reaction dependent on T cells and specifically CDC 
cells [16]. However, treatment with rIL-12 combined with a-IL-4, 
without depleting CDC cells, reversed the Th2 response to a Thl 
response, as evidenced by suppression of IgE and IgG1 and 
increase of IgG2a, both with regard to the antigen-specific ANoA 
response and the total serum Ig isotype pattern (see below). 

Effect of rIL-12 and/or a-IL-4 treatment on Hg-induced 
IgG ANoA 
A.SW mice treated for 1 week with Hg in combination with rIL-
12 + a-IL-4 showed a significantly accelerated IgG-ANoA 
response compared with the Hg controls, both with regard to the 
fraction of ANoA positive mice (100% compared with 22%) 
(P < 0.05; Fisher's exact test) and the titre (P < 0.01) (Fig. 2a). The 
IgG-ANoA titre also continued to be increased significantly after 
2 weeks' treatment. rIL-12 is important for the acceleration of 
ANoA development because 71% of mice given Hg + rIL-12 but 
none of the mice given Hg + a-IL-4 showed IgG-ANoA after 
1 week's treatment (Fig. 2). 

Effect of rIL-12 and/or a-IL-4 treatment on the isotype pattern 
of Hg-induced ANoA 
The only significant effect of treatment with a-IL-4 alone on Hg-
induced ANoA compared with the controls was an increase of 
IgG2b-ANoA after 3 weeks (Fig. 2). 

In contrast, after 2 and 3 weeks of treatment with Hg in com-
bination with rIL-12 + a-IL-4 the IgGl-ANoA titre was signifi-
cantly (P < 0.01) reduced compared to the Hg controls (Fig. 2). 

After 2 weeks of treatment with Hg and either rIL-12 alone or 
in combination with a-IL-4, the IgG2a-ANoA titre was signifi-
cantly higher (P < 0.001 and P < 0.05, respectively), compared to 
the titre in the Hg controls. The same pattern was seen after 
3 weeks, although the difference was significant (P < 0.05) only in 
the group treated with rIL-12 + a-IL-4 (Fig. 2). 

The IgG2b-ANoA titre induced by Hg was significantly 
(P < 0.05) increased after 3 weeks in mice given either rIL-12 or 
a-IL-4, or rIL-12 + a-IL-4 compared with the Hg controls (Fig. 2). 
After 2 weeks of Hg treatment, the mean IgG3-ANoA titre was 
higher in mice given rIL-12 or r-IL-12 + a-IL-4 compared with the 
Hg controls, but the difference was significant for the group given 
rIL-12 only (P < 0.05) (data not shown). 

Effect of rIL-12 and/or a-IL-4 treatment on the Hg-induced 
polyclonal B-cell activation 
During the 3 weeks the Hg controls showed a reduction of the 
mean values for the PBA markers (IgM-a-ssDNA and IgM-a- 

DNP and serum IgM) of 14-41%, but the differences between the 
three time-points were not significant. Mice receiving rIL-12 
showed increasing mean levels of all PBA markers during the 
3 weeks of Hg treatment (19-93%), and they were significantly 
different compared to Hg controls after 2 and 3 weeks (Tables 1 
and 2). Treatment with Hg + a-IL-4 + rIL-12 increased the mean 
level of the PBA markers 40-72% during 3 weeks' treatment, and 
the differences were significant for serum IgM and IgM-a-DNP 
compared with Hg controls (Tables 1 and 2). Treatment with 
Hg + a-IL-4 caused a maximum increase of 19-35% in the mean 
level of PBA markers, which was significantly higher for serum 
IgM compared with the Hg controls but significantly lower for 
both IgM-a-ssDNA and a-DNP compared with the groups given 
rIL-12 ± a-IL-4 (Tables 1 and 2). Therefore, rIL-12 treatment 
alone but also in addition with a-IL-4 clearly enhanced the poly-
clonal B-cell activation in HgIA, while the effect of a-IL-4 alone 
was weak and lower than after treatment with rIL-12 ± a-IL-4. 

Effects of rIL-12 + a-IL-4 treatment on Th1 and Th2 associated 
Ig isotypes in HgIA 
As evidence of Th2 suppression, after 1 week the Hg-treated 
mice receiving combined treatment with rIL-12 + a-IL-4 showed 
a significantly reduced serum IgE concentration compared to Hg 
controls (Table 2). The mean IgE concentration in this group was 
lower than in the group given Hg + a-IL-4. Treatment with rIL-12 
alone suppressed the IgG1 concentration, similar to a-IL-4 ± rIL-
12, after 1 week, but lowered the mean IgG1 concentration more 
than the two other treatment modes after 2 and 3 weeks, indicat-
ing that rIL-12 had a distinct Th2-suppressing effect. However, in 
the group given rIL-12 alone the IgE concentration did not 
decrease significantly after 1 week, and showed a significant 
increase after 2 weeks compared with a-IL-4 ± rIL-12 (Table 2), 
which indicates a specific effect of rIL-12 on serum IgE. Com-
bined treatment with rIL-12 + a-IL-4 gave rise to the highest 
mean concentration of IgG2a after 2 and 3 weeks, and it was sig-
nificantly different compared with the other treatment modes 
after 2 weeks. We interpret this as a Th1 switching effect of rIL-12. 

Tissue IC deposits 
The mean titre of IgM and C3 in the mesangial deposits was 
higher in all treatment groups compared with the Hg controls, but 
the difference did not reach statistical significance (Table 3). 
Treatment with rIL-12 enhanced the deposits of IgG and C3 
induced by Hg in the renal and splenic vessel walls (Table 3). 
Treatment with a-IL-4 abolished the induction of IC deposits in 
the kidney vessel walls, but caused no significant change in the 
splenic deposits. Treatment with rIL-12 + a-IL-4 attenuated Hg-
induced IC deposits in the renal vessels but had no effect on IC 
deposits in the splenic vessels compared with Hg controls. 

DISCUSSION 

The major objective of this study was to investigate if an autoim-
mune disease condition (HgIA) with characteristics of a Th2 type 
of reaction, but dependent on the Thl cytokine IFN-y [20], is 
aggravated by deviating the immune response pattern strongly 
from Th2 to Thl. We found that the Thl deviation, accomplished 
by combined treatment with rIL-12 + a-IL-4, aggravated the 
HgIA by causing an earlier development of IgG-ANoA and by 
inducing a higher titre of IgG-ANoA. The group receiving 
Hg + rIL-12 also showed accelerated ANoA development, 
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Fig. 2. The reciprocal titre of IgG, IgGl; IgG2a; IgG2b ANoA in the different groups 1, 2 and 3 weeks after onset of treatment. *, ** and 
*** denote significant differences (P < 0.05, P < 0.01 and P <0.001, respectively) compared with Hg controls as determined by Kruskal—
Wallis test followed by Dunn's post-test. 
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Table 2. Serum Ig concentrations in the different treatment groups 

Serum Ig conc. Treatment group 

Weeks after onset of treatment with Hg 

n 1 n 2 n 3 

IgE Hg controls 9 29.55 ± 23.92 7 27.21 ± 25.53 5 14.64 ± 11.76 

(ughnl) Hg + rIL-12 + a-IL-4 7 1.881 ± 1.302' 5 13.73 ± 11.71d  5 6.347 ± 7.859 
Hg + rIL-12 7 18.92 ± 8.957 6 53.55 ± 20.92 5 14.99 ± 10.35 
Hg + a-IL-4 5 6-671 ± 2.145a 5 15.70 ± 14.36d  5 4.467 ± 2.266 

IgG1 Hg controls 9 0.786 ± 0.202 7 0-659 ± 0-078 5 0.779 ± 0.178 
(mg/ml) Hg + rIL-12 + a-IL-4 7 0.531 ± 0.118h  5 0-607 ± 0-066 5 0.637 ± 0.083 

Hg + rIL-12 7 0.571 ± 0.027' 6 0-563 ± 0-064k 5 0.558 ± 0.069 
Hg + a-IL-4 5 0.523 ± 0.091a 5 0-674 ± 0-043 5 0.712 ± 0.116 

IgG2a Hg controls 9 33-02 ± 9.210 7 22.17 ± 4-274 5 32.38 ± 7.044 
(ug/ml) Hg + rIL-12 + a-IL-4 7 25.86 ± 4.468 5 34.25 ± 4.524k 5 42.24 ± 14.56d  

Hg + rIL-12 7 23.35 ± 3.924° 6 24.68 ± 1.647 5 23.37 ± 2.542 
Hg + a-IL-4 5 19.51 ± 1.673" 5 26.21 ± 2-167° 5 27.42 ± 4.638 

IgM Hg controls 9 0.193 ± 0.084 7 0-143 ± 0-025 5 0.113 ± 0.008 

(mg/mi) Hg + rIL-12 + a-IL-4 7 0.120 ± 0.014a 5 0-171 ± 0-025 5 0.169 ± 0.023" 
Hg + rIL-12 7 0.158 ± 0.017 6 0-189 ± 0-032° 5 0.189 ± 0.023' 
Hg + a-IL-4 5 0.129 ± 0.016 5 0.137 ± 0.019" 5 0.153 ± 0.025k 

Significant differences in serum Ig concentration when comparing groups using ANOVA followed by Tukey's post-test. Values denote mean serum Ig 
concentration ± s.d. < 0.05 versus Hg controls; hp < 0.01 versus Hg controls; 'I' <0-001 versus Hg controls; dP < 0.05 versus Hg + rIL-12; < 0.01 versus 
Hg + rIL-12 + a-IL-4. 

Table 3. Immune-complex deposits in A.SW mice treated mercuric chloride and rIL-12 and/or anti-IL-4 and controls 

Vessel walls 

Kidney 	 Spleen 

Treatment group' 

Kidney glomerular mesangium IgG C3 IgG C3 

IgG' C313 nd  titre' nd  titre' nd  titre° nd  titre° 

Hg controls 320 ± 196 1.2 ± 045 832 ± 429 5/5° 1.0 ± 3/5 0.6 ± 0.55 4/5 2.2 ± 1.3 4/5 1.4 ± 0.89 
Hg + rIL-12 + a-IL-4 160 ± 98 1.6 ± 0.89 2560 ± 1568 1/5' 0.2 ± 0.45? 1/5' 0.2 ± 0.45? 5/5 2.8 ± 0-45 5/5 1.4 ± 0.55 
Hg + rIL-12 256 ± 88 2.0± 0  2816 ± 1402 5/5h  2.4 ± 0.55' 5/5h  2.6 ± 0.55 5/5 3.8 ± 045' 5/5 3.0± 0  
Hg + a-IL-4 144 ± 36 2.0± 0  1792 ± 701 0/5k  0 0/5 0 5/5 2.6 ± 0.55 5/5 0.8 ± 045 

°See Fig. 1; 'mean reciprocal titre ± s.d.; 'mean titre ± s.d. (grading 0-4); 'fraction of mice with immune complex deposits; e, significantly different 
compared with Hg + rIL-12 + a-IL-4 (P < 0.05, Fisher's exact test); 'significantly different compared with Hg + rIL-12 (P < 0.05, Fisher's exact test); 
?significantly different compared with Hg + rIL-12 (P < 0.05; Kruskal-Wallis and Dunn's post-test); 'significantly different compared with Hg + a-IL-4 
(P < 0.01, Fisher's exact test); 'significantly different compared with Hg + a-IL-4 (P < 0.01, Kruskal-Wallis and Dunn's post-test); 'significantly different 
compared with Hg controls (P < 0.05, Kruskal-Wallis and Dunn's post-test); "significantly different compared with Hg controls (P < 0.01, Fisher's exact 
test). 

although the response was less homogeneous than after combined 
treatment. In contrast, mice given only a-IL-4 + Hg showed no 
acceleration of IgG-ANoA development and the titre was not 
increased, which is in accordance with previous observations [18], 
and concurs with findings in mice with a targeted mutation of the 
IL-4 gene [20]. Therefore, active deviation by the Thl-promoting 
IL-12 cytokine is crucial for aggravating the autoimmune 
response in HgIA. 

With regard to the isotype pattern of the Hg-induced ANoA, 
our results after treatment with rIL-12 + a-IL-4 are in agreement 
with those observed after administration of a-IL-4 to Hg-treated  

mice, namely an increase in IgG2a, IgG2b and IgG3 ANoA titres, 
but a reduced titre of IgG1 ANoA [18]. The increase in IgG2a, 
IgG2b and IgG3 ANoA titres was also seen after treatment with 
rIL-12 + Hg (present study), which is in agreement with the effect 
of rIL-12 treatment in another antigen-specific response [30]. 

Our results are at variance with those of Bagenstose et al., 
who reported that treatment with rIL-12 in combination with Hg 
suppressed the ANoA response of all IgG isotypes [31]. This dis-
crepancy may be due to differences in the rIL-12 regimen, 
because we treated the mice with rIL-12 for 10 days, while 
Bagenstose et al. treated the mice for 4 days [31]. In addition, in 
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the group to which we gave rIL-12 + a-IL-4, suppression of IL-4, 
a cytokine abundantly expressed in HgIA [21], might have 
allowed for a brisker development of Th1 cells, as IL-4 has an 
inhibiting effect on Thl cells [22,32]. 

With regard to the effect of the serum immunoglobulin 
isotypes as markers of Th1/Th2 balance, injections of rIL-12 + a-
IL-4 reduced the Th2-dependent serum IgE and IgG1 levels, indi-
cating a Th2 suppression, and increased the Thl-dependent serum 
IgG2a, indicating a Thl switching. Treatment with a-IL-4 alone 
had an expected suppressing effect on serum IgG1 and IgE con-
centrations [18]. Treatment with rIL-12 alone suppressed serum 
IgGl, as observed already in HgIA [31]. However, rIL-12 alone 
increased the serum IgE level, which is unexpected given the gen-
eral assumption that rIL-12 down-regulates switching to both the 
IgGl and IgE isotype [33]. Germann et al. showed that rIL-12 
may fail to suppress or even enhance the effect of IL-4 on serum 
IgE, depending on both the strain and the dose of rIL-12 used 
[33]. Furthermore, Bagenstose et al. reported that rIL-12 
enhanced Hg-induced IL-4 production in A.SW mice and caused 
an increased mean serum IgE level, although the difference was 
not significant compared with mice given Hg alone [31]. The 
stronger increase of IgE production in the present study might be 
related to the longer treatment time with rIL-12 in our study (see 
above). This might be related to the stimulating or even dominat-
ing effect on Th2 development which has been reported when IL-
12 is present in vitro [34,35] or in vivo [33,36] together with IL-4. 

With regard to other HgIA parameters, treatment with rIL-12 
increased the renal and splenic vessel wall IC deposits. The mech-
anism behind the development of vessel wall deposits in HgIA is 
not known, but the splenic deposits are more stable and less 
affected by manipulating HgIA compared with the renal deposits 
[37,38]. This was also observed in the present study, because treat-
ment with a-IL-4 inhibited the Hg-induced vessel wall IC deposits 
in the kidney but did not affect significantly the deposits in the 
spleen. Treatment with rIL-12 + a-IL-4 showed that the effect of 
IL-4 dominated, as the Hg-induced renal IC deposits were 
severely reduced, but the deposits in the spleen remained 
unchanged compared with Hg controls. 

Interestingly, there was a co-variation between vessel wall IC 
deposits and PBA, another feature of HgIA [39]. Treatment with 
rIL-12 + Hg enhanced PBA compared with Hg controls, while a-
IL-4 alone or in combination with rIL-12 did not affect consis-
tently the degree of PBA induced by Hg. This co-variation 
between PBA and development of IC deposits has also been 
observed when the HgIA model is modified by other means, such 
as mercury species [40], dose or gender [37]. Because PBA 
induces antibodies of the IgM isotype, and the deposits in addi-
tion consist of IgG and C3, PBA must act as a co-factor. 

Our main question, whether a strong deviation of the immune 
response towards Thl in HgIA would aggravate disease manifes-
tations, has been dealt with previously only indirectly in conjunc-
tion with studies aiming at down-regulating the Th2 response by 
inhibiting Th2 or stimulating Thl [18,19,31]. Acceleration of the 
disease has not been found previously, although a-IL-4 treatment 
[18] augmented the IgG titre of ANoA induced by Hg. The obser-
vations in other Thl-dependent autoimmune disease models, such 
as experimental autoimmune myasthenia gravis [6], experimental 
arthritis [5] and autoimmune diabetes in non-obese diabetic 
(NOD) mice [41], indicate that treatment with IL-12 aggravates 
and/or accelerates disease manifestations. In these models the 
proposed mechanism includes a preferential expansion of IFN- y  

secreting cells. While we did not measure IFN-y secreting cells, a 
correlation exists between IFN-y gene expression and the severity 
of HgIA [20]. 

Similarly, in vivo treatment of SJL (H-2') mice with rIL-12 
aggravates experimental allergic encephalomyelitis (EAE) after 
adoptive transfer of antigen-stimulated lymph node cells [42]. 
However, in the EAE model the effect of rIL-12 treatment is 
IFN-y independent [43]. These authors suggested that IL-12 plays 
an important role by suppressing IL-10 expression which would 
otherwise inhibit the development of autoimmune effector cells 
[43]. The concept of an immunoregulatory circuit comprising IL-
12 and IL-10 which may modulate autoimmune diseases is 
interesting, as we have found previously that IL-10 expression is 
up-regulated in Hg-treated resistant A.TL mice [21]. This implies 
that IL-10 may play a role in maintaining the self-tolerance in 
resistant strains during Hg treatment. 

We conclude that strong deviation of the immune response 
from Th2 towards Thl using directly Thl-inducing cytokines does 
not provide protection from the development of HgIA, but 
instead accelerates and aggravates several of the disease param-
eters, including antinucleolar antibodies, vessel wall IC deposits 
and PBA. 
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Abstract 

Metals are the oldest toxins known to human. Particularly, occupational and environmental exposure to aluminium, lead, mer-
cury, cadmium, and manganese cause serious health problems by interaction with biological systems. Cellular targets of these 
metals are mostly specific biochemical processes (enzymes) and/or membranes of cells and organelles. To prevent and/or reduce the 
untoward or irreversible toxic effects of the metals by using biomarkers are as important as to know and to understand of their 
toxicity mechanisms. Dihydropteridine reductase (DHPR), which possessed essential thiol groups at the activite site, plays a crucial 
role in the maintenance of tetrahydrobiopterin (BH4). BH4  is the cofactor in the synthesis and regulation of neurotransmitters. A 
limited number of the evidences have shown that DHPR may be a target for the metals. Therefore, the present study was designed 
to assess possible in vitro effects of the commonly exposed metals on the enzyme activity. It was found that aluminium, cadmium, 
mercury, di-phenyl mercury, lead, diethyl lead, in chloride forms, and manganese, in sulphate form, led to statistically significant 
decreases in DHPR activity, in a concentration-dependent manner, in vitro. 
© 2003 Elsevier Ltd. All rights reserved. 

Keywords: Dihydropteridine reductase; Metal; Biomarker; Environmental pollutants 

1. Introduction 

Tetrahydrobiopterin (BH4) is the cofactor in the 
synthesis, and regulation of neurotransmitters, mam-
malian aromatic amino acid monooxygenases, oxidative 
cleavage of ether lipids and nitric oxide production. 
Aromatic amino acid monooxygenases regulate the 
biosynthesis of neurotransmitters, dopamine, nora-
drenaline, epinephrine and serotonin by hydroxylating 
phenylalanine, tyrosine and tryptophan. As shown in 
Fig. 1, BH4  is converted to the quinonoid dihy-
drobiopterin, while BH4  is mainly regenerated by dihy-
dropteridine reductase (DHPR) enzyme (Kaufman, 
1993; Nichol et al., 1985; Whitely et al., 1993). A block 

Abbreviations: ATP, adenosine 5'-triphosphate; AlC13, aluminium 
chloride; CdC12, cadmium chloride; DHPR, dihydropteridine reduc-
tase; PbC12, lead chloride; MnSO4.H20, manganese sulphate mono-
hydrate; HgC12, mercury chloride; NADH, nicotinamide adenine 
dinucleotide, reduced form; KCI, potassium chloride; KOH, potas-
sium hydroxide; SPSS, Statistical Package for the Social Sciences; 
BH4, tetrahydrobiopterin; Tris-HC1, Tris-hydrochloric acid. 

* Corresponding author. Tel.: +90-312-305-1851-305-2178; fax: 
+90-312-311-4777-309-2958. 

E-mail address: gsahin@hacettepe.edu.tr  (G. Sahin). 

0887-2333/$ - see front matter © 2003 Elsevier Ltd. All rights reserved. 
doi :10.1016/S0887-2333(03)00136-X 

in the BH4  pathway leads to the accumulation of phe-
nylalanine and the altered production of neuro-
transmitters. This situation may cause severe 
neurological illness (Jeeps et al., 1986; Altmann et al., 
1989; Altindag and Sahin, 1996). It has been recognised 
that many diseases, some drugs, and xenobiotics, 
including metals such as aluminium (Altmann et al., 
1987, 1989; Bolla et al., 1991), lead (Blair et al., 1982), 
gallium and scandium (Cutler and Blair, 1987) may 
cause changes in BH4  concentration and/or DHPR 
enzyme activity. 

Metals differ from other toxic substances as they are 
neither be created nor be destroyed by human. Never-
theless, their utilization influences the potential effects 
on health at least in two major ways: first, by environ-
mental transport, that is, by human or anthropogenic 
contributions, to the air, water, soil, and food, and sec-
ond, by altering the specification or biochemical form of 
the element. Knowledge of the effects of metals on cri-
tical or specific organs provides insight into which metal 
may be responsible for a specific effect. The toxic effects 
of the metals usually originated from an interaction 
between the free metal ions and the toxicological target. 
Blood and/or urine are the most accessible biological 
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Fig. 1. The critical role of dihydropteridine reductase in neuro-
transmitter metabolism: 1, tyrosine hydroxylase; 2, tryptophan 
hydroxylase; 3, phenylalanine hydroxylase. 

samples for measuring whether there is an exposure or 
dose, while they are sometimes referred to as indicator 
samples (Goyer and Clarkson, 2001). 

Among the toxic metals, aluminium is known to 
interact with a number of proteins and with cofactors 
that are involved in intermediary metabolism. Alumi-
nium combines with adenosine 5'-triphosphate (ATP) to 
form ATP-aluminium, a competitive inhibitor of 
hexokinase and inhibits catechol-O-methyltransferase, 
ceruloplasmin, cholinesterase, colin acetyl-transferase, 
glycerokinase, magnesium-ATPase, calmodulin, adenylate 
cyclase, and d-aminolevulinic acid dehydratase. Alumi-
nium is ubiquitous in the environment, comprising 8% 
of the earth's crust, making it the third most abundant 
element (Nayak, 2002). Lead is also a widely distributed 
toxic metal and is practically detectable in all phases of 
the inert environment and in all biological systems. 
Mechanisms of toxicity include damage to the mem-
branes, impairment of the energy metabolism, and 
direct interference with the neurotransmitters and haem 
syntheses. Mercury is a commonly found substance in 
the environment. It is mostly used in the industry for 
chlor-alkali production and in the manufacture of elec-
trical apparatus. Mercurials are attracted to sulfhydryl 
groups in the body and are bound to proteins, onto 
membranes, and into enzymes, altering their normal 
functions. Cadmium is widely distributed in the envir-
onment at relatively low concentrations. Cadmium poi-
soning is a rare type of heavy metal poisoning 
associated with industrial exposure, ingestion of con-
taminated shellfish, or drinking acidic beverages from 
contaminated vessels. Manganese is an essential element 
and also a cofactor for a number of enzymatic reactions 
particularly those involved in phosphorylation, choles-
terol, and fatty acid syntheses. It should be considered 
that chronic exposure to manganese dust can cause 
toxic effects in the lungs and the central nervous system 
(Goyer and Clarkson, 2001; Seiler and Sigel, 1988). 

The main goal of the present study was to evaluate 
whether there were any effects of aluminium, cadmium, 
manganese, lead, diethyl lead, mercury, and di-phenyl 
mercury on DHPR activity in order to contribute to the 
explanation of their toxicity mechanisms.  

2. Materials and methods 

2.1. Chemicals 

All of the chemicals used in the study were of analytical 
grade and were purchased from Sigma Co. (St. Louis, 
MO, USA) and Merck Co. (Darmstadt, Germany). 
Aluminium chloride (A1C13), cadmium chloride (CdC12), 
manganese sulphate monohydrate (MnSO4.H20), lead 
chloride (PbC12), mercury chloride (HgC12), diethyl lead 
and di-phenyl mercury, in chloride forms, were used to 
prepare the metal solutions. 

2.2. Preparation of the enzyme extract 

Blood dropped on a filter paper was used in the 
experiment. In order to prevent personal variations, all 
of the experiments were performed with the blood of the 
same, healthy, and non-smoker person who works as a 
staff in the department and did not receive any medication 
during this period. 

The dried blood spots were cut into discs having 5 
mm diameter and incubated for 3 h at +4 °C with the 
solutions in 150 mm potassium chloride (KC1) of 1-1000 

AlC13  or 1-100 pm HgC12  or 0.1-5 gm di-phenyl 
mercury chloride or 1-100 gm CdC12  or 1-100 1.tm PbC12  
or 5-50 gm diethyl lead chloride or 0.1-100 
MnSO4.H20. Each enzyme extract was used for the 
measurement of the DHPR activity. 

Under the same assay conditions, the enzyme extract 
as a control was prepared by using 150 mm cold KC1 
solution without any metal. 

2.3. Measurement of DHPR activity 

Each enzyme extract was added to the reaction medium 
that contains 51 mm Tris—hydrochloric acid (Tris—HC1), 
pH 7.6, 1 mm ferricytochrome C in 5 mm Tris—HC1 
containing 0.1 M KC1, pH 7.4, 0.5 mM nicotinamide 
adenine dinucleotide, reduced form (NADH) in 0.01 M 
potassium hydroxide (KOH), 0.25 mm 6-methyl-tetra-
hydropterine in 0.01 M HCl in a final volume of 2 ml. 

The changes in enzyme activity were measured at 550 
nm at room temperature with a spectrophotometric 
method based on reduction of ferricytochrome C in 
presence of NADH. DHPR activity was expressed as 
nanomoles of cytochrome C reduced per minute relative 
to the 5 mm diameter of blood spots (Arai et al., 1982). 

The alteration in the activity was expressed as a per-
centage of control activity. All measurements were done 
in duplicate. 

2.4. Statistical analysis 

Data processing was carried out using a Statistical 
Package for the Social Sciences (SPSS) for Windows 

Tetra hydrobiopterin 
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packed program. Spearman-rank correlation was used 
to examine the interrelation of DHPR activity with the 
various metal concentrations. The P values <0.05 were 
considered significant. 

3. Results 

Incubation with aluminium resulted in a decrease of 
DHPR activity in a dose-related manner (Fig. 2a). The 
enzyme activity was negatively correlated with alumi-
nium concentrations (Rs= —0.900; P <0.05). DHPR 
activity was reduced when the blood spots were incu- 

bated with mercury or di-phenyl mercury (both 
Rs= —1.000; P<0.05). The effects of inorganic and 
organic mercury on the enzyme activity are indicated in 
Fig. 2b and c, respectively. A similar decline in the 
activity of the enzyme by cadmium was observed 
(Rs= —1.000; P <0.05). Fig. 2d shows the changes in 
DHPR activity depending on the concentration of cad-
mium. The effects of inorganic and organic lead on 
DHPR activity are shown in Fig. 2e and f, respectively. 
There was a negative correlation between lead chloride 
concentration and the activity of the enzyme 
(Rs= —1.000; P <0.05). The inverse relationship was 
also found for diethyl lead and the enzyme activity 
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Fig. 2. In vitro effects of the metals on dihydropteridine reductase activity. 
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(Rs = —1.000; P < 0.05). As indicated in Fig. 2g, the 
inhibition by manganese was depended on its concen-
tration (Rs = —1.000; P < 0.05). 

4. Discussion 

It is known that biochemical enzymes are main cel-
lular targets in metal toxicity. Therefore following the 
establishment of the optimum conditions for the 
measurement of the enzyme activity, in vitro effects of 
various concentrations of aluminium, mercury and di-
phenyl mercury, cadmium, lead and diethyl lead, and 
manganese on the DHPR activity were investigated. 
When blood dropped papers incubated with aluminium 
at 1-1000 pm and with manganese at 1-100 µM con-
centrations, changes in the enzyme activity were from 76 
to 41% and 75 to 5%, respectively. 50% enzyme inhi-
bition was shown at both 100 µm aluminium and 1 pm 
manganese. On the other hand, incubation with 1-100 
um cadmium resulted in a decrease of DHPR activity, as 
86-71%. Toxicity is determined by dose at the cellular 
level, and such factors as chemical form or species and 
ligand binding become critical. Alkyl compounds, in 
comparison to inorganic forms are more lipid-soluble 
and pass readily across biological membranes unaltered 
by their surrounding medium. They are only slowly 
dealkylated or transformed to inorganic salts. Hence, 
their excretion tends to be slower than inorganic forms, 
and the pattern of toxicity of organic forms tends to 
differ from inorganic forms (Goyer and Clarkson, 
2001). As our results have also shown that alkyl com-
pounds of lead and mercury were more effective for 
inhibition of the enzyme than their inorganic com-
pounds. Inorganic salts of mercury, and lead led to 
decreases in the enzyme activity at 1-100 µM con-
centrations (92-17% and 92-74%, respectively). The 
organic forms of mercury and lead, di-phenyl mercury 
and diethyl lead, showed similar trends, but in much 
lower concentrations, 0.1-5 ium (90-70%) and 5-50 µM 
(95-80%), respectively. According to these preliminary 
results, it seems to be difficult to make precisely conclu-
sions at the moment. However the inhibitory effects of 
the metals on the enzyme activity may be expressed in 
the decreasing order of effectiveness is as follows: di-
phenyl mercury, manganese, mercury, diethyl lead, 
cadmium, lead, aluminium. It has been showed that 
aluminium, lead, scandium and gallium reduced the 
blood DHPR activity in humans and animals (Altmann 
et al., 1987, 1989; Blair et al., 1982; Bolla et al., 1991; 
Cutler and Blair, 1987). The similar results were 
observed by platinum in human brain (Armarego and 
Ohnishi, 1987). 

Our preliminary in vitro results may also explain the 
underlying mechanisms of neurotoxicity of these metals. 
Since DHPR is important for the regeneration of BH4, a  

required cofactor in hydroxylation reactions of biogenic 
amines (Abelson et al., 1979; Kaufman, 1993; Nichol et 
al., 1985; Whitely et al., 1993), impairment of the 
reduced pteridine cofactor may trigger neurological and 
mental deterioration due to impaired catecholamine and 
indoleamine neurotransmitter and hormone bio-
syntheses (Webber et al., 1988). The tested metals have 
been shown to be the inhibitors of DHPR to some 
extent. The inhibition of this essential functional site of 
the activity by these metals is possible, although the in 
vivo findings have not been supported these in vitro 
results, yet. On the other hand, it is recognised and well 
documented that, the sulfhydryl-reactive metals such as 
mercury, cadmium, lead and arsenic are particularly 
insidious and can affect a vast array of the biochemical 
processes, but affinities of all the metals to thiol groups 
are not at the same degree. 

In conclusion, further but in vivo experiments are 
apparently needed to confirm and to help to clarify 
these in vitro results. The results may be helpful to 
understand and explain the possible key role of the 
enzyme in toxicity mechanisms of these metals. More-
over, the screening of the dihydropteridine reductase 
enzyme activity may be a useful and early biomarker for 
evaluation of occupational or environmental exposure 
to the metals. 
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Abstract 
Six chemicals, 2-halopropionic acids, thiophene, methylha-
lides, methylmercury, methylazoxymethanol (MAM) and 
trichlorfon (Fig. 1), that cause selective necrosis to the 
cerebellum, in particular to cerebellar granule cells, have 
been reviewed. The basis for the selective toxicity to these 
neurones is not fully understood, but mechanisms known to 
contribute to the neuronal cell death are discussed. All six 
compounds decrease cerebral glutathione (GSH), due to 
conjugation with the xenobiotic, thereby reducing cellular 
antioxidant status and making the cells more vulnerable to 
reactive oxygen species. 2-Halopropionic acids and methyl-
mercury appear to also act via an excitotoxic mechanism 
leading to elevated intracellular Ca2+, increased reactive 
oxygen species and ultimately impaired mitochondria! 

function. In contrast, the methylhalides, trichlorfon and MAM 
all methylate DNA and inhibit 06-guanine-DNA methyl-
transferase (OGMT), an important DNA repair enzyme. We 
propose that a combination of reduced antioxidant status plus 
excitotoxicity or DNA damage is required to cause cerebellar 
neuronal cell death with these chemicals. The small size of 
cerebellar granule cells, the unique subunit composition of 
their N-methyl-D-aspartate (NMDA) receptors, their low DNA 
repair ability, low levels of calcium-binding proteins and vul-
nerability during postnatal brain development and distribution 
of glutathione and its conjugating and metabolizing enzymes 
are all important factors in determining the sensitivity of 
cerebellar granule cells to toxic compounds. 
J. Neurochem. (2004) 88, 513-531. 

Certain foreign compounds (xenobiotics) cause neuronal cell 
death to granule cells in the cerebellum while sparing granule 
cells in the hippocampus and in other brain regions. The 
precise basis for the selective toxicity of foreign compounds 
to cerebellar granule cells is not well understood. In this 
review we discuss the possible basis for this selective 
toxicity. Over the last 10 years there has been an upsurge in 
interest in mechanisms of cell death in the central nervous 
system, with particular emphasis on two death processes, 
excitotoxicity and apoptosis. There is still considerable 
debate and discussion regarding the morphological and 
biochemical diagnosis of these two cell death processes and 
on the contribution of apoptotic-like neuronal cell death in 
the adult nervous system, and its role in neurological 
disorders (Nicotera et al. 1997, 1999; Sastry and Rao 
2000; Olney 2003). In this review we discuss the role of 
excitotoxicity in the selective toxicity observed with certain 

foreign compounds to cerebellar neurones and the role of 
MK-801, a drug that blocks N-methyl-D-aspartate (NMDA) 
glutamate receptors, which can protect against the excito-
toxic cell death process. Excitotoxicity refers to a process of 
neuronal cell death caused by excessive or prolonged 
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CH3  - Hg+ 	 Methyl mercury 

CH 3O 3 

P  CH30V  CH(OH) - CC13  

CH30 	0 

CH30V P  0 - CH= CC12  

CH3N(0) = N - CH2OH Methylazoxymethanol 

Fig. 1 The chemical formulae of the six xenobiotics and one meta-
bolite dichlorvos discussed in the text. 

activation of receptors for the excitatory amino acid neuro-
transmitter glutamic acid. The principle of excitotoxicity has 
been well established experimentally in both in vitro systems 
and in vivo following administration of excitatory amino 
acids to the nervous system. 

We also discuss the role of the antioxidant glutathione 
(GSH) in protecting cerebellar neurones against free radical 
attack and hence mitochondrial damage as a consequence of 
glutamic acid release. Foreign chemicals may also interact 
with cerebellar DNA either directly, or indirectly, via free 
radical generation. Mature neurones do not undergo DNA 
replication; however, DNA repair is essential for maintaining 
the nucleotide sequences of genomic DNA over time and 
hence the viability and function of neurones. 

In no case is there evidence of a concentration of the 
foreign compound in the cerebellum, although it has been 
pointed out that the vermis is in close contact with the 
cerebrospinal fluid and the central vein (Cavanagh et al. 
1997). We suggest that the basis for selective toxicity of 
foreign compounds to the cerebellum is dependent on a 
number of factors, such as the unique subunit composition of 
cerebellar NMDA receptors, which following activation may 
lead to excessive glutamic acid release; a chemically induced 
decrease in the intracellular antioxidant GSH, leading to an 
impaired ability of granule cells to cope with reactive oxygen 
species; and a low ability of cerebellar granule cells to repair 

DNA damage and cope with inhibition of DNA repair 
enzymes. These key factors do not operate in isolation and 
the sensitivity of these small neurones may be a result of a 
combination of these events. As in other brain regions it is 
clear that although cell death is expressed in neurones, 
underlying this response astroglial cells may be also be 
impaired, and key functions such as the reuptake of glutamic 
acid from the extracellular space and maintenance of 
neuronal antioxidant status (GSH) may also be compromised 
and hence contribute to the demize of neurones. 

The function, structure and development of the 
cerebellum 

The cerebellum is involved in the control of movements, 
particularly those linked to the voluntary nervous system and 
movements where timing is of crucial importance. It 
coordinates different muscle groups so that muscles exert 
movements fluently and precisely. The cerebellum receives 
constant feedback information about occurring and intended 
movements. It should be regarded as a stabilizing control 
system that receives forewarning of each motor impulse (De 
Lahunta 1983; Jacobson 1991). Different forms of ataxia and 
unstable gait usually accompany atrophy of the cerebellum. 

The cerebellar cortex is a simple structure consisting of 
three layers: the molecular layer, the Purkinje cell layer and 
the granular cell layer. The cerebellum is uniquely organized 
for the distribution of afferent information. It receives 
impulses via mossy and climbing fibres from several brain 
regions involved in motor activity, such as the spinal cord, 
the vestibular nucleus and the cerebral cortex. Purkinje axons 
are the only output from the cerebellar cortex. The molecular 
layer consists of basket cells and stellate cells. 

The Purkinje cells are activated by the granular cell axons 
called parallel fibres and are inhibited by the basket cells and 
stellate cells in the molecular layer. The granular cells are 
activated by the mossy fibres, which come from other brain 
regions except the olivia inferior, which activates Purkinje 
cells via the climbing fibre. 

Neurotransmitters in the cerebellum are well recognized. 
The granular cell axon terminals, mossy fibres and climbing 
fibres are predominantly excitatory, using glutamic acid as 
their transmitter. Purkinje cells, basket cells, stellate cells and 
Golgi cells are inhibitory and use y-aminobutyric acid 
(Fonnum et al. 1970; Ottersen 1993). For the subsequent 
discussion it is important to note that certain neurochemical 
parameters are special for the cerebellum and that they may 
contribute to the vulnerability of the cerebellum to injury by 
foreign compounds. 

Different cell types in the cerebellum develop at different 
times. The Purkinje cells in rats are formed during 
days 14-15 of gestation; at birth they form a layer that is 
six cells thick, which by postnatal days 3-4 turns into a single 
layer. The external germinal layer forms a swamp-like 
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structure at birth. The granular cell layer is formed by 
migration from this layer between postnatal days 7-15, with a 
peak at days 10-11. The basket cells are formed on days 6-7 
and the stellate cells on days 10-11 (Altman and Anderson 
1972; Bayer and Altman 1995). Agents acting in the perinatal 
or early postnatal period are thus likely to interfere with the 
development of the granular cells, and other cerebellar cells 
may be affected as a result (Altman and Anderson 1972). 

Excitotoxicity 

Excitotoxic cell death involves prolonged depolarization of 
neurones, changes in intracellular calcium concentrations and 
the activation of enzymatic and nuclear mechanisms of cell 
death. The different aspects of the excitotoxic process have 
been the subjects of numerous reviews (Rothman and Olney 
1987; Meldrum and Garthwaite 1990; Beal 1992; Choi 1992; 
Lipton and Rosenberg 1994; Fonnum 1997; Doble 1999; 
Olney 2003). In this review we have only highlighted key 
aspects of the process and refer readers to the above reviews 
for additional information. 

Glutamic acid uptake 

In normal synaptic function the excitatory action of glutamic 
acid is rapidly terminated due to its efficient removal from 
the synapse by glutamic acid uptake systems in glial and 
nerve terminals (Nicholls and Attwell 1990). This function is 
facilitated by specific transporter proteins that allow the 
cotransport of glutamic acid with Na±  ions and concomitant 
counter transport of K±  ions, using the electrochemical 
gradient of Na+  and K±  as the driving force. This process is 
highly efficient and enables glutamic acid to be concentrated 
in the intracellular compartment up to 10 000-fold, thereby 
keeping the extracellular level of glutamic acid at around 
1 .tM. A number of different subtypes of glutamic acid 
transporters have been cloned and sequenced in human tissue 
[excitatory amino acid transporters (EAAT) 1-5] and rat 
tissue and have been reviewed recently (Danbolt 2001; 
Robinson 2002). Briefly glutamate transporter protein 
EAAT-1 (GLAST in the rat) is localized on astrocytes and 
expressed predominantly in the cerebellum. EAAT-2 (GLT-1 
in the rat) is localized on perisynaptic astrocytes and 
expressed widely throughout the central nervous system, 
but less in the cerebellum. EAAT-3 (EAAC-1 in the rat) is the 
principal glutamic acid transporter localized on neurones and 
is thought to be responsible for the reuptake of synaptic 
glutamic acid into nerve terminals of glutaminergic neurones. 
EAAT-4 is a transporter that is exclusively localized to 
Purkinje cells in the cerebellum. EAAT-5 has a very limited 
localization to the retina. Selective blockade by foreign 
compounds of glutamic acid transporters such as EAAT-1 
or EAAT-4 could lead to selective excitotoxicity to the cere-
bellum. Indeed selective knockout studies using antisense 

oligonucleotides to GLAST (EAAT-1) have shown elevation 
of extracellular glutamic acid and neuronal cell death 
(Rothstein et al. 1996). Similarly, GLAST mutant mice 
show motor incoordination and increased susceptibility to 
cerebellar injury (Watase et al. 1998), demonstrating the 
major role of astrocytes in sequestering glutamic acid and 
preventing excitotoxic cerebellar damage. Cystine is also a 
substrate for these transporters and any blockade will reduce 
cystine entry, thereby reducing GSH synthesis (see later) and 
hence make the cells more susceptible to oxidative stress 
(McBean 2002). It is now clear that astrocytes play an 
important role in maintaining extracellular glutamic acid 
concentrations at very low levels. Glutamic acid is metabo-
lized within astrocytes by glutamine synthase to give 
glutamine. Glutamine is then released into the extracellular 
space where it is innocuous, as it cannot activate excitatory 
amino acid receptors. Nerve terminals then take up extracel-
lular glutamine where it is reconverted into glutamic acid by 
the enzyme glutaminase. Thus astrocytes are very important 
in protecting neurones against excitotoxicity. 

NMDA receptors 

Excitatory amino acid receptors are divided into three main 
families: NMDA receptors, ct-amino-3-hydroxy-5-methylis-
oxazole-4-propionate (AMPA)/kainate receptors and metab-
otropic receptors. NMDA and non-NMDA receptors are 
ligand-gated ion channels and mediate fast synaptic trans-
mission by glutamic acid. NMDA receptors are believed to 
play an important role in acute excitotoxicity, whereas non-
NMDA receptors may be important in certain more chronic 
forms of excitotoxic stress. Metabotropic receptors, in 
contrast, are G-protein coupled receptors and are not thought 
to be primarily involved in fast synaptic transmission or in 
excitotoxicity. Non-NMDA receptors will not be considered 
in detail in this review; for further information see Fonnum 
(1997) and Doble (1999). 

NMDA receptors play an important role in excitotoxic 
mechanisms of neuronal cell death (Rothman and Olney 
1987; Meldrum and Garthwaite 1990; Beal 1992; Choi 1992; 
Lipton and Rosenberg 1994; Fonnum 1997; Doble 1999; 
Olney 2003) and their expression during the development of 
the cerebellum has been studied in some detail. The 
predominant subunits expressed in the cerebellum of the rat, 
mouse and human are NR1 and NR2C subunits (Akazawa 
et al. 1994; Watanabe et al. 1994; Rigby et al. 1996; Didier 
et al. 1997). The NR2B subunit is transiently expressed in 
granule cells during the first 2 weeks after birth, whereas the 
NR2A and NR2C subunits appear in granule cells during the 
second postnatal week. The NR2C subunit has a higher 
affinity towards glycine and a lower affinity towards glutamic 
acid than the NR2A subunit. The NR2C subunit also has a 
lower affinity towards Mg2±  and antagonists such as MK-801 
and displays a unique pharmacology relative to NMDA 
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receptors in other brain regions (Buller et al. 1994; Sucher 
et al. 1996). In contrast, in the adult cerebrum most of the 
cells express NRI and NR2A subunits (Thompson et al. 
2000). Genetically modified mice deficient in NR2A, NR2C 
or both subunits, show normal cerebellar morphology, 
although the granule cells showed altered NMDA receptor 
responses measured electrophysiologically. Mice with both, 
but not a single subunit, missing showed motor incoordina-
tion, demonstrating a role for the NMDA receptor in motor 
function (Kadotani et al. 1996). The subunit composition of 
NMDA receptors in the cerebellum compared to the rest of 
the brain may have a bearing on the selective toxicity of 
foreign compounds for the cerebellum. This will be discussed 
later with regard to foreign compounds that cause selective 
injury to the cerebellum. 

Mechanisms of excitoxicity 

Elevated levels of extracellular glutamic acid cause persistent 
depolarization of the neurone. Depolarization is initiated 
primarily by activation of AMPA receptors and subsequently 
by activation of voltage-dependent Na±  channels. This leads 
to Na+  entry and further depolarization. Chronic depolariza-
tion results in release of the Mg2±  block on NMDA receptors 
such that they become available for activation by synaptic 
glutamic acid. Persistent depolarization also upsets the 
osmotic balance of the neurone since intracellular sodium 
concentrations ([Na]) rise. The entry of Na±  ions is 
followed by passive entry of Cr ion in order to maintain 
ionic equilibrium. This is followed by entry of water, 
following the osmotic gradient. The entry of water leads to 
osmotic swelling and dilution of cytoplasmic contents, 
leading to disruption of organelles. This can lead to neuronal 
cell lysis and the release of cell contents (including glutamic 
acid) into the extracellular space. This osmotic insult to 
neurones will contribute to cell death, especially if the 
excitotoxic challenge is sufficient to cause cell lysis. 
However, it is not an obligatory step, as removal of the 
extracellular Na±  and Cr will prevent the osmotic swelling 
but not cell death (Choi 1987). 

It is the calcium-dependent part of the cascade of events 
that appears to be essential for the toxicity. Removal of 
extracellular Ca2±  from the medium of cultured neurones 
prevents the neurotoxicity of glutamic acid (Choi 1985). 
Intracellular calcium levels ([Ca2+];) are usually very low, 
about 100 nm. However, when neurones are excessively 
depolarized, [Ca2±], rises. The principle source is entry 
through voltage-dependent calcium channels upon neuronal 
depolarization and via NMDA receptor channels. However, 
this Ca2±  entry is probably only transient, since both voltage-
dependent calcium channels and NMDA receptors desensi-
tize rapidly. Some increase in [Ca2±], will arise due to 
impairment of the Na±/Ca2±  exchanger, whose electrochem-
ical driving force will have been altered by depolarization. In  

addition, activation of NMDA receptors appears to lead to 
mobilization of Ca2±  from intracellular stores. A marked rise 
in [Ca2+];  is probably the irreversible step en route to cell 
death, since the Ca2+  component of excitotoxicity is not 
reversible on removal of the extracellular depolarizing 
stimulus. Thus the ability of neurones to withstand excito-
toxic damage may well be related to their ability to buffer 
intracellular Ca2±. In this regard, cerebellar granule cells in 
the rat and human brain appear to express no or very low 
levels of the calcium-binding proteins calbindin and parval-
bumin, but do express calretinin, and therefore will have a 
reduced ability to buffer intracellular Ca2+, relative to other 
neurones (Abe et al. 1992; Kadowaki et al. 1993; Yew et al. 
1997). Prolonged elevation of [Ca2+];  is thought to initiate a 
complex cascade of interrelated intracellular events, which 
leads to the destruction of the neurone (Fig. 2). The rise in 
free ra2±1;  will stimulate the activity of numerous enzymes 
and trigger other Ca2±-dependent protein—protein interactions 
that are ultimately deleterious to the neurone. Cytosolic 
proteases activated by calcium, such as calpain, will attack 
the cytoskeleton (Mills and Kater 1990). Ca2±-dependent 
cytosolic kinases, such as protein kinase C, will modify the 
phosphorylation state of cytosolic proteins and thus disrupt 
cell function (Favaron et al. 1990). Lipases, such as phosp-
holipase A2, activated by [Ca21 will attack the cell 
membrane, as well as other organelles. Activation of 
nucleases will disrupt the organization of chromatin in the 
nucleus and fragment DNA (Orrenius et al. 1989; Robertson 
et al. 2000). 

Free radicals are produced as a consequence of activation 
of many of these Ca2±-dependent enzymes, such as phosp-
holipase A2, nitric oxide synthase and xanthine oxidase, and 
by oxidative injury to mitochondria. Free radical damage to 
intracellular organelles is a major contributor to neuronal cell 
death. Lipid peroxidation results from the attack of free 
radicals on fatty acids in membranes and this, together with 
Ca2+-dependent lipases, leads to membrane damage and 
ultimately cell lysis. Free radical attack on mitochondria 
compromises energy production within the cell and can also 
result in mitochondrial and nuclear DNA damage (Gorman 
et al. 2000) (Fig. 2). The importance of free radicals in 
mediating excitotoxicity is underlined by the ability of 
antioxidants, free radical scavengers and inhibitors of nitric 
oxide synthase to attenuate the excitotoxic damage both in 
cell culture systems and in vivo. 

During the course of excitotoxicity, the extracellular 
concentration of glutamic acid will rise as glutamic acid is 
released by neurones that have undergone lysis, by slowing 
or reversal of glutamic acid transporters subsequent to 
depolarization and by Ca2±-dependent exocytosis of synap-
tic vesicles. This build up of extracellular glutamic acid can 
then diffuse towards other neurones and depolarize them in 
their turn, thus amplifying and spreading the neuronal cell 
injury. 
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Fig. 2 Intracellular calcium and excitotoxicity. Diagrammatic repre-

sentation of the various intracelluar processes that can be triggered by 

a rise in intracellular [Ca21 in neurones undergoing an excitotoxic 

insult. The extracellular level of transmitter glutamate will increase if 

uptake into astrocytes is inhibited. Glutamate will activate AMPA 

receptor and the subsequent depolarization will open the NMDA 

receptor for calcium and in turn open voltage-gated calcium channels. 

The role of GSH in the brain 

The tripeptide GSH is present in the brain at a concentration 
of 1-3 mm (Cooper 1997) with a concentration in the 
cerebellum of about 1.8 mm (Wyatt et al. 1996b). GSH plays 
an important role as an antioxidant, is a partner for the 
detoxification of foreign compounds, a cofactor in isomeri-
zation reactions, and a storage and transport form of cysteine 
(Cooper 1997). It is in this first function that GSH plays an 
important role in protecting against reactive oxygen species 
formed during excitotoxicity. 

GSH is synthesized in brain cells by the same route as in 
other tissues. y-GluCys synthetase uses glutamic acid and 
cysteine as substrates, forming the dipeptide y-GluCys, 
which then combines with glycine in a reaction catalysed 
by GSH synthetase to generate GSH. The intracellular 
concentration of GSH is regulated by feedback inhibition of 
y-GluCys synthetase by the end product GSH, such 
that GSH synthesis and consumption are balanced. GSH 
has been detected in both neurones and astrocytes using 
histochemical and immunohistochemical techniques (Phil-
bert et al. 1991; Hjelle et al. 1994). It is now clear that 
astrocytes are the primary source of GSH in the brain, 
containing much higher concentrations than neurones 
(Cooper 1997; Dringen and Hirrlinger 2003). Mitochondria 
contain a distinct pool of GSH (Griffith and Meister 1985). 
Mitochondria cannot synthesize GSH and hence rely on 
importing GSH from the cytosol. Several high affinity 

The increase in calcium will activate lipases, proteases and nucleases 

and may increase the production of free radicals in the mitochondria. It 

can further activate processes [nitric oxide synthetase (NOS), kinases] 

to increase in free radicals such as superoxide, hydroxyl radical and 

peroxynitrite. Trk receptor is a receptor coupled to tyrosine kinase or 

with intrinsic tyrosine kinase activity. 

transporters for GSH have been identified in mitochondria 
(Martensson et al. 1990) 

During detoxification of reactive oxygen species, GSH is 
involved in two types of reaction: (i) GSH reacts non-
enzymatically with radicals such as superoxide anion radical, 
nitric oxide or hydroxyl radical and (ii) GSH is the electron 
donor for the reduction of peroxides in the glutathione 
peroxidase reaction (Fig. 3). The final product of this 
reaction is glutathione disulphide (GSSG). Within brain 
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Fig. 3 The role of glutathione in the generation and disposal of 

reactive oxygen species. Superoxide generated by the respiratory 

chain or by xanthine oxidase is converted by superoxide dismutase 

(SOD) to H202. Monoamine oxidases generate additional H202. This 

peroxide is disposed of by catalase and or glutathione peroxidase 

(GPx). The oxidized glutathione (GSSG) is reconverted back to GSH 

by glutathione reductase (GR), the process consuming NADPH. 
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cells GSH is regenerated from GSSG by the reaction 
catalysed by glutathione reductase (Fig. 3). In contrast, 
during the generation of GSH-S-conjugates by GSH transf-
erases the concentration of cellular GSH is lowered, thus 
GSH used in this process has to be replaced by re-synthesis 
from the constituent amino acids. GSH is only part of 
the brain's defences against reactive oxygen species. 
Other enzymes such as superoxide dismutase and catalase 
(Fig. 3), as well as antioxidants such as ascorbic acid and 
oc-tocopherol, are involved in detoxification of reactive 
oxygen species in neurones and astrocytes (Cooper 1997; 
Dringen 2000; Dringen and Hirrlinger 2003). 

GSH synthesis in neurones and astrocytes 

GSH synthesis depends on the intracellular availability of 
glutamic acid, cysteine and glycine. In the brain these amino 
acids are not present extracellularly in high concentrations, 
since glutamic acid and glycine are neurotransmitters and 
cysteine at high concentrations is excitotoxic (Olney et al. 
1990; Mathisen et al. 1996). Neurones rely on the presence 
of extracellular cysteine for GSH synthesis, as they cannot 
use the cysteine-oxidation product cystine, as a GSH 
precursor (Sagara et al. 1993; Kranich et al. 1996; Dringen 
et al. 1999). Neurones also use glutamine as an extracellular 
precursor for the glutamic acid moiety of GSH (Kranich 
et al. 1996). In contrast, astroglial cells prefer glutamic acid 
and cystine as extracellular GSH precursors (Dringen and 
Hamprecht 1998; Kranich et al. 1998). Transport of cystine 
into astroglial cells is essential for the synthesis of GSH; this 
can take place via two separate transport systems, the 
Nat-dependent glutamic acid transporters EAAT-1 and 
EAAT-2 as discussed earlier and a cystine-glutamic acid 
exchanger (McBean 2002). This differential preference for 
extracellular GSH precursors prevents competition between 
neurones and astrocytes. Murphy and coworkers have shown 
that either depriving immature neurones of cystine, or 
glutamic acid-induced cystine depletion, causes GSH deple-
tion leading to oxidative stress and neuronal cell death 
(Murphy et al. 1989; Ratan et al. 1994). Thus, excess 
extracellular glutamic acid can result in inhibition of cystine 
uptake, intracellular GSH depletion and cell death. Astro-
cytes can release GSH under non-stressed conditions (Stone 
et al. 1999; Stewart et al. 2002) via the Mrp-1 transporter 
(Decleves et al. 2000). Upon release GSH is a substrate for 
y-glutamyltransferase located on the external surface of 
astrocytes thus liberating CysGly (Fig. 4). The CysGly can 
then serve as an extracellular precursor of neuronal GSH; 
following hydrolysis by aminopeptidase N, the amino acids 
cysteine and glycine are taken up into neurones (Fig. 4). 
Thus there is metabolic cooperation between astrocytes and 
neurones in the metabolism and synthesis of GSH (Dringen 
and Hirrlinger 2003). The turnover of the total GSH pool in 
rat brain is slow, with an estimated half-life of 70 h (Douglas 

astrocyte 	 neuron 

Fig. 4 Metabolic interaction between astrocytes and neurones in 

glutathione metabolism in the brain. Glutathione (GSH) released from 

astrocytes, via the multidrug-resistance protein 1 (Mrp1), is a substrate 

for y-glutamyltransferase (yGT) located on the surface of astroglial 

cells. The CysGly generated serves as an extracellular precursor of 

neuronal GSH. After hydrolysis of the dipeptide by aminopeptidase N 

(ApN), the release cysteine and glycine are taken up into neurones. X 

represents an acceptor of the y-glutamyl moiety transferred by yGT 
from GSH (from Dringen and Hirrlinger 2003). 

and Mortensen 1956). More recent studies have indicated 
that a portion of brain GSH may turnover more rapidly, with 
a half-life of 30 min that may reflect an astrocyte compart-
ment (Cooper 1997). 

GSSG export from astrocytes cells, mediated by Mrp-1, 
has been reported following oxidative stress (Hirrlinger et al. 
2001), thus extracellular GSSG can be considered as a 
marker of oxidative insult. GSSG has been reported to act as 
an agonist and modulator of glutamic acid NMDA receptors 
(Sucher and Lipton 1991; Leslie et al. 1992; Ogita et al. 
1995). This may be important in excitotoxicity, since 
extracellular GSSG down-regulates the stimulation of 
NMDA receptors by glutamic acid. 

GSH conjugation and the mercapturic acid pathway 

To reach the central nervous system, drugs or neurotoxic 
chemicals have to cross either the luminal and antiluminal 
membranes of endothelial cells, or the basolateral and apical 
membranes of choroidal cells. The entry and efflux of 
chemicals or their metabolites will depend on their ability to 
diffuse through these cells and whether transport proteins can 
either facilitate or reduce entry of a xenobiotic into the brain 
compartment. The cerebral capillaries and choroid plexuses 
contain several enzymes that act as metabolic barriers 
towards endogenous and foreign chemicals. GSH S-conju-
gates formed either in the periphery or brain are metabolized 
and excreted in the urine as mercapturic acids. The first step 
in this process is removal of the y-glutamyl residue by the 
enzyme y-glutamyltransferase. y-Glutamyltransferase is pre-
sent in the brain, as well as many peripheral tissues such as 
the renal proximal tubules. In the brain it shows regional 
variability, being strongly expressed in the choroid plexus 
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and brain capillaries with high activity in endothelial cells 
and pericytes (Tate et al. 1973; Okonkwo et al. 1974; 
Ghandour et al. 1980; Frey et al. 1991; Ghersi-Egea et al. 
1994). Blood—brain interfaces can efficiently prevent the 
blood to brain passage of some xenobiotics by metabolic 
processes. For example, inhibition of y-glutamyltransferase 
by acivicin leads to a large increase in the brain uptake of 
5-(glutathione-S-y1)-oc-methyldopamine, a metabolite of 
3,4-(±)-methylenedioxyamphetamine, showing that y-gluta-
myltransferase efficiently metabolizes the blood-borne GSH 
conjugate, thus limiting its entry into the brain (Miller et al. 
1996). The neuropil can also metabolize xenobiotics that 
have the capacity to enter the brain parenchyma. GSH 
transferase isoforms have been detected in the brain and 
shown regional variability (Abramovitz et al. 1988; Cammer 
et al. 1989; Johnson et al. 1993; Philbert et al. 1995). In 
general, cc-isoforms of GSH S-transferases are expressed in 
nuclei of selected neurones throughout the nervous system. 
Expression of 1.c and ir-isoforms are confined to astrocytes 
and oligodendroglial cells, respectively. The elimination of 
xenobiotic metabolites from the brain, and specifically of 
conjugates, is complicated by their hydrophilic nature, which 
limits their passive elimination into the blood through the 
blood—brain barrier. Transport mechanisms have been shown 
to play a role in the elimination process, for example the 
specific uptake of dinitrophenyl-GSH in vitro into inside-out 
membrane vesicles of an endothelial brain cell line has been 
reported (Homma et al. 1999). The efflux of a GSH 
conjugate that reaches the cerebrospinal fluid can occur via 
the choroid plexus, where metabolism via y-glutamyltransf-
erase will generate the cysteinylglycine S-conjugate. GSH-
derived conjugates synthesized in the brain may then diffuse 
out of the tissue into the ventricular cerebrospinal fluid, or 
perhaps drain along the parenchymal and subdural perivas-
cular spaces into the subarachnoid space (Dayson and Segal 
1996). Here they will be removed from the brain with the 
bulk flow of cerebrospinal fluid. The exchange processes 
between the brain parenchyma and cerebrospinal fluid and 
the role of drug metabolism are complex and require further 
study. Once the cysteinylglycine S-conjugate has entered the 
bloodstream it can undergo further metabolism via a 
peptidase to liberate the S-conjugate. The final step in 
mercapturic acid formation involves N-acetylation, which is 
catalysed by the enzyme N-acetyltransferase. These latter 
enzymes are present in the liver and kidney (Dekant et al. 
1994; Commandeur et al. 1995). The extent to which GSH 
S-transferases and the mercapturic acid pathway are involved 
in detoxification reactions in the brain is unknown and the 
pathway may actually lead, on occasions, to bioactivation of 
xenobiotics (Cooper and Kristal 1997; Monks et al. 1999). 

Thus, GSH conjugation of xenobiotics may occur in the 
periphery and hence reduce the amount of a xenobiotic 
entering the brain, while some can also occur in the brain. In 
general GSH conjugation is a detoxification pathway for  

xenobiotics. The role of this pathway in cerebellar granule 
cells and its relevance, if any, to selective toxicity requires 
investigation. 

The above is a brief overview of the key roles of GSH in 
the brain. For more detailed information on the metabolic 
compartmentation, synthesis, degradation, entry into the 
brain and the enzymes involve in protecting the brain against 
reactive oxygen species see Cooper (1997), Dringen (2000) 
and Dringen and Hirrlinger (2003). 

GSH plays a very important role in protecting neurones 
from free radical injury following the extracellular release of 
glutamic acid. This process is applicable to cerebellar granule 
cells and we will discuss the role of GSH in the selective 
toxicity produced by foreign compounds to the cerebellum. 

DNA damaging agents and neuronal cell death 

Neurones must have active DNA repair mechanisms in order 
to survive. This is consistent with the fact that extensive 
neurodegeneration is found in people with the rare autosomal 
recessive photosensitive disorders xeroderma pigmentosum 
and Cockayne's syndrome, which are associated with a 
defect in nucleotide excision repair required for the removal 
of DNA damage induced by UV light and chemical adducts 
(Kohji et al. 1998; Rapin et al. 2000). Animals with targeted 
deletions of genes involved in DNA repair display a similar 
phenotype to that of humans, including genetic instability 
and neural degeneration, including abnormal cerebellar 
development (Gao et al. 1998; Murai et al. 2001; Sun et al. 
2001). 

Neuronal DNA damage often occurs as a result of 
oxidative stress and the increased production of reactive 
oxygen species (Enokido and Hatanaka 1993; Ratan et al. 
1994; Park et al. 1998; Martin et al. 2003). 8-Hydroxy-2'-
deoxyguanosine (oxo8dG) is one of the most common 
adducts formed from the reaction of reactive oxygen species 
with DNA (Dizdaroglu 1991). Oxo8dG is removed from 
DNA by an active mechanism of base excision repair. 
Specific N-glycosylases identify damaged purines and 
pyrimidines, and this is followed by apurinic/apyrimidinic 
endonuclease action that processes strand breaks and sites of 
base loss. The repair process is then completed by DNA 
polymerases and DNA ligases. Oxo8dG is removed from 
DNA by a bifunctional glycolyase/AP lyase enzyme, termed 
8-oxoguanine glycosylase (Ogg 1). This enzyme is present in 
the adult cerebellum at low basal levels (Cardozo-Pelaez 
et al. 2000), depletion of GSH with diethylmaleate leads to 
an increased removal of oxo8dG in the cerebellum, presum-
ably in response to the decreased antioxidant status (Card-
ozo-Pelaez et al. 2002). 

Several chemicals that inhibit DNA repair cause neuronal 
cell death. Camptothecin, which binds to and inhibits DNA 
topoisomerase I forming a cleavable complex consisting of 
topo-1 covalently linked to the damaged DNA strand, causes 
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neuronal cell damage (Hsiang et al. 1989). The chain-
terminating nucleoside cytosine arabinoside will also kill 
post-mitotic neurones, probably via inhibition of topoisom-
erase II-mediated DNA repair or inhibition of DNA ligase 
(Morris and Geller 1996; Park et al. 1998). DNA damage to 
mammalian cells, including cerebellar granule cells, initiates 
transient phosphorylation cascades, which modify the activ-
ities of proteins regulating both apoptosis and repair. In these 
cases the production of DNA damage or inhibition of repair 
commits the damaged neurones to apoptosis (Sastry and Rao 
2000; Geller et al. 2001; Romero et al. 2003). The tumour 
suppressor gene p53 appears to be involved in the signalling 
pathway for some agents that induce neuronal cell apoptosis. 
Cultured cerebellar neurones from p53 null mice, but not 
from wild-type mice, were protected from cytosine arabino-
side toxicity (Enokido et al. 1996a). DNA-damaging agents 
such as etopside and bleomycin also induced apoptosis in 
wild-type but not p53 null mutant mice cerebellar neurones, 
indicating p53 is required for apoptotic death due to DNA 
strand breaks (Enokido et al. 1996b). Moreover, p53 is 
involved in activating nucleotide excision repair (Wani et al. 
1999), which repairs UV-induced DNA damage, and base 
excision repair (Zhou et al. 2001). The signalling pathways 
involved in DNA repair both upstream and downstream of 
p53 are not fully understood in neuronal cells. However, not 
all chemically induced damage to DNA leads to apoptosis 
via the p53-dependent pathway; methylazoxymethanol 
(MAM) causes apoptosis by a p53-independent pathway 
and without showing DNA fragmentation (Wood and Youle 
1995; Johnson et al. 1998). It is, however, clear that DNA 
damage, whether caused by chemically induced DNA 
alkylation or chemically induced inhibition of DNA repair 
enzymes, can cause cerebellar neuronal death by an apoptotic 
pathway (Sastry and Rao 2000). We will discuss the role of 
DNA damage in the selective toxicity of foreign compounds 
to granule cells in the cerebellum. 

The study of toxic effects of foreign compounds to the 
cerebellum has been greatly assisted by the use of cerebellar 
granule cells in culture. These cells can be prepared from the 
developing cerebellum of rats or mice on days 7-8 and then 
grown under excitable conditions (Gallo et al. 1982; Scho-
usboe et al. 1989). The cells may be used between days 3 
and 14, but are typically used after 6-8 days in culture. In 
this review, we have concentrated on compounds that mainly 
target the granule cell layer of the cerebellum. 

Chemically-induced cerebellar granule cell loss 

2-Halopropionic acids 
Halogen substitution in the 2-position of propionic acid 
results in chemicals that are toxic to the cerebellar granule 
cell layer in adult rats, but not in mice, while not affecting 

granule cells in the forebrain such as those in the hippo-
campus (O'Donoghue 1985; Simpson et al. 1996; Lock 
et al. 2000, 2001a). L-2-Chloropropionic acid (2-CPA) is 
used as a chemical intermediate in the synthesis of certain 
agrochemicals. A single large oral dose or daily exposure to 
lower doses of 2-CPA, 2-bromopropionic acid (2-BPA) and 
to a lesser extent 2-iodopropionic acid will produce cerebel-
lar granule cell necrosis. Both the D and L isomers of 2-CPA 
are neurotoxic, whereas only the racemate of the other 
analogues has been examined. Exposure of 21-day-old rats to 
2-CPA does not result in cerebellar injury. Granule cells in 
the developing rat cerebellum only become sensitive to 
2-CPA at about 32 days of age (Lock et al. 2001b). 

The neuronal injury is preceded by a marked depletion in 
the GSH status of the liver (Wyatt et al. 1996a; Lock et al. 
2001a). This reflects depletion of the hepatic cytosolic GSH 
pool with little effect on the mitochondrial compartment. 
The thiol status of the liver then recovers over time, but 
decreases following each dose of 2-CPA. This response 
reflects conjugation of the 2-halopropionic acid with GSH, 
prior to its excretion in the urine as a mercapturic acid (Wyatt 
et al. 1997). No increase in the content of hepatic oxidized 
GSH was seen to support the idea of oxidative stress (Wyatt 
et al. 1996a). Conjugation with GSH is enzyme catalysed by 
the zeta isoform of glutathione S-transferase that is found in 
the liver (Tong et al. 1998). In the brain, only a small decrease 
in non-protein thiol (mainly GSH) depletion is observed 4 h 
after dosing with either 2-CPA or 2-BPA, but the thiol status is 
more markedly reduced 12-24 h after exposure, especially 
following multiple doses (Wyatt et al. 1996a; Lock et al. 
2001a). No regional difference in the extent of thiol depletion 
was seen in the brain, the depletion being similar in the 
forebrain (an undamaged brain region) and the cerebellum. 
Non-protein thiol depletion in the brain was never as 
extensive as in the liver, being maximally reduced by about 
50-60%. It is possible that the depletion of GSH per se in the 
brain is more marked than these numbers indicate, as some of 
the non-protein thiol component is cysteine. The basis for the 
delay in GSH depletion in the brain is not understood but may 
reflect progressive loss from a slowly turning over pool of 
GSH. Incubation of 2-CPA with GSH in the presence of rat 
brain cytosolic fraction did not result in GSH conjugate 
formation analogous to that seen with the liver; however, the 
amount formed could be small and hence below the limits of 
detection. Another possible explanation may be related to the 
finding that the 2-CPA-cysteine conjugate (2-S-cysteinyl-
propanoic acid) is a good non-competitive inhibitor of cystine 
transport in cerebellar slices with a K, of 60 gm (Wyatt et al. 
1996b). Circulating plasma levels of 2-S-cysteinylpropanoic 
acid remain fairly constant at about 100 gm for ,-,12 h after a 
neurotoxic dose(s) of 2-CPA (Wyatt et al. 1997), and this 
could be sufficient to modulate cystine transport in vivo. 
Reducing cystine transport into neurones or astrocytes will 
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reduce GSH synthesis and potential make neurones more 
sensitive to extracellular glutamic acid, as discussed earlier. 
Studies are required to establish which cystine/glutamic acid 
transporters are inhibited by 2-S-cysteinylpropanoic acid and 
hence their cellular localization. 

Brain GSH status is thus reduced following exposure to 
these 2-halopropionic acids, causing a decrease in the 
antioxidant status of the brain. A decrease in brain GSH 
content of this magnitude is not sufficient to precipitate 
neuronal cell death in its own right, but is likely to make 
neurones more vulnerable to attack by excitotoxic agents. 
This notion is supported in part by studies showing that prior 
administration of buthionine sulfoxime, a potent irreversible 
inhibitor of y-GluCys synthetase, leading to reduced GSH 
synthesis (Meister 1991), potentiated the toxicity of 2-CPA. 
In contrast, supplementing the GSH status by administration 
of the isopropylester of GSH (Meister 1991) afforded 
complete protection against the clinical signs of neurotoxicity, 
neurochemical changes and cerebellar granule cell necrosis 
produced by 2-CPA (Wyatt et al. 1996b). Some caution needs 
to be attached to these findings for the following reasons. 

(i) Buthionine sulfoxime does not readily cross the 
blood—brain barrier and hence the brain GSH content was not 
markedly reduced. Depletion of hepatic and renal GSH pools 
may have made more 2-CPA available in the plasma for entry 
into the brain, thereby increasing the toxicity. 

(ii) The converse is true with the supplementation studies, 
where more 2-CPA may have been sequestered outside the 
brain by conjugation with GSH and hence reduced the dose 
delivered to the brain. 

Studies suggest that 2-CPA-induced cerebellar granule cell 
necrosis may occur via an excitotoxic mechanism, involving 
the NMDA receptor. Administration of the non-competitive 
NMDA antagonist, MK-801, to rats 30 min before, or 1 h 
after 2-CPA, prevented the cerebellar toxicity (Widdowson 
et al. 1996a; Lock et al. 1997; Williams et al. 2001). Partial 
protection was also seen with the glutamate antagonist 
(±)3-(2-carboxy-piperazin-4-yl)-propyl-1-phosphonic acid 
(Widdowson et al. 1996b) and nitric oxide synthase inhib-
itors (Widdowson et al. 1996c). These findings support the 
view that these 2-halopropionic acids mediate cerebellar 
toxicity via an excitotoxic mechanism involving glutamic 
acid. However, electrophysiology studies on single cerebellar 
granule cells maintained in culture have provided no evidence 
for a direct agonist or co-agonist action at the NMDA 
receptor ion channel complex (Widdowson et al. 1997a). 
Metabolic studies in the brains of rats exposed to 2-CPA have 
indicated activation of the mitochondrial pyruvate dehydrog-
enase complex in the cerebellum and forebrain soon after 
dosing (Williams et al. 1999, 2001). MK-801 treatment had 
no effect on activation of the pyruvate dehydrogenase 
complex but did significantly prevent the increase in 
cerebellar lactate and reduction in N-acetylaspartate, with 
partial prevention of the fall in energy status (Williams et al.  

2001). Thus 2-CPA neurotoxicity may only be partially 
mediated by the NMDA subtype of glutamate receptors. 

Release of glutamic acid into the extracellular space is 
proposed to trigger a cascade of events leading to the 
generation of cytotoxic free radicals and mitochondrial 
dysfunction as discussed earlier. Studies with cerebellar 
granule cells in culture have shown that 2-CPA produced 
dose- and time-dependent toxicity that could partially be 
prevented by exposure to MK-801 but not by other glutamate 
receptor antagonists such as D(—)-2-amino-5-phosphopenta-
noic acid or (±)342-carboxy-piperazin-4-y1)-propy1-1-phos-
phonic acid. Exposure of cerebellar granule cells to 2-CPA 
leads to a concentration-dependent increase in formation of 
2,7-dichlorofluorescein, a measure of formation of reactive 
oxygen species. Addition of the antioxidant vitamin E, the 
mitochondrial permeability transition pore inhibitor cyclosp-
orin or the spin trap N-tert-butyl-a-(2-sulfopheny1)-nitrone 
reduced reactive oxygen species formation and cell death 
(Sturgess et al. 2000; Myhre et al. 2001). Interestingly, the 
ERK-type of MAP kinase inhibitor, U0126, was able to 
prevent both the formation of reactive oxygen species and 
neuronal cell death in these in vitro experiments (Myhre et al. 
2001). These findings with cerebellar granule cells in vitro 
support the view that free radicals may play a role in the 
toxicity of 2-CPA. In vivo studies using the aminosteroids 
U74389G and U83836E, the free radical scavengers 3-methyl-
1-phenylpyrazolin-5-one and N-tert-butylphenylnitrone, or 
the iron chelator N-ethoxy-2-ethyl-3-hydroxypyridin-4-one 
were all ineffective at reducing 2-CPA neurotoxicity 
(Widdowson et al. 1997b). Whether high enough concentra-
tions of these radical scavengers reached the cerebellum was 
not determined; adequate delivery and a prolonged retention in 
the cerebellum is needed to give the best chance of protection 
in vivo. The histopathology studies conducted with 2-CPA 
supported a necrotic mechanism of cell death (Simpson et al. 
1996; Jones et al. 1997); we found no indication of DNA 
fragmentation in cerebellar granule cells using the terminal 
deoxynucleotidyl transferase mediated dUTP nick end label-
ling (TUNEL) technique (Widdowson et al. 1997b). 

In summary, the selective toxicity of 2-halopropionic acids 
to the cerebellum is probably via an excitotoxic mechanism. 
The specificity is presumably related to the particular NR2C/ 
NR2A subunit composition of the NMDA receptor expressed 
on cerebellar granule cells and hence unique pharmacology. 
A combination of increased extracellular glutamic acid and 
reduced antioxidant status (GSH) is proposed to make the 
granule cells more vulnerable to free radical attack. The role 
of astrocytes in the toxicity has not been explored; in 
particular the inhibition of cystine/glutamate transporter(s) by 
the cysteine conjugate of 2-CPA requires investigation. 

Methylhalides 
Inhalation exposure to methyl chloride and methyl bromide 
have been reported to cause cerebellar granule cell necrosis 
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in rodents, in addition to producing lesions in other organs 
such as the liver and olfactory epithelium (Morgan et al. 
1982; Jiang et al. 1985; Hutt et al. 1987; Eustis et al. 1988; 
Reed et al. 1995). Poisoning cases in humans with either 
methyl iodide or methyl bromide have indicated some 
cerebellar lesions, although other neurotoxic effects were 
also reported (Hermouet et al. 1996; De Haro et al. 1997). 
The methyl halides readily react with GSH, causing depletion 
in the cerebellum and other organs (Kombrust and Bus 1984; 
Cheliman et al. 1986a; Davenport et al. 1992a; Chamberlain 
et al. 1998). This is thought to represent a detoxification 
pathway of metabolism, but will also lower the antioxidant 
status in these organs. Methyl bromide and methyl iodide 
also methylate bases on DNA, with N3-methyladenine, 
N7-methylguanine and 06-methylguanine having been detec-
ted in the liver and lung (Bolt and Gansewendt 1993; Yang 
et al. 1995). Some workers have proposed that further 
metabolism of the S-methylglutathione to S-methylcysteine 
and then methanethiol leads to the ultimate toxic metabolite 
(Kornbrust and Bus 1983). Depletion of GSH with buthio-
nine sulfoximine in mice reduces the toxicity of methyl 
chloride (Chellman et al. 1986a). In rats, however, buthio-
nine sulfoximine administration increases the toxicity and 
tissue injury produced by methyl bromide and methyl iodide 
(Thomas and Morgan 1988; Chamberlain et al. 1998). 

Studies using neuronal cells, including cerebellar granule 
cells in culture, have shown a dose and time dependent 
toxicity of methyl iodide (Bonnefoi et al. 1991; Bonnefoi 
1992; Davenport et al. 1992b; Chamberlain et al. 1999). 
GSH content of the cells was reduced by exposure to methyl 
iodide (Bonnefoi et al. 1991; Chamberlain et al. 1999), with 
some indication that neuronal cell death correlated with 
depletion of mitochondrial GSH (Bonnefoi 1992). Prior 
depletion of GSH, by treating cerebellar granule cells with 
buthionine sulfoximine, significantly enhanced granule cell 
loss, whereas pre-treatment with the isopropyl ester of GSH 
afforded protection (Chamberlain et al. 1999). One possible 
consequence of the marked depletion of intracellular GSH 
following exposure to methyl iodide is that the cells may be 
more sensitive to free radical attack. 3-Amino-1-[m-tri(fluor-
omethyl)phenyl]-2-pyrazoline (BW755C) (a cyclo-oxyge-
nase/lipoxygenase inhibitor), nordihydroguaiaretic acid (a 
lipoxygenase inhibitor), NN'-diphenyl-p-phenylenediamine, 
vitamin E, butylated hydroxytoluene and desferrioxamine all 
protected cerebellar granule cells against methyl iodide 
exposure (Bonnefoi 1992; Davenport et al. 1992b; Cham-
berlain et al. 1999). Thus six different compounds which all 
have antioxidant activity have been shown to protect 
neuronal cells against methyl iodide. Furthermore, protection 
against methyl chloride and methyl bromide toxicity has 
been observed with BW755C in rats (Cheliman et al. 1986b; 
Thomas et al. 1989). In contrast, MK-801 had no effect on 
methyl iodide induced toxicity to neuronal cells in culture, 
suggesting the NMDA receptor and hence an excitotoxic  

mechanism is unlikely to be involved (Davenport et al. 
1992b). The protection elicited by antioxidants may involve 
other mechanisms in addition to acting as free radical 
scavengers. One possibility is that these compounds act as 
trapping agents for the strong methylating potential of methyl 
iodide and thereby reduce the extent of methylation of 
critical cellular targets such as DNA. Methyl halides will also 
methylate 06-guanine-DNA methyltransferase (OGMT) and 
thereby reduce or prevent the repair of methylated DNA (Oh 
et al. 1996). DNA methylations are removed by OGMT, 
which repairs the damage by transferring the methyl group to 
a cysteine residue on the protein (Karran et al. 1979; Olsson 
and Lindahl 1980). Methylation of the active site of OGMT 
leads to suicide inactivation of the enzyme, and synthesis of 
new enzyme is required to maintain DNA integrity. The 
effects on DNA repair and hence the integrity of DNA may 
be a contributory factor in the neuronal cell death. The role of 
apoptosis in this process is unclear. Preliminary studies with 
isolated cerebellar granule cells in culture, using the Hoechst 
dye 344, indicated some apoptotic-like cells following 
methyl iodide (Chamberlain et al. 1999). More detailed 
dose—response studies are required to support this finding. 

In summary, the current mechanism of toxicity of the 
methylhalides involves depletion of tissue GSH thereby 
reducing the antioxidant status of the cerebellar granule cell, 
plus their ability to methylate DNA and enzymes such as 
OGMT and thereby impair repair processes. The basis for the 
selectivity to the granule cells of the cerebellum awaits 
further study. 

Thiophene 
Administration of thiophene to rats produces degeneration of 
the cerebellar granule cell layer following 5-10 days of 
subcutaneous injection (Christomanos and Scholz 1933; 
Upners 1939; Herndon 1968; Albrechtsen and Jensen 1973). 
Recently Mori et al. (2000) administered thiophene by 
intramuscular injection to rats and reported neuronal cell 
injury in the cerebral cortex, inferior collicullus and inferior 
olives, in addition to the predominant lesion in the granular 
layer of the cerebellum. 

Few mechanistic studies have been undertaken with 
thiophene. Thiophene is metabolized in both rats and rabbits 
by cytochrome P-450 to form thiophene S-oxide that readily 
reacts with GSH to form a conjugate. Between 30 and 40% 
of an oral dose of thiophene is excreted in the urine as the 
mercapturic acid (Bray et al. 1971; Dansette et al. 1992), 
indicating that GSH conjugation is a major route of 
metabolism. Recent studies with cerebellar granule cells in 
culture indicate that thiophene is not toxic per se. However, 
co-incubation of thiophene with cerebellar granule cells and a 
drug metabolizing system (liver S9 fraction from Arochlor-
treated rats) results in cell death, supporting the formation of 
a toxic intermediate. Addition of the antioxidant vitamin E, 
GSH or the spin trap N-tert-butyl-ot-(2-sulfophenyI)-nitrone 

© 2003 International Society for Neurochemistry, J. Neurochem. (2004) 88, 513-531 



Chemically induced injury to neurones 523 

protected the cells against thiophene-induced neuronal cell 
death, possibly by scavenging the reactive thiophene S-oxide 
outside the cells (Dreiem and Fonnum, submitted). Thus, 
analogous to the 2-halopropionic acid and methyl halides, 
thiophene has the potential to cause GSH depletion in tissues 
including the brain. Studies examining the thiol status of the 
cerebellum and other brain regions following exposure to 
thiophene need to be carried out. Prior treatment of rats with 
MK-801 followed by thiophene may give some indication as 
to whether glutamic acid and hence an excitotoxic mechan-
ism is involved in this toxicity. 

Methylmercury 
Methylmercury also targets the cerebellar granule cell and 
other small neurones in the central nervous system. In adult 
humans and primates the granule cell layer of the cerebellum 
and visual cortex are especially susceptible (Hunter and 
Russell 1954; Shiraki 1979; Harada 1995), whereas in rats 
peripheral sensory nerve cells are far more severely affected 
than neurones in the central nervous system (Chang and 
Hartman 1972; Herman et al. 1973; Jacobs et al. 1975). The 
basis for the selectivity to small neurones is not known. 
Syversen (1977) has suggested that susceptible neurones are 
those incapable of repairing the initial damage inflicted by 
methyl mercury, such as inhibition of protein synthesis. 
Others have questioned whether inhibition of protein 
synthesis per se is sufficient to be a direct cause of cell 
death (Sarafian and Verity 1991). 

The affinity of methylmercury for thiol groups is well 
known (Webb 1966), thus intracellular methylmercury 
readily attaches itself to thiol residues in proteins, GSH 
and cysteine and hence methylmercury will perturb many 
cellular processes. It has thus proved exceedingly difficult to 
elucidate which enzymes/proteins are more sensitive to 
methylmercury and hence the primary trigger of events 
leading to neuronal cell necrosis. Recent advances have 
demonstrated that methylmercury cysteine can enter the brain 
via a carrier-mediated process, mimicking the neutral amino 
acid methionine for transport across the blood—brain barrier 
(Kerper et al. 1992; Mokrzan et al. 1995). Once inside the 
brain, many targets have been identified. One of the most 
sensitive is thought to be changes in [Ca2+];  in cerebellar 
granule cells, which is accompanied by a rise in inositol 
phosphate, indicating a role for this signalling pathway 
following exposure to methylmercury (Sarafian 1993). 
Studies with isolated cerebellar granule cells have shown 
that the rise in [Ca2+];  produced by methylmercury can be 
reduced by nifedipine and co-conotoxin-MVIIC (Marty and 
Atchison 1997, 1998), suggesting a role for L-, N- and/or 
Q-type Ca2+  channels. Subsequent studies have indicated that 
all types of Ca2±  channels may be affected by methylmercury 
and that these channels may be a means of entry for 
methylmercury (Sirois and Atchison 2000). Changes in 
[Ca21 can trigger a cascade of events leading to formation  

of reactive oxygen species and ultimately interference with 
mitochondrial energy metabolism. Methylmercury produces 
an initial phase of release of Ca2+  from intracellular stores 
into the cytosol and a second influx phase of extracellular 
Ca2±  (Marty and Atchison 1997). Recent findings suggest 
that mitochondria contribute significantly to both the initial 
phase of [Ca2+];  increase and subsequent cell death through 
opening of the mitochondrial permeability transition pore 
(Limke and Atchison 2002; Limke et al. 2003). Cerebellar 
granule cells express high levels of muscarinic cholinergic 
receptors (Neustadt et al. 1988), and methylmercury has 
been shown to act as a strong competitive inhibitor of these 
receptors in ligand-binding studies (Coccini et al. 2000). 
Treatment of cerebellar granule cells in culture with atropine, 
to block muscarinic receptors, prevents the initial rise in 
[Ca2±];  following exposure to methylmercury (Atchison, 
personal communication), indicating a role for these recep-
tors in the selective toxicity. No evidence for an action of 
methylmercury at NMDA receptors was found in isolated 
cerebellar granule cells (Marty and Atchison 1997). Meth-
ylmercury at low concentrations, up to 300 nm, will induce 
apoptosis in cerebellar neurones in culture (Kunimoto 1994) 
but causes cell death by a non-apoptotic manner at higher 
concentrations. 

It should be noted that methylmercury is preferentially 
accumulated in astrocytes (Garman et al. 1975; Charleston 
et al. 1994). Recent studies have shown that methylmercury 
can inhibit glutamic acid transporters (EAAT-1 and EAAT-2) 
located on astrocytes, thereby reducing glutamic acid uptake, 
and can also stimulate glutamic acid release from astrocytes 
(Aschner et al. 1994, 2000; Allen et al. 2001a). This will 
result in an increase in the extracellular concentration of 
glutamic acid, thereby sensitizing neurones to excitotoxic 
injury. Methylmercury also inhibits the transport of cystine 
into astrocytes, thereby reducing intracellular GSH, and 
hence the antioxidant status (Allen et al. 2001b; Shanker and 
Aschner 2001). A role for an excitotoxic mechanism is also 
indicated by reports that NMDA receptor antagonists provide 
some attenuation of the injury (Park et al. 1996; Miyamoto 
et al. 2001). Depletion of the GSH status of neurones is an 
early response to exposure, leading to a reduced antioxidant 
status (see Sarafian et al. 1996). There is also strong 
evidence for the involvement of reactive oxygen species in 
methylmercury toxicity in vivo in the cerebellum (Ali et al. 
1992) and from studies in cerebellar and other neurones in 
culture (Sarafian et al. 1994; Choi et al. 1996; Sorg et al. 
1998; Aschner 2000). Recent studies with astrocytes in 
culture have demonstrated methylmercury-induced formation 
of reactive oxygen species and their attenuation by a range of 
antioxidants and free radical scavengers (Shanker and 
Aschner 2003). In contrast, prior inhibition of GSH synthesis 
with buthionine sulfoximine increased reactive oxygen 
species formation in methylmercury-treated astrocytes (Shan-
ker and Aschner 2003). 
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In summary, methylmercury is highly reactive with thiol 
residues, leading to GSH depletion and inactivation of 
proteins with thiol residues in their active site. In cerebellar 
granule cells in culture, low concentrations of methylmercury 
cause a rise in [Ca21, which may trigger a cascade of events 
leading to mitochondrial impairment and generation of 
reactive oxygen species. Astroglial cells may also play a 
role in methylmercury-induced toxicity. Methylmercury 
inhibits glutamic acid uptake and stimulates its release from 
astroglial cells, thereby sensitizing neurones to excitotoxic 
injury. Methylmercury also inhibits cystine transport into 
astrocytes, thereby reducing the concentration of intracellular 
GSH. The combination of these events leads to production of 
reactive oxygen species and mitochondrial dysfunction and 
hence cerebellar granule cell necrosis. The precise involve-
ment of muscarinic cholinergic receptors, which are abun-
dant on cerebellar granule cells, awaits further study. 

The effect of foreign compounds on the cerebellum 
during development 

Methylazoxymethanol 
As discussed earlier, the cell types in the cerebellum develop 
at different times during brain development. Exposure to 
methylazoxymethanol (MAM) has been used to help deter-
mine the time of their appearance. MAM is an aglycone and 
is prepared from cycasin, a toxic component of the cycad 
plant (Morgan and Hoffmann 1983). Cleavage of cycasin by 
13-glucosidase in the brain liberates free MAM, enabling it to 
exert its toxic effects (Kisby et al. 1999). Treatment of 
pregnant rats with MAM at gestational day 14, during the 
formation of Purkinje cells, leads to a dramatic loss of these 
cells in the adult animal. Interestingly, the numbers of 
granule cells are reduced in the same proportion so that the 
numbers of granule cells per Purkinje cells remain constant 
(Chen and Hillman 1989). In contrast, administration of 
MAM to newborn rats within 24 h of birth is accompanied 
by a large reduction in cerebellar granule cells, whereas the 
numbers of Purkinje cells are not reduced. Treatment of rats 
and mice around birth and during the first neonatal week may 
lead to other abnormal developments of the cerebellum. This 
involves the formation of synapses between mossy fibre and 
Purkinje cells, alteration of Purkinje cell positioning or the 
appearance of an ectopic granule cell layer (De Barry et al. 
1987; Garcia-Ladona et al. 1991). 

MAM is toxic to cerebellar granule cells in culture (Wood 
and Youle 1995; Johnson et al. 1998; Mehl et al. 2000) but 
the effect of antioxidants and NMDA receptor antagonists do 
not appear to have been examined. The mechanism by which 
MAM exerts its toxicity involves methylation at the 06  and 
N7  positions on guanine in DNA (Matsumoto and Higa 
1966; Sohn et al. 1985). In addition, MAM compromises 

DNA repair by inhibiting OGMT (Esclaire et al. 1999; Mehl 
et al. 2000). Methylation of GSH may also occur (although 
we have found no studies on this topic) and this would be 
expected to be a detoxification pathway, reducing alkylation 
of cerebellar DNA and inhibition of OGMT. MAM has been 
reported to cause cytotoxicity to cerebellar granule cells in 
culture by apoptosis, via a p53-independent pathway (Wood 
and Youle 1995; Johnson et al. 1998) without showing DNA 
fragmentation. The precise mechanism whereby MAM 
causes selective cerebellar granule cell death and the 
involvement of inhibition of DNA repair, GSH and glutamic 
acid requires further studies. 

Trichlorfon 
Trichlorfon is an organophosphorous compound that is 
spontaneously converted to dichlorvos, an acetylcholinest-
erase inhibitor. In veterinarian medicine trichlorfon has been 
used against ecto- and endoparasites, and in aquaculture 
against salmon lice. In human medicine trichlorfon has been 
used for the treatment of Schistosomiasis and is undergoing 
clinical trials for treatment of Alzheimer's disease. There has 
been a single report of teratogenic effects in humans. Women 
in a small village in Hungary consumed fish killed by 
apparently high doses of trichlorfon. The offspring developed 
lesions, which were assumed to be due to trisomy resulting 
from an error of meiosis in oogenesis (Czeizel et al. 1993). 

When trichlorfon is given to pregnant sows and guinea 
pigs, the offspring show cerebellar atrophy (Berge et al. 
1987; Mehl et al. 1994). In guinea pigs the most sensitive 
period is found to be between days 40-50 of gestation 
(Hjelde et al. 1998). The toxic effects can be seen in other 
parts of the brain, but the most sensitive region by far is the 
cerebellum, followed by the medulla spinalis and hypotha-
lamus. The cerebellar lesion is characterized by degeneration 
of the granule cells in both the external and inner layers. In 
the guinea pig a single high dose of trichlorfon at day 43 in 
gestation completely prevents any further growth of the 
cerebellum (Mehl et al. unpublished). Cerebellar atrophy is 
not seen in the rat, as the metabolite of trichlorfon, dichlorvos 
does not reach the brain, being readily metabolized. 

The effects are not due to inhibition of acetylcholinesterase 
or neuropathy target esterase (Mehl et al. 1994). Trichlorfon 
and its active metabolite dichlorvos methylate DNA, the 
major product being N3-methyl adenine. Recently Badawi 
(1998) has shown that trichlorfon given to rats forms 
06-methylguanine in the liver and kidney and inhibits the 
DNA repair enzyme OGMT in the liver. In vitro studies in 
our laboratory have shown that the active metabolite of 
trichlorfon, dichlorvos inhibited OGMT enzyme from 
Escherichia coli, which is similar to the human enzyme. 
Further, dichlorvos was lethal to two different E. coli 
mutants deficient in DNA repair, but not to a wild-type 
E. coli. One of the mutants was deficient in OGMT, whereas 
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the other mutant was deficient in 3-methyladenine DNA 
glycosylase. These studies indicate that methylation of DNA 
and inhibition of its repair could be a possible mechanism of 
toxicity (Mehl et al. 2000). Dichlorvos will also methylate 
GSH and this reaction will sequester some of the methylating 
potential, thereby protecting OGMT and DNA. 

The in vivo observations in guinea pig offspring could be 
reproduced in rat cerebellar granule cells in culture following 
exposure to dichlorvos and trichlorfon, further supporting the 
view that trichlorfon exerts its toxic effect mainly through its 
conversion to dichlorvos. No protection was seen with 
NMDA receptor antagonists or by the addition of antioxi-
dants (Fonnum, unpublished observation), suggesting an 
excitotoxic mechanism may not be involved. Cerebellar 
granule cells in culture were, however, killed by exposure to 
DNA methylating agents such as MAM, methyl methane 
sulphonate and by 06-benzylguanine, a potent inhibitor of 
OGMT (Mehl et al. 2000). Agents with weaker DNA 
alkylating ability, such as ethyl methane sulphonate, ethyl-
trichlorfon or dimethoate, were much less toxic to granule 
cells (Mehl et al. 2000). The role of apoptosis in the cell 
death caused by these agents in cerebellar granule cells has 
not been reported. These findings support a role for inhibition 
of DNA repair and DNA methylation in the mechanism of 
cytotoxicity; the basis for the selectivity to cerebellar granule 
cells requires further study. 

In summary, we have discussed six foreign compounds 
that, in vivo, cause cerebellar granule cell loss in the 
developing or adult brain. The mechanism of neuronal cell 
loss in two cases, 2-halopropionic acids and methylmercury, 
appears in part to involve accumulation of extracellular 
glutamic acid and hence an excitotoxic mechanism of cell 
death. This mechanism also involves depletion of the 
intracellular antioxidant GSH, increased [Ca2±];  and the 
generation of reactive oxygen species (Fig. 5). There is a 
marked co-operativity between neurones and astrocytes with 
regard to the removal and maintenance of extracellular 
glutamic acid and in the supply of intermediates for the 
synthesis and maintenance of GSH. Both compounds are 
toxic to isolated cerebellar granule cells in culture, and 
methylmercury is also toxic to astrocytes in culture. Thus, a 
combination of events in both cell types may lead to 
cerebellar granule cell death, primarily by necrosis. The 
mechanism of neuronal cell loss with the methylhalides, 
methylazoxymethanol and trichlorfon would appear to 
involve DNA damage, methylation and inhibition of DNA 
repair plus depletion of the intracellular antioxidant GSH and 
oxidative stress (Fig. 5). In this situation apoptotic pathways 
of neuronal cell death may be switched on, detailed studies to 
assess this have not been conducted. 

The pathways involved in cerebellar granule cell death are 
also present in other neurones and hence the basis for the 
selectivity of these chemicals for cerebellar granule cells 
in vivo is not clear, but probably involves a number of 

Excitotoxicity 	Antioxidant 	DNA damage 
depletion 

Fig. 5 Model for the differential pathways altered by the six foreign 

compounds that cause selective death to cerebellar granule cells. Glu, 

glutamic acid; ROS, reactive oxygen species. 

factors. The unique pharmacology associated with the 
NMDA receptor subunit composition in these neurones, 
their small size and their vulnerability during postnatal 
development are all contributory factors to their sensitivity. 
The absence or low expression of Ca2+-binding proteins will 
also reduce their ability to sequester and hence buffer against 
intracellular release of Ca2±. The density of muscarinic 
cholinergic receptors on cerebellar granule cells may also be 
important for some chemicals. 
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Mercury has a high affinity for sulfhydryl groups, inactivat-
ing numerous enzymatic reactions, amino acids, and 
sulfur-containing antioxidants (N-acetyl-L-cysteine, alpha-
lipoic acid, L-glutathione), with subsequent decreased oxi-
dant defense and increased oxidative stress. Mercury 
binds to metallothionein and substitute for zinc, copper, 
and other trace metals, reducing the effectiveness of met-
alloenzymes. Mercury induces mitochondria! dysfunction 
with reduction in adenosine triphosphate, depletion of glu-
tathione, and increased lipid peroxidation. Increased oxi-
dative stress and reduced oxidative defense are common. 
Selenium and fish containing omega-3 fatty acids antago-
nize mercury toxicity. The overall vascular effects of mer-
cury include increased oxidative stress and inflammation, 
reduced oxidative defense, thrombosis, vascular smooth 
muscle dysfunction, endothelial dysfunction, dyslipidemia, 
and immune and mitochondria! dysfunction. The clinical 
consequences of mercury toxicity include hypertension, 
coronary heart disease, myocardial infarction, cardiac 

arrhythmias, reduced heart rate variability, increased caro-
tid intima-media thickness and carotid artery obstruction, 
cerebrovascular accident, generalized atherosclerosis, and 
renal dysfunction, insufficiency, and proteinuria. Pathologi-
cal, biochemical, and functional medicine correlations are 
significant and logical. Mercury diminishes the protective 
effect of fish and omega-3 fatty acids. Mercury inactivates 
catecholaminei-O-methyl transferase, which increases 
serum and urinary epinephrine, norepinephrine, and dopa-
mine. This effect will increase blood pressure and may be 
a clinical clue to mercury-induced heavy metal toxicity. 
Mercury toxicity should be evaluated in any patient with 
hypertension, coronary heart disease, cerebral vascular 
disease, cerebrovascular accident, or other vascular 
disease. Specific testing for acute and chronic toxicity and 
total body burden using hair, toenail, urine, and serum 
should be performed. J Clin Hypertens (Greenwich). 
2011;13:621-627. ©2011 Wiley Periodicals, Inc. 

There is increasing concern regarding the overall health 
effects of chronic exposure to various heavy metals in 
the environment. This is particularly true of mercury 
and less so with other heavy metals such as cadmium, 
lead, aluminum, iron, and arsenic. The cardiovascular 
consequences of mercury toxicity have not been 
carefully evaluated until recently. This paper will criti-
cally review the cardiovascular consequences of mercury 
toxicity in humans as it relates to hypertension, general-
ized atherosclerosis, coronary heart disease (CHD), 
myocardial infarction (MI), cardiac arrhythmias, heart 
rate variability, sudden death, cerebrovascular accidents 
(CVA), carotid artery disease, renal dysfunction, and 
total mortality. 

TYPES OF MERCURY 
Mercury exists in three basic forms: elemental, inor-
ganic, and organic (Table I).' Dental amalgams are 
the most common source for elemental mercury vapor, 
which is a stable monoatomic gas. Inorganic mercury, 
which is a divalent compound, is the toxic species 
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found in human tissue after conversion from the other 
forms. Organic mercury in the form of methyl and 
ethyl mercury is primarily from fish, sea mammals, 
and thimerosal vaccines. Although dental amalgams 
have historically been the major source of human 
exposure, fish and sea mammals are becoming an 
increasing environment source of potential mercury 
toxicity.1,2,4,5 

 

MERCURY BIOTRANSFORMATION 
AND BIOMETHYLATION 
Mercury from various sources, including elemental 
mercury from earth sources or inhaled mercury vapor, 
methyl and ethyl mercury are converted by biomethy-
lation to inorganic divalent mercury, the toxic form in 
human organs and tissues (Figure 1).4  Divalent 
mercury is soluble and stable in water and undergoes 
biomethylation to methyl mercury, which is found in 
high concentrations in certain fish and sea mammals. 
It is this source that is becoming the major source of 
human exposure to mercury. 

The Environmental Protection Agency has determined 
the safe daily intake of mercury to be <0.1 µg/kg/d.4  
However, 12% of women have hair mercury above the 
level at which stopping consumption of highly contami-
nated fish would be advisable (1.0 jig/g).4  It is estimated 
that one dental amalgam filling releases about 3 pg to 
171.1.g of mercury vapor per day. The typical amalgam is 

Official Journal of the American Society of Hypertension, Inc. 	 The Journal of Clinical Hypertension Vol 13 I No 8 I August 2011 	621 



Inorganic 
divalent mercury 

Hg2' 
toxic species 

Mercury from earth sources (Hg°) 
Inhaled mercury vapor (Hg°) 
Methyl mercury (CH3Hg.) 
Ethyl mercury (CH3CH3Hg') converts 

Hg2' 

Elemental Hg (Hg°)  
Methyl Mercury CH3He 

Fish 

TABLE I. Mercury Types 

1. Elemental Mercury vapor (Hg°), 
a stable monoatomic gas 

2. Inorganic Divalent mercury (Hg2, 

3. Organic 	Methyl mercury (CH31-191 
Ethyl mercury (CH3CH3Hgl 

Dental amalgams 

Toxic species in human 
tissue after conversion 

Fish, sea mammals 
Thimersol vaccines 

Mercuric Salt 
Mercurous Salt 

Soluble in 1120 

Diphenyl-Hg 
	  Biomethylation 

Phenyl-Hg 

Hg 

Ubiquinone-cytochrome B region and 
NADH dehydrogenase and 

Fez-' and Cu' ions A3Cub Center Cytochrome C 

Depolarization Inner Mitochondrial Membrane 
Autoxidation Inner Mitochondrial Membrane 
Peroxidation Inner Mitochondrial Membrane 

Altered Calcium f H202 Deletes Mito f TBARS Oxidation 
Homeostasis GSH (> 50%) Lipid of 

Peroxidation Pyridine 
>70% Nucleotide 

NAD(p)H 

Increased Oxidant Stress 
Decreased Oxidant Defense 

Role of Mercury Toxicity in Hypertension I Houston 

FIGURE 1. Mercury biotransformation and biomethylation. 

composed of 50% mercury, 25% silver, and 25% tin, 
copper, and nickel.4'6'7  Fish and sea mammals provide 
about 2 iig/d. to 3 ILO depending on the type and 
amount consumed!'''''s  The long-lived large predatory 
fish such as swordfish, tilefish, shark, and king mackerel 
contain about 1 pg of methyl mercury per gram. Pike, 
whale, bass, tuna, and trout are about 0.1 jig to 0.5 pg 
of mercury per gram. Nine vaccines that contain thimer-
osol (50% mercury) as a preservative would give an esti-
mated exposure of 62 µg of organic mercury.1,2,4,5 All 
other sources of mercury provide about 0.3 pg/d.1'2'4's  

IMPORTANT FACTS ABOUT MERCURY 
Mercury is the most dangerous of all the heavy met-
als.' It will modify the distribution and retention of 
other heavy metals.9-11  Mercury has no known physi-
ologic role in human metabolism, and the human body 
has no mechanisms to actively excrete mercury!' 
Mercury thus accumulates during life so that the aver-
age 165-lb person has a total body burden of about 
13 mg of mercury.' Mercury has a high affinity for 
sulfhydryl groups, various enzymes and amino acids, 
N-acetyl cysteine (NAC), alpha lipoic acid (ALA), and 
glutathione (GSH), which provide about 10% to 50% 
of the plasma protein antioxidant capacity.8,12,13 Both 
NAC and ALA, as well as cysteine, are precursors for 
glutathione, which is the most potent intracellular 

FIGURE 2. Pathophysiologic basis of mercury toxicity, mitochondria! 
dysfunction, and oxidative stress. 

antioxidant and protects against oxidative stress, 
inflammation, and cardiovascular disease.3,4,5,8,9,12 
This mercury-induced reduction in oxidant defense 
and increase in oxidative stress increase the risk for 
CVD and CVA. Selenium antagonizes some of the 
adverse effects of mercury by forming a seleno-mer-
cury complex in tissue that is less toxic.914-20  Higher 
intake of selenium reduces mercury-related CVD and 
CVA. 

PHYSIOLOGIC BASIS OF MERCURY 
TOXICITY 
Mercury induces mitochondrial dysfunction and oxida-
tive stress.21'22  The primary mitochondrial dysfunction 
occurs at the ubiquinone-cytochrome B region and 
with NADH dehydrogenase causing displacement of 
Fe' and Cu+ ions in the a3Cub center of cytochrome 
C (Figure 2). This results in depolarization and auto-
oxidation of the inner mitochondrial membrane with 
lipid peroxidation and severe mitochondrial dysfunc-
tion. Physiologic consequences include increased 
hydrogen peroxide, depletion of mitochondrial gluta-
thione by more than 50%, increased lipid peroxidation 
markers such as TBARS by more than 70%, oxidation 
of pyridine nucleotides such as NAD(p)H, and 
altered calcium homeostasis.21,22 This severe mito-
chondrial dysfunction increases oxidant stress and 
reduces oxidant defenses, which has enormous health 
implications. 

The primary three sources of mercury-induced lipid 
peroxidation include the Fenton reaction, affinity for 
sulfhydryl groups, and selenium deficiency.' Mercury 
serves as a direct catalyst in Fenton-type reactions and 
as an indirect catalyst via iron stimulation, which 
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TABLE II. Vascular Biologic Effects of Mercury 

1. Increased free radical production and increase in oxidative stress 

2. Inactivation of antioxidant defenses 

3. Mitochondria! dysfunction 

4. Binds to thiol-containing molecules (sulfhydryl groups) 

5. Binds to SE forming Se-Hg complex-mercury selenide, which 

decreases Se available for cofactor with glutathione peroxidase 

6. Inactivates glutathione, catalase, superoxide dismutase 

7. Increases lipid peroxidation in all organs 

8. Increases oxidation of low-density lipoprotein and oxidation 

of low-density lipoprotein immune complexes 

9. Increased platelet aggregation and thrombosis 

10. Increased coagulation and thrombosis: increases Factor VIII, 

platelet factor 4, and thrombin and reduces protein C 
11. Inhibit endothelial cell formation and migration and decreases 

endothelial repair 

12. Decreases nitric oxide bioavailability 

13. Endothelial dysfunction 

14. Increase apoptosis 

15. Reduced monocyte function and phagocytosis 

16. Immune function is impaired 

17. Increased vascular inflammation with increase tumor necrosis 

factor a and interleukin 6 

18. Stimulation of vascular smooth muscle cells 

19. Inactivation of paroxonase and other high-density lipoprotein 

proteins and enzymes 

20. Translocaion of membrane phosphytidyl serine 

21. Activates phospholipase A2 

22. Activates phospholipase D 

increases the production of radical oxygen species and 
superoxide anion.8  Mercury's high affinity for SH, 
such as glutathione, NAC, and ALA, which comprise 
much of the antioxidant capacity of plasma, reduces 
both membrane and plasma antioxidant defense. 
Finally, insoluble complexes of mercury with selenium 
reduces selenium availability, which is a necessary co-
factor for glutathione peroxidase (GPx) activity to 
break down hydrogen peroxides and various other 
toxic peroxidation products, which further increases 
risk for CVD and CVA. Plasma and intracellular anti-
oxidant capacity are both reduced.8  

VASCULAR BIOLOGIC EFFECTS 
OF MERCURY 
Numerous toxic effects of mercury have been demon-
strated in vitro and in animal and human studies 
(Table II). Mercury increases free-radical produc-
tion3'23'9; inactivates antioxidant defenses3'23'24; binds 
to thiol-containing molecules3,23-25,30; binds to 
selenium forming seleno-mercury complexes reducing 
selenium availability for GPx activity3,23,24,27,31;  inacti-
vates glutathione, catalase, and superoxide dismutase25-
27'313; increases lipid peroxidation 8'32'33;  increases oxi-
dation of LDL (oxLDL); and increases plasma oxLDL 
complexes.8  Thrombosis is potentiated by increased 
platelet aggregation,33  increases in Factor VIII, platelet 

TABLE III. Summary of the Overall Vascular Biologic 
Effects of Mercury 

1. Oxidative stress 

2. Inflammation 

3. Thrombosis 

4. Vascular smooth muscle proliferation and migration 

5. Endothelial dysfunction 

6. Dyslipidemia (oxidation of high-density lipoprotein and 

paraxonase) 

7. Immune dysfunction 

8. Mitochondria! dysfunction 

factor 4,24  and thrombin with reductions in protein 
C.33'34  Endothelial cell formation and migration are 
reduced, which decreases vascular endothelial repair, 
decreases nitric oxide, and causes endothelial dysfunc-
tion.35  Apoptosis is increased,25  monocyte function and 
phagocytosis are impaired,25  immune function is 
reduced,' and vascular inflammation is increased with 
elevations of tumor necrosis factor a and interleukin 
6.25  There is increased production and release of super-
oxide anion from human neutrophils and mono-
cytes,23,25 depolarization of the inner mitochondrial 
membrane with severe mitochondrial dysfunction,21'22 
and disruption of plasma membrane lipid integrity by 
translocation of phosphytidyl serine (PS).25  Mercury 
stimulates proliferation of vascular smooth muscle 
cells36  and inactivates paraoxonase, an extracellular 
antioxidative enzyme related to high-density lipoprotein 
(HDL), CHD, and MI risk.37'3  The clinical conse-
quences of these and other pathophysiologic mecha-
nisms explains the wide variety of cardiovascular 
diseases caused by mercury including CHD, MI, 
arrhythmias, abnormal heart rate variability, general-
ized atherosclerosis, sudden death, CVA, carotid artery 
stenosis, renal dysfunction, and hyperten-
sion.4,5,6,7,8,9,13,15,19,26,28,39-70  Mercury activates phos- 
pholipase A2 (PLA-2) and induces formation of 
arachidonic acid metabolites such as total prostaglan-
dins, thromboxane B2, and 8-isoprostane in vascular 
endothelial cells and activates vascular endothelial cell 
phospholipase D.26,51-54 Many of the cardiovascular 
consequences of mercury are mitigated by concomitant 
intake of fish containing,. omega-3 fatty acids and by the 
intake of selenium."'" Even very low levels of chronic 
mercury exposure promote endothelial dysfunction as a 
result of increased inflammation, oxidative stress, 
reduced oxidative defense, reduction in nitric oxide 
(NO) bioavailability, which increases the risk of CVD 
and CVA.26  

In summary, the overall vascular effects of mercury 
include oxidative stress-decreased oxidative defense, 
inflammation, thrombosis, VSM proliferation and 
migration, endothelial dysfunction, reduced NO bio-
availability, dyslipidemia, immune dysfunction, and 
mitochondrial dysfunction (Table III). All of these 
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abnormalities have the potential to increase the risk 
for hypertension, CVD, and CVA. 

CLINICAL VASCULAR CONSEQUENCES OF 
MERCURY TOXICITY 
The clinical consequences of mercury toxicity 

13,27,39,40,55-59,67-70 cHD,5,15,41,60,61 include hypertension, 
m1,19,39,41,60,61 reduction in heart rate variability," 
increase in carotid intima-media thickness (IMT)69  
and carotid obstruction,13  CVA,39'68  generalized ath-
erosclerosis,4  renal dysfunction, and proteinuria,4  and 
an overall increase in total and cardiovascular mortal-
ity.4'68  Gomez and colleagues68  followed 3998 work-
ers in mercury mines exposed to inorganic mercury 
from 1895 to 1994 and found a 2.78-time increased 
incidence of hypertension, 1.17-time increased risk of 
stroke and 1.51-time increased risk in total cardiovas-
cular mortality, but no increase in CHD. In a study of 
Faroese whaling men, both toenail and hair mercury 
levels were significantly associated with increased caro-
tid IMT and hypertension.69  Evidence from these and 
other epidemiologic and clinical studies suggest that 
people with high levels of urine, hair, blood, and toe-
nail mercury have an increased risk of cardiovascular 

,8,8,50,56,59,60,67-69 diseases.5  

CORONARY HEART DISEASE AND 
MYOCARDIAL INFARCTION 
In rabbits exposed to inhaled mercury vapor, the car-
diovascular and cardiac pathology includes bradycar-
dia, thrombosis in small and medium caliber arteries, 
focal necrosis with thickening of the endocardium of 
the perivalvular regions, papillary muscles and valves, 
endothelial proliferation with inflammatory foci and 
focal edema, inflammation, and fibrosis of the ascend-
ing aorta.42  

In a case control study in 9 counties of 684 men 
with their first MI, there was a significant association 
of toenail mercury content, adipose tissue DHA, and 
first MI.5  There was a 15% higher toenail mercury 
content as assessed by neutron activation analysis 
(NAA) in the men with their first MI compared with 
the control group (95% confidence interval [CI], 5-
25). The risk-adjusted odds ratio [OR] for MI was 
2.16 in highest vs the lowest quintile (P=.006, 95% 
CI, 1.09-4.29). The adipose DHA was directly propor-
tional to the mercury toenail content (P<.001), and 
the DHA content was inversely correlated to MI with 
an OR of 0.59 in the highest vs the lowest quintile 
(P=.02; 95% CI, 0.30-1.19). This important study 
concluded that there exists a positive monotonic 
increase in the risk of MI with mercury toenail content 
above the 0.25 pg/g level, which was even steeper 
when adjusted for the DHA adipose tissue content. 
Mercury diminishes the cardiovascular protection of 
fish consumption. Another study substantiated these 
results in which the highest quartile of DHA with the 
lowest quartile of mercury was associated with a 67% 
reduction in CHD (P<.016).43  

In another large nested case control study of 33,733 
male health care professionals between the ages of 40 
to 75 years (Health Professionals Follow-Up Study), 
however, no association between mercury toenail con-
tent assessed by NAA and CHD was found.9  Yet, if 
dentists were excluded, there was a nonsignificant cor-
relation of toenail mercury and CHD. Also, patients 
with the highest tertile of mercury and the lowest 
serum selenium level had a significant increase in 
CHD. 

Other human studies have shown mixed 
results.6,8,39,40,44 Mercury miners showed no relation-
ship between CHD and serum mercury levels.27  How-
ever, another study of European mercury miners 
showed a significant relationship of mercury exposure 
to total mortality (increase 8%), hypertension (increase 
46%), CHD (increase 36%), renal disease (increase 
55%), and CVA (increase 36%).39  A Finnish study 
found a significant relationship between hair mercury, 
24-hour urine mercury and cardiovascular events.8  In 
patients with hair mercury in the highest tertile 
(>2.0 jig/g) and increased 24-hour urinary mercury, 
CHD, and MI risk was increased 2-fold (P=.005), car-
diovascular death increased by 2.9 times (P=.014), and 
circulating oxLDL and immune complexes to oxLDL 
increased significantly (P=.01). The Gothenburg Study 
showed no relationship between serum mercury con-
tent and the number of amalgam fillings and CHD or 
MI.6  The National Health and Nutrition Examination 
Survey (NHANES) from 1999 to 2002 found levels of 
DHA and EPA and other nutrients in fish, even with 
elevated mercury levels, helped to offset the risk of 
CHD and MI.62  The fish intake resulted in lower lev-
els of C-reactive protein and higher serum HDL cho-
lesterol as well. 62  The risk of hypertension over 
10 years was highly correlated in a group of chemical 
factory workers exposed to mercury vapor.63  

STROKE AND CAROTID ATHEROSCLEROSIS 
High hair mercury content increases carotid IMT and 
carotid atherosclerosis.13  A study of 1014 men 
between the ages of 42 to 60 years found an increase 
in mean carotid IMT over 4 years related directly to 
hair mercury content (P=.0007).13  Each increase in 
1 jig in hair mercury content equaled a 0.008-mm 
increase in carotid IMT, a 7.3% increase over the 
mean. There was a 0.042 mm per 4 years in the high-
est quintile vs the lowest quintile, which correlated 
with a 32% greater increase (P<.05). In addition, mer-
cury hair content was proportional to blood pressure 
(BP), fibrinogen levels, waist/hip ratio, and low HDL 
cholesterol (all significant at P=.0002). Many studies 
on the risk of fish intake, mercury, and stroke have 
been inconclusive. Different stroke types have often 
not been separated. In a population-based cohort, mer-
cury levels and relative content of fatty acids were 
determined in erythrocyte membranes in the popula-
tion consuming one meal per week as fish." In 
women, there was a nonsignificant decrease in stroke 
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risk with increasing fish intake (OR, .90). The risk for 
stroke in men rose with increasing fish intake (OR, 
1.24). The corresponding risk for mercury in men was 
0.99 and for the sum of proportions of EPA and DHA 
was 1.08. This study suggested that the risk for stroke 
between sexes differs with increasing fish intake, EPA, 
and DHA consumption, but there was no association 
between stroke risk and mercury at these lower levels 
of one meal of fish per week. There are many basic 
mechanisms by which mercury can increase the risk for 
stroke as discussed earlier in this paper. The increases 

13 in both BP and pulse pressure, ,39,40,44,55,56-60,67 
 

the increased thrombotic risk related to increased 
platelet aggregation,33  increase in Factor VIII, throm-
bin, and platelet factor 423  and reduction in protein 
C33'34  as well as endothelial dysfunction from reduced 
NO bioavailability35  may account for much of the 
observed elevation in CVA risk with mercury. 
One recent study showed that mercury increases 
thrombotic risk by enhancement of procoagulant 
activity in erythrocytes by protein thiol depletion—med-
iated phosphatidyl serine exposure and microvesical 
generation.65  

HYPERTENSION 
The association of mercury toxicity and 

13,39,40,4,55-60,67 
hypertension 

4 in humans is convincing. 	 Mercury 
miners were found to have significant increases in sys-
tolic BP (P<.01) that correlated with lipid peroxida-
tion and overall oxidative stress (P<.01).27  European 
mercury miners had a 46% greater incidence of 
hypertension vs aged-matched controls. Other studies 
have shown significant correlations with hair mercury 
content, hypertension, and carotid IMT.13  In a study 
of 251 persons in the Brazilian Amazon, BP was 
significantly associated with total hair mercury levels. 
The OR for elevated systolic BP with total hair 
mercury >10 lig/g was 2.91 (1.26-7.28).56  In 101 
participants in the Wisconsin Sleep Cohort study, 
those in the upper quartile of blood mercury were 1.9 
times more likely to be hypertensive (P=.023) and 
those in the upper quartile of hair mercury were 4 
times more likely to be hypertensive (P=.02), but there 
was no change in brachial artery flow—mediated 
vasodilation or the middle cerebral artery reactivity to 
CO2.57  In 732 Inuit adults, blood mercury level was 
correlated with systolic BP and pulse pressure 
(P=.0004) and diastolic BP (P=.069).58  In a compara-
tive population study, long-term methyl mercury 
exposure, as measured by hair mercury levels, was 
associated with a risk of hypertension of 1.4 to 1.6 
times in 833 patients.59  In a sample of 1240 women 
aged 16 to 49 who participated in the NHANES 1999 
to 2000, Vupputuri and colleagues6°  found a signifi-
cant increase in systolic BP with increasing levels of 
blood total mercury, but only among non-fish consum-
ers. There was a 1.83-mm Hg increase in systolic BP 
for each 1.3 tg/L increase in total blood mercury 
(95% CI, 0.36, 3.30; interaction P=.02). 

Pederson and colleagues67  found an increase in pulse 
pressure using 24-hour ambulatory BP monitoring 
(54 mm Hg vs 50 mm Hg, P<.0001) that was related 
to blood mercury levels (p=.272, P<.01) in a group of 
Greenlanders consuming more fish than a group of 
Danes. Mercury is also significantly associated with 
reduced heart rate variability in addition to increased 
pulse pressure and hypertension.7°  Reduced heart rate 
variability may predispose to ventricular fibrillation 
and sudden cardiac death, as well as being associated 
with angina, MI, CHD, CHF, and all-cause mortality.70  

In acute and probably chronic mercury intoxication, 
mercury binds to the sulfhydryl group S-adenosyl 
methionine and inactivates this enzyme, which is a 
necessary cofactor for catecholaminei-0-methyl trans-
ferase, the enzyme needed to convert norepinephrine, 
epinephrine, and dopamine by methoxylation.' This 
results in a clinical syndrome that resembles a pheo-
chromocytoma crisis with malignant hypertension in 
acute mercury intoxication and significant increases in 
urinary catecholamines in chronic mercury toxicity. 
This can be a helpful clinical clue to mercury-induced 
hypertension. It would be important to measure base-
line and provoked 24-hour urine mercury levels in 
patients with hypertension with a history or clinical 
evidence of possible mercury exposure. Measurement 
of timed baseline and provoked urine collections for 
heavy metals is cost-effective, at about $150 for most 
laboratories, and is reimbursed by insurance with 
proper coding. Mercury also induces renal dysfunction 
and proteinuria, which contribute to sodium retention 
and hypertension.26,39,40,45 Studies have shown an 
increase in renal insufficiency in mercury miners by 
55%.39  Mercury concentrates in the renal tubules and 
in the glomerulus and results in proteinuria, fibrosis, 
chronic renal dysfunction, and renal insufficiency.26,44 

SUMMARY 
Mercury has a high affinity for sulfydryl groups, which 
inactivate numerous enzymatic reactions, amino acids, 
and sulfur-containing antioxidants (NAC, ALA, GSH) 
with decreased oxidant defense and increased oxida-
tive stress. Mercury binds to metallothionein and sub-
stitute for zinc, copper, and other trace metals, 
reducing the effectiveness of metalloenzymes. Mercury 
also induces mitochondrial dysfunction with reduction 
in ATP, depletion of glutathione, and increased lipid 
peroxidation. Oxidative stress and decreased oxidative 
defense are common (especially with mercury). Sele-
nium and fish high in omega-3 fatty acid content 
antagonize mercury toxicity. The overall vascular 
effects of mercury include increases in oxidative stress 
and inflammation, reduction in oxidative defense, 
thrombosis, vascular smooth muscle dysfunction, endo-
thelial dysfunction, dyslipidemia, and immune and 
mitochondrial dysfunction. The clinical consequences 
of mercury toxicity include hypertension, CHD, MI, 
cardiac arrhythmias, sudden death, reduced heart rate 
variability, increased carotid IMT and carotid artery 
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obstruction, CVA, generalized atherosclerosis, and 
renal dysfunction, insufficiency, and proteinuria. Path-
ological, biochemical and functional medicine correla-
tions are significant and logical. Mercury diminishes 
the protective effect of fish and omega-3 fatty acids. 
Mercury inactivates catecholamine-O-methyl transfer-
ase, which increases serum and urinary epinephrine, 
norepinephrine, and dopamine. This effect will 
increase BP and may be a clinical clue to mercury tox-
icity. Mercury toxicity should be evaluated in any 
patient with hypertension, CVD, CHD, CVA, or other 
vascular disease and who have a clinical history of 
exposure or clinical evidence on examination of mer-
cury overload. Specific testing for acute and chronic 
toxicity and total body burden using hair, toenail, 
urine, and serum should be performed. The 24-hour 
urine measurements should be done with baseline and 
provoked samples. 
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Activation of methionine synthase by insulin-like growth 
factor-1 and dopamine: a target for neurodevelopmental 
toxins and thimerosal 
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Methylation events play a critical role in the ability of growth factors to promote normal 
development. Neurodevelopmental toxins, such as ethanol and heavy metals, interrupt growth 
factor signaling, raising the possibility that they might exert adverse effects on methylation. 
We found that insulin-like growth factor-1 (IGF-1)- and dopamine-stimulated methionine 
synthase (MS) activity and folate-dependent methylation of phospholipids in SH-SY5Y human 
neuroblastoma cells, via a PI3-kinase- and MAP-kinase-dependent mechanism. The stimula-
tion of this pathway increased DNA methylation, while its inhibition increased methylation-
sensitive gene expression. Ethanol potently interfered with IGF-1 activation of MS and blocked 
its effect on DNA methylation, whereas it did not inhibit the effects of dopamine. Metal ions 
potently affected IGF-1 and dopamine-stimulated MS activity, as well as folate-dependent 
phospholipid methylation: CV+ promoted enzyme activity and methylation, while Cu +, Pb2±, 
Hg2± and A13± were inhibitory. The ethylmercury-containing preservative thimerosal inhibited 
both IGF-1- and dopamine-stimulated methylation with an IC,„ of 1 nM and eliminated MS 
activity. Our findings outline a novel growth factor signaling pathway that regulates MS activity 
and thereby modulates methylation reactions, including DNA methylation. The potent 
inhibition of this pathway by ethanol, lead, mercury, aluminum and thimerosal suggests that 
it may be an important target of neurodevelopmental toxins. 
Molecular Psychiatry advance online publication, 27 January 2004; doi:10.1038/sj.mp.4001476 
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Introduction 

Developmental disorders include a spectrum of 
neurological conditions characterized by deficits in 
attention, cognition and learning, frequently accom-
panied by abnormal behaviors. Severe deficits may be 
recognized at birth, but a failure to achieve standard 
milestones during initial years of life remains the 
primary basis of diagnosis in most cases. While 
the underlying cause(s) remains obscure for many 

developmental disorders, metabolic abnorma-
lities involving purine synthesis (eg Lesch—Nyhan 
Syndrome and adenylsuccinate lyase deficiency)1'2  
or impaired methylation-dependent gene silencing 
and/or imprinting (Rett and Fragile-X syndromes)3'4  
suggest biochemical mechanisms that may be in- 
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volved. The development disorders can also be 
caused by exposure to toxins (eg ethanol, in 
fetal alcohol syndrome; heavy metals, in lead 
poisoning),5•s although the precise mechanisms un-
derlying their toxicity are not known. The recent 
increase in the incidence of autism has led to 
the speculation that environmental exposures includ-
ing vaccine additives (ie aluminum and the ethylmer-
cury-containing preservative thimerosal) might 
contribute to the triggering of this developmental 
disorder.' 

Normal development is closely related to cellular 
differentiation, and growth factor-initiated signaling 
promotes differentiation of pluripotent cells.' 
Furthermore, altered patterns of DNA methylation 
and associated gene silencing underlie phenotypic 
differences between undifferentiated and differen-
tiated cells.' Together, these observations suggest 
that growth factors promote cellular differentiation 
by producing effects on DNA methylation. This 
suggestion is reinforced by the observation that 
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blocking methylation interferes with growth factor 
response."'" 

Methylation reactions, including DNA methylation, 
are generally controlled by the ratio of the methyl 
donor S-adenosylmethionine (SAM) to its demethy-
lated product S-adenosylhomocysteine (SAH), since 
SAH retains considerable affinity for methyltransfer-
ase enzymes."'" Methionine synthase (MS) exerts an 
important influence on the [SAM] to [SAH] ratio by 
efficiently converting homocysteine to methionine, 
using 5-methyltetrahydrofolate as the methyl donor. 
This prohibits the reversion of homocysteine to SAH, 
which is otherwise thermodynamically favored." In 
some tissues, but not the brain, homocysteine can also 
be converted to methionine by a betaine-dependent 
methyltransferase. Thus methylation reactions in the 
brain are highly dependent on MS activity. 

In addition to the methylation of homocysteine, MS 
is also essential for folate-dependent methylation of 
membrane phospholipids carried out by the D4 
dopamine receptor.' Dopamine activation of the 
D4 receptor initiates a four-step cycle of phospholipid 
methylation (PLM) in which the side chain of a 
methionine residue in the receptor is adenosylated, 
enabling transfer of its methyl group to the head 
group of an adjacent phospholipid. Following the 
removal of the adenosyl group by SAH hydrolase, MS 
provides a new, folate-derived methyl group to the 
side chain, thereby supporting dopamine-stimulated 
PLM. In light of studies linking attention-deficit 
hyperactivity disorder (ADHD) to genetic variants of 
the D4 receptor found only in primates," we have 
proposed that dopamine-stimulated PLM might play 
an important role in attention and in attention-
initiated learning." 

In the current study, we investigated the ability of 
dopamine and insulin-like growth factor-1 (IGF-1) to 
regulate MS activity and folate-dependent PLM in 
SH-SY5Y human neuroblastoma cells, and found that 
they stimulated activity via a PI3-kinase- and MAP-
kinase-dependent signaling pathway. Furthermore, 
we examined the ability of several neurodevelop-
mental toxins to interfere with this novel mode of 
regulation. Their potent inhibitory effects raise the 
possibility that impaired MS activity may contribute 
to developmental disorders and to disorders of 
attention. 

Materials and methods 

Phospholipid methylation 
SH-SY5Y cells were grown in six-well plates in a-
MEM supplemented with 10% FBS and 1% penicil-
lin/streptomycin/fungizone. After a wash with Hank's 
balanced salt solution, cells were incubated for 
30 min in 600 #1 of Hank's solution containing 1 auCi/m1 
[14C]formate (or [311-methAmethionine), in the pre-
sence of IGF-1 or dopamine. Drugs or metal salts were 
added 30 min prior to the period of radiolabeling. The 
reaction was terminated by an initial wash with ice-
cold unlabeled Hank's solution followed by 500 id 

ice-cold 10% TCA. After scraping, cells were soni-
cated and an aliquot was removed for protein assay. 
Following centrifugation, the pellet was dispersed in 
1.5 ml of 2 N HC1/Me0H/CHC13  (1 : 3 : 6), vortexed and 
allowed to separate. The lower CHC13  layer was 
washed twice with 400 /11 of 0.1 N KC1 in 50% Me0H 
and an aliquot counted for radioactivity after evapora-
tion. 

MS activity 
SH-SY5Y cells were scraped, pelleted and frozen at 
—80°C prior to assay for MS activity. Approximately 
108  cells were resuspended in 1 ml of 100 mM 
phosphate buffer (pH 7.4) containing 0.25 M sucrose. 
Cells were disrupted by sonication on ice and the 
homogenate centrifuged at 4°C. Assays were per-
formed under anaerobic conditions, as described 
previously.20  The reaction mixture contained 
100 mM potassium phosphate, pH 7.2, 500 µM homo-
cysteine, 152 pM SAM, 2 mM titanium citrate, 250 pM 
(6R,S)-5_14Cii.”3_11,,folate and enzyme in a final volume 
of 1 ml. The reaction was initiated by the addition of 
CH3-114folate, incubated for 60 min at 37°C and 
terminated by heating at 98°C for 2 min. Radiolabeled 
methionine was separated on a Dowex 1-X8 column, 
which was eluted with 2 ml of water. Control assays, 
in which sample enzyme was omitted, served as 
blanks. 

(14G] Formate Autoradiography 
SH-SY5Y cells in six-well plates were incubated with 
Hank's solution containing [14C] formate (5 pCi/ml) for 
30 min and the reaction terminated by the addition of 
1 ml of ice-cold lysis buffer. After scrapping, the 
lysate was centrifuged at 30 000 x g for 30 min and the 
pellet resuspended in 1 ml of PBS after which an 
aliquot was dissolved in sample buffer and separated 
by SDS-PAGE. A blot containing  [14C]-labeled mem- 
brane proteins was subsequently analyzed by phos-
phorimaging. 

Global DNA methylation 
As described previously" DNA was extracted from 
cultured cell pellets using a phenol : chloroform : 
soamyl alcohol protocol. DNA (1 pg) was enzymati-
cally hydrolyzed by sequential digestion with 
nuclease P1, venom phosphodiesterase I and alkaline 
phosphatase, and 20µl of the digest was injected onto 
a reversed-phase analytical HPLC column (Suplex 
pKb 100). Isocratic elution was carried out with a 
mobile phase of ammonium acetate (7 mM; pH = 6.7) 
and methanol (5% v/v) in water. For mass spectro-
metry, stable isotopes 15N3 2'-deoxycytidine and 
methyl-D3, ring-6-D1 5-methyl-2'-deoxycytidine were 
used as internal standards. Ions of m/z 126 and 130 
were used to detect 5-methyl-2'-deoxycytidine and its 
isotopomer, and ions of m/z 112 and 115 were used to 
detect 2'-deoxycytidine and its stable isotope, respec-
tively. DNA methylation status was computed as the 
amount of 5-methylcytidine/pg DNA. 
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Methylation-sensitive PCR 
MDA-MB-231, MDA-MB-435 and MCF-7 cells 
(1.5 x 106) were plated onto 10 cm dishes and allowed 
to attach overnight prior to treatment with wortman-
nin or LY 294002 for either 16 h or 30 h. Cells were 
then scraped, divided into two aliquots and pelleted. 
One pellet was extracted with TRI REAGENT, to 
isolate RNA (for RT-PCR), and the other was lysed in 
500 µ1 TNES (10 mM Tris pH 8, 150 mM NaCl, 2 mM 
EDTA, 0.5% SDS), for DNA extraction (for methyla-
tion-sensitive PCR). RNA samples were reverse 
transcribed by an initial reaction with dNTPs and 
oligo-DT at 65°C followed by the addition of DTT, 
RNase inhibitor and Superscript II at 42°C for 50 min 
and subsequently 72°C for 15 min to yield cDNA. RT-
PCR was performed on the cyclin D2 gene using 
primers 5'-CATGGAGCTGCTGTGCCACG (sense) and 
5'-CCGACCTACCTCCAGCATCC (antisense) and, as a 
control, the 36B4 primers 5'-GATTGGCTACC-
CAACTGTTGCA (sense) and 5'-CAGGGGCAGCAGC-
CACAAAGGC (antisense) as described previously.' 
For methylation-sensitive PCR, samples in TNES 
were incubated with proteinase K (20 µ1 of 20 mg/ 
ml) overnight at 55°C prior to DNA extraction and 
resuspension in TE buffer. DNA samples were then 
treated with sodium bisulfite and subsequently 
extracted using a Wizard DNA cleanup kit, followed 
by ethanol precipitation and resuspension in ddH2O. 
Methylation-sensitive PCR studies were then per-
formed on cyclin D2 using primers specific for 
methylated and unmethylated DNA. Products were 
resolved on 2% agarose gels and visualized by 
ethidium bromide staining. 

Results 

IGF-1 stimulates MS 
MS utilizes 5-methyltetrahydrofolate as a required 
cofactor, so it is possible to assess its activity in intact 
cells by labeling the single-carbon folate pool with 
[14C]formate and measuring the subsequent appear-
ance of label in methylated products (Figure 1). Using 
this strategy, we evaluated the effect of IGF-1 on 
folate-dependent PLM in SH-SY5Y human neuroblas-
tome cells. Exposure to IGF-1 produced a dose-
dependent increase in folate-dependent PLM with 
an EC50  = 0.4 nM, but insulin and IGF-2 did not share 
this activity (Figure 2a). However, when PLM was 
measured using [31-1-methy/]methionine, which by-
passes MS (Figure 1), IGF-1 had no effect, although 
cycloleucine, an inhibitor of methionine adenosyla-
tion, reduced methylation (Figure 2b). This specifi-
city of IGF-1 for the stimulation of folate-dependent 
PLM suggests an action at the level of MS. The 
tyrosine kinase inhibitor genistein blocked IGF-1 
stimulation of folate-dependent PLM (Figure 2c), 
consistent with an essential role for receptor autopho-
sphorylation. 

IGF-1 activates both PI3-kinase and MAP-kinase 
signaling in SH-SY5Y cells." The selective PI3-kinase 
inhibitors wortmannin and LY294002 caused dose- 

r4C1Formate 

Single-carbon 
folate pathway 

[Plc] 5-methylTHF 
11-1-methyil Nlethionine Methionine Vit B12 

Synthase 
NI El' 	  HCY 

ATP111.. 
 ppi,p 	

;rAdenosine 

SAM 
- ) 

Methyl Acceptor 
(e.g. phospholipids or DNA) 

Figure 1 Folate-dependent and folate-independent PLM. 
SAM provides methyl groups to numerous acceptors, 
including phospholipids and DNA. Its methyl group 
originates from either the folate pathway in the form of 5-
methyltetrahydrofolate (5-methylTHF), via MS-dependent 
methylation of homocysteine (HCY) or from methionine 
(MET). SAH, an inhibitor of methyl transfer reactions, is 
reversibly hydrolyzed to homocysteine and adenosine. By 
decreasing homocysteine levels, MS can promote methyla-
tion. 

dependent decreases in the basal level of MS-
dependent PLM and blocked the IGF-1-induced 
increase (Figure 2d). PD98059, a specific inhibitor of 
MEK (MAP-kinase kinase), also inhibited the IGF-1-
induced increase of PLM (Figure 2e). In contrast, 
inhibition of PI3-kinase or MAP-kinase pathways did 
not affect folate-independent PLM, measured with 
[3H-methyl]methionine (Figure 2f). Thus, both PI3-
kinase and MAP-kinase activities are required for the 
IGF-1 stimulation of folate-dependent PLM. 

To assess the influence of IGF-1 on MS, SH-SY5Y 
cells were treated identically to PLM studies and 
assayed for enzyme activity, measured as the conver-
sion of homocysteine to methionine. As shown in 
Table 1, IGF-1 increased MS activity to 212% of the 
basal level. Remarkably, wortmannin and PD98059 
each not only blocked the IGF-1-induced increase but 
also eliminated basal enzyme activity. These effects 
are in close accord with PLM results and indicate a 
critical role for PI3-kinase and MAP-kinase signaling 
pathways in regulating MS. 

Dopamine stimulates MS 
Dopamine caused a dose-dependent increase of 
folate-dependent PLM in SH-SY5Y cells with an 
EC50  of 0.8 µM (Figure 3a). Similar to IGF-1, dopa-
mine-stimulated PLM was dependent on both PI3 
kinase and MAP kinase, as indicated by the inhibitory 
effects of wortmannin, LY294002 and PD98059 
(Figures 3b and c). 
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Figure 2 IGF-1 stimulates folate-dependent PLM. (a) Folate-dependent PLM, measured with ["C]formate, ±IGF-1, IGF-2 or 
insulin. (b) Folate-independent PLM, measured with [3H-methyl]methionine, +IGF-1 (10 nM) or the methionine 
adenosyltransferase inhibitor cycloleucine (2 mM). (c) Folate-dependent PLM +IGF-1 (10 nM) or genistein (10 pM). (d) 
Folate-dependent PLM+PI3-kinase inhibitors wortmannin and LY294002. (e) Folate-dependent PLM± the MEK inhibitor 
PD98059. (f) Folate-independent PLM±wortmannin (1µM) or LY294002 (1 ttM). 

To confirm direct D4 receptor involvement in 
folate-dependent PLM, cells were labeled with 
[14C]formate for 30 min and cell membrane proteins 
were separated via SDS-PAGE and then transferred to 
a blot for autoradiography. As shown in Figure 3d, 
only a single 41 kDa protein, corresponding to the D4 
receptor, was radiolabeled under these conditions. 
Dopamine increased receptor labeling, while labeling 
was reduced by clozapine, a D4 receptor antagonist, 
and by cycloleucine, an inhibitor of methionine 
adenosyltransferase. IGF-1 increased D4 receptor-
associated radiolabel, consistent with its activation 
of MS, while wortmannin and PD98059 blocked both 
dopamine- and IGF-1-stimulated labeling (Figure 3e). 
Dopamine increased MS activity 2.5-fold and the 
increase was blocked by wortmannin (Table 1). When 
added in combination, dopamine and IGF-1 increased 
MS activity 4.5-fold, indicative of separate but 
additive mechanisms of PI3-kinase activation. Thus 
IGF-1 and dopamine both regulate MS activity, and 
IGF-1 promotes folate-dependent methylation of the 
D4 dopamine receptor. 

Effects of ethanol 
Ethanol inhibits PI3-kinase-dependent IGF-1 signal-
ing in SH-SY5Y cells," and we evaluated its effect on 
basal, IGF-1- and dopamine-stimulated, folate-depen-
dent PLM. Ethanol potently reduced folate-dependent 
PLM activity, and at the highest concentration tested 
(0.5% v/v), basal- and IGF-1-stimulated PLM were 
reduced by 67 and 65%, respectively (Figure 4a). The 
IC,,, for the inhibition of folate-dependent PLM 
(0.04% or 8.8 mM) reflects one of the most highly 
ethanol-sensitive responses reported to date. Conver-
sely, ethanol had no effect on folate-independent 
PLM, measured with [3H-methyl]methionine, at con-
centrations up to 0.5% (Figure 4b). When combined 
with wortmannin or LY294002, ethanol produced no 
additional decrease in PLM (Figure 4c). In MS assays, 
a 60 min exposure to 0.1% ethanol reduced the 
activity to an undetectable level and there was no 
response to IGF-1 (Table 1). Thus, ethanol potently 
interferes with the ability of the IGF-1/PI3-kinase 
system to augment MS activity directed toward 
homocysteine. 
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5 
Table 1 MS activity in SH-SY5Y human neuroblastoma 	methylation of the D4 receptor. Indeed, after exposure 
cells 	 to 0.1% ethanol, dopamine no longer stimulated 

homocysteine methylation (Table 1). Ethanol there- 
Treatment 	 MS activity° (pmol/ 

min/mg) 

Basal 	 29.1+2.7 (100%) 
IGF-1 (10 nM; 30 min) 	 61.9±2.6 (212%) 
Wortmannin (0.1 µM; 60 min) 	 ND 
IGF-1 + wortmannin 	 ND 

Dopamine (10 04; 30 min) 	 74.1+2.6 (254%) 
Dopamine + wortmannin 	 ND 
Dopamine + IGF-1 	 132.1+7.7 (454%) 

PD98059 (1 µM; 60min) 	 ND 
IGF-1 + PD98059 	 ND 
Dopamine + PD98059 	 ND 

Ethanol (0.1%; 60min) 	 ND 	 b 	15 
IGF-1 + ethanol 	 ND  
Dopamine + ethanol 	 ND 	 2 ! 

ELI c 10 
CuCl, (10µM; 60min) 	 37.0+3.4 (127%) 	 a) '5 

0 0 
IGF-1 ± CuClz 	 56.6±4.7 (194%) 	 E 8_ 

0) 
Dopamine + CuC12 	 71.2 + 5.8 (244%) 	 I-L

8 
E 

'43 i 
CuCl (10µM; 60 min) 	 1.9±1.6 (7%) 	 "0_ 
IGF-1 ± CuCI 	 33.1±3.5 (114%) 
Dopamine ±CuCl 	 32.3+3.3 (111%) 

HgC12 (10µM; 60 min) 	 ND C 
IGF-1 + HgClz 	 ND 	 4 
Dopamine + HgC12 	 ND 	 7. 

2 — _1 x 3 
D _ c . 

PbNO3 (10 µM; 60 min) 	 2.7±0.1 (9%) 	 2 2. 
IGF-1 ±PbNOz 	 26.4±0.1 (90%) 	 E 

cc, 2 
o_ 2 

Dopamine ±PbNOz 	 35.4±2.5 (122%) t5 
E
0) 

U- 

--2 
Thimerosal (10 nM; 60 min) 	 ND 	 •.- 15 — 0_ 1 

0 IGF-1 + thimerosal 	 ND 
Dopamine + thimerosal 	 ND 	 0 

'Results are the mean+ sem of replicate measurements from 
two to four separate experiments. ND = no detectable 
enzyme activity. 

In contrast to its inhibition of basal- and IGF-1-
stimulated, folate-dependent PLM, ethanol did not 
reduce dopamine-stimulated PLM, but instead caused 
a modest increase (Figure 4d). Since dopamine-
stimulated PLM involves the methylation of the D4 
receptor, not homocysteine, this implies that ethanol 
impairs the methylation of homocysteine, but not the 

5 

d 

e Figure 3 D4 dopamine receptor-mediated, folate-depen-
dent PLM. (a) Dopamine-stimulated PLM measured with 
[14C]formate. (b) Folate-dependent PLM+ dopamine 
(10 pM)+ wortmannin and LY294002. (c) Folate-dependent 
PLM+ dopamine (10 pM)+PD98059. (d, e) Autoradiograms 
of SH-SY5Y membrane proteins after a 30 min incubation 
with [14C]formate. (d) Dopamine (DA) (10µM), clozapine 
(1 pM), cycloleucine (2mM). (e) Wortmannin (1 pM), 
PD98059 (1 pM), dopamine (10 pM) and IGF-1 (10 nM). 
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PLM+ ethanol. (c). Folate-dependent PLM+ ethanol (0.1%), wortmannin (1 µM), LY294002 (1 pM). (d). Folate-dependent 
PLM+ dopamine (10 itM)+ ethanol. 

fore diverts folate-derived methyl groups toward 
D4R-mediated PLM, away from homocysteine 
methylation. 

Effects of metal ions and thimerosal 
Heavy metal exposure during early development is 
associated with impaired neurological and cognitive 
function,"-" and Cu2 + has been previously shown to 
increase PI3-kinase activity." To evaluate a possible 
effect of metal ions on MS-dependent PLM, SH-SY5Y 
cells were incubated with Cuz + , Cu+ , Hg2 + and Pb' + 
at a concentration of 10µM for 30 min prior to and 
during [14C]formate labeling in the presence or 
absence of IGF-1. As shown in Figure 5a, Cu' + 
increased basal PLM while other metal ions had no 
effect. All metals, with the exception of Cu' + , 
inhibited the stimulatory action of IGF-1. Pretreat-
ment with penicillamine, which binds Cu' + , com-
pletely eliminated the IGF-1 response. None of the 
metal ions affected PLM measured with [3H-methyl]-
methionine (Figure 5b), indicating their specificity for 
MS-related methylation events. Cu+ blocked radi-
olabeling of the D4 receptor, while CIO+ was without 
effect (Figure 5g). 

In dose-response studies, Hg2 + and P132 + potently 
inhibited IGF-1-stimulated, folate-dependent PLM 
with IC,c, values of 15 and 100 nM, respectively 
(Figure 5c). Aluminum inhibited IGF-1-stimulated 
PLM in a biphasic manner, with IC,,, values of 0.1 and 
200 nM (Figure 5d). Against dopamine-stimulated 
PLM, however, Al' + exhibited monophasic inhibition 
with an IC50  of 150 nM. 

It has been suggested that increases in the inci-
dence of ADHD and autism might be linked to the 
ethylmercury-containing preservative thimero-
sa1,7'30'" a component of vaccines formulated in 
multidose containers. Thimerosal potently inhibited 
basal, IGF-1- and dopamine-stimulated, folate-depen-
dent PLM, with a threshold of approximately 10 pM 
and an IC50  of 1 nM (Figure 5e), and also blocked 
folate-dependent radiolabeling of the D4R (Figure 5h). 
Similar to metal ions, thimerosal had no effect on 
folate-independent PLM (Figure 5b). When Cu2 + 
(1 µM) was added, the extent of thimerosal inhibition 
was reduced (Figure 5e), suggesting that heavy metals 
compete with Cu' + in the PI3-kinase pathway leading 
to MS activation. 

Thimerosal is composed of ethylmercury bound to 
thiosalicylate, a metal chelator that is similar in 
structure to penicillamine. Thiosalicylate inhibited 
IGF-1-stimulated, folate-dependent PLM, albeit with 
500- to 100-fold lower potency than thimerosal, but 
did not affect basal PLM (Figure 5f). This effect of 
thiosalicylate was greatly reduced in the presence of 
1 /./M Cu' , suggesting that the chelation of Cu' ± may 
underlie its inhibitory effect. 

Cu' ± modestly increased MS activity and did not 
interfere with stimulation by IGF-1 and dopamine 
(Table 1). Cu+ and Ph' ± reduced the basal activity by 
more than 90%, but allowed nearly normal increases 
by IGF-1 and dopamine. Thimerosal and Hg2 + each 
reduced MS activity to an undetectable level and 
completely blocked stimulatory effects of IGF-1 and 
dopamine (Table 1). Based on these results, the 
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Figure 5 Effects of heavy metal ions and thimerosal on PLM. (a) Folate-dependent PLM±IGF-1 (10 nM) in the presence of 
CuC12, CuCl, HgC12  or PbCh (10µM), or penicillamine (1 mM). *Significant increase from control (P< 0.05); **Significant 
decrease from IGF-1 only (P< 0.01). (b) Folate-independent PLM+ cycloleucine (2 mM), CuC12, CuCI, HgC12, thimerosal 
(10 µM). *Significant decrease from control (P<0.01). (c—f) Folate-dependent PLM in the presence of IGF-1 (10 nM) or 
dopamine (10 itM) +mercury, lead, aluminum, Cu2 ± (1µM), thimerosal or thiosalicylate. (g) Radiolabeling of the D4 
dopamine receptor in the presence of dopamine (10 µM), IGF-1 (10 nM), CuCl (1 tiM), CuC12  (1 pM). (h) Dopamine (10 aM), 
thimerosal (10 nM) and IGF-1 (10 nM). 

inhibitory effects of metal ions and thimerosal on 
folate-dependent PLM can be attributed to the 
inhibition of MS activity. 

DNA methylation 
Since increased MS activity can lower the levels of 
SAH, an inhibitor of methylation reactions, we 
examined the influence of IGF-1 and dopamine on 
global DNA methylation status. After a 6 h exposure, 
IGF-1 increased global DNA methylation by 107%, 
while dopamine caused an increase of 41% (Table 2). 
Wortmannin caused a modest increase in DNA 
methylation, and blocked IGF-1- and dopamine- 

induced increases. Ethanol had no effect on its own 
but, similar to wortmannin, blocked the ability of IGF-
1 to increase DNA methylation. In contrast, ethanol 
did not block the stimulatory effect of dopamine. 
Thus the ability of both IGF-1 and dopamine to 
increase MS activity is associated with substantial 
increases in DNA methylation, suggesting that PI3-
kinase signaling may alter gene expression via this 
mechanism. Moreover, changes in DNA methylation 
parallel the effects of these agents on folate-depen-
dent PLM. 

To evaluate the ability of PI3 kinase to affect DNA 
methylation and gene expression, we used methyla- 
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Table 2 Global DNA methylation in SH-SY5Y cells 

Drug treatment 
	

Global DNA 
methylation° 

(ng MeGyt/pg DNA) 

Control 
	

1.38 (100%) 

IGF-1 (0.1 nM) 
	

2.87 (207%) 
Wortmannin (0.1 µM) 
	

1.69 (123%) 
IGF-1 + wortmannin 	 1.23 (89%) 

Dopamine (10 µM) 
	

1.94 (140%) 
Dopamine + wortmannin 	 1.39 (101%) 

Ethanol (0.1% v/v) 
	

1.40 (102%) 
IGF-1 + ethanol 
	

0.91 (66%) 
Dopamine + ethanol 
	

2.78 (201%) 

aEach data point is the mean of replicate determinations 
from duplicate samples. 
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Figure 6 Methylation-specific PCR (MSP) and RT-PCR 
analysis of cyclin D2 following wortmannin and LY 294002 
treatment. Cells (MDA-MB-231 and MDA-MB-435) were 
treated with 0-5 µM wortmannin (W) or LY 294002 (LY) for 
16 h. The MSP analysis of cyclin D2 was performed using 
primers specific for unmethylated (U) or methylated (M) 
DNA amplification (a). RT-PCR was performed to detect 
cyclin D2 expression and, as a control, the housekeeping 
gene 36B4 (b). MDA-MB-435 cells were treated with 0-
10 µM of Wortmannin and LY-294002 for the longer time 
period of 30 h. MSP analysis (c) and RT-PCR (d) was then 
performed as above on the cyclin D2 gene. WBC: white 
blood cell control that is unmethylated and expresses cyclin 
D2. Untreated MCF-7 cells are hemimethylated for cyclin 
D2 (a). 

tion-sensitive PCR to determine the methylation 
status of the cyclin D2 gene, which contains a 
methylation-sensitive promoter."'" As illustrated in 
Figure 6a, a 16 h treatment with LY294002, but not 
wortmannin, increased the proportion of demethy-
lated cyclin D2 promoter in the breast cancer-derived 
MDA-MB-231 and MDA-MB-435 cell lines. RT-PCR 
showed that both wortmannin and LY294002 in-
creased gene expression in MDA-MB-435 cells (Fig-
ure 6b). After a 30 h incubation, wortmannin and 
LY294002 both caused demethylation of the cyclin D2 
promoter in MDA-MB-435 cells, along with an 
increase in transcription (Figures 6c and d). This 
confirms the ability of PI3 kinase to regulate DNA 
methylation and gene expression in a non-neural cell 
line. 

Discussion 

MS links the single-carbon folate pathway to the 
methionine cycle, and is a potentially important site 
for metabolic control. Nonetheless, there have been 
no prior reports of its regulation by extracellular 
signaling pathways. Our studies demonstrate the 
ability of IGF-1 and dopamine to increase MS activity 
via a mechanism that requires the activity of both PI3-
kinase and MAP-kinase pathways. MS activity is a 
major determinant of both homocysteine and SAH 
levels, and the efficiency of methylation reactions is 
governed by the [SAM] to [SAH] ratio."'" These 
relationships imply that growth factors, by increasing 
PI3- and MAP-kinase activity, can facilitate trans-
methylation reactions, via activation of MS. Conver-
sely, agents interfering with this mechanism will 
impair methylation. 

Our studies also provide evidence that ethanol, 
heavy metals and the vaccine preservative thimerosal 
potently interfere with MS activation and impair 
folate-dependent methylation. Since each of these 
agents has been linked to developmental disorders, 
our findings suggest that impaired methylation, 
particularly impaired DNA methylation in response 
to growth factors, may be an important molecular 
mechanism leading to developmental disorders. 

DNA methylation is a crucial regulator of gene 
expression that has been linked to several develop-
mental disorders. The majority of Rett syndrome 
cases are caused by MeCp2 mutations that interfere 
with MeCP2 to binding to methylated CpG sites in the 
genome.3  As a consequence, the protein complex 
necessary for histone modification and gene silencing 
fails to form, leading to dysregulated gene expression. 
Fragile-X syndrome is associated with localized 
hypermethylation of unstable CGG repeats at fragile 
sites on the X-chromosome (Xg27•3)•4  Impaired MS 
activity could therefore contribute to developmental 
disorders via altered patterns of DNA methylation. 

Growth factors (eg nerve growth factor, brain-
derived neurotrophic factor and IGF-1) promote 
development of the neuronal phenotype and support 
the function and survival of differentiated nerves.'" 
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The capacity to activate simultaneously both PI3-
kinase and MAP-kinase pathways is a feature of many 
growth factors.'" Blocking the methionine cycle (eg 
with inhibitors of SAH hydrolase) interferes with 
neurotrophic responses,"'" indicating an essential 
role for methylation in growth factor action. Since 
differences in cellular phenotype reflect varied 
patterns of methylation-dependent gene silencing, it 
is reasonable to hypothesize that growth factors might 
directly or indirectly modulate genomic methylation 
status during development. 

IGF-1 exerts trophic and antiapoptotic effects on a 
wide variety of cell types, and its involvement in 
brain development is well documented."'" In addi-
tion to its neurotrophic action, IGF-1 promotes 
differentiation and survival of myelin-producing 
oligodendrocytes," an action in which divalent 
copper plays an integral role. Thus the chelation of 
copper causes demyelination and an upregulation of 
IGF-1.43  Vitamin B12 deficiency" and chronic nitrous 
oxide exposure," both of which impair MS, also 
cause demyelination. We found that Cuz F promotes 
MS activity (Table 1) and protects against the 
inhibitory effects of other metals (Figure 5e), while 
Cu' chelation has an opposite effect (Figures 5a and 
f). Thus oligodendrocytes provide a specific example 
of how IGF-1, metal ions and methylation can 
combine to affect cellular differentiation and brain 
development. 

During postnatal development, myelination is 
critical for the specification of fixed connections 
between brain regions (ie hard-wiring), and there 
have been a number of reports of abnormal white 
matter (ie myelination) in autism.46-" Neurodevelop-
mental insults affecting myelination could lead to 
abnormal neural connections, resulting in the en-
hancement of certain relationships, but deficiencies 
in others, as is frequently observed in autism. 
Reduced IGF-1 levels have been reported in autism," 
which may also contribute to impaired myelination. 

Fetal ethanol exposure, consequent to maternal 
alcohol use, leads to the complex disorder known as 
fetal alcohol syndrome.' In humans and animal 
models, IGF-1 levels are reduced after fetal ethanol 
exposure, and the decrease is sustained through 
postnatal development."'" Ethanol increases homo-
cysteine levels in animals and man,"'" in association 
with impaired MS activity." Ethanol potently inhibits 
basal- and IGF-1-stimulated MS activity (Table 1), 
reduces folate-dependent methylation (Figure 3a), 
and blocks the ability of IGF-1 to increase DNA 
methylation (Table 2). The IC,,, for ethanol inhibition 
of methylation (8 mM) corresponds to blood levels 
produced by only one or two drinks, indicating a 
potential for adverse effects on methylation events 
from only moderate drinking. In a related finding, 
IGF-1 has been shown to promote recovery from 
carbon tetrachloride-induced cirrhosis, by increasing 
DNA methylation and normalizing gene expression." 

As illustrated in Figure 7, MS has two substrates, 
homocysteine and the dopamine D4 receptor in its 
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Figure 7 IGF-1 and dopamine regulate MS. Formate 
provides carbon atoms to the folate pathway that are used 
for purine and thymidine synthesis or are irreversibly 
reduced by 5,10-methylenetetrahydrofolate reductase 
(MTHFR) to 5-methylTHF. MS utilizes 5-methylTHF for 
the methylation of homocysteine (HCY; right) and the D4 
dopamine receptor during dopamine-stimulated PLM (D4R; 
left). D4R-mediated PLM requires the active receptor 
conformation (indicated by *) and is promoted or inhibited 
by receptor agonists or antagonists, respectively. IGF-1 and 
dopamine augment MS activity via a PI3-kinase- and MAP 
kinase-dependent mechanism, increasing methionine 
synthesis and lowering SAH levels. Cu2 + promotes MS 
activity, while Pb2 +, Hg2 +, AP+, Cu+ and thimerosal 
reduce activity. ATP-dependent adenosylation of methio-
nine by methionine adenosyltransferase (MAT) forms SAM, 
the universal methyl donor for many reactions, including 
DNA methylation. SAH hydrolase reversibly catalyzes 
adenosine removal from SAH. Abnormalities involving 
purine synthesis (eg ASL mutations) or adenosine metabo-
lism (increased 5'-nucleotidase (5'-Ntase) or decreased 
adenosine deaminase (ADA) activity) can adversely affect 
the capacity for methylation and thereby synergize with 
reduced MS activity. 

homocysteine state. Dopamine-stimulated PLM, mea-
sured with [14C]formate, reflects D4 receptor-directed 
MS activity and ethanol increases dopamine-stimu-
lated PLM (Figure 4d), in contrast to its inhibition of 
homocysteine-directed MS activity (Table 1). These 
results indicate that ethanol promotes the ability of 
MS to utilize the D4 receptor as a substrate, while 
simultaneously decreasing homocysteine methyla-
tion. 

Dopamine increases MS activity and folate-depen-
dent PLM in SH-SY5Y cells via a mechanism 
requiring both PI3-kinase and MAP-kinase activation 
(Table 1, Figures 3b and c), and this increase will 
promote the efficiency of the D4 receptor-mediated 
PLM cycle. Although the functional role of dopamine- 
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stimulated PLM is not fully understood, the incidence 
of ADHD is linked to genetic variations within the D4 
receptor gene," and it has been proposed that 
dopamine-stimulated PLM plays a central role in 
attention." Impairment of MS could therefore ad-
versely affect the capacity for attention and could 
contribute to the risk of ADHD. 

Lead exposure, particularly early in life, causes 
growth retardation along with impairments in atten-
tion and cognitive development,' and government 
guidelines establish blood concentrations exceeding 
500 nM as indicative of lead poisoning." An increase 
in blood lead levels from 1 to 10 pg/d1 (120-1200 nM) 
is associated with an IQ decrease of 7.4 points." 
Since lead inhibits IGF-1-stimulated methylation 
with an IC50  value of 100 nM (Figure 5c), impaired 
MS could contribute to developmental delay and 
impaired cognition associated with lead poisoning. 

Mercury exposure has been suggested as a possible 
cause of autism' and methylmercury is a well-
recognized neurotoxin.57  A blood mercury level of 
29 nM has been recommended by the Environmental 
Protection Agency as a reference value for defining 
toxic exposure." We found that inorganic mercury 
inhibits IGF-1-stimulated methylation with an IC50  of 
15 nM (Figure 5c). 

Aluminum salts are used as vaccine adjuvants, 
based on their ability to improve dendritic cell 
response to presented antigens. The aluminum con-
tent of vaccines varies from 0.125 to 0.85 mg/dose, 
which would produce concentrations of approxi-
mately 0.7 to 4.504, if uniformly distributed in the 
body water of a 7 kg infant. These concentrations 
produce greater than 50% inhibition of both IGF-1-
and dopamine-stimulated methylation, raising the 
possibility that aluminum concentrations produced 
by vaccination might adversely affect methylation 
events. In light of the importance of MS in regulating 
DNA methylation"'" and the central role of DNA 
methylation in development,' we propose that metal 
exposures, including lead, mercury and aluminum, 
may contribute to developmental syndromes via their 
inhibitory effects on signaling pathways that regulate 
MS activity. 

Thimerosal is an ethylmercury derivative of thio-
salicylate, widely used as a preservative to block the 
growth of contaminating organisms in biological 
products. It was included in most vaccines in the 
US until 1999, when the FDA initiated a precau-
tionary program calling for `thimerosal-free' vaccines. 
Most, but not all, vaccines are now `thimerosal-free', 
meaning that they contain less than 0.5 jig thimerosal/ 
dose." Thimerosal inhibits IGF-1 and dopamine-
stimulated methylation with an IC,. near 1 nM, 
(Figures 5e and f), indicating its potential for 
disrupting normal growth factor control over methy-
lation. Thiosalicylate itself also inhibited methyla-
tion, presumably by chelating Cu' , but was more 
than 100-fold less potent than thimerosal (Figure 5f), 
indicating that the ethylmercury in thimerosal is 
responsible for its inhibitory effect. The presence of 

added Cu2 ±, however, significantly offsets thimero-
sal-induced inhibition, reflecting competition be-
tween promotional and inhibitory effects of metals 
on the PI3-kinase MS pathway. Thus, the toxicity of 
thimerosal in the body may depend upon the 
concentrations of metal ions that provide either 
additive toxicity or protective effects on PI3-kinase 
signaling. Thimerosal has been reported to activate 
apoptosis in lymphocytes" and in cultured human 
cortical neurons," consistent with the inhibition of 
the PI3-kinase signaling pathway. 

A single thimerosal-containing vaccination p 
roduces acute ethylmercury blood levels of 10-
30 nM," and blood samples in 2-month-old infants, 
obtained 3-20 days after vaccination, contain 
3.8-20.6 nM ethylmercury." Our studies therefore 
indicate the potential for thimerosal to cause adverse 
effects on MS activity at concentrations well below 
the levels produced by individual thimerosal-contain-
ing vaccines. 

If impaired MS activity does indeed contribute to 
neurodevelopmental toxicity, limitations in other 
pathways that support homocysteine methylation 
could predispose individuals to higher risk. Since 
SAH hydrolase is reversible, the concentration of 
adenosine determines the probability that homocys-
teine will be reconverted to SAH (Figure 7). Adeno-
sine deaminase activity is reduced in autism," which 
would lead to higher adenosine levels and enhanced 
SAH formation. A polymorphism in the adenosine 
deaminase gene, that gives rise to a lower activity 
enzyme, is over-represented in autism."'" Adenosine 
is formed by the action of 5'-nucleotidase on AMP, 
and Page et a169  found eight- to 10-fold higher 5'-
nucleotidase activity in association with an 'autism-
like' developmental disorder. Each of these autism-
associated metabolic abnormalities could synergize 
with reduced MS activity to impair methylation. 

Mutations in the adenylosuccinate lyase (ASL) gene 
are a rare but penetrant cause of autism.' Lower 
enzyme activity blocks de novo purine synthesis in 
conjunction with a massive buildup of preblock 
intermediates that are ultimately excreted in the 
urine. As illustrated in Figure 7, increased flux of 
folate-derived single-carbon groups to purine synth-
esis restricts the availability of 5-methylTHF for MS. 
Moreover, increased flux of single-carbon groups 
toward de novo purine synthesis is common in 
autism,'° as well as in Lesch—Nyhan Syndrome," 
and this may increase sensitivity to neurodevelop-
mental toxins acting on MS. 

A recent rise in autism incidence" has triggered 
concerns that an environmental factor might be 
promoting developmental disorders. Attention has 
been directed towards vaccines as a possible cause of 
the rise, since there has been a significant increase in 
the number of required vaccinations since the early 
1980s/'28'" Depending on infant weight and vaccina-
tion schedule, the vaccine-associated dosage of 
ethylmercury during the initial 24 months of life 
approached or exceeded federal guidelines for 
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methylmercury exposure." A recent analysis of data 
from the Vaccine Adverse Event Reporting System, 
maintained by the Centers for Disease Control, found 
a significant correlation between the use of the 
thimerosal-containing formulation (vs the thimero-
sal-free formulation) of the Diphtheria, Tetanus and 
acellular Pertussis (DTaP) vaccine and autism." The 
discovery of the PI3-kinase/MAP-kinase/MS pathway, 
and its potent inhibition by developmental neurotox-
ins, including vaccine components thimerosal and 
aluminum, provides a potential molecular explana-
tion for how increased use of vaccines could promote 
an increase in the incidence of autism. The increased 
incidence of ADHD, which preceded the more recent 
rise in autism, could represent an alternative mani-
festation of vaccine-associated neurodevelopmental 
toxicity, since the D4 dopamine receptor is linked to 
ADHD" and its PLM function depends on MS." 

There are important limitations to our findings. We 
utilized a transformed cell line, and molecular events 
in tumor-derived cells might not mirror those in 
normal cells. SH-SY5Ycells are undifferentiated neu-
ronal precursor cells, so it remains unclear whether 
growth factors and/or dopamine modulate MS activ-
ity and DNA methylation in fully differentiated cells. 
On the other hand, undifferentiated cells may provide 
a particularly appropriate model system for the study 
of developmental disorders. It is obvious that bio-
chemical studies under cultured cells conditions do 
not replicate the complex in vivo environment, in 
terms of ambient metal ion concentrations, redox 
conditions and other factors that could influence 
methylation events. Further investigation of the in 
vivo and in vitro effects of heavy metals on growth 
factor-induced cellular differentiation is needed. 
While our studies focused exclusively on MS- and 
methylation-related events, we can speculate that 
other PI3-kinase signaling pathways may also be 
affected by metal ions. 

In summary, IGF-1 and dopamine activate methio-
nine kinase in SH-SY5Y human neuroblastoma cells 
via a PI3-kinase and MAP-kinase-dependent mechan-
ism, and the activation is associated with increased 
DNA methylation. Several neurodevelopmental tox-
ins inhibit this newly recognized pathway with 
remarkable potency, suggesting that their pathological 
effects might result from interruption of growth 
factor-initiated increases in DNA methylation and 
normal epigenetic regulation of gene expression. 
Further studies are needed to establish the functional 
significance of regulated MS activity and to evaluate 
the possibility that vaccine components (ie thimerosal 
and aluminum) may have contributed to the risk of 
autism, ADHD and other developmental disorders. 
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Mercury is a common pollutant that alters glucose metabolism 
in adipocytes; however, the effect of HgC12  on differentiating 
adipocytes and their subsequent metabolic function is not well 
understood. Two adipocyte models, the 3T3-L1 and C3H10T1/2 
(10T1/2) cell lines, were differentiated in the presence of HgC12. To 
assess the amount of differentiation in a population, markers of 
differentiation (i.e., PPARy and GLUT 4 expression and lipid 
accumulation) and functions of adipocytes (i.e., glucose transport 
and insulin-induced glucose transport) were measured. HgCl2  ex-
posure significantly decreased the number of phenotypic adipo-
cytes and PPARy expression in both 3T3-L1 and 10T1/2 cells 
without effects on cell viability. GLUT 4 was significantly reduced 
by HgC12  treatment in 10T1/2 but not 3T3-L1 cells. Exposure to 
HgC12  during differentiation increased basal glucose uptake in a 
dose-dependent manner (up to 2.5-fold) and decreased insulin-
induced glucose uptake in 3T3-L1 adipocytes. In contrast, HgC12  
had little effect on basal or insulin-induced glucose uptake in 
10T1/2 cells, possibly due to their lower insulin responsiveness. We 
examined the effect of HgC12  exposure on signaling event involved 
in differentiation of adipocytes and cellular stress, namely, the 
phosphorylation of ERK1/2 and JNK, respectively. HgC12  expo-
sure had no effect on ERK1/2 phosphorylation in either cell line, 
increased JNK phosphorylation in the 10T1/2, and had no effect 
on JNK phosphorylation in 3T3-L1 cells. These data indicate 
HgC12  exposure can inhibit the differentiation of fibroblasts into 
adipocytes as well as influence signaling events and the subsequent 
metabolic activity of differentiated adipocytes. 

Key Words: adipocyte; adipogenesis; mercury; differentiation; 
3T3-Ll; 10T1/2 

Terminal differentiation of precursor cells into adipocytes is 
an important component of glucose and lipid metabolism 
throughout the development and life of animals. Thus, disrup-
tion of differentiation may result in serious developmental and 
adult diseases related to glucose/lipid metabolism. In vitro 
research has shown that adipocyte differentiation and/or me-
tabolism is disrupted by exposure to numerous environmental 
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chemicals, such as dioxin and endrin, and metal contaminants, 
such as arsenite, vanadate, and the Group fib metals: Cd2±, 
Zn2+, and Hg2+  (Alexander et al., 1998; Barnes et al., 1999; 
Ezaki, 1989; Jin et al., 2000; Liao and Lane, 1995; Moreno-
Aliaga and Matsumura, 2000; Wauson et al., 2002). 

Metals have been shown to have a wide variety of effects on 
adipocytes. Vanadate inhibits adipocyte differentiation of the 
preadipocyte 3T3-L1 cell line when added during the first 24 h 
of differentiation (Jin et al., 2000; Liao and Lane, 1995). 
Vanadate also stimulates glucose transport and lipogenesis in 
rat adipocytes (Dubyak and Kleinzeller, 1980; Shechter and 
Ron, 1986). Arsenite inhibits adipocyte differentiation of the 
C3HT101/2 fibroblast cell line with both chronic and acute 
exposure (Trouba et al., 2000; Wauson et al., 2002). Zinc 
increased both glucose transport and phosphorylation of Akt, a 
kinase involved in the insulin signaling leading to increased 
glucose transport (May and Contoreggi, 1982; Tang and Shay, 
2001). Similarly, studies have shown that low micromolar 
concentrations of cadmium can increase GLUT 1—mediated 
glucose uptake in 3T3-L1 adipocytes (Harrison et al., 1991). 
Ezaki (1989) showed a 4-fold stimulation of glucose transport 
in primary rat adipocytes due to acute exposure to 100 AM 
HgC12, while we have found similar effects in 3T3-L1 adipo-
cytes with chronic exposure to low concentrations of HgC12  
(1-10 p,M; Barnes and Kircher, unpublished data). Despite the 
clear effect of metals on adipocytes, the specific impact of 
HgC12  on cellular differentiation and subsequent metabolic 
function of adipocytes remains unclear. 

In vitro experiments have shown that terminal adipocyte 
differentiation has two distinct phases: a commitment phase 
and a maturation phase (Shao and Lazar, 1997; Xue et al., 
1996). Cascades of transcription factors, including peroxisome 
proliferator-activated receptor y (PPARy) and the CCAAT/ 
enhancer-binding proteins (C/EBPs), control these two phases. 
Insulin responsiveness of adipocytes is a characteristic that is 
acquired during the maturation phase of differentiation (Resh, 
1982) and involves the expression of the proteins responsible 
for the functions of adipocytes (e.g., lipogenesis and insulin-
sensitive glucose transport). The ability of adipocytes to re-
spond to insulin is an important component of whole body 
glucose and lipid metabolism and storage. A decrease in insu-
lin-mediated responses from insulin target tissues is termed 
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insulin resistance and is an important characteristic of Type II 
diabetes (Zimmet et al., 2001). 

In this study, we used the well-characterized 3T3-L1 prea- 
dipocyte and the multipotent C3H10T1/2 fibroblast cell models 
to determine the effects of inorganic HgCl2  on adipocyte 
differentiation and function. Our results demonstrate that inor-
ganic HgC12  exposure inhibits differentiation, but not viability, 
of both cell lines. In addition, we show that HgC12  treatment 
decreases the expression of several adipocyte-specific proteins, 
affects kinases involved in insulin signaling, and decreases 
insulin-mediated glucose uptake in the 3T3-L1 cell line. The 
reduction in adipocyte differentiation and subsequent decrease 
in insulin-mediated glucose transport following HgC12  expo-
sure suggest that HgC12  may contribute to insulin resistance 
and the onset of diseases related to insulin responsiveness. 

MATERIALS AND METHODS 

Reagents. For the culture of 10T1/2 cells, Dulbecco's modified Eagles 
medium (DMEM) formulated with F12 media was obtained from Gibco/ 
Invitrogen (Carlsbad, CA) and fetal bovine serum (FBS) was purchased from 
Atlanta Biological (Norcross, GA). For the culture of 3T3-L1 cells, DMEM 
was obtained from Sigma Chemical Co. (St. Louis, MO) and FBS and new calf 
serum (NCS) were obtained from Biowhittaker (Walkersville, MD). Other cell 
culture reagents for both cell lines were the same and include: bovine pancre-
atic insulin (28 U/mg), mercuric chloride, dexamethasone, and 3-isobutyl-l-
methylxanthine (IBMX), which were purchased from Sigma Chemical Co. 
[3H]-deoxyglucose (DG, >30 Ci/mmol) was obtained from NEN Life Science 
Products, Inc. (Boston, MA). Viability of treated and untreated cells was 
assessed by the release of lactate dehydrogenase using the CytoTox-ONE kit 
from Promega (Madison, WI) and the manufacturer's recommended protocol. 
All other chemicals were reagent grade or higher and obtained from commer-
cial sources. 

Differentiation of 3T3-L1 cells. 3T3-L1 fibroblasts obtained from ATCC 
(Rockville, MD) were grown to confluence in high-glucose DMEM containing 
10% NCS. Differentiation of 3T3-L1 fibroblasts was performed as described 
previously with minor modifications (Frost and Lane, 1985). Briefly, the 
confluent cells were incubated 3 days in DMEM containing 10% FBS, 1 µg/ml 
insulin, 0.25 pM dexamethasone, and 500 p1s,4 IBMX (IDM). Cells were then 
incubated for an additional 2 days in DMEM containing 10% FBS and 1 µg/ml 
insulin. After differentiation, adipocytes were maintained in DMEM contain-
ing 10% FBS. Visual assessment of lipid droplet formation indicated that > 
80% of the cells exhibited the adipocyte phenotype. 

Differentiation of C3H10T1/2 cells. C3H10T1/2 cells (ATCC) were 
maintained in DMEM:F12 media and differentiated as described previously 
(Phillips et al., 1995). Upon reaching confluence, cells were induced to 
differentiate in DMEM:F12 supplemented with 10% FBS and 10 µg/ml 
insulin, 1µM dexamethasone, 0.5 p,M IBMX, and 1µM BRL49653 (IDM/ 
BRL) for 2 days. Cells were then incubated for an additional 5 days in DMEM 
containing 10% FBS and 10 µg/ml insulin. Differentiation, as assessed by lipid 
droplet formation, ranged from 30-50%. 

Flow cytometry and cell staining. Cells were differentiated in the pres-
ence or absence of HgC12. After differentiation, cells were lifted from the plate 
with trypsin and fixed with paraformaldehyde (1% final concentration). Nile 
Red dissolved in DMSO was added to a final concentration of 0.25 µg/m1 and 
staining was quantified by flow cytometry. Cellular Nile Red fluorescence, a 
measure of lipid accumulation within adipocytes, was measured at 530 nm on 
a FACSCalibur dual-laser flow cytometer (Becton Dickinson, San Jose, CA). 
The adipocyte population was identified based on Nile Red staining (lipid 
content) and side scatter (cell complexity). Data was acquired and analyzed  

with CellQuest software (Becton Dickinson). For Oil Red 0 staining and 
extraction, cells were washed one time with 37°C PBS and incubated with 
formalin (10% formaldehyde, 90% PBS) for 15 min to fix the cells. After 
fixing, cells were washed three to four times with tap water. Oil Red 0 solution 
(5 mg Oil Red O/ml isopropanol) was added to each well and incubated at 
room temperature for 2 h. Plates were rinsed three to four times with tap water 
and allowed to air dry. To extract Oil Red 0, isopropanol was added to each 
well and shaken at room temperature for 5 min, and a sample was read at 510 
nm. Oil Red 0 binds neutral lipids and was used to determine relative amounts 
of lipid in treated and untreated adipocyte populations for confirmation of Nile 
Red data. Oil Red 0 measures total lipid content of all cells in the population 
rather than just the adipocyte population measured by flow cytometry and Nile 
Red. 

Glucose transport. Glucose uptake was measured 7 days after initiation of 
the differentiation protocol. Cells were washed twice with KRPH buffer (5 mM 
Na.211PO4, 20 mM HEPES, 1 mM MgSO4, 1 mM CaC12, 4.7 mM KC1, 0.1% 
BSA, pH 7.4) and then incubated for 1 h in KRPH buffer. Glucose uptake was 
measured in the presence and absence of 10 ILM cytochlasin B to determine 
effects on mediated and nonmediated DG uptake. Glucose uptake was mea-
sured during the final 10 min by the addition of [31-1]-2-deoxyglucose to a final 
assay concentration of 50 p„M DG containing 0.5 p,Ci 2-[3H]-deoxyglucose/ml. 
Cells were washed three times in cold PBS, solubilized in 0.5 N NaOH, and 
aliquots were subjected to scintillation counting. Total protein levels were 
determined using the Bradford protein assay (Bio-Rad, Hercules, CA). 

Immunoblotting. Monoclonal anti-PPARy, polyclonal anti-GLUT 4, 
monoclonal antiphospho-ERK, and the appropriate HRP-conjugated antibod-
ies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Phos-
pho-specific antibodies raised against INK were purchased from Upstate 
Biotechnology (Lake Placid, NY). Equal amounts of protein were separated by 
SDS-PAGE using 10% polyacrylamide gels and then transferred to ECL 
nitrocellulose membrane (Amersham, Peapack, NJ), per the manufacturer's 
protocol. Immunoblotting was performed and proteins were visualized using 
the HRP-conjugated secondary antibody and ECL detection reagents, per the 
manufacturer's protocol (Amersham). Blots were scanned and the analysis 
performed on a Macintosh G4 computer using the public domain NIH Image 
(version 1.61, developed at the U.S. NIH and available at http://rsb.info.nih. 
gov/nih-image/).  

Statistical analysis. Data were analyzed by one-way analysis of variance 
(ANOVA, InStat version 2.03). Differences among data means were assessed 
using a Student-Newman-Keuls multiple comparison test (p < 0.05). Exper-
iments were replicated at least three times with representative experiments 
shown in the figures. 

RESULTS 

HgCI, Treatment Inhibits Adipocyte Differentiation in a 
Dose-Dependent Manner 

HgCl2  treatment reduced the number of 10T1/2 and 3T3-L1 
cells that acquired the adipocyte phenotype when treated with 
the hormonal mixture required for differentiation (IDM/BRL 
and IDM, respectively). The number of adipocytes was quan-
titated using flow cytometric analysis of the size, complexity, 
and amount of Nile Red staining of cells. The addition of 
HgC12  from the initiation of IDM treatment through 7 days 
reduced the number of 3T3-L1 cells that became adipocytes in 
a dose-dependent manner. Treatment with 5-10 .tM HgC12  
reduced the number of phenotypic adipocytes by 40-60% 
(Fig. 1A). The addition of HgC12  reduced the number of 
10T1/2 cells that become adipocytes by 60-90%, with a max-
imum effect at 10 itkM HgC12  (Figs. 1 A and 1B). Lactate 
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FIG. 1. The effect of HgC12  on the 
formation of phenotypic adipocytes as 
shown by (A and B) representative ex-
periments in which (A) 3T3-L1 and 
10T1/2 cells were induced to differenti-
ate as described in Materials and Meth-
ods. 3T3-L1 cultures were treated with 1, 
5, or 10 ;LM HgC1, throughout differen-
tiation and 10T1/2 cultures treated for 
days 0-2. (B) 3T3-L1 and 10T1/2 cells 
were induced to differentiate in the pres-
ence or absence of 10 ;LM HgC12  for the 
commitment phase, maturation phase, or 
entire differentiation according to differ-
entiation protocols described in the Ma-
terials and Methods. (A and B) 3T3-L1 
and 10T1/2 cells were cultured for 7 days 
after initial hormonal stimulation, fixed, 
stained with Nile Red, and analyzed by 
flow cytometry to determine the number 
of phenotypic adipocytes. Cell complex-
ity and the extent of Nile Red staining 
were used as criteria for distinguishing 
the adipocyte population. Results are 
normalized to IDM or 1DM/BRL-stimu-
lated levels (set to 100) and are presented 
as the mean of four samples ± SEM. 
Columns with different letters (abc) are 
significantly different from one another 
(ANOVA, p < 0.05). 
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sults were normalized to IDM or IDM/ 
BRL-stimulated levels (set to 100). 
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samples ± SEM. Columns with different 
letters (abc) are significantly different 
from one another (ANOVA, p < 0.05). 
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dehydrogenase activity was measured to determine the effects 
of treatment on cell viability. Media LDH was not different 
from control for 1-20 ju.M HgC12, although 50 ILM HgC12  
increased media LDH in both cell lines (data not shown). In 
other experiments, differentiated adipocytes were incubated 
with 1-10 µ,M HgC12  for 16 days without an effect on cell 
number (Barnes and Kircher, unpublished data). 

The magnitude of the inhibition of adipogenesis by HgC12  
varied among experiments and is probably due to differences in 
passage number and cellular responsiveness to the differenti-
ation cocktail. For example, the percentage of differentiation 
under control conditions varied among cultures (75-95% and 
20-50% for 3T3-L1 and 10T1/2 cells, respectively). However, 
despite the variability among cultures, we observed consistent 
and repeatable effects of HgC12  on adipogenesis in both 
3T3-L1 and 10T1/2 cells. 

To determine if HgC12  was effective at a particular stage of 
differentiation, cells were incubated with HgC12  for the com-
mitment phase (time exposed to IDM or IDM/BRL), the mat-
uration phase (rest of differentiation), or during the entire 
differentiation process. Figure 1B shows that 3T3-L1 and 
10T1/2 cells differ in their sensitivity to HgC12  at different 
phases of differentiation. Mercury inhibited differentiation at 
all stages, however, the magnitude of inhibition differed among 
stages. In 3T3-L1 cells, 10 ILM HgC12  treatment was slightly 
less effective at inhibiting adipogenesis when added during the 
maturation phase (days 3 to 7) than when HgC12  was present 
for the entire differentiation period (Fig. 1B). In 10T1/2 cells, 
10 ILM HgC12  exposure during the commitment phase was as 
effective at inhibiting adipocyte differentiation as if HgC12  was 
present throughout differentiation (Fig. 1B). For this reason, in 
the subsequent experiments, 10T1/2 cells were only exposed to 
HgC12  during the commitment phase of differentiation (days 
0-2). Exposure of 10T1/2 cells to HgC12  during only the  

maturation phase significantly inhibited adipocyte differentia-
tion, although to a lesser degree than the other exposure peri-
ods. 

HgC12  Treatment Decreases the Lipid Content of 3T3-L1-
and 10T1/2-Derived Adipocytes 

The effect of HgC12  on lipid accumulation (an important 
component of adipocyte differentiation) in 3T3-L1 and 10T1/2 
cells is shown in Figure 2. Cells were exposed to HgC12  during 
differentiation and the amount of Oil Red 0 staining was 
determined after 8 days. Oil Red 0 staining can be used to 
assess the amount of lipid in a population of cells. HgC12  
treatment resulted in a dose-dependent decrease in cellular 
lipid accumulation in both cell lines (decreased in Oil Red 0 
staining). Oil Red 0 staining was significantly reduced with 20 

HgC12  and 5µM HgC12  in 3T3-L1 and 10T1/2 cells, 
respectively. Using flow cytometry and Nile Red staining, lipid 
accumulation within individual 3T3-L1 adipocytes was mea-
sured. As expected, HgC12  decreased the average lipid content 
of differentiated 3T3-L1 adipocytes in a dose-dependent man-
ner (Table 1). Nile Red staining is a more sensitive method for 
measuring lipid accumulation. Using this more sensitive anal-
ysis of lipid accumulation, we observed a decrease in lipid 
accumulation with 1 illsn HgC12  as compared to 20 p.M HgC12  
with Oil Red 0 staining. Mean Nile Red fluorescence de-
creased 43% in 3T3-L1 adipocytes exposed to 10 µM HgC12. 

HgC12  Inhibits Expression of Adipogenic Proteins 

To further examine the effects of HgC12  on adipogenesis, we 
examined the expression of early (PPARy) and late (GLUT 4) 
adipogenic proteins in treated and untreated cells. Peak expres-
sion of PPARy occurrs about 48 h after the induction of 
differentiation and is often used as a marker of early adipocyte 
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TABLE 1 
Effect of HgC1, on Lipid Accumulation in 3T3-L1 Adipocytes  

in 3T3-L1 cells until 6 h in cells treated with insulin alone and 
insulin with HgC12. 

pls.4 HgCl2 	 Nile Red mean fluorescence 

	

 	Effect of HgC12  on Insulin-Stimulated Glucose Transport 

0 
	

157.7 ± 0.6 
1 
	

128.8 ± 6.1 
5 
	

96.0 ± 1.9 
10 
	

89.3 ± 1.4 

Note. 3T3-L1 cultures were treated with 1, 5, or 10 AM HgC12  throughout 
differentiation. On day 7, 3T3-L1 adipocytes were fixed, stained with Nile 
Red, and analyzed by flow cytometry to determine the mean fluorescence of 
Nile Red in HgC12-treated and untreated adipocytes. Data are presented as the 
mean ± standard error from the mean with significant differences represented 
by different superscripts (ANOVA, p < 0.05). 

differentiation (Ntambi and Young-Cheul, 2000). HgC12  dose-
dependently decreased expression of PPARy up to 70 and 95% 
in 313-L1 and 10T1/2 cells, respectively (Fig. 3). GLUT 4 is 
not detected in 3T3-L1 or 10T1/2 fibroblasts, however, expres-
sion increases in the maturation phase of adipogenesis, making 
it useful as a marker of late differentiation (Resh, 1982). We 
hypothesized that the reduced number of phenotypic adipo-
cytes would correlate with lower expression of GLUT 4. Treat-
ment with 10 µM HgC12  inhibited the expression of GLUT 4 
in 10T1/2 cells; however, total GLUT 4 expression in 3T3-L1 
cells did not change with HgC12  treatment (Fig. 4). These data 
show that HgC12  inhibits expression of proteins critical for both 
the commitment and maturation of these cells to adipocytes, 
but that models can differ in their response to HgC12. 

HgCl2  Affects the Phosphorylation of Kinases Associated 
with Adipocyte Differentiation and Metabolism 

The hormonal stimulus used to differentiate these two mouse 
embryo fibroblast cell lines elicits a cascade of cell signaling 
events involved in regulating the process. The potential for 
HgC12  exposure to modify several important signaling proteins, 
including ERK1/2 and JNK, was determined for both cell lines. 
To avoid activation of signaling proteins by the addition of 
fresh serum to the culture, a modified differentiation protocol 
was used in which the hormones were added directly to the 
media present in the culture. As expected based on previous 
reports (Prusty et al., 2002), insulin and the differentiation 
cocktail caused an increase in ERK phosphorylation in both 
cell lines (Fig. 5). HgC12  treatment had no significant effect on 
the amount of ERK phosphorylation in either the 10T1/2 or 
3T3-L1 cell line at 10 min (Fig. 5). In 10T1/2 cells, phosphor-
ylated INK was detected at 10 min and 1 h in cells treated with 
insulin or IDM/BRL, in the presence and absence of HgC12, 
suggesting that HgC12  has no effect on INK at these early time 
points. However, HgC12  does have an effect at later time 
points. At 6 h, JNK phosphorylation was only detected in 
10T1/2 cells that were treated with HgC12  (alone or with 
hormones). In contrast, phosphorylated JNK was not detected 

We next hypothesized that insulin-stimulated glucose trans-
port would be indicative of the changes in GLUT 4 expression 
reported above (Fig. 4). Thus, insulin-stimulated glucose trans-
port would decrease in 10T1/2 cells treated with HgC12  and 
remain unchanged in 3T3-L1 cells that maintain levels of 
GLUT 4 expression. Insulin-mediated glucose uptake is a 
characteristic of adipocytes that is acquired during differenti-
ation with the concomitant increase in expression of insulin-
responsive transporter GLUT 4 (Resh, 1982). The effect of 
HgC12  on insulin-mediated uptake was measured in the 10T1/2 
and 3T3-L1 adipocytes after differentiation in the presence and 
absence of HgC12  (Fig. 6). Basal glucose uptake increased 
dose-dependently in HgC12-treated 3T3-L1 adipocytes. In ad-
dition to the change in basal glucose uptake with HgC12, 
insulin-mediated glucose uptake decreased in cells treated with 
HgC12  during differentiation in a dose-dependent manner (Fig. 
6). For example, insulin stimulated glucose uptake 3-fold in 
untreated 3T3-L1 adipocytes but only 1.3-fold in cells treated 
with 5 p,M HgC12  during differentiation. In contrast, differen-
tiated 10T1/2 cells were poorly insulin responsive (indepen-
dent of treatments), although they did demonstrate an HgC12-
induced increase in basal glucose uptake like 313-L1 
adipocytes. HgC12  did not appear to have an effect on insulin-
mediated glucose transport in 10T1/2 adipocytes; however, 
their poor insulin response may have precluded observing such 
an effect. 

DISCUSSION 

Adipogenesis is an intricate, well-controlled process that has 
been studied extensively in vitro and in vivo. However, mi-
croarray analysis reveals distinct transcriptional profiles of 
adipogenesis in vivo and in vitro (Soukas et al., 2001). Differ-
ences in gene expression in vivo and in vitro emphasize the 
importance of studying multiple in vitro model systems, each 
of which may shed light on important aspects of in vivo 
differentiation. Therefore, we examined two cell models to 
address the hypothesis that HgC12  inhibits adipogenesis. 

HgC12  dose-dependently inhibits adipogenesis in both 
3T3-L1 and C3H10T1/2 cells (Fig. 1). The mechanism through 
which HgC12  inhibits adipocyte differentiation has yet to be 
defined; however, we present evidence that the disruption of 
transcription factor expression and insulin-signaling pathways 
may be involved. There are two phases of differentiation: 
commitment and maturation. Disruption of differentiation can 
occur during one or both of these phases. For example, previ-
ous studies showed that retinoic acid and TCDD decrease 
adipogenesis when present during the commitment phase but 
not when present during the maturation phase (Phillips et al., 
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FIG. 3. The effect of HgC12  on PPARy expression in 3T3-L1 and 10T1/2 cells as shown by representative experiments where IDM or IDM/BRL was added 
to confluent 3T3-L1 or 10T1/2 cells, respectively. HgC12  was added concurrently at 1, 5, and 10 /AM and cell lysates were collected 48 h after treatment. Next, 
80 pg of total cell lysate protein was separated by SDS-PAGE and analyzed by immunoblotting with a monoclonal antibody for PPARy. Western blots from 
one representative experiment are shown from a set of triplicate independent cultures. PPARy expression levels were quantitated by image analysis. Results are 
normalized to IDM or IDM/BRL-stimulated levels (set to 100) and reported below blots. Data are presented as the mean ± SE of the mean. Columns with 
different letters (abc) are significantly different from one another (ANOVA, p < 0.05). 

1995; Xue et al., 1996). Similarly we have demonstrated that 
while the timing of HgC12  exposure has different effects on 
adipocyte differentiation in the two cell lines (e.g., HgC12  is 
more effective during the commitment phase in 10T1/2), 
HgC12  inhibited adipogenesis when present in one or both 
phases of differentiation. Our data indicate that, while HgC12  
treatment inhibits adipogenesis in both cell lines, different 
mechanisms are at work in the different cell lines and may 
explain differences of other end points between the two cell 
lines (e.g., GLUT 4 expression and insulin-mediated glucose 
transport). 

Previous studies have shown that the inhibition of PPARy  

expression inhibits differentiation (Gurnell et al., 2000). Figure 
3 shows that, at 48 h (peak PPARy expression), HgC12  dose-
dependently reduced PPARy expression in both 3T3-L1 and 
10T1/2 cells. However, decreased expression of PPARy during 
the commitment phase alone does not appear to be responsible 
for the actions of HgC12  because the addition of HgC12  after 
48 h (after commitment phase) still reduced differentiation of 
both cell types. 

Insulin is the only component of the differentiation cocktail 
that is present throughout adipocyte commitment and matura-
tion. Since HgC12  inhibited adipocyte differentiation when 
added during either phase of differentiation, the interactions 
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FIG. 4. The effect of HgC12  on GLUT 4 expression as shown by repre-
sentative experiments where 3T3-L1 and 10T1/2 cells were differentiated in 
the presence and absence of 10 p,M HgC12. On day 7, cell lysates were 
collected as described in Materials and Methods. Then, 80 n  of total cell 
lysate was analyzed by immunoblotting with a polyclonal antibody that spe-
cifically recognizes GLUT 4. 

with insulin responses were closely examined. Insulin activates 
kinases important for adipocyte differentiation and function 
including extracellular receptor kinase (ERK), which is phos-
phorylated in response to insulin and activated by metals such 
as zinc (Tang and Shay, 2000), vanadate, and arsenic (Wu et 
al., 1999). The action of HgC12  on the ERIC phosphorylation is 
not well documented. Figure 5 shows that ERK phosphoryla-
tion is associated with the initiation of differentiation in both 
cell lines. HgC12, however, had no effect on ERK phosphory-
lation, suggesting that ERK is not a target of HgC12  in the 
inhibition of adipogenesis. While there is some controversy as 
to whether ERK activity is required for adipocyte differentia-
tion (De Mora et al., 1997; Qiu et al., 2001), ERK activity is 
required for the environmental contaminant TCDD to inhibit 
adipocyte differentiation (Hanlon et al., 2003). 

SAPK family member c-Jun N-terminal kinase (INK) reg-
ulates adipocyte differentiation and function of mature adipo-
cytes (Camp et al., 1999). Although it is not directly activated 
by insulin, it can contribute to the downregulation of the 

3T3-L1  

insulin signal by serine phosphorylation of insulin receptor 
substrate 1 (IRS-1; Aguirre et al., 2000). Serine phosphoryla-
tion of IRS-1 results in decreased phosphorylation of IRS-1 
downstream targets, which has been linked to insulin resistance 
(Zick, 2001). In addition to JNK action on insulin-signaling 
pathways, active INK also phosphorylates PPARy, thereby 
inhibiting its transcriptional activity (Camp et al., 1999). Re-
duced activity would lead to decreased adipocyte differentia-
tion and, while we observed a decrease in PPARy expression, 
reduced activity may also contribute to the HgC12-mediated 
inhibition of differentiation. HgC12  treatment has been shown 
to stimulate JNK activity in other cell systems including rabbit 
renal cortical slices (Turney et al., 1999) and LLC-PK cells 
(Matsuoka et al., 2000), although the physiological conse-
quences of JNK phosphorylation in these cells were not exam-
ined. We report here that HgC12  treatment had no effect on 
INK phosphorylation in 3T3-L1 cells. However, in 10T1/2 
cells, HgC12  exposure led to a prolonged phosphorylation of 
INK, which occurred independently of the presence of any 
hormones. If this prolonged JNK phosphorylation leads to 
serine phosphorylation of IRS-1 and subsequent inactivation, 
insulin signaling would be disrupted. Since insulin signaling is 
required for both the commitment to and maturation of adipo-
cytes, downregulation of insulin signaling via JNK activation 
is a possible mechanism through which HgC12  inhibits adipo-
genesis. 

In addition to the molecular data showing HgC12  disrupts 
signaling pathways used by insulin, we present physiological 
data that shows there is a decrease in insulin-mediated glucose 
transport in cells differentiated in the presence of HgC12. Fig-
ure 6 shows that 3T3-L1 cells treated with HgC12  during 
differentiation reduced insulin-mediated glucose transport 
dose-dependently. This may be due to fewer adipocytes, re-
duced expression of the insulin-responsive glucose transporter, 
disruption of normal insulin-signaling pathways, or some com-
bination of these events. The reduction in adipocyte number 
was about 50% for 3T3-L1 cells treated with 5µM HgC12  (Fig. 
1A). HgC12  treatment decreased insulin-mediated glucose up-
take 2.8-fold (700 to 250 pmole/well for control and 5µM 
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FIG. 5. The effect of HgC12  on INK and ERK phosphorylation is shown. When 3T3-L1 and 10T1/2 cells reached confluence, they were induced to 
differentiate with IDM or IDM/BRL, respectively, as described in Materials and Methods. Next, 10 p,M HgC12  was added concurrently with IDM or IDM/BRL; 
10 min, 1 h, and 6 h after treatment, cells were harvested as described in Materials and Methods. Then, 80 pg  of total cell lysate was analyzed by immunoblotting 
with polyclonal antibodies that specifically recognize the phosphorylated forms of JNK and ERK. UT, untreated; IDM or IB, normal differentiation cocktail; Ins, 
insulin. 
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FIG. 6. The effect of HgC12  on basal and insulin-mediated uptake of 3H-deoxyglucose in 3T3-L1 and 10T1/2 cells is shown. Cells were incubated with the 
indicated concentrations of HgC12  during differentiation (days 0-7 and 0-2 for 3T3-L1 and 10T1/2 cells, respectively). Following differentiation, cells were 
serum starved for 2 h and the uptake of 50 AM 3H-2-deoxyglucose was measured in the presence and absence of an insulin stimulus (10 nM). Cells were washed 
twice with KRPH buffer and incubated in KRPH for 1 h. Deoxyglucose uptake was measured during the last 10 min of KRPH incubation. Data are presented 
as the mean value of four replicate wells with variability shown as standard error from the mean. Columns with different letters (abc) within a treatment are 
significantly different from one another (ANOVA, p < 0.05). Insulin-stimulated deoxyglucose uptake was calculated by subtracting deoxyglucose uptake in 
treated and untreated cells from their respective insulin-treated counterpart. 

HgC12  respectively), suggesting adipocyte number alone would 
not account for the reduced insulin responsiveness. Although 
GLUT 4 expression decreased in HgC12-treated 10T1/2 cells, 
no difference was observed in 3T3-L1 cells; yet, HgC12-treated 
3T3-L1 adipocytes exhibited insulin resistance. Insulin resis-
tance, characterized as a decreased response of insulin-sensi-
tive tissues to the hormonal stimulus, is a metabolic condition 
contributing to Type 2 diabetes. Insulin resistance can be 
induced by numerous factors including elevated levels of 
TNF-a and free fatty acids (Zick, 2001). Ryden and coworkers 
(2002) showed that, in the adipocyte, TNF-a induces insulin 
resistance, in part, through the activation of the MAPK path-
way including rapid phosphorylation of JNK, suggesting that 
exposure to chemicals that induce phosphorylation of JNK may 
contribute to the onset of insulin resistance. 

Insulin resistance is a condition that contributes to the onset 
of noninsulin-dependent diabetes mellitus (NIDDM or Type II 
diabetes; Zimmet et al., 2001). Many conditions have been 
shown to induce insulin resistance in in vitro cell culture 
models including oxidative stress (Rudich et al., 1997) and 
exposure to TNF-a (Engelman et al., 2000). Additionally, 
exposure to two environmental toxins, arsenic and TCDD, has 
been linked to an increased incidence of insulin resistance in 
epidemiological studies (Lai et al., 1994; Longnecker and 
Michalek, 2000). TCDD and arsenic have also been shown to 
inhibit adipogenesis in cell culture models (Hanlon et al., 2003; 
Trouba et al., 2000). The data presented in this report demon-
strate that HgC12  inhibits adipogenesis in two models of adi-
pocyte differentiation, raising the question of whether exposure 
to HgC12  contributes to the onset of insulin resistance. Epide- 

miological studies of people living in methyl mercury—
(MeHg-) contaminated areas indicate no correlation of expo-
sure to MeHg and the onset of diabetes (Futatasuka et al., 
1996, 2000). However, comparisons between the action of 
MeHg and HgC12, forms of mercury with different chemical 
characteristics and metabolic actions, on glucose homeostasis 
and adipogenesis have not been examined. Previous research 
has demonstrated that the effects of MeHg and HgC12  differ in 
neuronal cell differentiation (Parran et al., 2001) and in cal-
cium regulation in T lymphocytes (Tan et al., 1993). Further 
comparisons among different forms of mercury are necessary 
to determine their potential contribution to pathologies associ-
ated with glucose homeostasis. 

Mercury exposure does not appear to be a contributing factor 
in the less common form of diabetes, insulin-dependent diabe-
tes mellitus (IDDM). Exposure to HgC12  was shown to have no 
effect on the incidence of IDDM in diabetes-prone rats (Ko-
suda et al., 1997). However, exposure to HgC12  delays the 
onset of IDDM in a nonobese diabetic mouse model of diabetes 
as measured by glucosuria (Brenden et al., 2001). Thus, there 
are recognized effects of HgC12  on systems contributing to 
diabetes, although effects on the most prevalent from, NIDDM, 
remain unclear. HgC12  is a prevalent environmental toxicant 
that has been recognized to have serious impacts on human 
health (U.S. EPA, 1997); however, little research has been 
done on the effects of HgC12  on adipocyte function. This study 
provides evidence that environmental levels of HgC12  may be 
a contributing factor to the onset of insulin resistance and, 
potentially, Type II diabetes mellitus. 
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Mercury, Cadmium, and Arsenite Enhance Heat Shock 
Protein Synthesis in Chick Embryos Prior to 

Embryotoxicity 
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BACKGROUND: Cells respond to adverse environmental stimuli by enhancing the expression of specific genes, the 
products of which include a suite of proteins known as heat shock proteins (hsps), a response often attributed to cellular 
protection. METHODS: In this study, we characterized alterations in hsp expression in chick embryos (Hamburger-
Hamilton stage 17, 72 h) exposed in ovo to arsenite (As), mercury (Hg), and cadmium (Cd), known developmental 
toxicants. Embryos were incubated for 2 h following exposure to 3, 10, 30, or 100 nmol metal, or for 2, 4, 12, or 24 h 
following treatment with 10 nmol metal. RESULTS: An enhanced de novo synthesis of 24-, 70-, and 90-kD, 70- and 90-
kD, and 70-kD proteins was observed with As, Hg, and Cd treatments, respectively. These responses were transient; 
apparent rates of protein synthesis were maximal 2-4 h after exposure and returned to control rates by 24 h. Actinomycin 
D experiments demonstrated that arsenite-induced expression of these proteins is transcriptionally regulated. 
Immunoblotting experiments identified the 24-, 70-, and 90-kD proteins as the heat shock proteins hsp24, hsp70, and 
hsp90, respectively. Exposure duration-related abnormalities were noted in the neural tube with all metals and in the 
ganglia and somites with Cd and As. Retina, allantois, and limb defects were specific to Cd-treated embryos, and 
branchial arch defects were specific to As-treated embryos. CONCLUSIONS: The data support metal-induced 
developmental abnormalities, which are preceded by synthesis of stress proteins. Birth Defects Res B 68:456-464, 2003. 
Published 2003 Wiley-Liss, Inc. t 

Key words: arsenite; cadmium; mercury; chick embryo; heat shock 
proteins; teratogenicity; embryotoxicity 

INTRODUCTION 

Many cells and organisms have evolved defense 
mechanisms that protect and repair macromolecules 
from damage by adverse environmental stimuli. One 
such strategy is the cellular stress response. A major 
feature of this response is the rapid expression of a suite 
of specific proteins referred to as heat shock proteins 
(hsps). Genes for heat shock proteins encode for 
constitutive and stress-inducible proteins. In the hsp70 
family, levels of the inducible hsp72 increase under 
conditions of stress, whereas those of the constitutive 
hsp73 remain fairly unchanged (Kiang and Tsokos, 1998). 
Hsp expression is highly influenced by exposure to 
metals, and the specific proteins affected are dependent 
on metal species, dose, and tissue or organism (Goering 
and Fisher, 1995; Sanders et al., 1996). Expression of 
hsp72 in embryos has been shown to increase in response 
to exposure to several toxic insults including heat (Walsh 
et al., 1989; Fisher et al., 1995), arsenic (Johnston et al., 
1980; Mirkes and Comel, 1992; Mirkes et al., 1994; Dix, 
1997), and cadmium (Andrews et al., 1987). This protein  

serves to promote the repair, re-folding, and re-assembly 
of proteins damaged by chemical and physical stressors 
(Kiang and Tsokos, 1998). In addition to hsp70, hsp27 
and hsp90 synthesis increases in response to toxic agents, 
such as arsenic (Johnston et al., 1980). Hsp27 is 
constitutive in most mammalian cells (Dix, 1997) and is 
important in development, especially during neural plate 
induction (Walsh et al., 1997). Hsp90 has various cellular 
functions, including conformational regulation of a 
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variety of proteins that participate in signaling (Buchner, 
1999). In embryogenesis, hsp90 has a role in neural, 
retina, bone, and muscle development (Csermely et al., 
1998). 

Several in vitro studies indicate that hsps may protect 
organisms from metal-induced toxicity during develop-
ment. Hsp72 expression has been shown to prevent the 
teratogenic effects of arsenite in the developing mouse 
(Dix et al., 1998; Hunter and Dix, 2001). Similarly, in 
mouse embryonic stem cells, overexpression of hsp27 
prevented cadmium-, mercury-, and arsenite-induced 
toxicity (Wu and Welsh, 1996). Earlier reports had 
indicated that mild heat pre-treatment prevented cad-
mium-induced teratogenic effects in mouse (Kapron-
Bras and Hales, 1992) and rat (Kapron-Bras and Hales, 
1991) embryos. 

Studies of the potential developmental toxicity of 
metals in the chick have demonstrated the embryotoxi-
city of cadmium (Menoud and Schowing, 1987; Gilani 
and Alibhai, 1990; Thompson and Bannigan, 2001) and 
mercury (Hughes et al., 1976; Greener and Kochen, 1983). 
The developmental toxicity of arsenate in the chick has 
also been examined (Gilani and Alibhai, 1990), but to our 
knowledge no report exists on the embryotoxic effects of 
arsenite in the chick. In addition, no study exists on the 
potential protective effects of hsp27, hsp70, and hsp90 
from metal-induced embryotoxicity in an in vivo model. 
The objective of this study was to expose chick embryos 
to arsenite, cadmium, and mercury in ovo and examine 
their teratogenic potential. We studied dose- and time-
dependent changes in the de novo synthesis of stress 
proteins and identified these proteins using immunoblot 
techniques. We also examined if enhanced synthesis of 
stress proteins in chick embryos is regulated at the 
transcriptional level. Finally, the temporal relationship 
between stress protein synthesis and metal-induced 
embryotoxicity was compared. 

MATERIALS AND METHODS 
Chemicals 

Sodium arsenite (NaAs02), mercuric chloride (HgC12), 
and actinomycin-D were obtained from Sigma, St. Louis, 
MO. Cadmium chloride (CdC12) was obtained from 
Mallinckrodt, Paris, KY. 35S-methionine (L-35S; 100 µCV 
ml; translation grade) was purchased from PerkinElmer 
Life Sciences, Inc., Boston, MA. 

Metal Treatment 
Fertile White Leghorn chicken eggs were acquired 

from Truslow Farms, Inc. (Chestertown, MD) and 
incubated at 37°C and 65% relative humidity for 72 h 
to Hamburger and Hamilton (1951) stage 17 before 
treatment. Chick embryos were treated in ovo by 
removing shell and shell membranes to form a 1-cm2  
window. A 5-µ1 aliquot of NaAs02, HgC12, or CdC12  
dissolved in 0.9% NaCI or vehicle alone (control) was 
placed directly on the vasculature surrounding the 
embryo, and the shell was resealed with Parafilm and 
replaced in the incubator (Ivnitski et al., 2001). Embryos 
were exposed to 3, 10, 30, or 100 nmol arsenite, cadmium, 
and mercury and excised 2 h after exposure, or to saline 
or 10 nmol metal and harvested 2, 4,12, or 24 h following  

exposure. For actinomycin D experiments, embryos were 
exposed to 10 µI of a 20 µg/m1 solution of actinomycin D 
in Howard (1953) Ringers solution (HR: 123 mM NaCI, 
1.6 mM CaCl2  • 2H20, 5 mM KC1) 30 min prior to a 2-h 
treatment with 30 nmol arsenite. 

Radiolabeling of Tissue Proteins 
Following incubation, blastoderms were excised from 

the yolk, freed of vitelline membranes, and 3 embryos 
from each treatment group for each of at least 3 separate 
experiments were pooled in 20-m1 glass vials containing 
3 ml prewarmed HR solution supplemented with 
100 mM glucose, 100 mM sodium pyruvate, and 
35S-methionine. Embryos were incubated on a rotator 
for 60 min at 37°C and then washed three times in 
Dulbecco's phosphate buffered saline (Invitrogen Life 
Sciences, Grand Island, NY). Following rinsing, the 
pooled embryos were transferred to 1.5-ml microcentri-
fuge tubes and frozen at —70°C for no longer than 5 days. 

SDS-PAGE Autoradiography 
After thawing on ice, samples were sonicated in 

10 mM Tris, pH 7.4, and centrifuged at 15K x g at 4°C 
for 15 min. Protein in a 5-µ1 supernatant aliquot was 
determined by the method of Lowry et al. (1951) using 
bovine serum albumin (Sigma, St. Louis, MO) as a 
standard. Another 5-µ1 aliquot of the supernatant was 
added to 10 ml Aquasol-2 cocktail (DuPont, Boston, MA) 
and radioactivity was measured with a LKB Wallac 1217 
Rackbeta Liquid Scintillation Counter. To equalize radio-
levels between samples, 20 µI of the sample was diluted 
with sample buffer (10 mM Tris-HC1, pH 7.4, 2.5% SDS, 
2% (3-mercaptoethanol, 0.01% bromophenol blue, 1 mM 
EDTA, pH 8.0). Samples were heated for 5 mM at 97°C, 
chilled on ice, and centrifuged at 15K x g for 5 min. 

Proteins in the supernatant were separated on precast 
12.5% homogenous acrylamide minigels (Phast System, 
Pharmacia/LKB Biotechnology, Piscataway, NJ) as de-
scribed by Goering et al. (1992). Pre-stained molecular 
weight standards (GIBCO/BRL Life Technologies) were 
run concurrently. Following electrophoresis, gels were 
fixed, air dried, and placed on Kodak X-OMAT AR film 
at —70°C. Images of radiolabeled proteins and pre-
stained molecular weight standards were scanned with a 
laser densitometer (Etruscan 2202, Pharmacia/LKB Bio-
technology, Piscataway, NJ) to estimate Mr  of sample 
proteins. Using Gel scan XL software, the area of relevant 
hsp peaks was calculated and then converted to percent 
of control. Each data point represents the mean ± 
standard deviation from at least three different experi-
ments. One-way analysis of variance (ANOVA) was used 
to assess the variation of the means among the treatments 
and the Student Newman-Keuls test was performed for a 
comparison of the means. Significance was established 
when P < 0.05. 

Immunologic Detection of Stress Proteins 
Aliquots (20 µI) of chick tissue were diluted with 

sample buffer to equivalent protein concentrations 
(3 fig/ µI). Protein samples and pre-stained molecular 
weight markers were separated on precast 12.5% 
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homogenous acrylamide minigels followed by electro-
phoretic blotting onto nitrocellulose membranes as 
described by Goering et al. (1992). The nitrocellulose 
blots were incubated in Tris-buffered blocking solution 
containing 4% non-fat dry milk with gentle agitation for 
3 h at room temperature. The blots were then washed in 
TBS and incubated overnight with monoclonal antibo-
dies derived against proteins from the 24-, 70-, and 90-kD 
heat shock families. A previously characterized rat-anti-
chicken hsp70 monoclonal antibody and a rabbit anti-rat 
hsp24 that cross-reacts with chicken hsp24 (Kelley and 
Schlesinger, 1982) were a kind gift of Dr. Milton J. 
Schlesinger, Washington University School of Medicine, 
St. Louis, MO. The commercially available mouse 
monoclonal hsp90 antibody (SPA830, StressGen Bio-
technologies, Vancouver, BC) has known cross-reactivity 
with chicken hsp90 (StressGen Biotechnologies). Follow-
ing incubation with the primary antibody, blots were 
washed and incubated for 3 h with purified goat anti-
rabbit (for detection of hsp24), rabbit anti-rat (for 
detection of hsp70), or goat anti-mouse (for detection of 
hsp90) secondary antibodies conjugated with alkaline 
phosphatase (BioRad Laboratories, Richmond, CA). 
Detection of the bound antibody complex was performed 
colorimetrically following incubation with the substrates 
nitroblue tetrazolium (NBT) and 5-bromo-4-chloro-3-
indolyl phosphate (BCIP). 

Morphologic Assessment of Embryos 
After 72 h of incubation to Hamburger-Hamilton stage 

17 (Hamburger and Hamilton, 1951), embryos were 
treated with 10 nmol metal or 0.9% NaC1 (control) as 
described above, and the eggs were incubated for an 
additional 4, 12, or 24 h. Each embryo was then excised 
from the yolk into HR (37°C) and immediately examined 
for heartbeat as an indicator of survival. The vitelline 
membrane was removed, and the embryos were fixed in 
10% formalin overnight. Further observations of em-
bryonic tissues were conducted in PBS by a single 
evaluator (KMB). The number of live and dead embryos 
exhibiting abnormalities in the neural tube, ganglia, 
retinas, somites, allantois, limbs, and branchial arches 
was recorded. 

RESULTS 
De Novo Protein Synthesis 

Arsenite, cadmium, and mercury elicited dose-depen-
dent changes in the de novo synthesis of stress proteins 
(sp) in chick embryos after 2-h exposure to each metal 
(Fig. 1). Arsenite enhanced the synthesis of three proteins 
with apparent molecular weights of 24, 70, and 90 kD, 
denoted as stress proteins sp24, sp70, and sp90, 
respectively. Treatment of chick embryos with 30 and 
100 nmol arsenite significantly increased the de novo 
synthesis of sp24 (Fig. 1B). Exposure to 10, 30, or 100 
nmol arsenite/embryo resulted in an increase in sp70 
synthesis to 386, 381, and 360% of control, respectively. A 
significant increase in sp90 synthesis was observed after 
treatments with 3, 30, or 100 nmol arsenite/embryo. 
Cadmium significantly enhanced the de novo synthesis 
of sp70 when exposed to 3, 10, or 100 nmol/embryo, and 
mercury significantly increased sp70 synthesis at 30 or 
100 nmol/embryo. 
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The effects of all three metals on the de novo synthesis 
of sp24, sp70, and sp90 were time-dependent (Fig. 2). 
Generally, rates were maximal after 2 or 4 h of treatment. 
Specifically, the maximal effect of arsenite on sp90, sp70, 
or sp24 synthesis was seen at 4 h (Fig. 2B). Rates returned 
to baseline at 12 h for sp90 and sp70 and at 24 h for sp24. 
The effect of cadmium on the de novo synthesis of sp70 
was similar after 2 or 4 h of treatment. Cadmium 
treatment for 12 h significantly lowered the rate of 
hsp90 de novo synthesis below baseline. Exposure to 
mercury for 2 or 4 h significantly enhanced synthesis of 
sp70 and sp90; the rates returned to baseline by 12 h. For 
the time-course experiments, time-related treatment 
effects were compared to the 2-h saline control group, 
since, in a pilot study, no differences in hsp expression 
were observed in control (treated with saline) embryos 
after 2, 4, 12, or 24 h of incubation (data not shown). 

When chick embryos were treated with actinomycin D 
30 min prior to arsenite treatment, the arsenite-induced 
synthesis of sp24, sp70, and sp90 (Fig. 3, lane 4) was 
blocked (Fig. 3, lane 5). Treatment with actinomycin D 
(Fig.3, lane 3) or vehicle (Fig.3, lane 2) alone did not 
enhance expression of these proteins. This result demon-
strates that expression of sp24, sp70 or sp90 in chick 
embryos induced by arsenite is regulated at the level of 
transcription. 

Immunologic Detection of Stress Proteins 
The sp24-, sp70-, and sp90-kD proteins were identified as 
hsp24, hsp70, and hsp90, respectively, using Western 
immunoblot analysis, and representative blots are shown 
in Figure 4. The arsenite-induced increase in accumula-
tion of all three proteins was time-dependent. Elevated 
levels of hsp24 and hsp70 were maximal after 4 h of 
treatment. Cadmium increased all three proteins; the 
maximal increases for hsp24, hsp70, and hsp90 were 
noted after 24, 4, and 2 h of treatment, respectively. 
Hsp24, hsp70, and hsp90 levels were maximally in-
creased after 24, 4, and 2 h of mercury exposure, 
respectively. 

Embryotoxicity 
Exposure in ovo to all three metals resulted in 

embryotoxicity (Fig. 5). The percentage of abnormal 
embryos increased with duration of treatment. Of the 
three metals examined, cadmium was the most embry-
otoxic (Fig. 5). A 4-h cadmium exposure resulted in 40% 
abnormal embryos compared to 15% with arsenite and 
8% with mercury treatment. Following 12- or 24-h 
exposure, 100% of the embryos exposed to cadmium 
were abnormal, compared to 90% with arsenite and 52% 
with mercury. Embryolethality increased over time with 
metal treatment. Cadmium was the most embryolethal 
with lethality rising to 90% with 24 h of treatment. A 4-h 
arsenite treatment was lethal to only 5% of the embryos, 
while 12 or 24 h of arsenite treatment were lethal to 45% 
of the embryos. Mercury treatment did not result in dead 
embryos with 4 or 12 h of exposure, but embryolethality 
was 24% after 24 h. Exposing chick embryos to metals 
produced an array of developmental abnormalities 
including defects in the neural tube, retina, limbs, cranial 
ganglia, somites, and branchial arches (Table 1). Cad-
mium treatment induced abnormalities in the neural 
tube, ganglia, somites, retina, limbs, and allantois. 
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Fig. 1. A: Dose-dependent changes in de novo stress protein synthesis induced in chick embryos exposed to metals. Representative SDS-
PAGE (12.5% minigels) profiles of 35S-methionine-labeled chick embryonic proteins 2 h after exposure to 0 (Con), 3, 10, 30, or 100 nmol/ 
embryo of arsenite (As), cadmium (Cd), or mercury (Hg). Each lane was loaded with 120,000 cpm/lane of a supernatant aliquot from a 
homogenate of 3 pooled embryos. Enhanced de novo synthesis of stress proteins sp90, sp70, and sp24 was observed after As exposure. 
Cd and Hg induced de novo expression of sp90 and sp70 (see arrows). Molecular weight standards (kilodaltons) are indicated. 
B: Densitometric analysis of dose-dependent changes in de novo synthesis of stress proteins in chick embryos following exposure to 
arsenite (As), cadmium (Cd), or mercury (Hg). Quantitative changes in de novo synthesis of stress proteins were determined after 2 h 
exposure to 3, 10, 30, or 100 nmol/embryo of metal by laser densitometric analysis of gel profiles of 35S-methionine-labeled chick 
embryonic proteins. Density values were calculated as area-under-the-curve and are presented as percent of control. Each data point 
represents the mean ± standard deviation from at least three different experiments. Significant differences from control as 
determined by one-way ANOVA and the Student Newman-Keuls test (P < 0.05 and P < 0.01, respectively). 

Arsenite treatment resulted in abnormalities of the neural 
tube, somites, ganglia, and branchial arches. Mercury 
treatment produced abnormalities in the neural tube, but 
no other tissues, after 24 h of treatment. 

DISCUSSION 

Arsenite, cadmium, and mercury produced rapid, 
metal-specific qualitative and quantitative differences 
in hsp expression. Arsenite was the most effective 
inducer of hsp24, hsp70, and hsp90 de novo synthesis. 

Experiments with actinomycin D demonstrated that 
newly transcribed mRNA is required for the arsenite-
induced increases in hsp24, hsp70, and hsp90 levels. In 
the present study, an increase in the de novo synthesis of 
hsp24 was first seen with 2 h of treatment, reached a 
maximum by 4 h, and returned to baseline levels by 24 h. 
Johnston et al. (1980) observed an arsenite-induced 
increase in a 27-kD stress protein in chick embryo 
fibroblasts. In that report, enhanced synthesis of the 
27-kD protein was noted at 1 h, reached a maximum by 
4 h, which persisted for 1-2 days. In rat embryos, 
arsenite, but not cadmium, increased hsp72 levels 
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Fig. 2. A: Time-dependent changes in de novo stress protein synthesis induced in chick embryos exposed to metals. Representative SDS-
PAGE (12.5% minigels) profiles of 35S-methionine-labeled chick embryonic proteins, 2, 4,12, and 24 h after exposure to 10 nmol/embryo 
of arsenite (As), cadmium (Cd), or mercury (Hg). Each lane was loaded with 120,000 cpm/lane of a supernatant aliquot from a 
homogenate of 3 pooled embryos. Transient enhanced de novo synthesis of stress proteins sp90, sp70, and sp24 proteins was observed 
after As exposure. Cd and Hg induced transient de novo expression of sp90 and sp70 (see arrows). Molecular weight standards 
(kilodaltons) are indicated. The control (Con) lane represents proteins separated from embryo homogenates collected after 2 h of 
incubation; in a pilot study, no differences in hsp expression were observed in control embryos after 2, 4, 12, or 24 h of incubation. B: 
Densitometric analysis of time-dependent changes in de novo synthesis of stress proteins in chick embryos following exposure to arsenite 
(As), cadmium (Cd), or mercury (Hg). Quantitative changes in de novo synthesis of stress proteins were determined at various times 
after exposure to 10 nmol metal/embryo by laser densitometric analysis of gel profiles of 35S-methionine-labeled chick proteins. Density 
values were calculated as area-under-the-curve and are presented as percent of control. Each data point represents the mean ± standard 
deviation from at least three different experiments. • Significant differences from control as determined by one-way ANOVA and the 
Student Newman-Keuls test (P < 0.05 and P < 0.01, respectively). 

(Mirkes et al., 1994). An increase in hsp24 content by 24 h 
in the present study in cadmium- and mercury-treated 
embryos (Fig. 4) without enhanced de novo synthesis 
(Fig. 2) suggests that these metals produce post-transla-
tional modifications that result in an immunologically 
detectable protein. 

In the present study, cadmium and mercury were the 
most rapid inducers of hsp70 synthesis. Maximal rates of 
synthesis were reached after 2-4 h of exposure, which 
corresponds to other results showing similar maximal 
rates in rat liver and kidney 2-4 h after injection of 
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cadmium and mercury, respectively (Goering et al., 1992, 
1993). This protein is expressed in mouse embryos 
beginning at the blastocyst stage and appears to be 
linked to the development of thermotolerance in heat-
treated embryos (Hahnel et al., 1986). Hsp72 accumulates 
mainly in the neuroectodermal tissue and neural folds of 
GD10 rat embryos exposed to heat in culture (Fisher 
et al., 1995) or in utero (Honda et al., 1992). Similarly, in 
heat-shocked GD9.5 rat whole embryo cultures, hsp72 
mRNA accumulation was observed mostly in the 
neuroectoderm and mesoderm of the neural plate 
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(Walsh et al., 1989). Cadmium has been shown to 
increase hsp70 mRNA levels in rabbit blastocysts 
(Andrews et al., 1987) and hsp70 protein levels in 
Drosophila embryonic cells (Buzin and Bournias-Vardia-
basis, 1984). To our knowledge, the present study is the 

4-s 
41- sp70 

.4- sp24 

Fig. 3. Effect of actinomycin D (Act D) on stress protein 
synthesis in chick embryos exposed to arsenite (As). Embryos 
were pretreated with 10 ill Act D (20 µg/ml) delivered in a 
Howard Ringers solution 30 min prior to As treatment. Embryos 
were then exposed to As (30 nmol/embryo) for 2 h and labeled 
with 35S-methionine for 1 h. Separation of embryonic proteins by 
SDS-PAGE (12.5% minigels) demonstrated that pretreatment 
with Act D blocked the enhanced synthesis of the stress proteins 
sp90, sp70, and sp24 (see arrows). Molecular weight standards 
(kilodaltons) are indicated. 

first to report an enhanced synthesis of hsp70 or hsp90 
protein by mercury in a developmental model. This 
finding is not unexpected since mercury-induced in-
creases in hsp70 mRNA in developing rat embryos have 
been demonstrated (Li et al., 1998). 

All three metals examined were embryotoxic under the 
exposure conditions of this study. Of the three metals, 
cadmium was the most embryolethal and induced the 
most developmental abnormalities. Treatment of chick 
embryos in ovo with 10 nmol cadmium for 24 h resulted 
in 10% survival. The main cadmium-induced abnormal-
ities were seen in the neural tube, retinas, allantois, and 
limbs. Cadmium was the only metal examined that 
induced abnormal limb and allantois development. The 
embryotoxicity of cadmium has been studied extensively 
both in vivo and in vitro in several experimental models. 
In in vivo studies in the hamster, cadmium treatment 
resulted in an increased incidence of fetal resorption 
(Ferm and Carpenter, 1968). Hamster (Ferm and 
Carpenter, 1968) and rat (Barr, 1973) embryos exposed 
to cadmium exhibited neural tube defects which in-
cluded microphthalmia, anophthalmia, encephalocoele, 
and exencephaly. Similar effects were seen when rat 
embryos were treated with cadmium in vitro (Zhao et al., 
1997). Hamster embryos exposed in vivo to cadmium 
developed malformed faces (Ferm and Carpenter, 1968). 
Reported abnormalities induced in vitro by cadmium in 
the mouse included decreased yolk sac diameter, and 
head length, somite, neural tube, face and eye defects 
(Nakashima et al, 1988; Kapron-Bras and Hales, 1991). 
Treatment of chick embryos in vitro with cadmium 
resulted in abnormal neural tubes (Kucera and Burnand, 
1987; Thompson and Bannigan, 2001), and limbs 
(Thompson and Bannigan, 2001). Cadmium-induced 
abnormalities induced in the chick in ovo included eye 
(Gilani and Alibhai, 1990) and limb defects (Menoud and 
Schowing, 1987). 

Arsenite  Cadmium Mercury 

hsp90 

hsp70 

hsp24 

Con 2 4 12 24 	Con 2 4 12 24 	Con 2 4 12 24 

Hours 
Fig. 4. Immunochemical detection of heat shock proteins in chick embryos at various times after exposure to arsenite (As), cadmium 
(Cd), or mercury (Hg). After exposure to metal solutions for various times, chick embryonic proteins were separated on 12.5% SDS-
PAGE minigels. The 90-, 70-, and 24-kD proteins were identified as hsp90, hsp70, and hsp24, respectively. The control (Con) lane is 
protein separated from embryo homogenates collected after 2 h of incubation. 
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Fig. 5. Effects of metals on chick embryo survival and 
development. Chick embryos (72 h) were exposed in ovo to 10 
nmol/embryo of arsenite (As), cadmium (Cd), or mercury (Hg) 
and then cultured for an additional 2, 4, 12, or 24 h. Control 
embryos (Con) were exposed to vehicle only (0.9% NaC1). 
Survival was determined by a discernable heartbeat. Data were 
pooled from several experiments conducted on different days 
(n=19-27 for treated groups and n=18-24 for control groups). 
Both live and dead embryos at each time point were evaluated 
for abnormalities (see Table 1). 

Arsenite treatment of chick embryos resulted in a time-
dependent increase in the number of embryos exhibiting 
abnormalities. Exposure to arsenite for 12 h resulted in 
60% abnormal embryos, while 24 h of exposure resulted 
in 90% abnormal embryos, half of which were dead. The 
main deformities of arsenite-treated embryos were in the 
neural tube, ganglia, somites, and branchial arches. Only 
one report exists on the potential developmental toxicity 
of arsenic in the form of arsenate in the chick (Gilani and 
Alibhai, 1990). In that study, in ovo exposure of chick 
embryos to arsenate induced lethality and resulted in 
reduced body and limb lengths and abnormal beaks. 
Lethality, somite abnormalities, and neural tube defects 
have been reported as a result of arsenite treatment of 
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whole mouse embryos in culture (Chaineu et al. 1990; 
Tabacova et al. 1996). 

In the present study, mercury induced death and 
abnormalities only after 24 h exposure to 10 nmol/ 
embryo. The teratogenic effects of mercury were 
restricted to the neural tube. In the chick, mercury was 
shown to decrease the percentage of hatching with the 
embryos being more sensitive to mercury when exposed 
in ovo prior to day 7 (Hughes et al., 1976). The mortality 
rate of mercury-treated chick embryos was dependent on 
the day of injection, with the mortality being higher in 
day-5 vs. day-6 chick embryos (Greener and Kochen, 
1983). 

Metal-induced changes in chick embryo hsp synthesis 
occurred at earlier exposure durations than those that 
produce embryotoxicity. For example, whereas arsenite 
treatment resulted in increases in hsp synthesis as early 
as 2 h after treatment with maximal induction by 4 h, 
arsenite-induced abnormalities were first noted 12 h after 
treatment. Similarly, cadmium increased hsp70 synthesis 
at 2 and 4, but not at 12 or 24 h after treatment, but its 
teratogenic potential was mostly observed after 12 and 
24 h exposure. Studies in the adult rat have demon-
strated that stress protein synthesis precedes arsenite 
(Wijeweera et al., 1995) and cadmium (Goering et al., 
1993) hepatotoxicity. 

A possible correlation of hsp expression and the 
developmental toxicity of metals has been suggested 
from previous investigations. Overexpression of hsp27 
has been shown to protect mouse embryonic stem cells 
from cadmium-, mercury-, and arsenite-induced lethality 
(Wu and Welsh, 1996). Increased synthesis of hsp72 and 
hsp72 mRNA was detected prior to observation of 
teratogenic effects in rat embryos treated with arsenite 
in vitro (Mirkes and Cornel, 1992). A correlation between 
hsp72 accumulation and developmental toxicity in the 
rat has been established for sodium salicylate, but not for 
cadmium, cyclophosphamide, or N-acetoxy-2-acetylami-
nofluorene (Mirkes et al., 1994). Additional develop-
mental toxicants that have been shown to increase 
synthesis of hsps include heat in the rat (Fisher et al., 
1996), phenytoin in the mouse (Hansen et al., 1988), and 
thalidomide in Drosophila cells (Bournias-Vardiabasis and 
Buzin, 1986). Hsp72 overexpression protects mouse 
embryos from the teratogenic effects of arsenite (Dix 
et al., 1998; Hunter and Dix, 2001). Maternal exposure of 
GD10 mice to retinoic acid results in abnormal forelimbs, 
hindlimbs, and tail, and accumulation of a 20-25 kD 
stress protein was seen in all of these tissues shortly after 
dosing (LaBord et al., 1995). In addition, accumulation of 
a 90-kD stress protein was observed in the forelimbs and 
tail, while an 84-kD protein accumulated in the fore-
limbs. In GD13 mice, maternal exposure to retinoic acid 
resulted in cleft palate and stress proteins of 34-, 84-, and 
90-kD accumulated in craniofacial tissue. In GD11 mice, 
hindlimbs and forelimbs are the only tissues malformed 
by retinoic acid treatment, and accumulation of stress 
proteins of 25-, 84-, and 90-kD were specific to those 
tissues (Anson et al., 1991). The above studies suggest 
that stressors increase hsp synthesis in the affected 
tissues. Fisher et al. (1995), on the other hand, showed 
that hsp72 was induced by heat in rat neural tissues and 
not in somites, which were the only structure affected by 
the heat treatment. The lack of hsp expression in somites 
may have contributed to their susceptibility to heat. In 
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TABLE 1 
Survival Rates and Abnormalities of Embryos Treated at Hamburger Hamilton Stage 17 (72 h) With 10 nmol of Arsenite 

(As), Cadmium (Cd), or Mercury (Hg) or 0.9% NaC1 Vehicle (Con), and then Incubated for 4, 12, or 24 Hours 

	

Hours of 	Number of 	 Neural 
	

Branchial 

	

Chemical treatment 	animals 	% Survival 	tube 	Ganglia Retina Somites 	Allantois 	Limb 	arch 

Con 
	

4 	24 	 95.8 	0 	0 	0 	0 	0 	0 	0 
12 	18 	100 	0 	0 	0 	0 	0 	0 	0 
24 	28 	 92.8 	3.6 	3.6 	0 	0 	0 	0 	0 

As 
	

4 	20 	 85 	5 	0 	0 	0 	0 	0 	5 
12 	20 	 55 	25 	0 	0 	0 	0 	0 	0 
24 	20 	 50 	30 	20 	0 	25 	0 	0 	25 

Cd 
	

4 	22 	 86.4 	22.7 	0 	9.1 	0 	0 	0 	0 
12 	19 	 36.0 	94.7 	21.1 	47.4 	26.3 	36.8 	0 	0 
24 	19 	 10.5 	100 	31.6 	57.9 	26.3 	57.9 	36.8 	0 

Hg 
	

4 	27 	100 	3.7 	0 	0 	0 	0 	0 	0 
12 	20 	100 	0 	0 	0 	0 	0 	0 	0 
24 	21 	 76.2 	23.8 	0 	0 	0 	0 	0 	0 

'Specific abnormalities follow. Neural tube: microcephally, open neural tube, crinkled neural tube, incomplete brain segmentation; 
ganglia: darkened cranial ganglia; retina: reduced retina, optic fissure defects; somites: fused somites, darkened sclerotome; allantois: 
reduced or absent; limb: reduced limb, abnormal (anterior) projection; branchial arch: darkened mesenchyme. 

the present study, specific developmental effects cannot 
be predicted from hsp levels. Similar hsp developmental 
profiles induced by different metals may result in 
different embryonic outcomes due to tissue-specific 
expression of active hsps. While the current study was 
not designed to address this specific question, it would 
be interesting to examine which hsps are present in 
affected vs. unaffected tissues of metal-treated embryos. 

This is the first report to show that hsp24 and hsp90, 
in addition to hsp70 synthesis, is enhanced by arsenite 
treatment. We also demonstrate for the first time in an 
embryo model that mimics in vivo exposures that 
mercury exposure induces synthesis of hsp70 and 
hsp90. For all three metals evaluated, hsp expression 
was shown to precede developmental abnormalities. It is 
unclear from the present study if in embryos exposed to 
developmental toxicants, enhanced hsp expression at a 
certain time prior to the onset of developmental 
abnormalities confers embryo protection or whether hsps 
are biomarkers of early tissue injury. The relationship 
between hsp expression and the potential developmental 
toxicity of arsenite, cadmium, and mercury merits 
further investigation. 
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Abstract 

The effect of mercury (Hg2  +), a known nephrotoxicant, on intracellular free Ca2 F  levels ([Ca2  +];) in Madin 
Darby canine kidney (MDCK) cells was explored. [Ca2 F];  was measured by using the Ca2 +-sensitive dye fura-2. 
Hg2  increased [Ca2  in a concentration-dependent manner with an EC50  of 6 µM. The Ca2  signal comprised a 
gradual increase. Removal of extracellular Ca2  decreased the Hg2  -induced [Ca2  increase by 27%, suggesting 
that the Ca2  signal was due to both extracellular Ca2  influx and store Ca2  release. In Ca2 +-free medium, the 
Hg2 +-induced [Ca2  +]; increase was nearly abolished by pretreatment with 1 µM thapsigargin (an endoplasmic 
reticulum Ca2  + pump inhibitor), and conversely, pretreatment with Hg2  + abolished thapsigargin-induced Ca2  + 
increase. Hg2 +-induced Ca2  + release was not altered by inhibition of phospholipase C but was potentiated by 
activation of protein kinase C. Overnight treatment with 1 µM Hg2  + did not alter cell proliferation rate and 
mitochondrial activity, but 10 µM Hg2  ± killed all cells. Collectively, this study shows that Hg2  ± induced protein 
kinase C-regulated [Ca2  +]; increases in renal tubular cells via releasing store Ca2  + from the endoplasmic reticulum 
in a manner independent of phospholipase C activity. Hg2  + also caused cytotoxicity at higher concentrations. 
© 2004 Elsevier Inc. All rights reserved. 

Keywords: Ca2±; MDCK cells; Mercury; Renal; Thapsigargin; Fura-2 

Introduction 

All forms of mercury have toxic effects in a number of organs, especially in the kidney. Within 
the kidney, the proximal tubule is the most vulnerable segment of the nephron to the toxic effects of 
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mercury (Zalups, 2000). The biological and toxicological activity of mercurous and mercuric ions in 
the kidney can be defined largely by the molecular interactions that occur at critical nucleophilic 
sites in and around target cells. Because of the high bonding affinity between mercury and sulfur, 
there is a particular interest in the interactions that occur between mercuric ions and the thiol 
group(s) of proteins, peptides and amino acids (Diamond and Zalups, 1998). A transient increase in 
the intracellular free Ca2  + concentrations ([Ca2 +]i)  is used by the cell as a key signal to trigger and 
regulate many pathophysiological processes, including necrosis (Berridge, 2002; Bootman et al., 
2002). However, an abnormal [Ca2  +]i  rise is cytotoxic and can lead to apoptosis, dysfunction of 
proteins, interference of ion flux, etc. (Annunziato et al., 2003). The Madin-Darby canine kidney 
(MDCK) cell line is a useful model for renal research. It has been shown that in this cell line, 
[Ca2 +]i  can increase in response to the stimulation of various endogenous and exogenous agents, 
such as bradykinin (Jan et al., 1998b), linoleamide (Huang and Jan, 2001), organic tin compounds 
(Jiann et al., 2002), etc. Hg2  + has been shown to independently activate K+  channels and increase 
[Ca2  +]i  in MDCK cells (Jungwirth et al., 1991), but the underlying mechanism of the [Ca2 +]i  
increase is unclear. By using fura-2 as a Ca2 +-sensitive dye, here we show that Hg2  + induces 
concentration-dependent [Ca2  +]i  increase both in the presence and absence of extracellular Ca2  + in 
MDCK cells. The Ca2  + responses are characterized, the concentration-response relationship is 
established, and the pathways underlying Hg2 +-induced Ca2  + release are evaluated. Furthermore, 
the cytotoxic effect of overnight treatment with Hg2  + was explored by measuring the mitochondrial 
activity and proliferation rate. 

Materials and Methods 

Cell culture 

MDCK cells obtained from American Type Culture Collection were cultured in Dulbecco's 
modified essential medium supplemented with 10% heat-inactivated fetal bovine serum in 5% CO2/ 
95% air at 37 °C. 

Solutions 

Ca2 +-containing medium contained (in mM): NaC1 140; KC1 5; MgC12  1; CaC12  2; Hepes 10; glucose 
5; pH 7.4. Ca2 +-free medium contained similar components as Ca2 +-containing medium except that 
Ca2  + was substituted with 2 mM MgC12. Agents were dissolved in water, ethanol or dimethyl sulfoxide. 
Final concentrations of organic solvents in the experimental solution were less than 0.1% which did not 
alter basal [Ca2 +]i  (n = 3; not shown). HgC12  was dissolved in water as a 10 mM stock and was diluted to 
the final concentrations before assays. 

[Ca2±  i  measurements 

Trypsinized cells (106/m1) were allowed to recover in culture medium for 1 hr before loading with 2 
juM fura-2/acetoxy methyl for 30 min at 25 °C in the same medium. The cells were washed and 
resuspended in Ca2+-containing medium. Fura-2 fluorescence measurements were performed in a water- 
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jacketed cuvette (25 °C) with continuous stirring; the cuvette contained 1 ml of medium and 0.5 million 
cells. Fluorescence was monitored with a Shimadzu RF-5301PC spectrofluorophotometer (Kyoto, 
Japan) by recording excitation signals at 340 and 380 nm and emission signal at 510 nm at 1-s 
intervals. Maximum and minimum fluorescence values were obtained by adding 0.1% Triton X-100 and 
10 mM EGTA sequentially at the end of each experiment. [Ca2+];  was calculated as described previously 
assuming a Kd of 155 nM (Grynkiewicz et al., 1985). 

Calorimetric assay 

Cytotoxicity tests were carried out using WST-1, a fluorescent cell proliferation reagent. The assay 
is based on cleavage of the tetrazolium salt WST-1 by active mitochondria to produce a soluble 
colored formazan salt (Ishiyama et al., 1996). Since the conversion is operated only by viable cells, 
it directly correlates with the cell number. The cells were plated at 1 x 104  in 96-well microtiter 
plates. Twenty-four hours after plating, at 70% confluence the growth medium was removed and 
replaced with the test solutions (100 111). After 16-hour exposure the reaction medium was removed, 
the cells were washed twice with culture medium, then 100 IA culture medium and 10 pl WST-1 
were added to each well. The cells were incubated for 2 hours at 37°C in a humidified atmosphere 
with 5% CO2, then the microplate was thoroughly shaken for 1 min and the absorbance was 
measured at 450 nm using a microtiter reader (model MRX II DYNEX Technologies, Chantily, VA, 
USA). 

Chemicals 

The agents for cell culture were from Gibco (Gaithersburg, MD, USA). Fura-2/acetoxy methyl was from 
Molecular Probes (Eugene, OR, USA). U73122 (1-(6-((17b-3-methoxyestra-1,3,5(10)-trien-17-yl)ami-
no)hexyl)-1H-pyrrole-2,5-dione) and U73343 (1-(6-((17b-3-methoxyestra-1,3,5(10)-trien-17-yDamino)-
hexyl)-2,5-pyrrolidine-dione) were from Biomol (Plymouth Meeting, PA, USA). HgC12  and other agents 
were from Sigma (St. Louis, MO, USA). 

Statistics 

All data are presented as the means ± S.E.M. of five separate experiments. Statistical comparisons 
were determined by using Student's t test, and significance was accepted when P < 0.05. 

Results 

Effect of Hg2+  on [Ca2±  i  

Fig. lA shows that in Ca2 +-containing medium, basal [Ca2  was 50 ± 2 nM (n = 5). Hg2  + (5-20 
iuM) caused a gradual [Ca2+]i  increase, which lasted for, at least, 370 s after the addition of Hg2  +; e.g. 
Hg2  + (20 µM)-induced [Ca2+];  increase attained to 151 ± 3 nM (n = 5) over baseline at the time point 
of 400 s. The signal sustained and did not decay. The effect of Hg2  + was concentration-dependent, and 
saturated at 20 AM of the agent with an EC50  value of 6 µM (Fig. 1B). 
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Fig. 1. Effects of Hg2  + on [Ca2+],. (A) Concentration of the reagent was 1-20 µM. The control response was the same as the 
one induced by 1 µM Hg2+. The experiments were performed in Ca2+-containing medium. Hg2  ± was added at 30 s and was 
present throughout the measurement of 400 s. (B) A concentration-response curve of Hg2 +-induced Ca2  + signals. Y axis is the 
percentage of control which is the net area under the curve (baseline subtracted) of the [Ca2±], increase induced by 20 Hg2+. 
Data are mean ± S.E.M. of five experiments. 

Effect of removal of extracellular Ca2+  on Hg2+-induced [Ca2±Ji  increases 

To examine whether/how influx of extracellular Ca2  ± and/or mobilization of Ca2  ± from the 
intracellular store site(s) may contribute to Hg2±-induced [Ca21 increases, the effect of Hg2  + on 
[Ca21 was measured in the absence of extracellular Ca2±. Fig. 2A shows that the [Ca2li  increase 
caused by 20 1.LM Hg2  ± was attenuated, with no change in basal [Ca2li  (51 ± 1 nM, n = 5). Hg2  ± 
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Fig. 2. Intracellular sources of Hg2±-induced [Ca2±], increases. (A) and (B), all experiments were performed in Ca2 +-free 
medium. Reagents were applied at the time indicated by arrows. The concentration of reagents was 20 p.M for Hg2  + and 1 p.M 
for thapsigargin. Data are means ± S.E.M. of five experiments. 

increased [Ca2 +I by 110 ± 2 nM at the time point of 400 s, which was 27% smaller than that observed 
in Ca2 +-containing medium at the same time point. This suggests that Hg2  + induced both extracellular 
Ca2  + influx and intracellular Ca2  + release. 

Mobilization by Hg2±  of intracellular Ca2±  from the endoplasmic reticulum 

We examined whether Hg2 +-induced [Ca2  +]; increases may involve the mobilization of intracellular 
Ca2±  sequestered within the endoplasmic reticulum, a major Ca2+  store in MDCK cells (Jan et al., 
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1998a; Huang and Jan, 2001; Jiann et al., 2002). Fig. 2A shows that in Ca2±-free medium, 1 juM 
thapsigargin (1 iu,M), an inhibitor of endoplasmic reticulum Ca2±-ATPase (Thastrup et al., 1990), failed 
to cause a [Ca2 +]i  increase (n = 5). In contrast, Fig. 2B shows that thapsigargin (1 tiM) increased [Ca2 +]i 
by 115 ± 3 nM (n = 5). Furthermore, addition of 20 ILIM Hg2  ± after thapsigargin treatment for 700 s 
only induced a negligible [Ca2 +]i  increase (n = 5). 

Lack of involvement of phospholipase C in Hg2±  -induced Ca2+  release 

The role of phospholipase C-inositol 1,4,5-trisphosphate (1P3) pathway in Hg2 +-induced 
intracellular Ca2  + mobilization from the endoplasmic reticulum was investigated. Fig. 3A shows 
that 10 IA4 ATP, an agonist for P2Y type ATP receptors that mobilizes intracellular Ca2  + from the 
endoplasmic reticulum via activation of phospholipase C in MDCK cells (Jan et al., 1998a), 
caused an instantaneous monophasic [Ca2 +]i  increase (121 ± 2 nM, n = 5) in Ca2 +-free medium. 
Fig. 3B, however, shows that pretreatment with 2 µ,M U73122, an inhibitor of phospholipase C 
(Thompson et al., 1991), abolished ATP-induced [Ca2li  increases; in contrast, 10 [1,M U73343, a 
biologically inactive analogue of U73122 (Thompson et al., 1991), failed to prevent ATP-induced 
[Ca2 +]i  increases (data not shown; n = 5). Even in the presence of 2 AM U73122, 20 µM Hg2  ± 
caused a significant [Ca2  +]; increase which was indistinguishable from the control Hg2  + response 
(Fig. 2A). 

Involvement of protein kinase C in Hg2f  -induced [Ca2+Ji  increases 

In MDCK, it has been shown that protein kinase C may play a role in a Ca2  + signal (Jan et al., 
1998b). The data in Fig. 4 show that pretreatment with phorbol myristate acetate (PMA; 10 nM) to 
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Fig. 3. Effect of U73122 on Hg2 +-induced [Ca2  +]; increases. (A) ATP (10 u.M) was added at 25 s. (B) U73122 (2µM), ATP (10 
Hg2±  (20 tiM) were added at 50, 150 and 230 s, respectively. All experiments were performed in Ca2 +-free medium. Data 

are means ± S.E.M. of five experiments. 



Yeh et al. / Life Sciences 74 (2004) 2075-2083 	 2081 

300 
PMA pretreatment 

250 

2 200 

-7 150 
C 

100 

50 

no PMA pretreatment 

Hg2+  

100 	200 	300 
	

400 
Time (s) 

Fig. 4. Effects of phorbol myristate acetate (PMA) on Hg2 +-induced [Ca2  +]; increases. The experiments were performed in 
Ca2 +-containing medium. Hg2  + (20 µM) was added at 90 s. In the upper trace, PMA (10 nM) was added 60 s prior to Hg2+. In 
the lower trace, no PMA was added prior to Hg2+. Data are the means ± S.E.M. of five experiments. 

activate protein kinase C caused a significant enhancement in 20 µM Hg2+-induced [Ca2 +]i  increases in 
Ca2+-containing medium. The net maximum value was increased by 40% (211 ± 2 nM vs. 150 ± 3 
nM; n = 5; P < 0.05). 
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Fig. 5. Cytotoxic effect of Hg2 +exposure on renal tubular cells. The cell viability assay is described in Materials and methods 
Hg2  ± (0,1, and 10µM) was added to cells for 16 hours. Data are expressed as the percentage of control (no Hg2  ± was present). 
Control had 10, 242 ± 3 cells/well before experiments, and had 12, 121 ± 45 cells/well after incubation for 16 hours. Data are 
means ± S.E.M. of five experiments in six replicates (wells). 
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Cytotoxic effect of Hg2+  on renal tubular cells 

It is well established that unregulated, prolonged [Ca2  +]; increases may lead to cytotoxicity (Berridge, 
2002), thus experiments were performed to examine the effect of overnight incubation with Hg2  + on the 
proliferation of MDCK cells. In control groups, the cell number per well increased by 18.3 ± 2.1% 
(from 10,242 ± 3 to 12,121 ± 45; n = 5; six replicates in each experiment; P < 0.05). In the presence 
of 1 µNI Hg2  +, the cell number did not change. However, at a concentration of 10 µM, Hg2  + treatment 
reduced the cell number to 2 ± 3% of control (n = 5; P < 0.05) Fig. 5. 

Discussion 

Cytotoxicity of Hg2  + on renal tubular cells has been reported previously. In MDCK cells, Hg2  + 
( — 10 IuM) was shown to inhibit gap junction function (Aleo et al., 2002), mitochondrial dehydrogenase 
activity, thymidine incorporation and protein content (Bohets et al., 1995). Our data support these 
observations by showing that overnight incubation with 10 'LIM Hg2  + caused cell death. Although the 
mechanisms underlying the Hg2 +-induced cytotoxicity are not completely clear, an increase in [Ca2 +]; 
may play a pivotal role. The present study shows that Hg2  + causes a concentration-dependent [Ca2 +]; 
increase. The data show that Hg2  + increases [Ca2  +]; by causing both store Ca2  + release and extracellular 
Ca2  + influx because the response was partly reduced by removal of extracellular Ca2  +. The dominant 
Ca2  + influx pathway in MDCK cells has been shown to be via store-operated Ca2  + entry (Jan et al., 
1998a), a process triggered by depletion of the endoplasmic reticulum Ca2  + (Putney, 1985). How Hg2  + 
causes Ca2  + influx in a non-excitable cell line such as MDCK cells is unclear. In cerebellar granule cells, 
mercury is shown to alter Ca2  + homeostasis through nifedipine- and omega-conotoxin-MVIIC-sensitive 
pathways, suggesting that L-, N-, and/or Q-type Ca2  + channels may play a role in mercury's mode of 
action or entry (Marty and Atchison, 1997). In T cells, Hg2  + was thought to evoked Ca2  + influx through 
L-type Ca2  + channels (Badou et al., 1997). 

Regarding the intracellular Ca2  + stores of the Hg2  + response, the thapsigargin-sensitive endoplasmic 
reticulum store, the dominant Ca2  + store in MDCK cells (Jan et al., 1998b), appears to play a major role 
because Hg2  + completely depleted the endoplasmic reticulum Ca2  + store, and vice versa, thapsigargin 
treatment nearly abolished Hg2 +-induced Ca2  + release. Furthermore, the Hg2 +-induced Ca2  + release 
does not require a preceding elevation in cytosolic IP3  levels because this release was not changed by 
inhibition of phospholipase C. The IP3-independent component(s) of the Ca2  + releasing event is 
unknown, but may be related to inhibition of Ca2  + pump or permeabilization of the endoplasmic 
reticulum membranes. 

It has been shown that protein kinase C activation is involved in the mediation of Hg2 +-induced Ca2  + 
influx through L-type Ca2  + channels in T cells (Badou, 1997). Protein kinase C has also been shown to 
potentiate the [Ca2  +]; increases induced by bradykinin in MDCK cells (Jan et al., 1998b). These lines of 
evidence prompted us to explore the role of protein kinase C in Hg2 +-induced [Ca2  +]; increases in 
MDCK cells, and found that the Ca2  + signal was enhanced by activation of protein kinase C. This 
suggests that Hg2  + induces [Ca2  +]; increases in MDCK cells via regulated mechanisms. Together, this 
study shows that Hg2  + induced protein kinase C-regulated [Ca2  +]; increases in renal tubular cells via 
releasing store Ca2  + from the endoplasmic reticulum in a manner independent of phospholipase C 
activity. Hg2  + also induced cytotoxicity at higher concentrations. 
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Abstract Mercury is a well-recognized health hazard and 
an environmental contaminant. Mercury modulates 
immune responses ranging from immune suppression to 
autoimmunity but the mechanisms responsible for these 
effects are still unclear. Male BALB/c mice were exposed 
continuously to 0, 0.3, 1.5, 7.5, or 37.5 ppm mercury in 
drinking water for 14 days. Body weight was reduced at 
the highest dose of mercury whereas the relative kidney 
and spleen weights were significantly increased. The dose 
range of mercury used did not cause hepatotoxicity as 
indicated by circulating alanine aminotransferase and 
aspartate aminotransferase levels. Circulating blood 
leukocytes were elevated in mice treated with the highest 
dose of mercury. Mercury ranging from 1.5 to 37.5 ppm 
dose-dependently decreased CD3 T lymphocytes in 
spleen; both CD4 ± and CD8±  single-positive lympho-
cyte populations were decreased. Exposure to 7.5 and 
37.5 ppm mercury decreased the CD8±  T lymphocyte 
population in the thymus, whereas double-positive 
CD4+  /CD8 ± and CD4 thymocytes were not altered. 
Mercury altered the expression of inflammatory cyto-
kines (tumor necrosis factor a, interferon y, and inter-
leukin-12), c-myc, and major histocompatibility complex 
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II, in various organs. Results indicated that a decrease in 
T lymphocyte populations in immune organs and altered 
cytokine gene expression may contribute to the immu-
notoxic effects of inorganic mercury. 

Keywords Mercury • T lymphocytes • Drinking water • 
Inflammatory cytokines • Major histocompatibility 
complex II • Immunotoxicity 

Introduction 

Mercury is widespread in the environment, and chronic 
exposure to low levels of mercury is possible due to 
contamination of food and drinking water supplies. 
Mercury is highly toxic, and moderate levels of exposure 
to mercury can cause neurotoxic manifestations, neph-
rotoxicity, immune function alterations, and decreased 
host resistance to viral infections in mice (Christensen 
et al. 1996; Gerstner and Huff 1977; Wild et al. 1997). 
Mercury exists in different forms, e.g., elemental mer-
cury, and inorganic and organic mercury compounds. 
They have some properties in common but differ in their 
metabolism and toxicity. The distribution of mercury 
within the body and in specific organs varies with the 
chemical form, the dose and the time after exposure 
(Cember et al. 1968). Additionally, the route of admin-
istration affects the organ distribution of absorbed 
mercury (Nielsen and Andersen 1989, 1990). Although 
the use of inorganic mercury compounds has decreased 
in recent years and precautions against industrial emis-
sions have been increased, future human exposure to 
inorganic mercury will probably result in a few indi-
viduals, including those occupationally exposed, and 
populations exposed to low levels from dental amalgam 
or from food or drinking water containing mercury. 
Parenteral administration of soluble mercury salts has 
been the commonly used exposure route in past animal 
studies, despite natural human exposure being via the 
oral route, i.e., from drinking water and food (Nielsen 
and Andersen 1989). 
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Recently, there has been growing concern regarding 
the effects on human health of low level of environmental 
mercury contamination (Kaiser 2000). Although mercury 
is broadly sulfhydryl reactive, surprisingly little is under-
stood as to the specific cellular targets and/or biochemical 
pathways targeted by this metal. Clinical studies on 
industrial workers exposed to mercury levels within the 
World Health Organization guidelines have shown im-
mune system abnormalities in the absence of gross neu-
rological dysfunction (Perlingeiro and Queiroz 1994). The 
immune system is probably an important target organ for 
mercury intoxication as well as a particularly revealing 
sentinel system in which to investigate the biochemical 
effects of low-level mercury exposure. Prolonged exposure 
of mice to relatively low concentrations of mercury in-
creased susceptibility to a variety of viruses (Koller 1975). 
Mercury exposure was shown to increase serum immu-
noglobulin G1  (IgGi) and IgE levels in certain strains 
of mice or rats after subcutaneous injection (Pietsch et al. 
1989; Prouvost-Danon et al. 1981), and caused auto-
antibody formation to glomerular basement membrane in 
rats (Sapin et al. 1977). We recently reported that non-
cytotoxic concentrations of inorganic mercury inhibited 
nitric oxide (NO) production and altered proinflamma-
tory cytokine gene expressions in murine macrophages 
in vitro (Kim et al. 2002). Mercury impaired host defense 
to bacterial infection via decreasing NO production. 
Mercury also altered production of various cytokines in 
both human and murine lymphocytes (Jiang and Moller 
1995; Shenker et al. 1992), such as interleukin-1 (IL-1), 
IL-2, IL-4, and interferon y (IFNy), and proto-oncoprotein 
c-myc (Badou et al. 1997; Hu et al. 1997; Johansson et al. 
1997; Shenker et al. 1992; Vamvakas et al. 1993). 

Because of the public health importance of mercury in 
the environment and its potential effect on the immune 
system, it is desirable to further characterize the effect of 
this system. Inorganic mercury has been implicated in the 
production of autoimmune responses in susceptible 
strains of mice (Hultman et al. 1993). BALB/c mice did 
not produce antichromatin and antihistone antibodies, as 
observed in SJL/J and other responding strains; however, 
the formation of renal mesangial and vessel wall immune 
deposits were observed in BALB/c strain in response to 
inorganic mercury. Hu et al. (1997) reported that mercuric 
chloride produced major histocompatibility comlex class 
II (MHC II)-dependent induction of various cytokines 
such as IL-2, IL-4 and IFNy in murine splenocytes in vitro. 
Previous immunotoxicity studies with mercury have 
primarily investigated alterations in immunoglobulins 
and development of autoimmunity (Pietsch et al. 1989; 
Hultman et al. 1992). Little is known about specific lym-
phocyte populations and immune modulation in periph-
eral organs after mercury treatment. Therefore, the 
current study was undertaken to investigate the effects 
of mercury on the populations of different lymphocytes 
in lymphoid organs. The expression of MHC II and 
dependent cytokines in major immune organs (spleen and 
thymus) and in other target organs for this metal, e.g., 
liver and kidney were also determined. Representative  

proinflammatory cytokine such as tumor necrosis factor a 
(TNFcc) and an anti-inflammatory cytokine, transforming 
growth factor /3  (TGF/3), were also evaluated along with 
the expression of pro-apoptotic factor c-myc in immune 
organs. We hypothesized that the observed immunotoxic 
effects of low levels of mercury are induced by alterations 
in cellular subpopulations in immune organs, and the 
toxic response in organs is reflected by the modulation of 
major cytokines. Different cytokines were selected on the 
basis of their inflammatory or proliferative potential. 
Male BALB/c mice were treated via drinking water, a 
relevant route of mercury exposure, to determine these 
responses to mercury. In addition to the immune organs, 
i.e., spleen and thymus, we investigated the proinflamma-
tory cytokine production in liver and kidney, the organs 
that have a local network of immunologic responses. 

Materials and methods 

Animal care and handling 

Inbred male BALB/c mice (specific-pathogen free, Harlan Inc., 
Indianapolis, IN, USA), 6 weeks of age and with an average body 
weight of 20 g, were procured. Mice were randomly assigned to 
treatment groups (four per cage) and acclimatized for 1 week in the 
housing facility maintained at 21°C with a 12 h/12 h light/dark cycle. 
The mice were housed in polycarbonate shoebox-style cages lined 
with wood chip bedding (Betachip, Northeastern Products Corpo-
ration, Warrensberg, NY, USA), which was changed every third day. 
Rodent chow, Harlan Teklad 22/5 rodent chow (Harlan Teklad, 
Madison, WI, USA), and purified water (Milli-Q Water Purification 
System, Millipore, Bedford, MA, USA) were supplied ad libitum. 
Food and water consumption, as well as bodyweight gain, were re-
corded daily. The care and treatment of the mice were in accordance 
with the guidelines established by the Public Health Service Policy 
on the Humane Care and Use of Laboratory Animals and were 
approved by the Institutional Animal Care and Use Committee. 

Treatment 

Mercuric chloride (Sigma, St. Louis, MO, USA) was administered 
in the purified drinking water as 0, 0.3, 1.5, 7.5, or 37.5 mg/1 (ppm) 
mercury. Mice were continuously provided the mercury-containing 
water for 14 days; the water was replaced every other day with 
freshly prepared solutions. At the end of treatment period, mice 
were fasted overnight and killed by decapitation. Trunk blood was 
collected, and spleen, thymus, liver, and kidneys were aseptically 
excised and weighed. 

Hematology and estimation of liver enzymes in plasma 

Total blood erythrocyte and leukocyte counts were determined 
using an electronic counter (Coulter, Hialeah, FL, USA). Levels of 
plasma alanine aminotransferase (ALT) and aspartate amino-
transferase (AST) were determined using a Hitachi 912 autoana-
lyzer (Roche Diagnostics, Indianapolis, IN, USA). 

Preparation of single-cell lymphocyte populations 

Single-cell lymphocyte populations were prepared from spleen and 
thymus as described earlier (Johnson and Sharma 2001) with 
modifications as noted below. Organs were maintained in 10 ml of 
cold complete RPMI medium [RPMI 1640 (Gibco—Life Technol- 



ogies, Grand Island, NY, USA) with 10% heat-inactivated fetal 
bovine serum (FBS, Gibco) and 1% Pen-Strep (penicillin-strepto-
mycin; Gibco)]. Monocellular suspensions were prepared using a 
Stomacher laboratory blender (STOM 80; Seward, Thetford, UK), 
and connective tissue was removed by passing through a 120 gm 
screen. The cell suspension was washed twice with RPMI for 
10 min at room temperature. The cell pellet was resuspended in 
complete RPMI medium, and lymphocyte cell counts performed 
using a hemocytometer. Cell viability was determined using the 
Trypan blue (Gibco) exclusion and was greater than 95%. 

Flow cytometry phenotyping of splenic and thymic lymphocyte 
populations 

Three-color flow cytometry was used to determine the prevalence 
of specific lymphocyte populations in the thymus and spleen. 
Monoclonal antibodies were conjugated to fluorescein isothiocya-
nate (FITC, emission at 525 nm), R-phycoerythrin (R-PE, emission 
at 575 nm) or TRI-COLOR (PE-Cy5 tandem transfer dye, emis-
sion at 650 nm). Antibodies to cell-specific receptors (Caltag Lab-
oratories, Burlingame, CA, USA) included hamster anti-mouse 
CD3-FITC (pan T-lymphocyte), rat anti-mouse CD45/B220-R-PE 
(pan B-lymphocyte), rat anti-mouse CD4-R-PE (T-helper lym-
phocyte) and rat anti-mouse CD8-TRI-COLOR (T-cytotoxic/ 
suppressor lymphocyte). Mouse anti-mouse CD32/16 antibodies 
were used to block non-specific binding of Fcy II/III receptors. 
Cells were washed in phosphate-buffered saline (PBS), and anti-
bodies were added to samples and vortexed gently, followed by 
incubation at 4°C for 30 min. Cells were washed three times in PAB 
(PBS with 1% bovine serum albumin and 0.1% NaN3) and then 
resuspended in 0.5% formalin in PBS while vortexing. Fixed cells 
were maintained at 4°C in the dark until acquisition ( < 24 h). Cells 
were acquired (20,000 events) using an EPICS XL-MCL flow 
cytometer (Coulter) equipped with a 488 nm argon ion laser and 
Lysis II acquisition software. Analysis was performed using 
WinMDI flow analysis software. 

RNA isolation and semi-quantitative estimation of cytokine 
expression 

RNA was isolated from the tissue using the protocol described 
earlier (Tsunoda and Sharma 1999). First-strand complimentary 
DNA (cDNA) was synthesized using Superscript II reverse trans- 
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criptase enzyme (Life Technologies, Grand Island, NY, USA). 
Reverse-transcriptase-polymerase chain reaction (RT-PCR) was 
used to analyze the expression of mRNA for TNFa, IFNy, IL-1P, 
IL-4, IL-12, MHC II, c-myc, TGF/3, and f1-actin (internal control). 
The conditions for RT-PCR were as previously reported (Kim et al. 
2002; Tsunoda and Sharma 1999). Cycle number was optimized 
(26-40 cycles based on preliminary trials) to ensure product accu-
mulation in an exponential range. Amplified products were sepa-
rated by electrophoresis on 2% agarose gel containing ethidium 
bromide. The gels were documented using a Kodak DC 290 digital 
camera and digitized using UN-SCAN-IT software (Silk Scientific, 
Orem, UT, USA). Band intensities for the genes of interest were 
normalized to that of fl-actin in the same sample. 

Statistical analysis 

All statistical analyses were performed using SAS statistical soft-
ware (SAS Institute, Cary, NC, USA). Treatment effects were 
analyzed using one-way analysis of variance (ANOVA) followed by 
Duncan's Multiple Range test. A value of P< 0.05 was used to 
indicate significant differences. 

Results 

Food and water consumption decreased in a dose-
dependent manner in mice exposed to mercury in 
drinking water. Exposure to 0.3 or 1.5 ppm mercury as 
mercuric chloride did not alter the water consumption, 
but mercury at 7.5 or 37.5 ppm decreased daily water 
consumption by 13.9 and 40.5%, respectively, compared 
with the control values. Food consumption was de-
creased by 14.4% in mice treated with 37.5 ppm mercury 
(Table 1). Mercury affected bodyweight gain and rela-
tive organ weights (Table 2). Mice treated with 
37.5 ppm mercury for 14 days exhibited 2.1% reduction 
in bodyweight compared with an 8.0% gain in the 
control mice. However, the relative kidney and spleen 
(organ/body weight ratios) weights were significantly 

Table 1 Mercury exposure levels and water and food consumption in male BALB/c mice. Means ± SE (n = 4) 

Mercury in water (ppm) 	 Dose of mercury 
	

Water consumption 	 Food consumption 
(mg/kg per day)a 
	

(ml/day per group) 	 (g/day per group) 

0 0 19.57 ±0.86 13.84 1 0.77 
0.3 0.06 18.50 ± 0.81 14.21 ± 0.46 
1.5 0.31 19.14± 1.14 14.45 ± 0.59 
7.5 1.39 16.85 ± 0.90* 13.45 ± 1.58 
37.5 4.81 11.64 ± 1.26* 11.85 ± 0.45* 

aReceived dose calculated on the basis of water consumption 
*P<0.05, significantly different from the control group (0 ppm mercury) values 

Table 2 Effects of oral exposure 
to mercuryt for 14 days on 
bodyweight gain and relative 
organ weights of male BALB/c 
mice. Means ± SE (n = 4) 

*P< 0.05, significantly different 
from the control group (0 ppm 
mercury) values 

Mercury in water Bodyweight gain (g) 
(ppm) 
	

(% change from 
initial value) 
	

Liver 
	

Kidney 	Spleen 	Thymus 

0 1.72 1 0.51 (8.0%) 4.70±0.08 1.65 ± 0.02 0.31 ±0.01 0.21 ± 0.04 
0.3 1.72 ± 0.24 (8.6%) 4.59±0.11 1.62 ± 0.01 0.35 ± 0.02 0.27 ± 0.02 
1.5 1.65±0.27 (7.9%) 4.72±0.04 1.64 ± 0.04 0.34 ± 0.01 0.27 ± 0.01 
7.5 1.45±0.19 (7.1%) 4.70±0.04 1.83 10.01* 0.38 ± 0.02 0.25 ± 0.01 
37.5 -0.45 ± 0.43 (-2.1%)* 4.78 ± 0.17 2.05 ± 0.06* 0.40±0.02* 0.26 ± 0.01 

Organ weight/body weight ratio (g/100 g) for 



CD4+ /CD8 +  
Ratio 

Mercury in water 	Splenocytes (x10-5) per spleen expressing receptor 
(ppm) 

CD3± 	 CD45/B220 ±  
(T lymphocytes) 	(B lymphocytes) 

CD4+  (T-helper) 	CD8+  
(T-suppressor/cytotoxic) 
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increased in mice exposed to 37.5 ppm mercury. The 
relative liver and thymus weights were unaltered. 

Hematological parameters were affected by mercury 
exposure. Total erythrocyte counts were significantly 
decreased at all concentration of mercury treatment 
(Table 3). Leukocyte counts were increased at the 
highest dose of mercury. Oral treatment with mercury 
did not change plasma ALT and AST levels, suggesting 
a lack of overt hepatotoxicity. 

Exposure to mercury by drinking water dose-depen-
dently decreased specific lymphocyte populations in 
spleen and thymus of mice. Oral exposure to mercury at 
1.5, 7.5, and 37.5 ppm decreased CD3+  T lymphocytes 
in the spleen by 14.1, 20.5, and 25.4%, respectively, 
whereas population of CD45+  B lymphocytes remained 
unchanged (Table 4). Dose-dependent decreases in both 
CD4+  and CD8+  T lymphocyte populations in the 
spleen paralleled the decreases in the total CD3±  T 
lymphocyte population. Oral exposure to 7.5 and  

37.5 ppm mercury decreased the population of CD8 + 
cytolytic T lymphocytes in thymus by 46.9 and 50.0%, 
respectively (Table 5). The double-positive CD4+ / 
CD8+  and the single-positive CD4+  thymocyte popu-
lations did not decrease significantly. 

In the spleen, a peripheral immune organ, oral 
exposure to mercury decreased expression of IFNy and 
MHC II in a dose-dependent manner (Fig. 1). At the 
highest dose of mercury, the expression of c-myc was 
increased. Expression of other cytokines in the spleen, 
such as TNFa, IL-116, IL-4, IL-12, and TGF/3, were not 
altered by mercury. In the thymus, the results were 
somewhat diverse. Expression of TNFa, IL-12, and c-
myc were significantly increased by mercury treatment at 
the higher doses (Fig. 2). Mercury decreased the 
expression for MHC II at the highest dose. Expression 
of other cytokines measured in the thymus, i.e., IFNy, 
IL-1/3, IL-4, and TGF/3, were not altered by mercury 
treatment. 

Table 3 Effects of oral exposure to mercury for 14 days on circulating erythrocyte and leukocyte counts, and liver enzymes in male BALB/ 
c mice. Means ± SE (n = 4). RBC red blood cells, WBC white blood cells, ALT alanine aminotransferase activity, AST aspartate 
aminotransferase activity 

Mercury in water (ppm) 	RBC (x10-6/mm3) 
	

WBC (x10-3/mm3) 
	

ALT (U/1) 	 AST (U/1) 

0 7.61 + 0.20 2.20 +0.19 38.25 +3.09 215.25 +31.76 
0.3 6.64 ± 0.32* 2.70 ± 0.57 38.75 ± 0.75 228.75 ± 7.90 
1.5 6.61 ± 0.13* 3.30 ± 0.65 40.25 ± 4.11 201.75+26.85 
7.5 6.75+0.08* 2.53 ± 0.50 40.00 ± 6.46 217.75 ± 52.89 
37.5 6.15+0.23* 4.21 ± 0.76* 29.50 ± 2.53 143.25 +22.96 

*P<0.05, significantly different from the control (0 ppm mercury) 

Table 4 Effects of oral exposure to mercury for 14 days on lymphocyte populations in the spleen of male BALB/c mice. Populations are 
represented as absolute cell numbers expressing a given receptor. Means + SE (n = 4) 

0 47.69 ± 0.93 52.80 ± 1.04 31.29 ± 0.64 14.08 ± 0.27 2.22 	0.04 
0.3 43.59 ± 0.64 53.87 ± 2.30 28.75 ± 0.55 12.93 ± 0.53 2.22 ± 0.07 
1.5 41.01 + 1.65* 53.44 +1.25 26.92 ± 1.20* 12.02 ± 0.53* 2.24 ± 0.03 
7.5 37.91 ± 1.81* 55.52 +1.81 25.04 ± 1.30* 10.89 ± 0.58* 2.30 ± 0.06 
37.5 35.56 ± 0.94* 58.81 ± 2.63 23.14 ± 0.61* 10.69 +0.35* 2.16+ 0.04 

*P< 0.05, significantly different from the control group (0 ppm mercury) 

Table 5 Effects of oral exposure to mercury for 14 days on lymphocyte populations in the thymus of male BALB/c mice. Populations are 
represented as absolute cell numbers expressing a given receptor. Means ± SE (n = 4) 

Mercury in water (ppm) 	Thymocytes (x10-5) per thymus expressing receptor 

CD4+  /CD8 + (double-positive) CD4+  /CD8-(helper) CD4-/CD8 +(suppressor/cytotoxic) 

0 63.35±4.94 8.58 +0.82 2.81 	0.29 
0.3 56.54 ± 6.71 7.06 +1.06 2.08 ± 0.29 
1.5 54.08 + 7.21 6.63 +0.82 1.98 + 0.23 
7.5 63.02 ± 2.92 6.56 +0.43 1.49 ± 0.15* 
37.5 59.23 ± 6.21 6.05 ± 0.69 1.38 ± 0.16* 

*P<0.05, significantly different from the control group (0 ppm mercury) 
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Fig. 1 The effect of inorganic mercury on the expression of various 
cytokines and other factors in spleen. Male BALB/c mice were 
treated with 0.3, 1.5, 7.5, or 37.5 ppm mercury in the drinking water 
for 14 days. Extraction and analysis of mRNA was performed as 
described under Materials and methods section. Gene expression 
was analyzed by RT-PCR. Results are expressed relative to fl-actin 
as means ± SE (n = 4) (TNFa tumor necrosis factor a, IFNy 
interferon y, IL-1 fi interleukin-1/1, IL-4 interleukin-4, IL-12 inter-
leukin-12, MHC II major histocompatibility complex II, c-myc 
proto-oncoprotein c-myc, TFG/3 transforming growth factor fl). 
*P < 0.05, significantly different from the control group values 

The cytokine expression in liver and kidney, target 
organs for mercury toxicity, was different compared with 
that observed for spleen and thymus. In liver, oral expo-
sure to mercury increased the expression of TNFa, IFNy, 
IL-12, and MHC II (Fig. 3). Other pro-inflammatory 
cytokines IL-1/3 and IL-4 were not changed following 
mercury exposure. Changes in expression of various 
cytokines in the kidney were similar to that observed in the 
liver. Exposure to 37.5 ppm mercury significantly in-
creased expression of TNFa, IFNy, IL-12, and MHC II 
(Fig. 4). Expression of IL-1/3, and IL-4 in kidney was not 
altered by mercury exposure at the doses employed. 

Discussion 

The exposure of BALB/c mice to mercury for 14 days 
via drinking water caused marginal toxicity other than 

Fig. 2 The effect of inorganic mercury on the expression of 
cytokines and related factors in thymus. Male BALB/c mice were 
treated with 0.3, 1.5, 7.5, or 37.5 ppm mercury in the drinking 
water for 14 days. Extraction and analysis of mRNA was 
performed as described under Materials and methods section. 
Gene expression was analyzed by RT-PCR. Results are expressed 
relative to fl-actin as means ± SE (n = 4) (TNFa tumor necrosis 
factor a, IFNy interferon y, IL-113 interleukin- 1 fl, IL-4 interleukin-4, 
IL-12 interleukin-12, MHC II major histocompatibility complex 
II, c-myc proto-oncoprotein c-myc, TFG fi transforming growth 
factor 13). *P < 0.05, significantly different from the control group 
values 

that observed in the parameters of the immune system. 
The decrease in erythrocyte counts may have been re-
lated to a decrease in water consumption, whereas in-
crease in leukocyte counts and weights of some organs at 
the higher doses of mercury exposure reflects inflam-
matory responses. Hepatotoxicity was not evident by 
circulating levels of liver enzymes; nephrotoxicity was 
reflected by increased kidney weights. No other tests for 
nephrotoxicity, a well-known response to low levels of 
mercury, were performed in these trials. 

Results of this study indicated that exposure of 
BALB/c mice to inorganic mercury via drinking water 
caused immunologic alterations, i.e., changes in T lym-
phocyte phenotypes and cytokine expression, and in 
hematological parameters. Our current data showing a 
decrease in the CD3 T lymphocyte population and, 
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Fig. 3 The effect of inorganic mercury on the expression of 
cytokines and related factors in liver. Male BALB/c mice were 
treated with 0.3, 1.5, 7.5, or 37.5 ppm mercury in the drinking 
water for 14 days. Extraction and analysis of mRNA was 
performed as described under Materials and methods section. 
Gene expression was analyzed by RT-PCR. Results are expressed 
relative to 13-actin as means ± SE (n = 4) (TNFa tumor necrosis 
factor a, IFNy interferon y, IL-1P interleukin-113, IL-4 interleukin-
4, IL-12 interleukin-12, MHC H major histocompatibility complex 
II). *P < 0.05, significantly different than the control group values 

among the T lymphocytes, both CD4+  and CD8 T 
lymphocytes without a change in the number of B lym-
phocytes in spleen, are consistent to an early report in 
rats. A 14-day of treatment with inorganic mercury al-
tered cervical lymph node lymphocyte phenotypes in 
Brown Norway rats (Kosuda et al. 1998). In mercury-
susceptible Brown Norway rats, mercury decreased 
CD4+  and CD8 ± populations without changing the 
population of B cells or CD4 /CD8±  double-positive T 
lymphocytes. No changes were seen in the ratio of CD4+  
and CD8±  T lymphocytes, which indicated that the 
general impact of mercury on T lymphocyte is not a 
skewing of the subtype. 

Mercury elicits a spectrum of immunologic responses 
ranging from immunosuppression to autoimmunity 
(Koller 1980). Administration of 14.8 mg mercury/kg 
per day as mercuric chloride to B6C3F mice for 2 weeks 
showed immune suppression, including a decrease in 
thymus weight (National Toxicology Program 1993). 
Mercury decreased proliferation of CD4+  lymph node T 
lymphocytes, and IL-3 and IFNy secretion, leading to 
apoptotic cell death (Shen et al. 2001). In the present 
study, it is tempting to speculate that decrease in specific 
types of lymphocytes was not likely to be due to 

Mercury Concentration (ppm) 

Fig. 4 The effect of inorganic mercury on the expression of 
cytokines and other factors in kidney. Male BALB/c mice were 
treated with 0.3, 1.5, 7.5, or 37.5 ppm mercury in the drinking 
water for 14 days. Extraction and analysis of mRNA was 
performed as described under Materials and methods section. 
Gene expression was analyzed by RT-PCR. Results are expressed 
relative to fJ-actin as means ± SE (n = 4) (TNFa tumor necrosis 
factor a, IFNy interferon y, IL-Ill interleukin-lfi, IL-4 interleukin-
4, IL-12 interleukin-12, MHC II major histocompatibility complex 
II). *P <0.05, significantly different from the control group values 

mercury-induced apoptosis in peripheral lymphoid or-
gans because mercury did not decrease the weight of 
thymus and increased the weight of spleen; moreover, 
the number of apoptosis-sensitive double-positive T 
lymphocyte in thymus remained unchanged. Induction 
of c-myc in spleen, and TNFa and c-myc in thymus, 
however, are suggestive of the onset of apoptotic 
process. Earlier, mercury caused thymus atrophy and 
changes in thymocyte subpopulations, but the atrophy 
of thymus was reported not to be due to the apoptotic 
effect of mercury (Kosuda et al. 1996). 

The expression of TGF/3 was not altered by mer-
cury treatment although TGFfi is a crucial regulatory 
cytokine that abolishes T cell activation and causes 
pathogenic situations such as allergic diseases 
and autoimmune diseases. The mercury-induced alter-
ation of lymphocyte populations in spleen and thymus 
is likely to be due to a TGFfl-independent pathway or 
the activation of Smad binding proteins. Kunzmann 
et al. (2003) recently reported that Smad binding 
proteins attenuated TGF$ signaling in CD4+  T lym-
phocytes. The activation level of T cells influenced the 
expression of Smad binding proteins and the response 
to TGFfl. 
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In our present study, relatively high concentrations 
of mercury suppressed gene expression of MHC II, 
which is important for T lymphocyte-mediated immune 
responses. These results are consistent with a decrease 
of CD4+  and CD8+  lymphocyte populations, and a 
decrease in IFNy, which is related to T lymphocyte-
mediated activation of macrophages. The present data 
are in accordance with previous reports showing in-
creased expression of proto-oncogene c-myc after 
mercury treatment, which is known to be proliferative 
and also apoptotic (Vamvakas et al. 1993). Decreased 
expression of MHC II and IFNy in spleen may reflect 
the reduced lymphocyte subpopulations. It is likely that 
depletion of selected phenotypes from spleen and thy-
mus followed their translocation to organs like liver 
and kidney, and thereby produced the downregulation 
of cytokines in these immunologic organs. Instead of 
immunosuppressive effects, intoxication by mercury 
stimulated localized immune responses in liver and 
kidney, suggesting mild inflammatory changes and 
resulting increased cytokine expression. In both liver 
and kidney, relatively high concentrations of mercury 
increased expressions of TNFa, IL-12, IFNy, and 
MHC II. In previous reports cytokines such as TNFa, 
IL-1, IL-4, IL-12, and IFNy were induced after in vivo 
or in vitro mercury treatments and may have contrib-
uted to the immunologic and cell proliferative re-
sponses (Johansson et al. 1997; Pollard and Hultman 
1997; Reardon and Lucas 1987). Madrenas et al. 
(1991) reported that mercury increased renal MHC II 
expression and treatment of anti-IFNy antibody 
blocked the MHC II induction. In this study the 
mercury-induced MHC II induction was mediated by 
IFNy in the renal system and supports our present 
results showing increases of both IFNy and MHC II in 
kidney. 

The cytokine network is dependent on the expression 
of different cytokines that induce or suppress the pro-
duction of other cytokines. IL-12 is a proinflammatory 
cytokine that induces IFNy and helps the differentiation 
of T-helper 1 (Thl) cells (Trinchieri 2003). Treatment of 
mouse fetal thymic organ culture with IL-12 caused a 
significant increase in both the percentage and number 
of CD8 ± thymocytes (Godfrey et al. 1994). Because 
CD8 + thymocytes were significantly decreased by mer-
cury, IL-12 may be produced in response to the stimu-
lation of thymus to differentiate CD8±  lymphocytes. 
IFNy upregulates MHC II (Blanck 2002), and palys a 
role in Th 1 -mediated autoimmunity; however, para-
doxical effects of IFNy in models of autoimmunity have 
been suggested (Rosloniec et al. 2002). MHC II is also 
involved in both cytokine production and proliferation 
(Hu et al. 1997). IFNy is an important cytokine that 
stimulates macrophages, and MHC II promotes the 
ability of stimulated macrophages to serve as antigen-
presenting cells to T lymphocytes (Locksley et al. 1995). 
The involvement of MHC II suggests that the two cell 
types, T cells and macrophages, are required for poly-
clonal proliferation, and may contribute to mercury- 

induced immunologic responses, including autoimmunity 
(Johansson et al. 1997; Pollard and Hultman 1997). 

It should be emphasized that the changes reported 
here were measured after a 2-week treatment with 
mercury. Cytokine changes may occur early during the 
treatment period and it is desirable to investigate the 
time-related alterations in cytokine expression. Addi-
tionally, it is not clear whether the effects observed were 
direct or indirect effects of mercury. The kinetics of 
cytokine expression and detailed effects of mercury on 
immune responses need to be evaluated in future studies. 

Because of a broad range of immunomodulant 
properties, mercury is considered as paradigm of xeno-
biotic immunotoxicity, and may be a useful tool for 
investigation of the cytokine network and as a model for 
autoimmune disease (Bigazzi 1998). Our present data 
suggest that mercury exposure via contaminated drink-
ing water may alter lymphocyte subpopulations in 
peripheral lymphoid T lymphocyte and modulate cyto-
kine expression in various organs. The molecular 
mechanisms of mercury-induced immunomodulation 
remain to be elucidated. To the best of our knowledge 
this is a first report of investigating the cytokine network 
in liver and kidney with low levels of mercury exposure. 
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Abstract: The effect of thimerosal, a reactive oxidant, on cytoplasmic free Ca" concentrations ([Ca2-1) in Madin Darby 
canine kidney (MDCK) cells was explored by using the Ca"-sensitive dye fura-2. Thimerosal acted in a concentration-
dependent manner with an EC50  of 0.5 µM. The Ca' signal comprised a gradual rise and a sustained elevation. Removal 
of extracellular Ca" reduced 80% of the signal. In Ca"-free medium, the [Ca2±], rise induced by 1 µM thapsigargin (an 
endoplasmic reticulum Ca' pump inhibitor) was completely inhibited by pretreatment with 5 µM thimerosal. The thi-
merosal (5 µM)-induced Ca" release was not changed by inhibition of phospholipase C with 2 µM U73122. Collectively, 
this study shows that thimerosal induced [Ca2-1 rises in renal tubular cells via releasing store Ca" from the endoplasmic 
reticulum Ca' stores in a manner independent of phospholipase C activity. 

Thimerosal, a sulfhydryl reagent, is used as an antiseptic 
and preservative. The ability of thimerosal to act on sulfhy-
dryl group is related to the presence of mercury. Thimersal 
causes a release of Ca2+  from intracellular stores in many 
cells types; this is accompanied by an influx of extracellular 
calcium, via oxidation of cell membrane proteins and other 
components (Pintado et al. 1995; Chen et al. 1998; Tornqu-
ist et al. 1999; Montero et al. 2001; Poirier et al. 2001). 
Oxidation can alter many aspects of cell function, including 
Ca" signaling (Sauer et al. 2001). Thimerosal may alter the 
activity of many cell proteins such as ryanodine receptors 
(Marengo et al. 1998; Dulhunty et aL 2000), sodium chan-
nels (Evans & Bielefeldt 2000), Ca'-activated K±  channels 
(Lang et al. 2000), and L-type Ca2± channels (Fearon et al. 
1999; Greenwood et aL 2002). These effects are often related 
to the ability of thimerosal to release Ca2+  or with the 
sulfhydryl reactivity (Elferink 1999). 

A rise in intracellular free Ca" concentrations ([Ca2±];) 
is a key signal for many pathophysiological processes in 
cells including necrosis (Berridge et al. 1999; Bootman et al. 
2001). However, an abnormal [Ca2±];  rise is cytotoxic and 
can lead to apoptosis, dysfunction of proteins, interference 
of ion flux, etc. (Clapham 1995). The effect of thimerosal 
on [Ca2±], in renal tubular cells has not been explored. Thi-
merosal has been shown to cause renal failure in patients 
(Pfab et al. 1996), but the mechanism is unclear. The Madin 
Darby canine kidney (MDCK) cell line is a useful model 
for renal research. It has been shown that in this cell, [Ca2±], 
can increase in response to the stimulation of various en- 
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dogenous and exogenous compounds, such as ATP (Jan et 
al. 1998a), linoleamide (Huang & Jan 2001), estrogens (Jan 
et al. 2001), etc. With fura-2 as a Ca'-sensitive dye, we 
have shown that thimerosal induces concentration-depend-
ent [Ca2+];  rises both in the presence and absence of extra-
cellular Ca' in MDCK cells. The Ca' responses are char-
acterized, the concentration-response relationships in the 
presence and absence of extracellular Ca' are established, 
and the pathways underlying thimerosal-induced Ca2+ in-
flux and Ca' release are evaluated. 

Materials and Methods 

Cell culture. MDCK cells obtained from American Type Culture 
Collection were cultured in Dulbecco's modified essential medium 
supplemented with 10% heat-inactivated fetal bovine serum in 5% 
CO2/95% air at 37°C. 

Solutions. Ca2+-containing medium contained (in mM): NaC1 140; 
KC1 5; MgC12  1; CaC12  2; Hepes 10; glucose 5; pH 7.4. Ca2±-free 
medium contained similar components as Ca2+-containing medium 
except that Ca" was substituted with 1 mM EGTA. Drugs were 
dissolved in water, ethanol or dimethyl sulfoxide. Final concen-
trations of organic solvents in the experimental solution were less 
than 0.1% which did not alter basal [Ca2±];  (n=3; not shown). Thi-
merosal was dissolved in dimethyl sulfoxide as a 0.1 mM stock and 
was diluted to the final concentration before assays. 

[Ca2±  Ji  measurements. Trypsinized cells (106/m1) were allowed to 
recover in culture medium for 1 hr before being loaded with 2 µM 
fura-2/AM for 30 min. at 25° in the same medium. The cells were 
washed and resuspended in Ca2+-containing medium. Fura-2 
fluorescence measurements were performed in a water-jacketed cu-
vette (25°) with continuous stirring; the cuvette contained 1 ml of 
medium and 0.5 million cells. Fluorescence was monitored with a 
Shimadzu RF-5301PC spectrofluorophotometer (Kyoto, Japan) by 
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recording excitation signals at 340 and 380 nm and emission signal 
at 510 nm at 1 sec. intervals. Maximum and minimum fluorescence 
values were obtained by adding 0.1% Triton X-100 and 10 mM 
EGTA sequentially at the end of each experiment. ra.21 was cal-
culated as described previously (Jan et al. 2001) assuming a Kd of 
155 nM (Grynkiewicz et al 1985). 

Chemicals. The reagents for cell culture were from Gibco (Gaithers-
burg, MD, USA). Fura-2/AM was from Molecular Probes (Eugene, 
OR, USA). U73122 (1-(6-((17b-3-methoxyestra-1,3,5(10)-trien-17-
yl)amino)hexyl)-1H-pyrrole-2,5-dione) and U73343 (1-(6417b-3-
methoxyestra-1,3,5(10)-trien-17-yl)amino)hexyl)-2,5-pyrrolidine-
dione) were from Biomol (Plymouth Meeting, PA, USA). Thimero-
sal and other reagents were from Sigma (St. Louis, MO, USA). 

Statistics. All data are presented as the means -±S.E.M. of 3-5 repli-
cates. Statistical comparisons were determined by using ANOVA 
and a post hoc test, and significance was accepted when P<0.05. 

Results 
300 
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Fig. 1. Effects of thimerosal on [Ca2±];  in MDCK renal tubular 
cells. (A) The concentration of thimerosal was 5 µM, 1 µM, 0.1 
µM, and 0.05 µM, respectively. Baseline (no thimerosal added) was 
the same as the trace induced by 0.05 µM thimerosal. The experi-
ments were performed in Ca"-containing medium. Thimerosal was 
added at 40 sec. and was present throughout the measurement of 
400 sec. (B) Effect of removal of extracellular Ca" on thimerosal-
induced [Ca2-1, rise and the effect of re-addition of Ca". Thimero-
sal (5 µM) was added at 30 sec. Ca' (3 mM) was added at 400 ses. 
Data are means±S.E.M. of 3-5 replicates. Control trace: Ca2+  was 
added without pretreatment with thimerosal. (C) A concentration-
response plot of thimerosal-induced [Ca.21 rises in Ca'-contain-
ing medium and in Ca'-free medium. The y-axis is the percentage 
of control. Control is the net (baseline subtracted) integrated area 
between 30 sec. and 400 sec. (calculated by the Sigmaplot software) 
of 5 µM thimerosal-induced [Ca2±], rise in Ca"-containing me-
dium. Data are means±S.E.M. of 3-5 replicates. *P<0.05 com-
pared with open circles. 

Effect of thimerosal on [Ca2±  

In the Ca'-containing medium, basal [Ca2±];  was 42±2 nM 

(n=5). Thimerosal (0.1 AM) caused an gradual and sub-
sequent [Ca2+];  rise, which lasted for at least 350 sec. after the 
addition of thimerosal (fig. 1A); e.g. thimerosal (5 µM)-in-
duced [Ca2±], rise attained to 171±3 nM (n=5) over baseline 

at 230 sec. The signal slowly decayed to 160±2 nM at 400 sec. 
The effect of thimerosal was concentration-dependent, and 
saturated at 5 AM of the reagent (figs. lA and 1C). 

Effect of removal of extracellular Ca2±  on thimerosal-in-

duced [Ca2±  Ji  rises. 

To examine whether/how influx of extracellular Ca2+  and/ 
or mobilization of Ca' from the intracellular store site(s) 
may contribute to the thimerosal-induced [Ca2±], rises, ef- 
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Fig. 2. Effect of thimerosal on Ca' influx by measuring Mn' 
quench of fura-2 fluorescence. Experiments are performed in Ca"-
containing medium. MnC12  (50 AM) was added to cells before 
fluorescence measurements started. Y-axis represents the fluor-
escence changes at the Ca" -insensitive excitation wavelength (at 
360 nm), and the emission wavelength was at 510 nm. Control: 
fluorescence changes in the absence of thimerosal. Thimerosal (5 
µM) was added at 60 sec. Data are means±S.E.M. of three repli-
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Fig. 3. Intracellular sources of thimerosal-induced [Ca2±], rise. The experiments were performed in Ca2+-free medium. (A) Thapsigargin (1 
1.1M) was added at 30 sec. (B) Thimerosal (5 µM) was added at 30 sec. followed by 1 1.1M thapsigargin added at 500 sec. Data are 
means-±S.E.M. of 3-5 replicates. 

fect of thimerosal on [Ca2+], was measured in the absence 
of extracellular Ca' (fig. 1B). The [Ca21;  rise caused by 5 
µM thimerosal was attenuated, with no change in basal 
[Ca2+], (42±1 nM, n=5). Thimerosal (5 pM) increased 
[Ca2-1, by 30±1 nM over baseline. Fig. 1C shows that re- 

moval of extracellular Ca2+  inhibited thimerosal (0.1-10 
µM)-induced [Ca2±], rises by about 80%. Fig. 1B also shows 
that after 5 µM thimerosal pretreatment, addition of Ca2±  
(3 mM) at 400 sec. induced an immediate [Ca2+];  rise with 
a maximum value of 229±2 nM, which was 9 times greater 
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added at 30 sec. (B) U73122 (2 1.1M), ATP (10 11,M), and thimerosal (5 pM) were added at 40, 290 and 400 sec., respectively. Data are 
means±S.E.M. of 3-5 replicates. 
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than control (25±2 nM; without thimerosal pretreatment; 
n=4; P<0.05). This suggests that thimerosal opened cell 
surface Ca" channels. 

Effect of thimerosal on Mn2+ -induced quench of fura-2 
fluorescence. 

These experiments were performed to confirm that the re-
duced thimerosal-induced [Ca2+];  rises by removal of extra-
cellular Ca', was not due to EGTA-induced store Ca' 
depletion. Mn' enters cells through similar pathways as 
Ca' but quenches fura-2 fluorescence at all excitation 
wavelengths (Merritt et al. 1989). Thus, quench of fura-2 
fluorescence excited at the Ca2+-insensitive excitation wave-
length of 360 nm (emission wavelength at 510 nm) by Mn' 
indicates Ca' influx. Fig. 2 shows that 5 µM thimerosal 
induced a gradual decrease in the 360 nm excitation signal 
by 81±2 (n=5; P<0.05) arbitrary units below control at 
170 sec., and the decrease sustained for at least 80 sec. 

Mobilization by thimerosal of intracellular Ca' from the 
endoplasmic reticulum. 

We examined whether thimerosal-induced [Ca2+];  rises may 
involve the mobilization of intracellular Ca' sequestered 
within the endoplasmic reticulum, a major Ca2+  store in 
MDCK cells (Jan et aL 1985a, b). Fig. 3A shows that in Ca"-
free medium, 1 µM thapsigargin, an inhibitor of endoplasmic 
reticulum Ca2+-ATPase (Thastrup et al. 1990), increased 
[Ca2+];  by 109±2 nM (n=4) in a monophasic manner, fol-
lowed by a slow decay that returned to baseline within 300 
sec. after addition of the reagent. However, fig. 3B shows that 
after 5 µM thimerosal released store Ca2+  for 8 min., thapsi-
gargin (1 µM) failed to induce a [Ca2+];  rise (n=4; P<0.05). 

Lack of involvement of phospholipase C in thimerosal-in-
duced Ca2+ release. 

The role of phospholipase C-inositol 1,4,5-trisphosphate 
(IP3) pathway in thimerosal-induced intracellular Ca' mo-
bilization from the endoplasmic reticulum was investigated. 
Fig. 4A shows that 10 AM ATP, an agonist for P2Y type 
ATP receptors that mobilizes intracellular Ca2+  from the 
endoplasmic reticulum via activation of phospholipase C 
(Jan et al. 1998a), caused an instantaneous monophasic 
[Ca2+];  rise (171±2 nM, n=4) in Ca'-free medium. Fig. 
4B, however, shows that pretreatment with 2 µM U73122, 
an inhibitor of phospholipase C (Thompson et al. 1991), 
abolished ATP-induced [Ca2+];  rise; in contrast, 10 µM 
U73343, a biologically inactive analogue of U73122 
(Thompson et al. 1991), failed to prevent ATP-induced 
[Ca2+];  rise (data not shown; n=3). Even in the presence of 
2 µM U73122, 5 µM thimerosal caused a significant [Ca2+]1  
rise by 31 -±2 nM (n=4), which was indistinguishable from 
the control thimerosal response (fig. 1B). 

Discussion 

The present study has examined the effect of the oxidant 
thimerosal on [Ca2+];  in MDCK renal tubular cells. Thi- 

merosal was found to cause a concentration-dependent 
[Ca2+];  rise. This represents the first evidence that thimero-
sal may modulate renal function. An increase in [Ca2+];  has 
been shown to be a key message for normal renal function. 
The balance of a high extracellular osmolarity in the kidney 
medulla is regulated by osmolytes in the cells. The control 
of cell volume during hypotonic conditions results in a 
Ca2+-dependent release of osmolytes (Tinel et al. 2000). 
Many endogenous compounds, such as ATP and brady-
kinin, activate renal cells via causing a well-tuned [Ca2+], 
rise (Jan et al. 1998a & b). However, an uncontrolled [Celi  
rise may lead to tubular injury resulting in a profound fall 
in glomerular filtration rate, including increased tubuloglo-
merular feedback and distal tubular obstruction, in ische-
mic acute renal failure (Edelstein et al. 1997). In light of the 
report that acute poisoning by thimerosal in human can 
lead to renal failure (Pfab et al. 1996) and the fact that 
thimerosal is used as a preservative in many vaccine prep-
arations (Elferink 1999), the in vivo renal effect of thimero-
sal needs to be studied. 

The data show that thimerosal increases [Ca2+];  by caus-
ing both store Ca2+  release and extracellular Ca2+  influx 
because the response was reduced by 80% by removal of 
extracellular Ca2+.  The thimerosal-induced Ca2+  influx was 
independently confirmed by thimerosal-induced Mn' 
quench of fura-2 fluorescence at the Ca'-insensitive 360 
nm excitation wavelength. Thimerosal may cause Ca2+  in-
flux via store-operated Ca' entry, a process triggered by 
store Ca2+  depletion (Putney 1986) that has been previously 
shown to play a main role in Ca" influx in MDCK cells 
(Huang & Jan 2001; Jan et al. 2001). 

Regarding the intracellular Ca' stores of the thimerosal 
response, the thapsigargin-sensitive endoplasmic reticulum 
store, the dominant Ca2+  store in MDCK cells (Jan et al. 
2001), appears to play a major role because thimerosal com-
pletely depleted the endoplasmic reticulum Ca" store. The 
thimerosal-induced Ca" release does not require a preced-
ing elevation in cytosolic IP3  levels because this release was 
unaltered by suppression of phospholipase C activity. The 
IP3-independent component(s) of the Ca2+  releasing event 
is unknown, but may be related to inhibition of Ca2+  pump 
or permeabilization of the endoplasmic reticulum mem-
branes. Although thimerosal has been shown to modulate 
ryanodine channels in excitable cells (Marengo et al. 1998); 
however, MDCK cells do not possess active ryanodine-sen-
sitive Ca' stores as demonstrated previously (Jan et al. 
1998b). Together, the present study shows that thimerosal 
induces a concentration-dependent, sustained [Ca2+];  rise in 
renal tubular cells via releasing store Ca2+  and causing 
Ca2+  influx. 
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Selective Disappearance of an Axonal 
Protein, 440-kDa AnkyrinB, Associated With 
Neuronal Degeneration Induced by 
Methylmercury 
Motoharu Sakaue,1  Hiromi Takanaga,1  Tatsumi Adachi,2  Shuntaro Hara,1  
and Manabu Kunimotol*  
'Department of Public Health, School of Pharmaceutical Sciences, Kitasato University, Minato-ku, 
Tokyo, Japan 
2Department of Basic Medical Sciences, National Institute of Minamata Disease, Minamata, Kumamoto, Japan 

The 440-kDa isoform of brain ankyrin, 440-kDa ankyrinB, 
is a neuron-specific protein and is confined to axons. 
Cerebellum is one of the areas characteristically altered 
by methylmercury intoxication both in the adult and dur-
ing development. When rat cerebellar neurons matured 
for 7 days in vitro were exposed to methylmercury at 
0.03 KM for 48 hr, viability of the cells was unaffected. 
However, the immunocytochemical staining of 440-kDa 
ankyrin diminished drastically, whereas that of 
microtubule-associated protein-2, which is localized in 
dendrites and cell bodies, and of glial fibrillary acidic 
protein (GFAP), a marker for astroglial cells coexisting in 
the culture, remained unchanged. To confirm these ob-
servations, a simplified dot blot assay was established to 
determine 440-kDa ankyrinB  and several other marker 
proteins in cultured cell samples. With this assay, we 
found that methylmercury at a submicromolar range in-
duced a decrease of 440-kDa ankyrin and an increase 
of GFAP in a dose-dependent manner in cerebellar cells 
in primary culture. Surprisingly, another axonal protein, 
tau, remained mostly in its intact molecular sizes even in 
the presence of 0.3-1.0 p M methylmercury, though its 
immunocytochemical localization was substantially al-
tered. These results indicate that selective loss of the 
axonal protein 440-kDa ankyrinB  is associated with the 
early stage of degeneration of cerebellar neurons in-
duced by methylmercury. Therefore, 440-kDa ankyrin 
should be useful as a specific and sensitive marker for 
the neurotoxicity of methylmercury. 
© 2003 Wiley-Liss, Inc. 

Key words: methylmercury; neurotoxicity; 440-kDa 
ankyrins; tau; GFAP; cerebellar cells; primary culture; rat 

Methylmercury has been recognized as an extremely 
hazardous environmental pollutant. Selective vulnerability 
of various parts of the nervous system to injury from 
methylmercury intoxication is a well-established though as 
yet unexplained phenomenon in man and experimental  

animals (Chang, 1977; Clarkson, 1987). One of the areas 
characteristically altered is the cerebellum, both in the 
adult and during development. It has been shown that 
methylmercury can induce apoptotic death of cerebellar 
granule neuron at lower doses both in vitro and in vivo. 
However, the precise mechanism for the induction of 
apoptotic death by methylmercury has not yet been elu-
cidated. To understand the mechanism of the neuronal 
degeneration caused not only by methylmercury but also 
by other neurotoxicants, sensitive detection of early signs 
of neuronal alteration caused by neurotoxic substances is 
extremely important, which should also be quite useful as 
a marker for neurodegenerative diseases. Neuron-specific 
proteins are promising candidate for these purposes. 

We have shown that the 440-kDa isoform of brain 
ankyrin (ankyrinB), a member of the family of spectrin-
binding proteins that link the spectrin/actin network to 
the cytoplasmic domain of integral proteins (Bennett and 
Baines, 2001), is a neuron-specific isoform, whereas 
220-kDa ankyrinB  is rather general in neural tissue and is 
expressed both in neurons and in glial cells (Kunimoto, 
1995b). In neuronal cells, 440-kDa ankyrinB  is sorted to 
the axons, whereas the 220-kDa isoform is abundant in the 
dendrites and cell bodies. Furthermore, 440-kDa ankyrinB  
is concentrated at the tip of growing neurites in primary 
cerebellar neurons at the very beginning of culture. Ex-
pression of polypeptide and mRNA of 440-kDa ankyrinB  
is increased upon induction of neurite outgrowth in hu-
man neuroblastoma NB-1 cells (Kunimoto, 1995a). The 
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expressed 440-kDa ankyrinB  is also concentrated at the tip 
of growing neurites and is partly colocalized with 
GAP-43. These results suggest that 440-kDa ankyrinB  
plays an important role in axogenesis. 

In this study, we investigated the effects of methyl-
mercury on the expression and localization of 440-kDa 
ankyrinB  in cerebellar neurons of rats to see whether 
440-kDa ankyrinB  can be used as a sensitive marker for 
neuronal degeneration caused by methylmercury. By 
comparing the responses of 440-kDa ankyrinB  with other 
neuronal and glial proteins, we have shown that 440-kDa 
ankyrinB  is one of the useful indicators for the early stage 
of neuronal degeneration caused by methylmercury. 

MATERIALS AND METHODS 

Materials 
Iodine 125-protein A was from ICN (Costa Mesa, CA). 

All tissue culture media and supplements were from Gibco BRL 
(Grand Island, NY). Mouse monoclonal antibodies against 
microtubule-associated protein-2 (MAP2; clone AP20) and tau 
(PC1C6; clone tau-1) were from Cosmo Bio Co., Ltd. Glial 
fibrillary acidic protein (GFAP), mouse monoclonal antibody 
against GFAP (clone G-A-5), rabbit anti-mouse IgG, goat anti-
rabbit IgG (TRITC-labeled), goat anti-mouse IgG (FITC-
labeled), normal goat serum, Triton X-100, pepstatin A, leu-
peptin, and diisopropyl fluorophosphate (DFP) were from 
Sigma (St, Louis, MO). An antibody specific to 440-kDa 
ankyrin, and a recombinant protein corresponding to the se-
quence specific to this isoform were prepared as described 
previously (Kunimoto et al., 1991). 

Cell Culture 
Cerebellar cells were prepared from neonatal Jcl-Wistar 

rats within 24 hr after birth, plated onto polylysine-coated dishes 
or glass coverslips, and maintained in serum-free medium as 
described previously (Kunimoto et al., 1992). 

Gel Electrophoresis And Immunoblot Analysis 
Brains were dissected from adult rats and homogenized in 

9 volume of 0.32 M sucrose containing 1 mM EGTA, pH 7.4, 
1 mM NaN3, 10 pig/m1pepstatin A, leupeptin, and 0.01% DFP. 
The homogenates were mixed with sodium dodecyl sulfate 
(SDS) sample buffer and heated at 65°C for 20 min. Samples 
were electrophoresed on SDS-polyacrylamide gradient gels and 
were immunoblotted using 125I-protein A to visualize antibod-
ies as described by Davis and Bennett (1983) after electro-
phoretic transfer to a PVDF membrane (Bio-Rad, Hercules, 
CA). Cultured cells on plastic plates were washed once with 
Dulbecco's phosphate-buffered saline (PBS), mixed with SDS 
sample buffer, scraped from the plates, and heated at 65°C for 
20 min. Samples were electrophoresed and immunoblotted in 
the same way. 

Dot-Blot Analysis 
Samples prepared for SDS-polyacrylamide gel electro-

phoresis (PAGE) were spotted (2 ill per spot) on nitrocellulose 
membranes (Bio-Rad) sandwiched with plastic screens of 1-cm 
meshes. Air-dried membranes were then fixed with 10% acetic  

acid containing 20% isopropyl alcohol for 5 min, washed well 
with distilled water, and immunoblotted as described above. 
Radioactivities of the spots were analyzed with a radioluminog-
raphy analyzer (BAS 2000; Fuji Film) and with an autogammer 
counter (Packard). 

Immunocytochemical Procedures 
Cells grown on coverglasses coated with polylysine were 

fixed with 4% formaldehyde for 15 min at room temperature 
and washed three times with PBS. Fixed cells were permeabil-
ized with 0.5% Triton X-100 in PBS and blocked with 10% 
normal goat serum and 1% bovine serum albumin in PBS for 
30 min at room temperature. The coverglass was then incubated 
with 4 Fig/m1 rabbit polyclonal antibodies against brain ankyrin 
isoforms and mouse monoclonal antibodies against MAP2 or 
GFAP in the presence of 0.05% Triton X-100 overnight at 4°C 
and washed five times with PBS containing 0.1% Tween 20. Ig 
molecules were visualized with TRITC-conjugated goat anti-
rabbit IgG and FITC-conjugated goat anti-mouse IgG. Stained 
samples were observed and photographed under a confocal laser 
fluorescent microscope system (TCS 4D; Leica). 

Other Procedures 
The amount of total proteins in the samples was deter-

mined with the Bio-Rad Protein Assay according to the man-
ufacturer's instruction. 

RESULTS 
Effects of Methylmercury on the Cerebellar 
Neurons in Primary Culture 

Cerebellar cells in primary culture were made up of 
more than 90% neurons and small numbers of astrocytes 
(Kunimoto, 1995b). After 5-7 days of culture in vitro, 
neurons extended extensive axons as revealed by the stain-
ing with anti-440-kDa ankyrin, antibody (Fig. 1A), and 
astrocytes extended their processes as revealed by staining 
with anti-GFAP antibody (Fig. 2A,C). When the cerebel-
lar cells precultured for 7 days were exposed to methyl-
mercury at 0.03 RM for 48 hr, the 440-kDa ankyrinB  
staining was drastically reduced (Fig. 1D). However, the 
GFAP staining did not show significant alteration with the 
exposure (Fig. 2D,F). It is noteworthy that the staining of 
MAP2, a maker protein for neuronal cell bodies and 
dendrites, was also reduced by the exposure, but to a much 
lesser extent (Fig. 1B,E). 

A Simplified Dot-Blot Assay for 440-kDa 
AnkyrinB  and GFAP 

A simple dot blot assay for 440-kDa ankyrinB  and 
GFAP was established by a slight modification of the 

Fig. 1. Immunocytochemical localization of 440-kDa ankyrinB  and 
MAP2 in cerebellar cells in primary culture. Cerebellar cells matured 
for 7 days in vitro were then exposed to 0 (A-C) or 0.03 RM 
methylmercury (D-F) for 48 hr. Cells were then fixed, permeabilized, 
and stained with double-label immunofluorescence using anti-440-kDa 
ankyrin, (A,D) and anti-MAP2 (B,E) antibodies. Corresponding 
phase-contrast micrographs are also shown (C,F, respectively). Scale 
bar = 50 [A.m. 
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procedure of O'Callaghan (1991). In this method, samples 
prepared for SDS-PAGE were directly spotted on nitro-
cellulose membranes sandwiched with plastic screens of 
1-cm mesh, which allows whole proteins in the samples to 
be retained on the membranes as dots arranged regularly 
(see Fig. 4). The antibodies used recognized their antigens 
specifically in the samples from cultured cerebellar cells 
and brain tissue (data not shown). By using this dot blot 
assay, standard curves were obtained for GFAP and a 
recombinant protein corresponding to the sequence spe-
cific to 440-kDa ankyrinB  (Fig. 3). The total amount of 
proteins in the standard sample was adjusted to 2 mg/ml 
by using bovine serum albumin (BSA). The curves clearly 
indicate that this dot blot assay provides a wide range of 
linearity for both proteins. In addition, the radioactivities 
estimated with BAS 2000 (a radioluminography analyzer) 
coincide well with those measured with a gamma counter 
(Fig. 3). 

Effects of Methylmercury on the Amount of 
GFAP and 440-kDa AnkyrinB  in Rat Cerebellar 
Cells in Primary Culture 

To confirm the immunocytochemical observation of 
cerebellar cells exposed to methylmercury, the amount of 
each protein expressed in the culture was determined with 
the dot blot assay (Fig. 4). Although the amount of 
440-kDa ankyrinB  decreased depending on the methyl-
mercury concentration, the amount of GFAP increased 
upon exposure to methylmercury at 0.01-0.3 tA,M (Fig. 
5). At a higher concentration (1 tA,M) of methylmercury, 
however, the amount of GFAP started decreasing. These 
results suggest that astrocytes might be activated in the 
presence of methylmercury at doses at which neurons 
were degenerating. 

The amount of MAP2, a neuronal protein localized 
in dendrites and cell bodies, also decreased, but at higher 
methylmercury concentrations. It is noteworthy that the 
amount of tau, a microtubule-associated protein localized 
mainly in the axon, remained almost unchanged even at 
1 RM of methylmercury. 

Differential Effects of Methylmercury on the 
Expression and Localization of Axonal Proteins in 
Rat Cerebellar Neurons 

To confirm further the differential effects of methyl-
mercury on the two axonal proteins, 440-kDa ankyrinB  
and tau, in cerebellar neurons, localization and intactness 
of tau were examined by immunofluorescent microscopy 
and Western blotting analysis and compared with those of 

4 	  

Fig. 2. Immunocytochemical localization of GFAP in cerebellar cells in 
primary culture. Cerebellar cells matured for 7 days in vitro were then 
exposed to 0 (A—C) or 0.03 i.M (D—F) methylmercury for 48 hr. Cells 
were then fixed, permeabilized, and labeled with indirect immunoflu-
orescence using anti-GFAP antibodies. Phase-contrast micrographs 
corresponding to A,D are shown (B,E, respectively). Immunofluores-
cent images with lower magnification (C,F) are also shown. Scale 
bars = 50 	in E (for A,B,D,E); 50 F.A.m in F (for C,F). 
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Fig. 3. Dose-response curves of recombinant 440-kDa ankyrinB  frag-
ment (A) and GFAP (B) in the dot blot assay. Radioactivity in each 
spot was determined with BAS 2000 (squares) and an autogamma 
counter (circles). Each point represents the mean of triplicate assays. 

440-kDa ankyrinB. Although the immunostaining of 
440-kDa ankyrinB  decreased upon exposure to methyl-
mercury at 0.1 tA,M (Fig. 6A,D), that of tau did not show 
a significant decrease in its intensity but did so in the 
pattern of the staining; fibrous staining pattern decreased, 
whereas dotted or aggregated staining increased (Fig. 
6B,E). Tau proteins in the dotted aggregates could be 
degraded and denatured peptides still holding epitopes. 
However, Western blot analysis of tau in the cerebellar cell 
cultures treated with methylmercury revealed that tau 
proteins were mostly intact, at least based on their molec-
ular sizes (Fig. 7B), whereas the immunoreactivity of 
440-kDa ankyrinB  almost completely disappeared at 
higher methylmercury concentrations (Fig. 7A). 
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Fig. 4. Dot blot analyses of marker proteins expressed in cerebellar cells 
in primary culture. Cerebellar cells matured for 7 days in vitro were 
then exposed to methylmercury at 0-1.0 µM for 48 hr. Total proteins 
of the cells solubilized with SDS sample buffer were subjected to dot 

100 

50 

0.01 	0.1 	1 

Methylmercury concentration (01) 

DISCUSSION 
This report describes differential effects of methyl-

mercury at the submicromolar range on the expression of 
several marker proteins in rat cerebellar cells in primary 

blot immunoassay using 440-kDa ankyrinB, tau, MAP2, or GFAP 
antibodies as described in Materials and Methods. Radiographs ob-
tained with BAS 2000 are shown. 

I 	  

Fig. 5. Changes in the amount of expressed marker proteins in cere-
bellar cells in primary culture upon exposure to methylmercury. Cer-
ebellar cells matured for 7 days in vitro were then exposed to methyl-
mercury at 0-1.0 µM for 48 hr. Total proteins of the cells solubilized 
with SDS sample buffer were subjected to the blot immunoassay using 
440-kDa ankyrinB  (squares), MAP2 (triangles), tau (circle), or GFAP 
(lozenges) antibodies. Radioactivity at each spot was determined with 
BAS 2000 and standardized with the amount of total protein in each 
sample. Values expressed as the percentage of control represent the 
mean of triplicate assays. 

culture. Two axonal proteins, 440-kDa ankyrinB  and tau, 
showed different patterns of disappearance/degradation in 
cerebellar neurons exposed to methylmercury. Whereas 
440-kDa ankyrinB  disappeared with methylmercury treat-
ment at as low as 10-30 nM, most of tau remained 
apparently intact even in the presence of 1 µM methyl-
mercury. Another neuronal protein, MAP2, which is lo-
calized in dendrites and cell bodies of neurons, also disap-
peared upon exposure to methylmercury, but at higher 
concentrations. These results clearly indicate that selective 
loss of the axonal protein 440-kDa ankyrinB  is associated 
with an early stage of the degeneration of cerebellar neu-
rons induced by methylmercury in vitro. One possible 
candidate responsible for the degradation of 440-kDa 
ankyrinB  is calpain, a protease activated by calcium, insofar 
as ankyrinB  has been shown to be degraded by calpain 

E
xp

re
ss

ed
 p

ro
te

in
  (
%

 o
f 

co
nt

ro
l)

  



Figure 6. (Legend on following page.) 
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Fig. 7. Western blot analyses of 440-kDa ankyrinB  and tau in cerebellar 
cells in primary culture. Cerebellar cells matured for 7 days in vitro 
were then exposed to 0, 0.01, 0.03, 0.1, 0.3, or 1 11M methyhnercury 
(lanes 1-6, respectively) for 48 hr. Total proteins of the cerebellar cells 
were separated on SDS-polyacrylamide gel, transferred to Imrnobilon P 
membrane, and immunoblotted using 440-kDa ankyrinB  (A) or tau (B) 
antibodies as described in Materials and Methods. Radioluminographs 
obtained with BAS 2000 are shown. 

(Harada et al., 1997), and exposure to methylmercury at 
2-5 RM increases the intracellular calcium level in 
NG108-15 cells (Atchison and Hare, 1994). It is also likely 
that 440-kDa ankyrinB  is down-regulated at the transcrip-
tional level, insofar as it has been shown that methylmer-
cury at 1 µM induced down-regulation of 440-kDa 
ankyrinB  mRNA in human neuroblastoma NB-1 cells 
(Kunimoto and Suzuki, 1995). However coexistence of 
calpain inhibitor (calpain inhibitor II) prevented the 
methylmercury-induced decrease of 440-kDa ankyrinB  
protein in rat cerebellar neurons almost completely, indi-
cating that calpain is mainly involved in the selective 
disappearance of 440-kDa ankyrinB  (manuscript in prep-
aration). 

4 	  

Fig. 6. (Figure appears on preceding page.) Immunocytochemical lo-
calization of 440-kDa ankyrinB  and tau in cerebellar cells in primary 
culture. Cerebellar cells matured for 7 days in vitro were then exposed 
to 0 (A—C) or 0.1 µM (D—F) methylmercury for 48 hr. Cells were then 
fixed, permeabilized, and stained with double-label immunofluores-
cence using anti-440-kDa ankyrinB  (A,D) and anti-tau antibodies 
(B,E). Corresponding phase-contrast micrographs are also shown (C,F, 
respectively). Scale bar = 50 rim. 

The 440-kDa ankyrinB  is localized in unmyelinated 
axons, such as parallel fibers in cerebellum. Its 220-kDa 
inserted polypeptide is considered to form a long tail 
domain, which is essential for its axonal localization and 
plays an important role in the connection of axonal mem-
branes and cytoskeletons. Therefore, the disappearance of 
440-kDa ankyrinB  may result in disorganization and de-
generation of axons, which is inconsistent with the finding 
that degeneration of the synaptic boutons of parallel fibers 
was observed as an early sign of methylmercury intoxica-
tion in rats (Su et al., 1996). In addition, it is well-known 
that ankyrins, including 440-kDa ankyrinB, contain a 
death domain at their C-terminal, but its roles in cell death 
processes have not yet been clarified (Bennett and Baines, 
2001). Although there is no experimental evidence, it is 
imaginable that the degradation of 440-kDa ankyrinB  may 
activate the death domain, which results in the induction 
of apoptotic death of cerebellar neurons. 

As for the resistance of tau to proteolytic degradation 
in methylmercury-treated cerebellar neurons, one possi-
bility is hyperphosphorylation of tau by the exposure to 
methylmercury, in that hyperphosphorylated tau is resis-
tant to proteolytic cleavage and hence is accumulated in 
the brain of Alzheimer's disease patients as part of paired 
helical filaments or neurofibrillary tangles (Litersky et al., 
1993; Billingsley and Kincaid, 1997). However, the 
monoclonal antibody used to detect tau (PC1C6; clone 
tau-1) in this study has been shown to be specific to 
dephosphorylated tau (Billingsley and Kincaid, 1997). 
Therefore, tau proteins that survived methylmercury-
induced degeneration of cerebellar neurons are likely not 
hyperphosphorylated but modified in another way. 

The amount of GFAP increased upon exposure to 
methylmercury at doses (0.01-0.3 1.1,M) at which neurons 
were degenerating, indicating that astrocytes were affected 
by methylmercury in a way different from neurons. Gliosis 
has been commonly observed in the brains of 
methylmercury-intoxicated humans and experimental an-
imals (Tsubaki and Takahashi, 1986; Charleston et al., 
1994), suggesting that methylmercury may stimulate the 
proliferation of astrocytes directly or indirectly. However, 
in our preliminary experiments, the methylmercury expo-
sure did not increase the number of 5-bromo-2'-
deoxyuridine-incorporating astrocytes, suggesting that 
methylmercury may stimulate the expression of GFAP 
proteins (data not shown). 

A new dot blot method developed in this study, the 
"spot blot immunoassay," does not require any expensive 
apparatus. This method also can be used according to a 
nonradioactive protocol (data not shown). Therefore, it 
provides a simple and quantitative way to determine the 
amount of proteins with very high molecular weights, 
such as 440-kDa ankyrinB, that are hard to electrotransfer 
to nitrocellulose membranes quantitatively. 

In conclusion, 440-kDa ankyrinB  should be useful as 
a specific and sensitive marker for the early stage of methyl-
mercury intoxication, especially for axonal degeneration. 
In addition, the neurotoxic action of methylmercury 
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could be ascribed partially to its selective effects on axon-
specific proteins, including 440-kDa ankyrin,. 
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1. Introduction 
Metallothioneins (MTs) define a superfamily of 

ubiquitous cysteine-rich low molecular weight pro-
teins or polypeptides that contain polynuclear metal—
sulfur coordination sites formed by metal ions with 
dm configuration. The most prominent characteristics 
of these biomolecules, which have been discovered as 
a cadmium and zinc containing protein in horse 
kidney by Margoshes and Vallee in 1957,1  are their 
extremely high metal and sulfur contents (up to 10% 
w/w). 

Although MTs have been known as long as about 
half a century, their precise physiological function is 
still under debate. According to Kagi and Schaffer, 
they are thought to play roles both in the intracel-
lular fixation of the essential trace elements zinc and 
copper, in controlling the concentrations of the free 
ions of these elements, in regulating their flow to 
their cellular destinations, in neutralizing the harm-
ful influences of exposure to toxic elements such as 
cadmium and mercury, and in the protection from 
a variety of stress conditions.2  More recently, it 
was concluded by Maret and Vallee that the long 
sought role of MT lies in the control of the cellular 
zinc distribution as a function of the energy state 
of the cell and not in the widely held belief that 
MT primarily scavenges radicals or detoxifies met-
als.3  As can be learned by these speculations, inves-
tigations directed to explore the structure and chem-
istry of metallothioneins in greater detail are ex-
tremely important taking into account that nature 
makes use of them as multipurpose proteins. Several 
reviews covering this issue are available in the 
literature.' 

Today, MTs are known to occur in all animal phyla 
examined so far as well as in certain fungi, plants, 
and cyanobacteria. Characterized by a low molecular 
mass of 6.000-7.000 amu, by 20 totally conserved 
cysteines out of a total of 61 or 62 amino acid residues 
(according to ca. 30% by number), without aromatic 
amino acids such as tyrosine or histidine, the apo-
protein from rat liver (thionein) is able to bind a total 
of seven equivalents of divalent metal ions with d1° 
configuration such as Zn2+ or Cdz+ in two noninter-
acting domains. After demetalation, these proteins 
can be loaded with up to six Cul+ ions in each 
domain.5  

10.1021/cr020620d CCC: $48.50 © 2004 American Chemical Society 
Published on Web 01/28/2004 
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Another mammalian species that is almost exclu-
sively expressed in the brain (known as metallothio-
nein-3 or neuronal growth inhibitory factor (GIF))  

contains four Cu(I) and three Zn(II) ions organized 
in homometallic thiolate clusters located in two 
independent protein domains. The situation is some-
what different for MTs originating from yeast and 
fungus, which possess only one metal binding site 
unable to incorporate zinc or cadmium. The MTs 
found in higher organisms are the sole proteins that 
are able to accumulate cadmium as a primary 
biological functions 

After discovery, the MTs were classified into fami-
lies according to empirical aspects. Members of Class 
I are defined to include polypeptides related in the 
positions of the cysteine residues to the mammalian 
forms, while those of class II display none or very 
distant correspondence in this respect. Class I sub-
sumes besides the vertebrate MTs all presently 
known crustacean and molluscan sequences. Class 
III MTs are polyisopeptides composed of atypical 
gamma-glutamylcysteinyl units and therefore are not 
direct gene products.' The growing number of known 
MT sequences, however, which show that their 
lengths, amino acid compositions, and the numbers 
and repartitions of their cys resisues are highly 
variable clearly demonstrates that this subdivision 
is inadequate. Binz and Kagi have therefore proposed 
a new classification system that is based on sequence 
similarities and phylogenetic relationships. According 
to this system, the MTs form a superfamily that is 
subdivided into families, subfamilies, subgroups, and 
isolated isoforms and alleles.4c 

The superfamily itself is defined phenomenologi-
cally as comprising all polypeptides that resemble 
equine renal metallothionein in several of their 
aspects, whereas a MT family consists of MTs that 
share a particular set of sequence-specific characters. 
Members of a specific family cannot belong to other 
families and are thought to be evolutionary related. 
Each family is identified by a given specific number 
and its taxonomic range (for example, family 1, 
vertebrate MTs). Within a subfamily the MTs share 
not only the family characters but also a set of more 
stringent phylogenetic features such as specific mono-
phyletic relationships among the sequences of pro-
teins and/or of nucleotide segments in the genes. A 
subfamily is usually abbreviated with a letter char-
acter followed by an arabic number (for example, ml, 
mammalian MT-1). Specific members of a subfamily 
can belong to a subgroup if they share a branch of 
MT sequences that is clearly distinguishable in a tree 
by its monophyletic character (for example, m2U2, 
ungulate MT-2, subgroup of the m2 subfamily). 
Isoforms or allelic forms are specifiable as members 
of families, subfamilies, and subgroups. They are 
named according to the nomenclature of Kojima et 
al.8  If a set of partial or total amino acid or poly-
nucleotide sequences, subgroups, subfamilies, fami-
lies, or combinations of them share characters not 
defined by the above classification criteria, a corre-
sponding clan is defined that can be related to 
common spatial structure, thermodynamic proper-
ties, metal binding properties, functionally related 
characters, or other relevant features. 

All vertebrates examined so far contain at least two 
distinct MT isoforms designated as MT-1 to MT-4. 
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Whereas MT-1 and MT-2 occur within all organs of 
mammalians, MT-3 is found in the brain (see above) 
and MT-4 in certain tissues. They are composed of 
two subunits, the C-terminal a domain and the 
N-terminal /3  domain, which are responsible for metal 
binding via S-Cys donor functions. 

This review covers the thiolate chemistry of the 
metal ions zinc, cadmium, mercury, copper, and silver 
relevant to the metallothioneins, which means that 
ligands containing sulfur not bonded to carbon or 
ligands with abiotic sulfur donor functions such as 
thiourea, 1, 1-dithio ligands (e.g., dithiocarbamates), 
or dithiolene-type systems have been excluded from 
the discussion. In addition, heteroleptic thiolate com-
plexes containing additional non-sulfur donor func-
tions have also been excluded. Prior to this contribu-
tion, review articles covering various aspects of 
metal—thiolate as well as of metal—sulfide—thiolate 
chemistry have appeared.9  

2. Metal Binding Sites in Metallothioneins 
In 1986, a crystal structure determination of Cd5-

Zn2-MT-2 isolated from cadmium-overloaded rat liver 
provided the first structural models for the metal—
sulfur clusters within these domains." However, re-
sults of multidimensional/multinuclear NMR investi-
gations published in due course were unable to con-
firm this X-ray structure especially with respect to 
the metal-to-cystein coordination patterns in both 
clusters." After finding out that the initial crystal 
structure needed to be revised due to errors in the 
Cd positions, a new crystal structure was published 
that was now in complete agreement with the NMR 
results." 

From both the solution NMR as well as the solid-
state X-ray structure of native rat liver Cd5Zn2-MT-2 
(crystals) and of rat,13  rabbit," and human liver15  113-
Cd-reconstituted Cd7-MT-2 (solution), it is now es-
tablished that the a domain hosts a tetranuclear 
{M4S1 1 } cluster (cluster A, Figure 1), whereas a 

Figure 1. The tetranuclear {Cd4S11} core portion of M7-
MT-2 from rat liver (cluster A). 

trinuclear {M3S9} cluster (cluster B, Figure 2) is 
located in the /3 domain with Zn or Cd in (distorted) 
tetrahedral sulfur environments." The identity of MT 
structures containing either Zn or Cd was proven by 
further comparative NMR as well as XAFS studies." 

Figure 2. The trinuclear {CdZn2S9} core portion of 
M7-MT-2 from rat liver (cluster B). 

Besides the NMR structures of these mammalian 
M7-MT-2 derivatives, an NMR solution structure of 
recombinant mouse "3Cd7-MT-1 has also been de-
termined showing high similarities between these 
species." Comparable {M3S9} as well as {M4S11} 
clusters have also been identified in recombinant 
human Zn7- and Cd7-MT-319  as well as in recombi-
nant mouse Cd7-MT-3.2° Although it was not possible 
to determine their complete solution structures in the 
case of the human protein, the structure of the 
{Cd4S 1 1  } cluster from the mouse Cd7-MT-3 protein 
has successfully been elucidated showing a molecular 
architecture similar to that of the cluster within the 
a domain of the M7-MT-2 species examined so far. 

In contrast to these engineered proteins, naturally 
occurring MT-3 from bovine brain, however, has been 
shown to contain four Cu and three Zn ions. EXAFS 
Cu and Zn K-edge investigations are indicative of 
distinct homometallic {MS} clusters with trigonal 
and tetrahedral coordination geometries, respec-
tively.21  Although the location of both clusters in the 
protein structure is yet not exactly known, it has been 
suggested that the {Zn3} cluster is not located in the 
N-terminal /3 domain of the protein as in the Zn7-
MT-3 derivative but, untypically, in the a domain 
instead. The latest example of a vertebrate metal-
lothionein whose solution structure has been deter-
mined by multinuclear/multidimensional NMR spec-
troscopy is Cd7-MT-A from the antarctic fish Noto-
thenia coriiceps. The {Cd4S 1 1  } and {Cd3S9} clusters 
within the a and /3 domains of the protein show 
striking structural similarities with the correspond-
ing units found in mammalian M7-MT-2. The close 
structural relationship between the {Cd4Si1} clusters 
from mammalian Cd7-MT-2 and Cd7-MT-A from 
Notothenia coriiceps can easily be recognized by 
inspection of Figure 3 which shows a superposition 
of both coordination sites fitted to match the atoms 
within the bicyclic {M4S5} frames.22  

Besides the NMR structures of these vertebrate 
proteins, complete NMR solution structures have also 
been determined for the invertebrate Cd6-MT-1 pro-
teins from crustacean blue crab (Callinectes sapi-
dus)23  and from lobster24  and for Cd7-MTA from equi-
nodernal sea urchin (Strongylocentrotus purpura-
tus).25  In all these cases, the structures consist of a 
monomeric protein that is composed of two globular 
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k. 
Figure 3. Superposition of the {Cd4S11} clusters of M7-
MT-2 from rat liver (solid sticks) and Cd7-MT-A from 
Notothenia coriiceps (broken sticks). 

domains hosting a metal—thiolate cluster each. In 
this respect, there are similarities with the mam-
malian M(II) MTs. Significant differences, however, 
are found with respect to the chemical definitions of 
the metal—sulfur clusters itself. Within the Cd6-MT-1 
species of crustacean blue crab and of lobster, both 
the a and the # domains contain {Cd3S9} clusters in 
distorted boat conformations, while Cd7-MTA from 
equinodernal sea urchin contains {Cd4S11} and {Cd3S9} 
clusters in a reversed arrangement if compared with 
the cluster distribution of vertebrate M7-MT-2: In 
the former system, the {Cd4S11} cluster is located in 
the N-terminal domain of the protein, while the 
{Cd3S9} cluster resides in the C-terminal domain. 
This modification leads to significantly different con-
nectivity patterns of the Cd—S bonds as well as to 
novel local folds of the polypeptide backbone. Another 
remarkable aspect here is the fact that the topology 
of the {Cd4S11} cluster observed in Cd7-MTA from 
equinodernal sea urchin does not match the principal 
structural characteristics of the {M4S11} units of 
identical composition present in the a domains of all 
vertebrate M7-MTs investigated so far. The {Cd3S9} 
cluster, however, is of conventional design. The struc-
ture of both clusters is shown in Figures 4 and 5, 
whereas a superposition of both is given in Figure 6. 

1 /4.. 
Figure 4. The tetranuclear {Cd4S11} cluster of Cd7-MTA 
from equinodernal sea urchin. 

In contrast to the zinc- and cadmium-containing 
proteins discussed above, the architecture of metal—
sulfur clusters in copper- and silver-containing MTs 
including all isoforms of higher organisms as well as 
yeast and fungal proteins is still unknown. The 
structures of the metal—thiolate clusters in Cu12-MT, 

14.. 
Figure 5. The trinuclear {Cd3S9} cluster of Cd7-MTA from 
equinodernal sea urchin. 

Figure 6. 6. Superposition of the {Cd4S11} and the {Cd3S9} 
clusters of equinodernal sea urchin. 

Ag12-MT, and Ag17-MT from rabbit liver have been 
investigated by sulfur K-edge X-ray absorption spec-
troscopy (XAS).26  The sulfur EXAFS data provide the 
first direct evidence for mixtures of bridging and 
terminal sulfur atoms. They indicate that Cu(I) has 
three sulfur neighbors at distances of ca. 2.25 A. 
Significant changes in the CD spectra observed 
between Ag12-MT-1 and Ag17-MT-1 indicate that a 
change of the three-dimensional structure occurs 
when Ag12-MT-1 is transformed to Ag17-MT-1 on 
addition of Ag(I). From the Ag—S bond distances it 
was concluded that Ag(I) in both Ag12-MT-1 and Agir 
MT-1 has only two sulfur neighbors and that the 
structures in Ag(I) and Cu(I) metallothioneins are 
probably quite different. 

All attempts to crystallize copper- and silver-
containing MTs failed so far. This is also true for 
truncated forms of the protein from yeast which have 
been prepared to facilitate possible crystallization.27  
MT-1 and MT-2 in their fully Cu-loaded forms con-
tain 12 copper ions bonded to sulfur in two unidenti-
fied spacial arrangements. The mixed Cu/Zn deriva-
tive of MT-3, Cu4Zn3-MT-3, has been shown by 
copper K-edge EXAFS spectroscopy to contain homo-
metallic metal—thiolate clusters.21  The NMR struc-
ture of the M(I)-MT (M = Cu, Ag) of yeast (Saccha-
romyces cerevisae) shows the presence of a {Cu7S10} 
cluster with unidentified distribution of the Cu 
atoms.28,26  Attemps to fit the metal atoms to the well-
resolved sulfur frame resulted in a variety of possible 
{Cu7S10} cluster structures. Furthermore, from low-
resolution NMR data of the fungal MT from Neuro-
spora crassa the existence of a hexanuclear Cu-
thiolate cluster of unknown structure has also been 
postulated." 
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3. Synthetic and Chemical Aspects 
The biologically important metal—chalcogenolate 

or metal—chalcogenide—chalcogenolate complexes 
discussed in this paper have usually been prepared 
by self-assembly reactions starting from suitable 
precursor compounds mostly in organic solvents. 
Molecular complexes usually appear as anionic spe-
cies that have been crystallized in most cases as 
quaternary ammonium or phosphonium salts or in 
some instances as complex salts by using suitable 
complex cations as counterions. The detailed syn-
thetic procedures as well as principal reactions, 
reactivities, solution equilibra, and kinetic, magnetic, 
spectroscopic, and chemical properties of the com-
pounds discussed here are described in the original 
literature. In this work, the functionality of the 
metallothioneins as well as of model compounds 
mimicking relevant properties of the biological ar-
chetypes is discussed on a structural basis. 

4. Zinc, Cadmium, Mercury: A Systematic 
Structural Approach 

In this section, we will show that the structural 
features of the {M3S9} and the {Wil} clusters (M 
= Zn, Cd) as well as most of the synthetic compounds 
with tetrahedral {MS4} coordination sites which may 
act as structural and/or functional models follow 
simple topological concepts. This approach has been 
chosen to highlight the underlying superior relation-
ships and to prevent erroneous pictures made pos-
sible by inadequate descriptions of the structures of 
the clusters A and B in the literature which are often 
discussed (erroneously) in terms of adamantane-type 
rings and cages. 

4.1 Mononuclear Complexes 
This topological concept is based on the tendency 

of the sulfur atoms to order in space such that more 
or less regular fragments of three-dimensional infi-
nite closed-packed arrays are formed. The driving 
force behind this is the fact that a tetrahedrally 
shaped {MS4} coordination site represents a minimal 
spatial portion of a closed-packed three-dimensional 
area of sulfur atoms. The fundamental {MS4} coor-
dination unit is designated as unit A. 

Its structure as well as that of the complex anion 
[Zn(SC6H4-o-NC6H8)4]2-  as a synthetic molecular 
thiolate system containing unit A as metal—sulfur 
frame are shown in Figures 7 and 8.31  Other mono- 

41b,  

(a) 	 (b) 
Figure 7. Unit A: the {MS4} tetrahedron; (a) schematic 
representation; (b) stick-and-ball model. 

nuclear complexes containing unit A include 
[M(edt)2]2-  (M = Zn, Cd),32  [M(SPh)4]2-  (M = 
Zn, Cd),33,34  [M(SC6H4-o-Ph)4]2-  (M = Zn, Cd, 

Figure 8. The complex anion [Zn(SC6H4-o-NC81-18)4]2-. 

Hg),35  [M(SePh)4]2-  (M = Zn, Cd),34  [Cd(SC6I-14-0-
NC6H8)4 2  , 31  rd (S C6114- 0-SiMe3)412-9 36  [M (S2-
C61110)2]2- (M =  Cd, Hg)37  and [Hg(SC6H4-p-Cl)4]2-.38 

4.2 Tetranuclear Complexes 
Having this in mind, we identify the other funda-

mental three-dimensional fraction of closed-packed 
areas in the order of increasing volume as a regular 
octahedron. Although not directly involved in inter-
stitial metal-ion hosting if only {MS4} units are 
expressed, this octahedron consisting of eight trigonal 
{S3} faces can provide up to eight of them as bases 
for a corresponding number of {MS4} tetrahedra. In 
the most frequently observed case, four of them are 
used in an alternating manner. The resulting tetra-
capped {S6} octahedron can thus also be described 
as an ensemble of four metal-filled {S4} tetrahedra 
each of which are connected with the other ones by 
sharing common corners. A molecular unit of com-
position IM4S1ol defined in this way thus is a direct 
representation of a portion of the sphalerite-type 
(ZnS) lattice with M(II) in uniformely orientated 
tetrahedral holes (say the T± set) of a cubic closed-
packed arrangement of sulfur atoms and adopts a 
heteroadamantane-like structure. This basic coordi-
nation unit is referred to as unit B. Its structure as 
well as that of the complex anion [Zn4(SPh)10]2-  as a 
synthetic molecular system containing an adaman-
tane-like {Zn4S1o} core are shown in Figures 9 and 
10.39  

Other tetranuclear complexes[  containingeph)op  l_  unitm=  B 
include [Zn4(SCH2Ph)10]2  -,40 

 m4(s 

zn,41,42 cd41 

p-tBu) id 2-.44 Interesting variants containing ada-
mantane-like {Cd4S6} cages fused via thiolate bridges 
to form three-dimensional polymeric networks are 
condensation products of formula [Cd4(SPh)8]„45  or 
ring-substituted derivatives derived thereof. Ada-
mantane-like {M4S6} cages are also present in the 
molecular complex anions [M4(SP11)6X4]2-  (M = Zn, 

C1,46a,b Br4613,  1;40 M 	Cd, X = c1,46c Br46d),  
[Cd4  (S1Pr)6Br4] 2 ,46e [Cd4(SC6H4 ri 2  ;14  and 
[Hg4  (SEt) 6BI-4] 2-, 46f  and the {M4Se6} and {M4Te6} 
cages are found in complex anions of the series [Hg4-
(EPh)6X4]2-  (E = Se, Te; X = Cl, Br, D.465  

4.3 Octanuclear Complexes 
We now come back to our tetracapped {S6} octa-

hedron and extend the remaining four trigonal faces 

), [Cd4(SPh)1012-,33• 43  and [Cd4(SC6F14- 
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(a) (b) 
Figure 9. Unit B: the {M4S1o} framework containing a metal tetrahedron; (a) and (b) schematic representation and 
stick-and-ball model in identical orientation; (c) stick-and-ball model in a different orientation. 

Figure 10. Structure of the complex anion [Zn4(SPh)lo]2-. 

toward additional {MS4} tetrahedra. The resulting 
octacapped {S6} octahedron can be described as an 
ensemble of eight metal-filled {S4} tetrahedra each 
of which are connected to three nearest neighbors by 
one common edge and to three neighbors further 
apart by one common corner. Thus, molecular unit 
of composition {M8S14} defined in this way is a direct 
representation of a portion of the anti-fluorite-type 
(anti-CaF2) lattice with M(II) in both the T± and the 
T-  set of tetrahedral holes of a cubic closed-packed 
arrangement of sulfur atoms. The structure of this 
basic coordination unit which is referred to as unit 
C is shown in Figure 11. Actually, no metal thiolate 
complex of formula [M8(SR)14]2+ containing the {M8S14} 
core shown in Figure 11 is known so far. 

Obviously, thiolate ligands are not suited to bind 
to four metal ions simultaneously in homoleptic 
polynuclear metal thiolate complexes. This restric-
tion, however, does not apply to "naked" sulfide ions 
which are derived from thiolate ions by dealkylation. 
Consequently, corresponding mixed sulfide—thiolate 
complexes of divalent metal ions of formula [M8S6-
(SR)8]4-  should be stable chemical entities, and with 
[Co8S6(SPh)8]4-  shown in Figure 12 it was possible 
to obtain the first representative of this class of 
complexes.47  

The tetracapped {S6} octahedron is not the only 
way to assemble four {MS4} coordination tetrahedra 
in such a way that sulfur frames are formed which 
are entities of the cubic closed-packed lattice. The 
other possibility is the sulfur-centered sulfur cuboc-
tahedron. This fragment of the cubic closed-packed 
lattice is obtained if four {MS4} tetrahedra in identi-
cal orientations are fused such that they share one 
common corner. The structure of the resulting {M4S13} 
frame shown in Figure 13 is referred to as unit D. 
The sulfur framework of unit D contains a total of 
eight tetrahedral holes of which one-half (say, the T± 
set) is occupied by metal ions. If the T-  set of holes 
is also occupied by metal ions, a unit of composition 
{M8S13} (unit E, Figure 14) results which contains a 
metal cube identical to that present in unit C (Figure 
11). 

This congruency is based on the fact that both unit 
C and unit E are — different — portions of the anti-
fluorite-type (anti-CaF2) lattice with M(II) in both the 
T± and the T-  sets of tetrahedral holes of a cubic 
closed-packed arrangement of sulfur atoms. Tetra- 

(a) 
	

(b) 
	

(c) 

Figure 11. Unit C: the {M8S14} framework containing a metal cube; (a) and (b) schematic representation and stick-and-
ball model in identical orientation; (c) stick-and-ball model in a different orientation. 
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Figure 12. Structure of the complex anion [Co8S6(SPh)8]4-. 

nuclear thiolate complexes of (hypothetical) formula 
[M4S(SR)12]6-  containing unit D as metal—sulfur 
frameworks are expected to be unstable because of 
their high negative charges. Consequently, no ex-
amples are known in coordination chemistry. A 
similar situation is found if the corresponding octa-
nuclear M(II) complexes of (hypothetical) formula 
[M8S(SR)12]2+  containing unit E are considered. In 
this case, the positive charge of the complex presum-
ably results in considerable destabilization. The 
charge problem, however, can be reduced by replac-
ing the T-  set of M(II) ions by monovalent c11° ions, 

e.g., Cu(I). Following this strategy, the complex anion 
[Zr4Cu4S(S1P012]2-  has been synthesized and char-
acterized in its benzyltrimethylammonium salt." Its 
structure is shown in Figure 15. The replacement of 
divalent metal ions by Cu(I) introduces significant 
structural changes of the {M(II)4M(I)4S13} core if 
compared with unit E. First, the monovalent copper 
ions are no longer within the centroids of the {CuS4} 
tetrahedra but are shifted toward the trigonal faces 
opposite to the sulfur atom within the metal cube. 
Second, the sulfur cuboctahedron of unit E has 
been rearranged such that an icosahedron is observed 
in [Zn4Cu4S(SiPr)12]2-. The corresponding {M(II)-
M(1)S13} core portion referred to as unit F is depicted 
in Figure 16. 

Starting from the structure of [Zn4Cu4S(S'Pr)12]2-, 
it is now only a minor step to arrive at complexes of 
general formula [Zn4Zn4S(SR)16]2-  which can be 
regarded as topological parents of the {M3S9} and 
{M4S11} clusters observed in vertebrate M(II)7S2o-
MTs (vide infra). From a structural point of view, this 
step includes further shifting of the {Cu(I)} ions away 
from the central sulfur atom into positions outside 
the {S12} icosahedron followed by their replacement 
by {Zn(II)SR} fragments (see Figure 18). In the case 
of the complex anion [Zn8S(SCH2Ph)16]2-  [Zn4Zn4S-
(SCH2Ph)113]2-, Figure 17),4"9  this transformation is 
accompanied by a rearrangement of the sulfur icosa-
hedron which now converts into a cuboctahedron. The 
structural relationship between [Zn4Cu4S(SiPr)12]2-
and [Zn4Zn4S(SCH2Ph)16]2-  based on a cuboctahedral 
sulfur frame is shown in Figure 18. The replace-
ment of {Cu(I)} by {Zn(II)SR} fragments extends the 

(a) 
	

(b) 
	

(c) 
Figure 13. Unit D: the cuboctahedral {M4S13} framework containing a metal tetrahedron; (a) and (b) schematic 
representation and stick-and-ball model in identical orientation; (c) stick-and-ball model in a different orientation. 

(a) (b) 
Figure 14. Unit E: the cuboctahedral {M8S13} framework containing a metal cube; (a) and (b) schematic representation 
and stick-and-ball model in identical orientation; (c) stick-and-ball model in a different orientation. 
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Figure 15. Structure of the complex anion [Zn4Cu4S-
(S'Pr)12]2-. 

inner cuboctahedral {Zn4S13} framework (unit D) of 
[Zn4Zn4S(SR)16]2-  by using the triangular faces for-
merly attached to {Cu(I)} as bases for additional 
{ZnS4} tetrahedra. This extension does not match the 
topology of a cubic closed-packed array of sulfur 
atoms because now four {S4} tetrahedra occur at 
places were the cubic closed-packed array comprises 
{S6} octahedra. What we observe here is the termi-
nation of a portion of a cubic closed-packed sulfur 
lattice represented by the complete set of 12 neigh-
bors surrounding a central sulfur atom in a cuboc-
tahedral manner by structural elements of the cor-
responding homeotectic hcp lattice. 

It is interesting to note that both complex anions 
[Zn0S(SCH2Ph)12S4]2-50  and [Zn0C1(SPh) 161- 51  de-
scribed in the literature have {M8X(SR)12} frame-
works (X = S, Cl) comparable to that of [Zn0S-
(SCH2Ph)16]2-  with the only exception that the former 
ones contain {S12} icosahedra instead of the cuboc-
tahedron observed in the latter case. In this respect, 
the complex anion described as [Zn0S(SCH2Ph)12S4]2-
could be regarded as a direct topological extension 
of [Zn4Cu4S(SiPr)12]2-  retaining its {S12} icosahedron 
(see Figure 15). At this stage, however, we run into 
problems with [Zn0S(SCH2Ph)12S4]2-  because a com-
plex anion comprising this composition is not com-
patible with divalent zinc. On the basis of the 
reported NMR properties which imply diamagnetic 
behavior of the complex anion, we assume that the  

chemical formula given in the literature is in error 
and may probably read [Zn0S(SCH2Ph)12C14]2-  or 
[Zn0S(SCH2Ph)12(SH)4]2-. Other octanuclear com-
plexes containing the {M8XE12} core (X = S, Cl, E = 
S, Se) include [Zn0Se(SePh)12C14]2-,52  [Cd0C1(SC61-112-
NH)16]15+,53  [Cd0S(SPh)12C14]2-,54  [Cd8S(SePh)16]2- 55  
and [Cd8Se(SePh)12C14]2-- 56  

4.4 {M4Sil} and {M3S9} Clusters of the 
Vertebrate MTs 

Before we extend our discussion toward complexes 
of higher nuclearities, we will show that the IM4S11} 
cluster within the vertebrate M(II)7S20-MTs is neither 
a direct representation of the sphalerite- nor of the 
wurtzite-type structure. In its idealized geometry, the 
{M4S11} cluster is a bicyclic system consisting of two 
six-membered nonplanar rings that adopt the boat 
conformation in both cases. The idealized structure 
(referred to as unit G) is shown in Figure 19. Its 
principal topological features are realized in the 
complex anion [Zn0S(SCH2Ph)16]2-  which contains 
two such {M4S11} units perpendicular to each other 
and connected via common sulfur atoms (Figure 17). 
One of these {M4S11} units is shown as a fragment 
of the {Zn8S17} core of [Zn0S(SCH2Ph)16]2-  in Figure 
20, and in Figure 21 a direct comparison of this 
fragment with cluster A observed in Cd5Zn2S20-MT-2 
is given. The trinuclear {M3S9} cluster of the j3 
domain of Cd5Zn2-MT-2 (Figure 2, cluster B) itself is 
a fraction of cluster A (Figure 1) and consists of a 
six-membered heterocycle adopting a distorted boat 
conformation. A superposition of both metal clusters 
is shown in Figure 22, and Figure 23 clearly dem-
onstrates the distortions of cluster A from idealized 
symmetry if compared with unit G (Figure 19). 
Although the cluster B of Cd5Zn2-MT-2 is directly 
related with the wurtzite-type lattice, its extension 
to cluster A has no precedent in three-dimensional 
infinite lattices (Figures 19-23). 

4.5 Complexes of Higher Nuclearities 

4.5.1 Complexes with Seventeen Metal Atoms 
The discussion has shown that the inner {Zn4S-

(S)12} core portion (unit D, Figure 13) of the [Zn0S-
(SCH2Ph)16]2-  complex anion (Figure 17) is a sulfur-
centered sulfur cuboctahedron hosting four zinc 
atoms in its T± holes. The inverted polyhedron, 

(a) 	 (b) 
	

(c) 
Figure 16. Unit F: the icosahedral {M4S13} framework consisting of four {MS4} tetrahedra and four {MS3} triangles; (a) 
and (b) schematic representation and stick-and-ball model in identical orientation; (c) stick-and-ball model in a different 
orientation. 
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Figure 17. Structure of the complex anion [Zn8S-
(SCH2Ph)16]2-  (without H atoms). 

L 

(b) 
Figure 18. Structural relationship between [Zn8S-
(SCH2Ph)16]2-  and [Zn4Cu4S(SiP012]2-: Replacement of Cu 
(a) ions by Zn—S groups (b). 

namely, the {S4Cd(Cd)12} framework (unit H, Figure 
24), forms the base of the complex anion [Cd17S4-
(SPh)2812-  (= [S4CdCd12(SPh)12(SPI1)12Cd4(SFh)412-) 
whose structure is shown in Figure 25.57  

Within this molecule, 16 out of 32 sulfur atoms 
define a section of the cubic closed-packed lattice 
(unit I, Figure 26) consisting of a cadmium-centered 
central {S4} tetrahedron (say, T±) sharing faces with 
four surrounding {S6} octahedra. This ensemble is 
extended by additional 12 sulfur atoms to be able to 
host 12 other cadmium atoms in equally orientated 
tetrahedral sites of the type T±. The remaining four 
sulfur atoms extend four trigonal faces of the {28-S} 
polyhedron toward sulfur tetrahedra that host the 
remaining four Cd atoms. This extension, however, 
does not match the topology of a ccp lattice because 
these four {S4} tetrahedra occur at places where the 
cubic closed-packed array comprises {S6} octahedra. 
What we observe here is, in close analogy to the  

complex anion [Zn4S(SPr)12Zn4(SPr)4]2-  (Figure 17), 
the termination of a portion of the ccp lattice by 
structural elements of the corresponding homeotectic 
hcp lattice. 

4.5.2 Complexes Containing Ten Metal Atoms and the 
Relationship with Tetranucfear Complexes 

The hexagonal termination necessary in [Cd17S4-
(SPh)28] 2  (= [CdS4Cd12(SPh)12 (SPh)12Cd4 (SFh)4] 2  ) 
can be avoided if the T± set of tetrahedral holes 
within unit I (Figure 26) remains unoccupied and the 
T-  set is filled with six divalent metal atoms instead. 
In this case, the central {S4} tetrahedron which is 
now empty is surrounded by a set of six {S4} 
tetrahedra of the type T. The corresponding poly-
hedral representation is given in Figure 27. With four 
additional sulfur atoms it is now possible to develop 
four trigonal faces of the {16-S} polyhedron into 
sulfur tetrahedra of the type T-  which now may host 
four additional divalent metal atoms matching the 
topology of a ccp lattice (Figure 28). 

Chemical examples reflecting these principles are 
the complex anions [Zn10S4(SCH2C61-14CH2S)8]4-  (Fig-
ure 29)58  and [Zn10S4(SPh)16]4 .58  In both cases, the 
metal atoms form tetracapped metal octahedra and 
thus follow exactly the same structural principles as 
the sulfur atoms of unit B shown in Figure 9. This 
means that the arrangement of the zinc atoms within 
Vn10S4(SCH2C8114C112$81/ Or  [ZrlioS4(SPh)161,4  which 
is a portion of a face-centered cubic (fcc) lattice, 
matches exactly the arrangement of the sulfur atoms 
within [Zn4(SPh)10]2-. The complementary substruc-
tures defined by the zinc atoms within [Zn4(SPh)iol2-
and the sulfur atoms within [Zn10S4(SPh)16],4-  how-
ever, are not congruent. They make use of comple-
mentary tetrahedral holes of the corresponding fcc 
lattice. Other complex anions containing the {M10E16} 
coordination unit are [Cd10S4(SPh)16]4- 59-61 and 
[Cd1oS4(S-p-To1)12X414-  (X = Br, I),61  and with [Zn10S4-
(SE012 (C5H5N)4] , 62  a neutral example is also known. 

4.5.3 Relationship between Complexes of Nuclearity Eight 
and Seventeen 

A structural relationship completely analogous to 
that found between [Zn1oS4(SPh)16]4-  and [Zn4-
(SPh)10]2-  is also observable for the complex anions 
[Zn8S(SCH2Ph)16]2-  and [Cd17S4(SPh)28]2-: The ar-
rangement of the sulfur atoms within the former 
compound matches exactly that of the cadmium 
atoms within the latter, and the complementary 

L  

k. 	‘4..‘  

(b) 	 (c) (a) 

 

Figure 19. Unit G: the idealized {M4S11} framework (cluster A) of the metallothioneins; (a) and (b) schematic 
representation and stick-and-ball model in identical orientation; (c) stick-and-ball model in a different orientation. 
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Figure 20. The {M4S11} unit as a (colored) fragment of 
the {M8S17} framework of the complex anion [Zn8S-
(SCH21)11)1612-• 

ihrw 

Figure 21. Superposition of the {M4S11} framework of the 
complex anion [Zn8S(SCHYN16]2-  and the {M4S11} cluster 
(cluster A) of rat-liver M7-MT-2. 

Figure 22. Superposition of the {M4S11}  (cluster A) and 
the {M3S9} (cluster B) core portions of M7-MT-2 from rat 
liver. 

substructures defined by the zinc and sulfur atoms, 
respectively, are distinguished by different orienta-
tions of their {MS4} and {SM4} tetrahedra, respec-
tively. On the basis of this principle, it should be 
possible to propose the existence of sulfide—thiolate 
complexes of unknown nuclearities containing metal—
chalcogen tetrahedra sharing vertices. As an example, 
starting from [Cd17S4(SPh)28]2-  we arrive at a com-
plex anion of hypothetical formula [M32E14(ER)4o]4-
(M = Zn, Cd; E = S, Se, Te). Although no species with 
complete chalcogen ligand spheres are known so far, 
the cadmium thiolate derivatives [Cd32S14(SPh)36-
(DMF)4] and [Cd32S14(SCH2CH(OH)Me3)36(1-120)4l63  
containing four terminally bonded neutral solvent 

Figure 23. Real structure of cluster A from M7-MT-2 (rat 
liver; schematic representation). 

Figure 24. Unit H: the (distorted) cuboctahedral {M1354} 
framework of the complex anion [Cd17S4(SPh)28]2-  (see 
Figure 25). 

Figure 25. Structure of the complex anion Kcl17S4(SPI- )2812-
(without H atoms). 

molecules instead of chalcogenolate ligands have 
been described. The structure of [Cd32S14(SCH2CH-
(OH)Me3)36(H20)4] is given in Figure 30. It is inter-
esting to note that the central {Cd32S50O4} framework 
of [Cd32S14(SCH2CH(OH)Me3)36(1120)4] which is shown 
in Figure 31 hosts the complete {M10S20} core of the 
complex anions [Zn10S4(SPh)16]4-  or [Zn10S4(SCH2-
C6H4CH2S)8]4-  (Figure 29). However, in contrast to 
the latter ones, the extension of the {M10S20} core 
toward {Cd32S50O4}  necessitates the hexagonal ter-
mination of the array of sulfur atoms—which repre-
sents a portion of the ccp lattice—by oxygen. In this 
respect, the compounds [Cd32S14(SCH2CH(OH)Me3)36-
(H20)4], [Cd17S4(SPh)28]2-, and Vn8S(SPr)1612-  behave 
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(a) 	 (b) 

Figure 26. Unit I: the {MS16} framework of the complex 
anion [Cd17S4(SPI)28]2-  (a) schematic representation show-
ing the central {MS4} tetrahedron; (b) schematic repre-
sentation showing four {S6} octahedra sharing faces with 
the inner {MS4} tetrahedron. 

Figure 27. Polyhedral representation of the {S16} frame-
work of unit I (see Figure 26) consisting of six T--{S4} 
tetrahedra which surround an inner T±-{S4} tetrahedron. 

Figure 28. The extension of the {S16} framework shown 
in Figure 27: Schematic representation of the {M10S20} 
framework of the complex anion [Zn10S4(SCH2C6H4CH2S)8]4-. 

similarly emphasizing the unique structural proper-
ties of [ZnioS4(SPh)16]4-  as well as of [ZnioS4(SCH2-
C6H4CH2S)8]4-  within this class of sulfide—thiolate 
complexes containing tetrahedrally coordinated M(II) 
ions with dth electron configurations. 

4.5.4 Comparative Discussion 

At this stage, we conclude that molecular M(II)—
thiolate or M(II)—sulfide—thiolate complexes con-
taining metal—sulfur frames which are representa-
tions of the sphalerite type structure either completely 
or predominantly have reached their maximal di-
mensions in the species [Zn8S(SCH2Ph)1612-  (complex 
I, Figure 17), [Cd17S4(SPh)28P-  (complex II, Figure 
25), and [Zni0S4(SCI-12C6H4CH2S)8]4-  (complex III, 

Figure 29. Structure of the complex anion [Zn10S4-
(SCH2C6H4CH2S)8]4-• 

Figure 30. Structure of the neutral polynuclear complex 
[Cd32S14(SCH2CH(OH)Me3)36(1120)41 (without H atoms). 

Figure 29). Complexes I—III are members of families 
that differ in the definition of their central cage units 
from which they derive in formal step-by-step con-
densation processes. Complex I contains a sulfur-
centered sulfur cuboctahedron (unit D, Figure 13) 
which is replaced by a metal-centered metal cuboc-
tahedron in complex II. The central part (unit I, 
Figure 26) of the corresponding sulfur polyhedron of 
complex II is a cadmium-centered {S4} tetrahedron 
sharing faces with four surrounding {S6} octahedra. 
A nearly identical sulfur polyhedron (unit I, Figure 
27) is present in complex III. In contrast to complex 
II, however, the central sulfur tetrahedron is empty, 
and the metal atoms occupy the complementary set 
of tetrahedral holes (T-) within unit I. The resulting 
metal octahedron is extended toward a tetracapped 
octahedron by adding the remaining four metal 
atoms. It is interesting to note that the cadmium 
complexes [Cd32S14(SPh)36(DMF)4] and [Cd32S14(SCH2-
CH(OH)Me3)36(1120)4] contain the complete metal—
sulfur frame of complex III. The central metal-sulfur 
frame of [Cd32S14(SPh)36(DMF)4] and [Cd32S14(SCH2-
CH(OH)Me3)36(HzO)4] is unit B (Figure 9) which is 
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(a) 

Figure 31. The {Cd32S50O4} framework of [Cd32S14(SCH2-
CH(OH)Me3)36(1120)41; (a) stick- and-ball model; (b) sche-
matic representation. 

extended into three dimensions following the prin-
ciples of the sphalerite type structure. The first three-
dimensional extension product of unit B built up of 
tetrahedral {MS4} sites is the (hypothetical) com-
plex anion [Cd28S14(SR)36]8-. Its {Cd—S} frame is a 
portion of the sphalerite type lattice and contains 
a total of four triangular sulfur planes. These 
planes are extended toward {S3N} (for [Cd32S14-
(SPh)36(DMF)4]) and {S30} tetrahedra (for [Cd32S14-
(SCH2CH(OH)Me3)36(H20)4]) which occur at places 
where the sphalerite-type lattice comprises {S6} 
octahedra. 

4.6 Complexes that Can Be Derived from 
[Co8S6(SR)8]4-  by Degradation 

4.6.1 Trinuclear Complexes 
We now direct our attention to the complex anion 

[Co8S6(SR)8]4-  (Figure 12) which contains a metal 
cube inscribed into a sulfur octahedron with eight 
terminally bonded sulfur atoms (unit C, Figure 11). 
Unit C can be depleted to unit B (Figure 9) by re-
moval of four metal and four sulfur atoms. Another 
degradation product of unit C containing three con-
served metal sites is obtained if one complete metal 
square as well as one of the remaining metal atoms 
are removed. The corresponding {M3S8} frame (unit 
J) as a fragment of unit C is shown in Figure 32. Unit 
J itself (Figure 33) has chemically been realized in 
the complex ion [Hg3(SCH2C6H4CH2S)4]2-  whose struc-
ture is depicted in Figure 34.64  In this context, it is 
interesting to note that the more symmetric trinu-
clear {M3S9} unit (unit K, Figure 35) which can be 
derived from unit B by removal of one {MS} fragment 
has not been observed in synthetic metal thiolate 
complexes as integral entity so far. The {M3S3} core 
portion of unit K, however, can be identified as a 
heterocyclic six-membered chair within the bimetallic 
complex anion [Zn3(SC3F17)6C13Cu]2-  (Figure 36).65  

Moreover, this entity has obviously been used as a 
structural model for both the {M3S9} and the {M4S11} 
coordination sites in the first X-ray structure report 
of the Cd5Zn2-MT-2 protein which in subsequent 
NMR and X-ray work was subject for major revision. 
The revised X-ray structure of Cd5Zn2-MT-2 now 
shows {M3S9} coordination sites that are not frag-
ments of the sphalerit-type lattice but derive from 
the wurtzite-type structure with six-membered {M3S6} 
heterocycles in boat conformations (unit L, Figure 37) 
instead. Unit L (Figure 37) defined in this way is also 
a component of the {M4S11} coordination site within 
this protein (Figure 22) which can be regarded as an 
extension toward a bicyclic unit consisting of two six-
membered rings adopting the boat conformation. For 
a discussion of the structure of complex A observed 
in Cd5Zn2-MT-2, see the previous chapter. 

An interesting modification of the structural motif 
shown in Figure 33 has been observed in the tri-
nuclear complex anion [Cd3(SC6I-12-2,4,61P07]-  (Fig-
ure 38).66  The {Cd3S7} core portion of this compound 
(Figure 39) derives from unit J (Figure 33) by an 

(a) (b) 
Figure 32. Unit J: the {M3S8} frame as a section of Unit C; (a) and (b) schematic representation and stick-and-ball 
model in identical orientation; (c) stick-and-ball model in a different orientation. 
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(a) 

(b) 
Figure 33. Unit J: the {M3S8} core portion of the complex 
anion [Hg3(SCH2C6H4CH2S)4]2-; (a) and (b) schematic 
representation and stick-and-ball model in identical ori-
entation. 

Figure 34. Structure of the complex anion [Hg3(SCH2-
C61-14CH2S)4]2-• 

additional condensation step resulting in the loss of 
two terminally bonded S atoms accompanied by the 
formation of a third u2—S bridge. In the context of 
our topological approach, we conclude that the metal—
sulfur framework of [Cd3(SC6H2-2,4,6-iPr)7]-  is based 
on a metal-deficient {M4} tetrahedron lacking one 
vertex that would fit both into the ccp and into the 
hcp type lattice, but the sulfur atoms do not. 

4.6.2 Binuclear Complexes, Complexes Containing 
{M2S6 } Frameworks, and Compounds with Related 
Structural/Chemical Properties 

If degradation of unit C continues and we remove 
one of the metal atoms attached to two terminal 
sulfur atoms from unit J, we arrive at the binuclear 
fragment {M2S6} (unit M, Figure 40). This fragment 
which consists of a complete edge of the metal cube 
of unit C defines the metal—sulfur framework of a 
widely distributed class of complexes of general 
formula [M2(SR)6]2-. Within these complexes, two 
{MS4} tetrahedra share a common edge. A charac-
teristic section of the one-dimensional chain structure 
of [{Hg2(SCH2CH2S)3}2-ln in crystals of [Ph41]2-
[Hg2(SCH2CH2S)3] containing bitetrahedral {M2S6} 
coordination sites is shown in Figure 41 as a repre-
sentative example." {Hg2S6} units similar to those 
found in the one-dimensional anionic chains of [13114P]2-
[Ilig2(SCH2CH2S)3] have also been observed in the 
cross-linked endless anionic [{Hg2(SCH2CH2C1-12-
CH2S)3}2-ln double chains of the homologous com-
pound [Et41\1]2[Hg2(SCH2CH2CH2CH2S)3].2Me0H (Fig-
ure 42).68  

Other complexes hosting unit M as metal—chalco-
gen coordination sites are [Hg2(SMe)6]2-,68  [M2(SPh)6]2-  
(M 
 (SC6I-Ii 1)6l2-  
= Hg,7o,  cd,71,72 

4(M = Zn,71 Cd7  ), [Zn2(SCH2Ph)6] 
3), [Zn2(SEt)6]2-,71  [M2- 

and [Zn2(SC6I-14-p-tBu)6]2-.75  An extension of unit M 
toward three {E4} tetrahedra sharing opposite edges 
(Figure 43) has been observed in [Hg3(edt)4]2-  (Figure 
44),67  and complexes containing one-dimensional end-
less chains of edge-linked {E4} tetrahedra or three-
dimensional networks of vertex-linked ones are also 
known. They comprise {[HOC6I-111)2]1n,76  [COC61-111-
NH)2]}„, 77  [Cd(TeC6H2- 2, 4, 6-Me0 dbl./8  and { [Fig4-
(SeMe)8]}m79 Unit M is also a major component of the 
three-dimensional coordination polymer of composi-
tion {[Cd8(SCH2CH(OH)CH2OH)161},28° and represents 
one-half of the Cd atoms within this compound. The 
other ones form eight-membered {Cd4S4} heterocycles 
which are folded such that a regular {S4} tetrahedron 
is formed with S—S distances ranging from 3.818 to 

2-40 

(a) 
	

(b) 
	

(c) 
Figure 35. Unit K: the {M3S9} frame; (a) and (b) schematic representation and stick-and-ball model in identical orientation; 
(c) stick-and-ball model in a different orientation. 



Figure 36. Structure of the complex anion [Zn3(91306-
C13Cu]2-. 

(a) 	 (b) 

Figure 39. The {Cd3S7} core portion of [Cd3(SC6H2-2,4,6-
1Pr)7]-; (a) stick-and-ball model; (b) schematic representa-
tion. 

(a) 	 (13) 

Figure 40. Unit M: the {M2S6} frame; (a) stick-and-ball 
model; (b) schematic representation. 
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c. 
Figure 37. Unit L: the {M3S9} frame as a fraction of the 
wurtzite-type lattice. 

Figure 38. Structure of the complex anion [Cd3(SC6H2-
2,4,6-iPr)71-. 

3.982 A. The Cd atoms within this structural motif 
complete their ligand spheres by binding two sulfur 
donor functions from different {Cd2S6} units each. A 
characteristic section of the three-dimensional poly-
meric structure is shown in Figure 45 together with 
the connectivity pattern of the {CdS4} tetrahedra. 

Figure 41. Section of the polymeric chain structure of 
Illigz(SCH2CH2S)312  in in crystals of [Ph4P]2illg2(SCH2-
CH2S)3l• 

Figure 42. Section of the RHg2(SCH2CH2S)312-In double 
chains in crystals of [Et4N]2[Hgz(SCH2CH2C112Cli2S)3]* 
2MeOH. 

Another complex containing three such {M2S6} 
units condensed to form a {Hg6Se14} framework is 
[Hg6(SePh)142-  whose structure is shown in Figure 
46.81  The central {Hg2S6} fragment of the complete 
{Hg6Se14} core portion of the hexanuclear anion 
(Figure 47) resembles the analogues {Cd2S6} frag-
ment within { [Cd8(SCH2CH(OH)CH2OH) n 11 (Figure 
45) in view of its binding properties toward four 
neighboring M(Il) ions. Replacement of this fragment 
by a central tetrahedral {HgS4} unit leads to the 
{Hg5Se12} core portion (Figure 48) which has chemi-
cally been realized in the pentanuclear spirocyclic 
complex anion [Hg5(SePh)12]2-  shown in Figure 49.82 



• 
anion Figure 43. The {M3S8} frame of the complex 

[Hg3(edt)4]2-  (schematic representation). 

Figure 47. The {Hg6Sei4} core portion of the complex 
anion [Hg6(SePh)14]2-. 

Se5 	Se6 	 Se 

(a) (b) 

Structural Aspects of Metallothioneins 
	

Chemical Reviews, 2004, Vol. 104, No. 2 815 

Figure 44. Structure of the complex ion [Hg3(edt)4]2-. 

Figure 45. Characteristic section of the polymeric com-
pound { [Cds(SCH2CH(OH)C1-120H) 11 n; (a) stick-and-ball 
model; (b) schematic representation. 

Figure 46. Structure of the complex anion [Hg6(SePh)14]2-. 

If one of the two {Hg2S6} fragments of the 
{Hg5Sei2} core portion of [Hg5(SePh)12]2-  is replaced 
by a terminally bonded selenium atom, one arrives 
at the Hg—S framework {Hg3Se7} (Figure 50) which 
could be stabilized in the complex anion [Hg3(SePh)7]-
(Figure 51).83  The trinuclear species containing mer-
cury and selenium is closely related with the cadmi-
um- and sulfur-containing complex anion [Cd3(SC6F12-
2,4,6-iPr)7]-  (Figure 38)88  with respect to its overall 
structural principles. Significant differences, how-
ever, are obvious if the metal—chalcogen bond dis-
tances are compared. 

Within [Cd3(SC6H2-2,4,6-4307]-, all Cd—sulfur bonds 
are of comparable order, whereas in [Hg3(SePh)7]- 

Figure 48. The {Hg5Se12} core portion of the complex 
anion [Hg5(SePh)12]2-. 

Figure 49. Structure of the complex anion [Hg5(SePh)12]2-. 

Se 1 
Se7 

Set 

Hg3 	 Hg2 

Figure 50. The {Hg3Se7} core portion of the complex anion 
[Hg3(SePh)7]-. 

one very long Hg—Se distance (Hg(1)—Se(6) 3.429 A, 
indicated in Figure 50 as open stick) is observed 
besides six shorter (Hg(1)—Se(1)/Se(2) 2.476 and 
2.507, Hg(2)—Se(3)/Se(4) 2.496 and 2.514, Hg(3)—
Se(5)/Se(6) 2.479 and 2.508 A) and five longer ones 
(Hg(1)—Se(7) 2.738, Hg(2)—Se(7)/Se(6) 2.738 and 
3.153, Hg(3)—Se(2)/Se(4) 2.917 and 2.986 A). These 
differences in the Hg—Se distances clearly show the 
preference of Hg(II) to form two short primary bonds 
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Figure 51. Structure of the complex anion [Hg3(SePh)7]-. 

with large Se—Hg—Se angles (range: 147.8-153.9°) 
each. These primary bonds are combined with two 
longer secondary ones in the case of Hg(2) and 
Hg(3), whereas only one secondary (Hg(1)—Se(7)) and 
one tertiary one (Hg(1)—Se(6)) is observed for 
Hg(1). As a consequence, the coordination character-
istics of Hg within this complex anion should best 
be described as distorted tetrahedral for Hg(2) and 
Hg(3) and as distorted trigonal-planar for Hg(1). In 
this context, it is interesting to note that with the 
sole exception of Se(7), all other selenium atoms 
present in [Hg3(SePh)7]-  are engaged in one primary 
Hg—Se bond, whereas Se(7) forms two secondary 
ones. A combination of the tetrahedral and the 
trigonal-planar Hg—E (E = S) coordination is also 
found in the pentanuclear complex anion [Hgs(edt)4-
(SEt)4]2-  (Figure 52) which contains the {[ligsS id} 

Figure 52. Structure of the complex anion [Hg5(edt)4-
(SEt)412-• 

core portion (Figure 53).84  This structural unit re-
sembles the {Hg5Sei2} core portion observed in 
[Hg5(SePh)12]2-  (Figure 48) with the exception that 
the chalcogenolate ligands bridging the outer Hg ions 
within [Hg5Seid } are transformed into terminal 
ones. 

5. Copper and Silver 
As indicated in the introduction much less explicit 

structural information is available in the field of 

(a) 	 (b) 

Figure 53. The {Hg5Se12} core portion of the complex 
anion [Hg5(edt)4(SEt)412-; (a) ball-and-stick model; (b) 
schematic representation. 

copper thioneins from various physical methods than 
for the various forms of zinc and cadmium MTs. The 
experimental and computational results on the cop-
per clusters in thioneins are still ambiguous. At 
present, no X-ray crystal structure of a copper thio-
nein is known. The most detailed structural informa-
tion is available from NMR studies," among them a 
recent comprehensive two-dimensional 'H study on 
the solution structure of the protein part of Cu7 
metallothionein from Saccharomyces cerevisiae.29d 

Cu-thionein from S. cerevisiae contains 12 cys-
teines. According to early EXAFS data a {Cu8Si2} 
system was postulated with trigonal planar coordina-
tion of the copper atoms.88-88  From 108Ag NMR 
(HMQC) studies on the Ag-exchanged copper thionein 
from Saccharomyces the group of Winge et al. pro-
posed 10 of the 12 cysteines present to coordinate 
seven Ag atoms, out of them eight bridging, and two 
terminal. Thus, four of the Ag were proposed to have 
linear coordination, three being in trigonal planar 
coordination." Accordingly, the earlier EXAFS data 
suggesting only trigonal planar copper were revised, 
and also linear coordination was taken into account 
for copper. The transcription factor ACE1 necessary 
for the biosynthesis of Saccharomyces thionein ap-
pears to have a structure similar to the thionein 
itself, with clusters of 6-7 Cut Binding of the 
N-terminal domain to DNA is only possible in the 
presence of these copper ions.91  

In the absence of more precise structural informa-
tion, it appears to be appropriate to study the 
coordinational behavior of copper (and homologous 
silver and gold) in oligomeric complexes reaching 
from mononuclear to higher nuclearities. All of them 
might act as structural and spectroscopic models for 
copper thioneins and might contribute to the under-
standing of the thionein structure and function. The 
most useful model ligands for the cysteine bonding 
are without doubt thiolates of all kinds. Conse-
quently, a large variety of mononuclear and oligo-
meric complexes have been prepared and character-
ized. Several aspects of this rich copper, silver, and 
gold coordination chemistry have been treated in 
various review articles, among them those by 
Dance,8a,82  Blower and Dilworth,9b and Krebs and 
Henke1.8d,e 

Copper is normally monovalent in its thiolate 
complexes and the coordination is normally trigonal 
planar, although a number of linearly coordinated 
examples are known. In the oligonuclear complexes, 
which are normally prepared from Cu' or Cu" salts 
and thiolates under various reaction conditions in 
solvents such as methanol, the ligands are normally 
bridging. 
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(a) 
	

(b)(b) 
	

(c) 
Figure 54. Coordination geometries in mononuclear copper thiolates: (a) [Cu(SMes)2]-; (b) [Cu(SPh)3]2-; (c) [Cu(tdt)2]-. 

5.1 Mononuclear Complexes 
In mononuclear thiolates of Cu, Ag, and Au coor-

dination numbers of 2, 3, and 4 are observed. For 
monovalent copper and silver linear coordination is 
stabilized by sterically demanding ligands with vo-
luminous substituents close to the thiol groups. The 
large ligands facilitate favorable packing of mono-
meric molecular [M(SR)2]-  ions in the crystal, whereas 
with smaller ligands higher aggregates of oligomeric 
or polymeric species are favored.93  Examples for 
monomolecular species are InPr4N] [Cu(SC6HMe4)2] 
and the isomorphous silver compound" as well as 
[Cu(SPh)2] - 95  and the mesityl complex [Cu(SMes)2]-
(Figure 54a).96  [Cu(SAd)2]-  (HSAd = adamantane-
thiol) is the first structurally characterized two-
coordinate aliphatic monothiolate Cu' complex.93  In 
Au' compounds linear two-coordination is present in 
all known cases, as shown, e.g., by [Au(SPh)2[-,97  
[Au(SC61121Pr3)2]-,98  and [Au(SC6114-o-NH2)z]-.99  

The formation of [Cu(SPh)3[2-  (Figure 54b) is in 
competition with oligomeric units. The anion is 
obtained from the reaction of KSPh with [Ph3PCuC1[4  
or [Ph4P]z[Cu(dts)2].95"°°  Other interesting stable 
mononuclear tricoordinate species prepared recently 
are the dianions [M(SC6114-p-X)3[2-  (M = Cu(I), 
Ag(I), X = Cl, Br).1°1  

Especially interesting electronic properties are 
present in mononuclear complexes with electronically 
non-innocent ligands such as toluene-3,4-dithiolate 
(tdt). In [113u4N] [Cu(tdt)2] (Figure 54c) with square 
planar copper coordination102,103 the anion is clearly 
monovalent, suggesting the presence of Cum; how-
ever, it is clear that d9  Cu" is produced by electron 
transfer from the ligand. Trivalent gold forms typical 
square planar complexes [Au(SCH2CH2S)2]- 
[Au(tdt)2]-.105 By electrochemical oxidation of [nBu4N]-
[Au(bdt)2] with bdt = benzene-1,2-dithiolate the 
neutral species [Au(bdt)2] is formed.'°6  Similar to the 
case of [Cu(tdt)2] - above Aulv was postulated to be 
present here, but here also the system has to be 
described as d8  Aum with the radical electron being 
delocalized in the ligand. 

5.2 Dinuclear Complexes 
In the series of dinuclear copper and silver thiolates 

only a few cases are known with a central four-
membered {M2S2} unit, probably because of M—M 
and ligand— ligand repulsions. Examples are [Cur  

Fnigure 6125.. Structure of the dinuclear cation [Cu2- oimtw±  

(mimtH)6P+ with mimtH = 1-methylimidazoline-2-
thione (Figure 55),107  the thione complex [Cur  
(SNC5H5)6]C12,1°8  the thiolate complex [Cu2(SC61-14-
o-Me)2  (1, 1 0-phen)2[ 1°9  with phenanthroline as co-
ligand, and the silver polysulfide complex [Ph4P[2-
[Ag2(S6)2].11° Different structural principles are ob-
served with difunctional ligands which connect two 
metal centers through one or two chains. The 
anions [Au2(SCH2CH2CH2S)2[2- 104  and [Ag2(SCH2-
CH2CH2S)2]2-  (Figure 56a)99  contain linear S—M—S 
units linked through aliphatic C3 chains. In [Au2(S2-
o-xy1)2[2-  with S2- o-xyl = o-xylene-a,a'-dithiolate 
the metals are kept at a distance of 5.4 A by C4 
chains.'" A large number of interesting structural 
topologies of such dinuclear units with possible rele-
vance, in a wider sense, for thionein structural prop-
erties are present in various polychalcogenide com-
plexes of copper, silver, and gold.104,111-120 The ex-
amples [(Se4)Cu(Se5)Cu(Se5)],4- 116 [Au2(Sez)(Se4)]2-,112 
[(Se4)AuSe2Au(Se4)]2-,12°  and [(res)Au(Te2)Au(res)]2- 119 
are shown in Figures 57a, 56b,c, and 57b. 

5.3 Trinuclear Complexes 
The trinuclear anion [Cu3(SCH2CH2S)3[3-  which 

has also been prepared in a modified structure as 
{Na(Me0H)[Cu3(SCH2CH2S)3]12-  (Figure 58)32  con-
tains three bridging and three terminal thiolates. The 
{Cu3S3} ring has a chair configuration, as shown in 
Figure 59a.32  This structural type had been observed 
before in the polysulfide complexes [Cu3(S6)3]3- 121 
and [Cu3(S4)3[3-.122  The stereochemistry of this ring 
system is discussed by Dance et al.123  on the basis of 
the novel related compound [Cu3(p-SPh)3(PPh3)4]. It 

104 and 
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(a) 
	

(b) 	 (c) 
Figure 56. Core structures of bridged dinuclear complexes (a) [Ag2(SCH2CH2CH2S)2]2-; (b) [Au2(Se2)(Se4)]2-; (c) 
Me4)AuSe2Au(Se4)]2-• 

(a) 
	

(b) 
Figure 57. Dinuclear complexes bridged by polychalcogenide ligands: (a) [(Se4)Cu(Ses)Cu(Ses)]4-; (b) [(Te5)Au(Te2)Au(re5)12-. 

Figure 58. Core structure of {Na(MeOH)[Cu3(SCH2-
CH2S)3]}2-. 

(a)  

(b)  

Figure 59. Comparison of the tri- and tetranuclear 
frameworks of [Cu3(SCH2C1-12S)3]3-  and ru4(SCH2CH2S)312-• 

is highly interesting to note that the terminal sulfur 
atoms are arranged in a way to leave a vacant metal 
position for a fourth copper atom with trigonal planar 
coordination. This position is indeed filled in the large 
and important class of tetranuclear copper thiolates. 

Figure 60. Molecular structure of the tetranuclear cluster 
anion [Cu4(SPh)6]2-. 

Figure 59 shows the comparison of the two tri-
nuclear and tetranuclear frameworks as exemplified 
by the geometries of [Cu3(SCH2CH2S)3]3-  32  and 
[Cu4(SCH2CH2S)3]2-•124  One important factor for the 
stabilization of the tetranuclear unit compared to the 
trinuclear one is the lower negative charge of the 
latter by incorporation of the fourth copper atom. 

5.4 Tetranuclear Complexes 
The adamantane-like {M4S6} polyhedron is the 

most frequently observed species in copper- and 
silver-thiolate chemistry. This tetrahedro-Cu4-octa-
hedro-(u-S)6  structure84,95,124-129 consists of a {M4} 
tetrahedron the edges of which are bridged by sulfur 
atoms; thus, the {S6} fragment forms an octahedron 
around the {M4} tetrahedron (Figures 59b and 62a). 
A selection of examples with monofunctional aliphatic 
and aromatic thiolate ligandsnds_are [Cu4(uS4(sE612  Ph)61;- Tig-
ure 60),126,127,130

c 
,125,131 [c  

[CU4(SC6111-0-N112)6]2 999  [M4 (SC6114-P-CO 6]2 	 = 

Cu(I), Ag(I)),101 and LrtI. A PT' g4 es,r 
 4"3,-",61

1  2—.84.133  If difunc- 
tional thiolate or polychalcogenide ligands are em- 

132 
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Figure 61. Connection of the {M4S6} units in the crystal 
structure of [Ag4(SCH2CH2CH2S)3]z • 

ployed the {M4S6} units are normally significantly 
distorted by the steric strain of the chelate effect. 
Some typical examples for this variety are [Cu4(SCH2- 
CH2S)3]2-,124 rcu4 (SCH2CH2CH2S)3i2-,99'134  [C114(S2-0-  
xy1)3]2-,128 Fr 	r- T4.1 1 [C114(S4)2(S5))2-,135  [Ag4- 
(scH2cii2s)3]2-,99  [Ag4(SCH2CH2CH2S)3]2-,99  [Ag4- 
(s2-6-xy1)3]2-,104 ICu4L31j  2- with L = 1, 1 -dicarbo- tert-
butoxyethylene-2,2-thioperthiolate,136  [Cu4(dmt)4]2- 137  
with dmt = 1,2-dithiole-3-thione-4,5-dithiolate and 
[Ag4(Se4)3l2-138,139 

Interesting similar cluster geometries are present 
in complexes with five-membered chelating perthio-
carboxylate ligands such as [Cu(S3C6H2MO]4  with 
(S3C6H2Me3)-  = 2, 4, 6 -trimethylperthiobenzoate, 149  
[Cu(S3C-o-tolyl)]4  with (S3C-o-toly1)-  = o-tolylperthio-
carbonate,141  and [Ag(S3C-o-toly1)]1.142 

In contrast to [Cu4(SCH2CH2CH2S)3]2-, the for-
mally analogous [Ag4(SCH2CH2CH2S)3]2- 99  has an 
interesting polymeric structure. The difunctional 
ligands do not shield the central molecular frame-
works from each other but connect each {M4S6} unit 
three-dimensionally to six neighboring units, as 
shown in Figure 61. 

5.5 Penta- and Hexanuclear Complexes 
Remarkable derivatives of the adamantane struc-

ture are produced by formally cleaving one or two 
thiolate bridges and replacing the bridging sulfurs 
by a S—M—S bridge each. The resulting species 
contain the two new types of framework, [M5(SR)7]2-
and [M6(SR)8]2-. They are shown in Figure 62 in 
comparison to the symmetrical adamantane-type 
[Cu4(edt)3]2-.125 The [M5(SR)7]2-  structure type con-
tains four metal ions in trigonal—planar and one  

in linear coordination and was first observed in 
[Cu5(SPh)7]2-, [Ag5(SPI)7]2-,143,144 [Ph41121C115(SMO7].-
HOCH2CH2OH,131  and [Ags(S'Eu)7]2- 99  from prepa-
rations that also yielded tetranuclear [M4(SPh)6]2-
compounds as secondary products.143,144  

A rich variety of compounds and derivative struc-
tures has been synthesized for an alternative pen-
tanuclear framework with a metal/sulfur ratio of 5:6. 
In the monovalent [M5(SR)6]-  anionic framework 
(Figure 63)93  three of the metal atoms have linear 
sulfur coordination. In the idealized symmetrical 
structure the metal atoms form a {M5} trigonal 
bipyramid that is incorporated into a {S6} trigonal 
prism. Again, it appears that this structure type with 
predominating two-coordination is favored especially 
for voluminous and sterically demanding ligands. A 
characteristic feature of this important structure type 
is its steric flexibility: As shown by various examples 
hitherto synthesized the trigonal ISO prism can be 
tilted around the central vertical axis (Figures 63 
and 64) up to the limit of a trigonal antiprism. In 
[Ag5(S(CH2)3NHMez) 3 (S( 112) 3NIVIe2) 3)2+  an ideally 
symmetric {M656} trigonal prism is observed, pos-
sibly by simple packing arguments in the hexagonal 
crystal structure,145  whereas in monoclinic [Et41\1]-
[M5(S13u)6] (M = Cu, Ag) the trigonal faces of the 
{S6} prism are tilted by 400.146,147 Only a slight tilt 
of the {CuS3} faces against each other is present in 
orthorhombic [Phil)] [Cus(SC51-111)6] 96  A more recent 
example of this structure type is the interesting 
complex anion [Cu6(SAd)6]-  with adamantanethiolate 
(SAd) as a monodentate sterically demanding ligand 
(Figure 64).93  

The first examples for oligomeric anions with the 
equally remarkable [M6(SR)8]2-  core were the mixed-
metal species [Au2Cu4(SCH2CH2S)4]2-  and [Au2Ag4-
(SCH2CH2S)4]2-.193  Here (Figure 62c) two of the metal 
positions are two-coordinate. They are occupied by 
the gold atoms. Again, an interesting isomeric struc-
ture is reported for this formula type: In the non-
linear optical material [Me4N][Ag6(SPh)8] with the 
same metal/ligand ratio the structure is polymeric 
with three-dimensionally linked [Agi2(SR)16] repeat-
ing units.131,149  

Another variant of a hexanuclear unit could be 
prepared in the copper-polysulfide system: In [Ph4112-
[Cu6(S4)3(S5)] the copper atoms are tetrahedrally 
coordinated with the edge-sharing {CuS4} tetrahedra 
linked together by {S4} and {S5} chains.149-151  

(a) 
	

(b) 
	

(c) 
Figure 62. Geometry of the metal-sulfur frameworks (a) {Cu4S6}; (b) {Cu5S7}; and (c) {Au2Cu4S8}. 



Figure 63. Structure of the {Cu5S6} core in pentanuclear 
clusters of the [M5(SR)6]-  type. 

Figure 64. Molecular structure of the pentanuclear copper 
adamantane-thiolate [Cu5(SAd)6]-. 

(a) 

Figure 66. Molecular structure of the heptanuclear silver 
thiolate cluster [Ag7(SC6H21Pr3)8]-• 

Figure 67. Silver—sulfur framework of [Ag7(SC6H2iPr3)8]-• 

(b) 
Figure 68. Structural frameworks of the highly sym-
metrical clusters [Au12S8]4-  and [Ag6S4]2-• 
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(b) 
Figure 65. The thiolate cluster anions [Cu7(SCH2CH2S)4-
(SEt)12-  and [Ag9(SCH2CH2S)6]3-• 

5.6 Heptanuclear Complexes and Complexes with 
Higher Nuclearities 

Also the oligomeric complexes with higher nude-
arities are expected to have structural features 
related to the copper cluster structures in thioneins. 
The topology of [Cu7(SCH2CH2S)4(SEt)]2-  with di-
besides monofunctional ligands (Figure 65a)84  is 
determined by a framework of two corner-sharing 
Cu4  tetrahedra with trigonal planar coordination of  

all copper atoms. If the central metal atom is re-
moved, the remaining {Cu6S9} framework, which has 
a trigonal prismatic arrangement of the metal atoms 
and a face-sharing bioctahedral {S9} geometry, may 
serve as a model for the proposed metal—sulfur 
centers in copper metallothioneins such as the one 
from Neurospora crassa.152-154  

In contrast, [Ph4P] [Cu7(SE09] forms a polymeric 
chain structure that is composed of cage-like {Cur  
(SEt)10} units with trigonal planar coordination of the 
Cu atoms. They are linked via four S atoms to give 
one-dimensional infinite polymers.155,158  Remarkably, 
the conditions of synthesis of this polymer are rather 

2-.84,155 similar to those of [Cu4(SEt)6] 	In [Ag7(SC6- 
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(a) 	 (b) 
	

(c) 
Figure 69. Metal-sulfur frameworks of the ring structures of (a) [Ag(SC(SiPhMez)3)]3; (b) [Cu(SC6H2'Pr3)]4; (c) [Au(SC61-12-
Tr3)]s. 

H2lPr3)8t (Figure 66)96  a {Ag6S6} ring is bridged by 
two opposite Ag atoms through a {S—Ag—S} link 
(Figure 67). A similar reaction system in which 
thioxanthate is present as a coligand affords the 
octanuclear [Cu8(SC5I-111)4(S2CSC5Hii)4], in which the 
{Cu2S12} framework represents a new type of a cage; 
Cu is coordinated in a trigonal planar fashion and 
the cage consists of eight {Cu3S3} rings in a boat form 
and two {Cu4S4} rings.157  A different kind of cluster 
structure was reported for the highly charged water-
soluble anion [Ag8(mba)10]12-, with H2mba = 2-mer-
captobenzoic acid, consisting of two butterfly-type 
{Ag4S4} subunits bridged by two firS atoms.'58  

The interesting metal framework of the nonameric 
anion [Ag9(SCH2CH2S)6]3-  (Figure 65b)84  can be de-
scribed as a tetragonal prism of eight Ag, centered 
by the ninth Ag. The latter has a linear AgS2  coor-
dination, whereas the other ones form approximately 
trigonal planar {AgS3} units. A structurally espe-
cially appealing cluster unit—however probably less 
closely related to the metal-sulfur structures in 
copper thioneins—could be prepared and structurally 
characterized in various dodecameric cubane struc-
tures. [Cu12S8]4-,159  [Au12S8]4-, '6° and [Aui2Se2Na]3-
(Figure 68a),161 which are examples of this type, 
consist of a cubelike arrangement of eight trigonal 
pyramidally coordinated sulfur atoms, the linearly 
coordinated 12 metal atoms sitting on the edges of 
this cube. No analogous silver complex could be 
prepared; however, in [Ag6S4]2-  (Figure 68b)162,163 the 
same metal/sulfur ratio is present, and the structure 
is topologically similar: The sulfur atoms form a 
tetrahedron, and the metal atoms occupy the centers 
of the six edges of the tetrahedron. 

5.7 Neutral [M(SR)], Compounds 

The preference of univalent copper, silver, and gold 
has led to a highly interesting and relevant class of 
neutral molecules of composition [M(SR)]„.164  As 
neutral molecules, they may not only give clues on 
possible structural features in biomolecules but they 
are also interesting precursors for solid state and 
surface layer production from thermal methods from 
solution or by CVD.164  The molecular species can be 
considered as fragments of polymers with the same 
general composition. The general structural principle 
is the formation of more or less large rings with linear 
two-coordination around the metals. In Figure 69 
typical examples of tri-, tetra- and hexanuclear 
frameworks are shown. [Ag(SC(SiPhMe2)3)]3  (Figure 

(a)  

(b)  

Figure 70. Comparison of the metal-sulfur framework 
structures of [Cu(SC6H2iPr3)]8 and [Cu(SC6H4-o-SiMe3)]12. 

69a)165  is the only trinuclear species in this series. 
One of the S atoms in the {Ag3S3} ring is out-of-plane, 
the S—Ag—S angles are 150°, thus far from linear. A 
tetrameric {M4S4} ring minimizes geometric strain 
for a linear metal coordination and an angular 
coordination at sulfur. Quite a number of complexes 
have been reported, almost all of them with a 
folded geometry of the ring. Examples are [Ag(SSi-
(O'Bu)3)]4,166 [C1.1(SSi(01B1.1)3)11,167  [C11(SC6113-2,6- 

168 	-3,J4,168  [Au(SC(SiMe3)3A4, (SiMe3)2)]4, 	(cc 14 Pr 11 	 170 
[Au(SSi(OtBu)3)]4,171  and [Ag (SeC (SiMe3) 3)]4 (Figure 
69b).'72  

The hexanuclear unit in [Au(SC61-12iPr3)]6  (Figure 
69c)98  shows a {Au6S6} ring with chair configuration. 
It is the first gold thiolate with bridging thiolate 
sulfur. Copper forms an octanuclear complex [Cu-
(SC6H21Pr3)]s (Figure 70a)173  in which the twisted 
{Cu8S2} ring is doubly folded such that the sulfur 
atoms are arranged formally at the corners of an 
idealized cube. A rather spectacular structure is 
formed by the {Cu12S12} framework of [Cu(SC6I-14- 0-
SiMe3)]12  (Figures 70b and 71).36'174  It has the shape 
of a paddle wheel. The polyhedron contains two 
{Cu3S3} rings in parallel stacking above each other, 



822 Chemical Reviews, 2004, Vol. 104, No. 2 	 Henkel and Krebs 

w 

Figure 71. Molecular structure of the paddle-wheel 
cluster [Cu(SC6H4-o-SiMe3)]12. 

with a slight tilt around the 3-fold axis. The two ring 
units are connected through six linear {S—Cu—S} 
links. Six of the Cu' atoms in the [23](1,3,5)-cyclo-
phane-like structure are almost trigonal planar, 6 S 
atoms are /42-bridging, 6 S are /43-bridging. 
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Effects of Toxic Environmental Contaminants on 
Voltage-Gated Calcium Channel Function: 
From Past to Present 

William D. Atchison1,2,3  

Voltage-gated Ca2+ channels are targets of the number of naturally occurring toxins, therapeutic agents 
as well as environmental toxicants. Because of similarities of their chemical structure to Ca2+ in terms 
of hydrated ionic radius, electron orbital configuration, or other chemical properties, polyvalent cations 
from aluminum to zinc variously interact with multiple types of voltage-gated Ca2+ channels. These 
nonphysiological metals have been used to study the structure and function of the Ca2+ channel, 
especially its permeability characteristics. Two nonphysiological cations, Pb2+ and Hg2+, as well as 
their organic derivatives, are environmental neurotoxicants which are highly potent Ca2+ channel 
blockers. These metals also apparently gain intracellular access in part by permeating through Ca2+ 
channels. In this review the history of Ca2+ channel block produced by Pb2+ and Hg2+ as well as other 
nonphysiological cations is traced. In particular the characteristics of Ca2+ channel block induced by 
these environmental neurotoxic metals and the consequences of this action for neuronal function are 
discussed. 

KEY WORDS: Neurotoxicity; methylmercury; inorganic mercury; lead; polychlorinated biphenyls; solvents; 
synaptosomes; nerve terminal function; neuromuscular junction; ion channels. 

INTRODUCTION 

Because of their portal location, membrane proteins 
in general are the first line of defense encountered when a 
cell is exposed to a toxic chemical. Thus they are obligato-
rily exposed to numerous chemical toxicants. Moreover, 
because of the number of crucial signaling roles which 
Ca2+ plays in cellular function and their role in mainte-
nance of life, i.e., skeletal muscle contractility (respira-
tion), cardiac muscle contractility, and neurotransmitter 
release, Ca2+ channel proteins are natural evolutionary 
targets for the action of a number of toxins used by preda-
tory animals (spiders, fish-hunting cone snails, and certain 
snakes). However the same properties make Ca2+ channel 
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Michigan State University, East Lansing, Michigan. 

2  Institute for Environmental Toxicology, Michigan State University, 
East Lansing, Michigan. 

3  To whom correspondence should be addressed at Michigan State 
University, B331 Life Sciences. Building, East Lansing, Michigan 
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proteins susceptible to interaction with other toxic agents 
encountered in the environment. When this fact is coupled 
with the fact that a number of environmentally important 
metals have chemical properties similar to those of Ca2+ 
(ionic radius, electron shell configuration, ionic charge), 
it becomes clear that these "foreign metals" can dramati-
cally affect Ca2+ channel function. In this review paper I 
will examine the effects which several nonphysiological 
and often toxic metals have no voltage-gated Ca2+ channel 
function. I will trace the evolution of our understanding 
of the actions of these agents on Ca2+ channel function. 
In doing so, I will attempt to point out areas in which (a) 
study of effects of toxic metals has broadened our under-
standing of the structure and/or function of Ca2+ channels; 
(b) the role which Ca2+ channels may play in the toxicity 
of certain environmentally relevant toxic metals; and (c) 
some prominent gaps within our understanding of the ef-
fects which these metals have on Ca2+ channel function. 
A number of fine reviews have examined portions of this 
issue in detail over the years, and readers are referred back 
to these for more information (Atchison, 1988; Atchison 
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and Hare, 1994; Audesirk, 1985, 1993; Audesirk et al., 
2000; Biisselberg, 1995; Cooper et al., 1984; Cooper and 
Manalis, 1983; Shafer, 2000; Sirois and Atchison, 1996). 

As a prelude to this, I think it is first important to de-
fine one of the most commonly misused and abused words 
in this area—toxin. A toxin is a naturally occurring sub-
stance of plant or animal origin. Thus chemicals which 
block Ca2+ channel function such as w-conotoxin, calci-
cludin, and w-agatoxin are all correctly defined as toxins. 
The action of these agents on Ca2+ channel function is 
covered in other excellent papers within the series, and 
will not be considered specifically in this review. A toxi-
cant, on the other hand, is a general term which describes 
any chemical that has a toxic action; thus all toxins are 
also toxicants. The focus of this review will be on several 
environmental toxic metals, lead (Pb) and mercury (Hg) 
which obviously are neither of plant or animal origin, as 
well as on several other interesting, and environmentally 
important agents. Thus, while these agents are all clearly 
neurotoxicants, they are not neurotoxins. 

While the actions of metals ranging from aluminum 
to zinc have been studied on membrane ion channels, and 
Ca2+ channels in particular, these metals can be divided 
into three categories: (1) physiologically relevant metals, 
i.e., those found as normal cellular constituents; (2) non-
physiological, but environmentally relevant metals, i.e., 
those for which exposure in the environment definitely 
causes clinical evidence of neurotoxicity; and (3) non-
physiological, and nonenvironmentally relevant metals, 
i.e., those for which exposure in the environment is either 
particularly unlikely, or unlikely to cause neurotoxicity. 
In the first group are divalent cations such as Ca2+, Mg2+, 
Zn2+, Cu2+, and Fe+2/±3. These agents are clearly impor-
tant in terms of effects on Ca2+ channel function, because 
they are encountered by the cell regularly. In some cases, 
such as for Zn2+, they may affect Ca2+ channel function 
as a result of being released from a cell during normal 
metabolic activity, and can subsequently affect the cell 
adversely. The second group, environmentally relevant 
metals, include those generally ascribed as being toxic 
concerns in the environment, and those which clearly 
cause neurotoxicity. The most obvious metals in this 
group are Pb2+ and Hg2+ (particularly the organic forms) 
for which well-described neuropathology exists, as well as 
Cd2+ for which environmental exposure leads to toxicity, 
though not necessarily in the nervous system. Virtually all 
heavy metals inhibit voltage-gated Ca2+ channels to some 
extent. The question then becomes whether actions of 
these metals on Ca2+ channels contributes to the overall 
spectrum of clinical toxicity. As will become apparent 
later, this is likely, though not certainly, the case with 
these metals. The third group includes metals for which  

normal exposure in the environment is rather unlikely, 
and if it occurs, there is little evidence for neurotoxicity. 
This includes metals such as Ba2+, Sr2+, Co2+, Ni2+, as 
well as other metals. However, whereas these metals are 
unlikely to produce Ca2+ channel toxicity in a clinical 
setting, they have nonetheless been important agents in 
helping us understand the structure and/or function of 
voltage-gated Ca2+ channels. These metals will not be 
the focus in this review, but in certain instances, I will 
discuss them to illustrate specific points. 

EARLY FUNCTIONAL STUDIES 
DEMONSTRATE Ca2+ CHANNEL BLOCKING 
ACTION OF METALS AND SUBSEQUENT 
PERMEATION INTO CELL 

Early studies of effects of environmental toxicants on 
Ca2+ channels actually predated the conclusive demon-
stration of existence of voltage-gated Ca2+ channels in 
mammalian neurons, and certainly predated identification 
of subtypes of Ca2+ channels. These studies depended on 
indirect measures of neurotransmitter release in response 
to presynaptic nerve stimulation as a "bioassay" of Ca2+ 
channel function based on the well-known role which 
Ca2+ entry played in neurotransmitter release (Baker et al., 
1971; Katz and Miledi, 1969; Miledi, 1973). Mechanistic 
studies designed to examine early effects of toxic met-
als on Ca2+-dependent processes focused on the well-
described release of acetylcholine (ACh) from motor nerve 
endings at the neuromuscular junction in response to nerve 
stimulation. Numerous early studies initially focused on 
this preparation because of its well-characterized micro-
scopic anatomy, physiology, and biochemistry. However, 
at least for methylmercury (MeHg), there was some ad-
ditional rationale, inasmuch as an abnormally increased 
incidence of neuromuscular weakness resembling myas-
thenia gravis was reported in the Iraqi episode of MeHg 
poisoning in the early 1970s (Bakir et al., 1980; Rustam 
et al., 1975). 

LEAD 

Because of the interest in Pb2+ as an environmental 
neurotoxicant, it was one of the first agents whose effects 
on synaptic function were examined, and it remains one 
of the most widely studied of the heavy metals. The neu-
rotoxic effects of Pb2+ are not directed clinically at the 
neuromuscular junction. Thus this is an example of use 
of this synaptic circuit as a "bioassay" for Ca2+ chan-
nel function. It should be noted that these were some of 



Environmental Toxicants and Voltage-Gated Ca2+ Channels 	 509 

the earliest mechanistic studies demonstrating that diva-
lent cations could alter membrane-oriented Ca2+ signal-
ing. Moreover, observations made in this study that Pb2+ 
induces apparent intracellular actions in the nerve termi-
nal were also an important stimulus to seek pathways by 
which Pb2+ entered the terminal, and led to the notion 
that certain types of Ca2+ channels serve as a permeation 
pathway for Pb2+ into the cell (see below). Manalis and 
Cooper (1973) first examined the effects of Pb2+ on neu-
romuscular transmission at frog neuromuscular junction. 
The effects of Pb2+ noted in that study are now recognized 
as being similar to those of other heavy metals, both those 
which are relevant environmental contaminants, and those 
which are not recognized environmental neurotoxicants. 
Pb2+ first decreased the amplitude of the nerve-evoked 
end plate potential (EPP) and then paradoxically increased 
the frequency of occurrence of spontaneously occurring 
miniature end plate potentials (MEPPs). Each of these ef-
fects occurred in a concentration-dependent manner and 
each was observed in the p,M range of Pb2+. Furthermore, 
both effects could be reversed by washing the Pb2+ out 
of the preparation using a Pb2+-free bathing solution. As 
will be apparent, many of the results obtained using these 
early model systems were extremely prescient of those 
seen today with contemporary electrophysiological meth-
ods. Pronounced differences occurred in the time course 
of effects of Pb2+ on the EPP and MEPPs. This led to 
the conclusion that the effects were mediated by distinct 
actions. The increase in MEPP frequency was ascribed as 
being due to intracellular actions of the metal either to 
release Ca2+ from intracellular stores, or as is now known 
to be the case, a direct stimulatory action of Pb2+ itself on 
the release mechanism (Toth et al., 1987). Iontophoretic 
application of ACh to the end plate in the presence of 
100 p,M Pb2+ elicited the normal depolarizing responses 
of amplitude similar to that of responses elicited in Pb2+-
free solutions, implying a lack of contribution of postjunc-
tional effect of Pb2+ on the muscle nicotinic receptors. 
Thus the effects observed were limited to the presynap-
tic terminal. Subsequent studies revealed that Pb2+ had a 
similar spectrum of effects on the mammalian neuromus-
cular junction (Atchison and Narahashi, 1984; Pickett and 
Bornstein, 1984). 

On the basis of these initial observations, subsequent 
studies were designed to characterize the nature of block 
of neurotransmission by Pb2+. The Ca2+ dependence of 
the effect of Pb2+ on EPP amplitude was examined by 
varying the extracellular Ca2+ concentration in the ab-
sence and presence of Pb2+ (Cooper and Manalis 1983, 
1984a,b; Manalis et al., 1984). At 1 p,M, Pb2+ caused 
a parallel shift to the right of the relationship between 
EPP amplitude and extracellular Ca2+ concentration. Thus 

Pb2+ acted as a competitive antagonist to Ca2+ in this pro-
cess. Combining Pb2+ with Cd2+ was additive in blocking 
the EPP, but reduced the effectiveness of Pb2+ at increas-
ing MEPP frequency (Cooper and Manalis, 1984a), sug-
gesting that the two metals competed, possibly for entry 
into the cells. Similarly at the rat neuromuscular junction, 
Pb2+ shifted the sensitivity of the release process to Ca2+ 
to the right again implying a competitive relationship be-
tween Ca2+ entry and Pb2+ concentration (Atchison and 
Narahashi, 1984). However at mammalian neuromuscu-
lar junctions the concentrations of Pb2+ needed to block 
evoked release of ACh were considerably higher than at 
amphibian neuromuscular junctions. These observations 
led to the early conclusion that Pb2+ -induced block of 
the EPP resulted from a Ca2+ channel blocking action of 
Pb2+ 

Hg2+ AND METHYLMERCURY (MeHg) 

There was considerable interest in the neurotoxicity 
of MeHg during the 1970s and 1980s because of several 
well-publicized and massive episodes of human exposure. 
During the massive episode of poisoning with MeHg in 
Iraq, a unique feature noted was the extremely high inci-
dence of a "myasthenia gravis-like" type of neuromuscu-
lar weakness (Rustam et al., 1975). Thus the early studies 
of actions of mercurials in general, and MeHg in partic-
ular on neuromuscular function had an obvious clinical 
rationale. As such, initial studies of effects of mercurials 
on synaptic transmission were directed primarily at deter-
mining what effects acute bath application of Hg2+ and 
MeHg had on neuromuscular function. Because MeHg is 
the most prevalent form of mercury encountered in the 
environment, and the most neurotoxic of the mercurials, 
more in-depth studies have been done using this com-
pound. However, ultimately these studies were redirected 
to examine the effects of mercurials on voltage-gated Ca2+ 
channel function. 

Intracellular microelectrode recordings at frog sar-
torius muscle (Cooper and Manalis, 1983; Juang, 1976; 
Manalis and Cooper, 1975) and rat (Atchison et al., 1984; 
Atchison and Narahashi, 1982) and mouse diaphragm 
(Atchison et al., 1984) revealed that the primary effect 
of both divalent inorganic mercury (Hg2±) and MeHg, 
like those of Pb2+, was to decrease the amplitude of the 
nerve-evoked EPP and subsequently to increase and then 
decrease to complete block spontaneous release, measured 
as MEPP frequency. At the time at which the nerve-evoked 
EPP was blocked by MeHg, MEPPs of normal amplitude 
and duration still occurred, thus the effect represented a 
presynaptic effect rather than postsynaptic receptor block. 
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In every instance in which it was tested, block of nerve-
evoked release of neurotransmitter by inorganic or organic 
mercury could not be reversed by washing the preparation 
with Hg2+-free solutions (Atchison and Narahashi, 1982; 
Traxinger and Atchison, 1987). For both inorganic Hg2+ 
and MeHg the effects on nerve-evoked release of ACh 
were time-dependent, but not necessarily concentration-
dependent. That is, higher concentrations reduced the 
time required to block transmitter release. For low con-
centrations of mercurials (0.1-10 µM) complete block 
of the EPP did not occur for 60 min or more (Juang, 
1976; Manalis and Cooper, 1975); at higher concentra-
tions of MeHg (2-100 µM) virtually complete block of 
nerve-evoked EPPs occurred after 5-30 min of exposure 
(Atchison et al., 1986; Atchison and Narahashi, 1982; 
Traxinger and Atchison, 1987). The decrease in EPP am-
plitude was progressive with time, and proceeded to com-
plete block. This effect did not attain a steady-state short 
of total block, and hence a strict concentration dependence 
does not occur. This has been another constant observation 
across numerous experimental paradigms with MeHg, as 
will be seen later in his review for studies of isolated Ca2+ 
currents in individual cells in culture (Hajela et al., 2003; 
Peng et al., 2002a; Sirois and Atchison, 2000). There may 
be a lower threshold concentration of MeHg below which 
block of the EPP, and hence of Ca2+ channel function does 
not occur (Atchison and Narahashi, 1982) but this remains 
unclear, because the latent period preceding its blocking 
action is concentration-dependent for MeHg. Thus it may 
simply be that for extremely low concentrations of MeHg 
that the latent period of inactivity is longer than the record-
ing session permits. 

A unique aspect of block of neurotransmission by 
mercurials was that both Hg2+ and MeHg caused a tran-
sient increase in EPP amplitude that preceded block of the 
EPP. This effect occurred after 10-20 min of exposure to 
the mercurial (Atchison and Narahashi, 1982; Binah et al., 
1978; Cooper and Manalis, 1983; Juang, 1976; Manalis 
and Cooper, 1975; Traxinger and Atchison, 1987) and 
lasted for between 10 and 35 min. 

Unlike the situation for Pb2+, block of the EPP by 
MeHg appears initially to the independent of the extra-
cellular Ca2+ concentration, because increasing the bath 
Ca2+ concentration from 2 to 4 or 8 mM did not prolong the 
latent period preceding block of the EPP, nor decrease the 
degree of block caused by MeHg (Atchison et al., 1986). 
Thus MeHg differs from Pb2+ and indeed most polyva-
lent cations for which block of Ca2+ channel function is 
reversed by increasing the [Ca2+]e. However MeHg also 
impairs sodium conductances (Shafer et al., 2002; Shafer 
and Atchison, 1992; Shrivastav et al., 1976; Traxinger 
and Atchison, 1987), and thus axonal impulse conduc- 

tion, although this effect only occurs at high concen-
trations. However if membrane excitability is increased, 
raising the extracellular Ca2+ concentration will cause 
a partial reversal of effects of MeHg on EPP amplitude 
(Traxinger and Atchison, 1987). Thus there are apparently 
complex effects of MeHg on both neuronal Na+ and Ca2+ 
channels. 

The functional block by MeHg of nerve terminal 
Ca2+ and Na+ channels has also been examined directly 
at intact neuromuscular junctions of the mouse triangu-
laris sterni motor nerves (Shafer and Atchison, 1992). 
This was done by examining the effect of MeHg on po-
tential changes arising from Na+ and Ca2+ channel func-
tion as measured from the perineurial sheath surround-
ing motor nerves (see Mallart, 1985; Mallart and Brigant, 
1982). When potassium channels are blocked, two dis-
tinct components that are dependent on Ca2+ can be dis-
cerned (Penner and Dreyer, 1986; Xu and Atchison, 1996). 
These two Ca2+ -dependent voltage changes are presumed 
to reflect distinct subpopulations of Ca2+ channels, be-
cause they have differential pharmacological sensitivity 
(Xu and Atchison, 1996). At 100 µM, MeHg rapidly 
blocked both Ca2+ components as well as the Na+ compo-
nent of the perineurial currents, however at 50 µM, both 
Ca2+ -dependent components were blocked by MeHg prior 
to block the Na+-dependent components. Once again, 
washing the preparation with MeHg-free solution did not 
reverse the block nor did increasing the intensity or dura-
tion of the stimulation of the intercostal nerve innervating 
that terminal. 

BLOCK OF Ca2+-DEPENDENT RELEASE OF 
ACh BY OTHER NONPHYSIOLOGICAL 
POLYVALENT METALS 

The ability of heavy metal ions to block evoked re-
lease of ACh by preventing Ca2+ entry has been examined 
extensively at both amphibian and rat neuromuscular junc-
tion preparations. In addition to Pb2+ and Hg2+, a wide 
range of polyvalent cations can block ACh release at the 
neuromuscular junction. This effect has generally been as-
sumed to be due to block of Ca2+ channel function. It has 
been described for Cd2+ (Cooper and Manalis, 1984a; 
Forshaw, 1977), Co2+ (Kita and Van Der Kloot, 1973; 
Weakly, 1973), Er3+ (Metal et al., 1978), Gd3+ (Molgo 
et al., 1991), La3+ (Kajimoto and Kirperkar, 1972), Mg2+ 
(del Castillo and Engbaek, 1954; Jenkinson, 1957), Mn2+ 
(Balnave and Gage, 1973), Pr3+ (Alnaes and Rahamimoff, 
1975), T13+ (Wiegand et al., 1984), Ni2+ (Kita and Van 
Der Kloot, 1973), triethyl-Sn4+ (Allen et al., 1980), and 
Zn2+ (Benoit and Mambrini, 1970). For only T13+ is block 
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Table I. Ability of Polyvalent Heavy Metals to Block Nerve-Evoked End Plate Potentials (EPPs) at Vertebrate Motor Nerve Terminals" 

Metal Species 

Approximate 
minimal effective 

concentration (µM) Comments Reversibility Refs. 

Be2+ Frog <100 Competitive w/f [Ca2+] Reversible Blioch et al. (1968) 
mg2+ Frog <1000 Competitive w/f [Ca2+] Reversible Dodge and Rahamimoff (1967) 

Rat <1000 Reversible Hubbard et al. (1968a) 
Cr3+  Frog <10 Irreversible Cooper et al. (1984a) 
mn2+ Frog/toad <50 KD = 150 µMb  Reversible Meiri and Rahamimoff (1972) 
CO2+  Frog <20 KD  = 1.8 itM Reversible Weakly (1973) 
Ni2+  Frog 95% 4. by 500 attM Reversible Benoit and Mambrini (1970) 
Zn2+  Frog 56% 4. by 100 aulk4 Reversible Benoit and Mambrini (1970) 
y3+ Frog <12.5 80% 4. Partially reversible Bowen (1971) 
Cd2+  Frog <1 KD  = 1.7 AM Reversible Cooper et al. (1984b) 

Rat <10 Reversible Forshaw (1977) 
Sn4+ Mouse <0.1 Irreversible Allen et al. (1980) 
La3+ Frog <1 70% 4, in "m" by 1 µMc Reversible DeBassio et al. (1971) 
Pr3+ Frog 15 EPP first f then 4, Not reported Alnaes and Rahamimoff (1974) 
Gd3+ Frog 5 Reversible, depending on 

time of exposure 
Molgo et a/. (1991) 

Era}  Frog 4, by —80% at 15 aM Reversible Miledi (1966) 
Hg2+ Frog <0.1 EPP first 4, then f Irreversible Manalis and Cooper (1975) 

Frog <10 No initial f in EPP Not reported Juang (1976) 
MeHg Frog <10 EPP first f then 4, Not reported Juang (1976) 

Rat/mouse 20 Occasionally an initial f in EPP Irreversible Atchison et al. (1984), 
Atchison and Narahashi (1982) 

T13+ Rat 5 4-AP caused partial reversal Irreversible Wiegand et al. (1984, 1986) 
Pb2+ Frog KD = 0.99 µ,M Reversible Manalis and Cooper (1973) 

Rat 20 l "m" Competitive w/f [Ca2+] Reversible Atchison and Narahashi (1984) 
Rat <5 "m" Reversible Pickett and Bornstein (1984) 

"Adapted and updated from Cooper et al. (1984a). 
b KD = dissociation constant for the metal as compared to Ca2+. 
`"m" = mean quantal content. 

of EPP amplitude thought not to be due to Ca2+ channel 
block (Wiegand et al., 1984). Table I, modified from the 
work of Gary Cooper (Cooper et al., 1984), lists rela-
tive potencies of various nonphysiological heavy metals 
for blocking Ca2+-dependent release of ACh at various 
vertebrate neuromuscular preparations. This table demon-
strates that polyvalent metals vary widely in their effec-
tiveness at blocking Ca2+ channel function. However, ex-
amination of the table also suggests that the ability of 
a cation to reduce ACh release appears to be correlated 
approximately to its atomic mass and valence. Pb2+ and 
Hg2+, which interestingly are also the only two of these 
metals with prominent environmental neurotoxicity, are 
by far the most potent of these cations at blocking ACh 
release. Conversely, La3+ and Sn4+, which while having a 
lower atomic mass, and a higher valence (+3 and +4, re-
spectively) are almost equal in potency to Hg2+ and Pb2+. 
The extremely high potency of some of these metals such 
as Hg2+, Pb2+, and La3+ suggests that they block Ca2+ 
channels and hence ACh release by high-affinity interac-
tion perhaps within the Ca2+ channel pore. 

STIMULATION OF ASYNCHRONOUS, 
SPONTANEOUS RELEASE (MEPP FREQUENCY) 
AS AN INDEX OF INTRACELLULAR ACTION OF 
THE METAL 

Because the frequency of occurrence of MEPPS is 
not highly dependent on the [Ca]e, but rather on the [Ca]i , 
the ability of these heavy metals to stimulate MEPP fre-
quency reflects an intracellular effect. Thus it depends 
upon their mobility across the membrane through Ca2+ 
channels or other entry pathways and their subsequent ef-
fectiveness at stimulating exocytosis. This latter process 
can occur either indirectly as by causing Ca2+ release from 
internal stores which MeHg does (Levesque and Atchison, 
1987) or directly by interacting with the exocytotic pro-
cess as Pb2+ apparently does (Shao and Suszkiw, 1991; 
Tomsig and Suszkiw, 1991). Shown in Table II is a listing 
of qualitative effects of the numerous multivalent inor-
ganic cations which have been studied on release of ACh 
at the neuromuscular junction in comparison with their 
ionic radii and spontaneous free energies of hydration. As 
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Table II. Ability of Polyvalent Heavy Metals to Increase MEPP Frequency at Vertebrate Motor Nerve Terminals° 

Ion 	Ionic radiusb  (pm) Hydration energy' (kcal/mole) Effect on MEPP frequency 
	

Refs. 

Blioch et aL (1968) 
Cooper et al. (1984) 
Benoit and Mambrini (1970) 
Benoit and Mambrini (1970) 
Allen et al. (1980) 
Hubbard et al. (1968b) 
Weakly (1973) 
Balnave and Gage (1973) 
Manalis and Cooper (1975) 
Molgo et a/. (1991) 
Forshaw (1977) 
DeBassio et al. (1971) 
Hubbard et aL (1968b) 
Atchison and Narahashi (1984); 
Manalis and Cooper (1973) 
Mellow (1979) 
Silinsky (1977) 
Atchison and Narahashi (1982) 

a  Adapted and updated from Cooper et al. (1984a). 
bGoldschmidt radius, from Huheey (1983). 
`From Basolo and Pearson (1968). 
dM3+ hydrated ionic radius. 

was the case for blocking nerve-evoked release, the very 
potent Ca2+ channel blockers Hg2+, Pb2+, and La3+ are 
similarly the most effective at increasing MEPP frequency. 
Conversely those relatively weak Ca2+ channel blockers 
Co2+, Mn2+, Mg2+, and Ni2+ are poorly effective at in-
creasing MEPP frequency. Finally other metals including 
Cd2+, Cr3+, and Sn4+ have virtually no effect on MEPP 
frequency, despite being rather potent blockers of nerve-
evoked release. Because of the presence of fixed negative 
charges residing on glutamate residue within the channel 
pore (see below) permeability of Ca2+ over other alka-
line earth metals is favored (Silinsky and Mellow, 1981). 
Thus cations with hydration energies significantly differ-
ent than those of Ca2+ should have altered mobility within 
the channel. As is apparent from Table II, hydration en-
ergies for both Hg2+ and Pb2+ are fairly close to those 
of Ca2+. Moreover these ions are extremely effective at 
increasing MEPP frequency. In contrast, Cr3+ and Sn4+ 
have hydration energies dramatically greater than that of 
Ca2+, and have virtually no effect on MEPP frequency 
despite blocking nerve-evoked release very potently. This 
may reflect the fact that these metals do not permeate read-
ily through the pore, and hence do not gain significant ac-
cess to the intracellular space. For other metals such as 
Mn2+ and Cd2+ this simple explanation apparently does 
not hold, as it is clear from a number of studies that Cd2+ 
at least and perhaps Mn2+ as well, both permeate the Ca2+ 
channel pore. Their inability to increase MEPP frequency 

may relate more to their lack of effect either to increase 
intracellular Ca2+ concentration or to stimulate the release 
process directly. 

The situation is somewhat more complex for 
organometals such as MeHg, triethyl-Pb2+, or trimethyl-
Sn. For these metals the complicating variable of poten-
tially bulky organic groups is counteracted somewhat by 
enhanced lipophilicity, perhaps providing additional en-
try paths into the cell (see Atchison, 1987; Hewett and 
Atchison, 1992a; Miyamoto, 1983). 

MEASUREMENT OF Ca2+ CHANNEL 
FUNCTION IN SYNAPTOSOMES 

As the field of Ca2+ channel physiology progressed, 
it became clear that there were fundamental differences 
among channel subtype phenotypes, and that these dif-
ferences were related in part to site-specific localiza-
tion of different Ca2+ channel subtypes, as well as dis-
tinct pharmacological and biophysical characteristics and 
might also be related to species-dependent differences. 
Because of the concern that the phenotype of Ca2+ chan-
nels within the nerve terminal was not identical to that 
in the cell soma and because at the time there was little 
consensus regarding the number and identity of pheno-
types of Ca2+ channels, most of the subsequent mecha-
nistic studies of effects of metals on Ca2+ channel function 
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employed nerve terminal preparations. These were for the 
most part, not amenable to examination of their func-
tion by patch clamp methodology because of their small 
size. (Most mammalian nerve terminals have a diame-
ter of approximately 1 µm or less, making it impossible 
to record from them using conventional patch electrode 
methodology, but see Nelson, 1986.) Furthermore, be-
cause neurotoxicity associated with environmental agents 
such as Pb2+ and Hg2+ is primarily directed at the CNS, 
studies next attempted to focus on cellular actions of 
these metals on central nerve terminals as opposed to pe-
ripheral somatic terminals. As a consequence, alternate 
models needed to be used to examine function of non-
physiological cations on Ca2+ channel activity. Use of 
synaptosomes—suspensions which are made up of large 
numbers of pinched off nerve terminals—permitted a se-
ries of rather sophisticated biochemical studies of ion 
channel function. These spherical particles, which have a 
diameter of approximately 1-2 µm contain typical intra-
cellular organelles including most prominently synaptic 
vesicles as well as mitochondria and endoplasmic reticu-
lum (Gray and Whittaker, 1962). Importantly, metabolic 
pathways and neurotransmitter synthetic pathways are re-
tained intact within synaptosomes. Synaptosomes contain 
voltage-gated ion channels for sodium, potassium, and cal-
cium (Bartschat and Blaustein, 1985; Bicalho et al., 2002; 
Hewett and Atchison, 1992b; Weller et al., 1985) and 
can release neurotransmitters in a Ca2+-dependent man-
ner following depolarization (see Suszkiw and O'Leary, 
1983; Suszkiw and Toth, 1986; Turner and Dunlap, 1995). 
They contain a number of different types of Ca2+ chan-
nels including P-, N-, L-, and Q-type channels (Alvarez 
Maubecin et al., 1995; Turner and Goldin, 1985; Zhang 
et al., 1993). Moreover they have the advantage of be-
ing able to be used simultaneously for measurements 
of Ca2+ channel function and neurotransmitter release, 
which permitted important cause-and-effect-type studies 
linking distinct Ca2+ channel phenotypes with release 
of neurotransmitter (Lemos and Nowycky, 1989; Turner 
et al., 1992, 1995; Turner and Dunlap, 1995). This prepa-
ration has been widely used for studies of nerve terminal 
ion channel function in the 1980s and still remains a valu-
able model today (see Holz and Turner, 1998; Leenders 
et al., 2002; Polzin et al., 2002; Tomizawa et al., 2002). 

Ca2+ channel function in the synaptosomal model is 
examined most typically using uptake of radiolabeled Ca 
(45Ca2±) in response to chemical-induced depolarization, 
however less direct measures such as measures of fura-2 
fluorescence or release of neurotransmitters in response to 
KC1-induced depolarization have also been used. The most 
common and most sensitive technique however involves 
uptake of 45  Ca2+, usually during KC1-induced depolariza- 

tion. A major problem with these measurements has al-
ways been that the time course over which depolarization 
occurred was dramatically longer than that which occurred 
physiologically in the nerve terminal, where the length of 
depolarization was on the order of millisecond. A signif-
icant breakthrough in this area came about from work in 
Mordecai Blaustein's lab (Nachshen and Blaustein, 1982) 
in which reasonably short (0.5 to 2-s duration) depolariza-
tions could be reliably applied and the uptake of 45Ca2+  
resolved into distinct kinetic phases. This process has been 
refined even further by Tim Turner (Turner and Dunlap, 
1995) through use of an innovative turntable arrangement 
to reduce the length of depolarization over which trans-
mitter release occurs even more. 

Depolarization-dependent Ca2+ influx into synap-
tosomes occurs in two temporally distinct phases 
(Nachshen, 1985; Nachshen and Blaustein, 1980; Suszkiw 
and O'Leary, 1983). The fast phase inactivates after 1-2 s 
of depolarization and is associated with neurotransmit-
ter release (Drapeau and Blaustein, 1983; Suszkiw and 
O'Leary, 1983). The slow phase, which remains active for 
20-90 s after depolarization, may be mediated by the com-
bination of actions of a reverse Na+—Ca2+ exchanger and a 
slow, perhaps noninactivating Ca2+ channel (see Suszkiw 
et al., 1986; Turner and Goldin, 1985). The fast component 
is subject to inactivation, as it can be eliminated by pre-
depolarization of the synaptosomes suspension in either 
the presence or absence of Ca2+ (Nachshen and Blaustein, 
1980). Both voltage-dependent and Ca2+-dependent inac-
tivations are thought to occur in synaptosomes (Suszkiw 
et al., 1986, 1989). Moreover permeability of Ca2+ chan-
nels in synaptosomes mirrors that of other systems in that 
they are permeable to Ca2+, Sr2+, and Ba2+ (Nachshen 
and Blaustein, 1982; Nelson, 1986). 

Pharmacologically, the two components of 45Ca2+  
have different characteristics. The fast component of 
45Ca2+  influx in synaptosomes is sensitive to block by 
a myriad of multivalent cations. Nachshen (1985) found 
La3+, Pb2+, and Cd2+ were among the most potent block-
ers of 45Ca2+  influx, with Ki  values <10 ILM. Other met-
als such as Co2+, Ni2+, Hg2+, and Zn2+ also blocked this 
fast component of 45Ca2+  influx; higher concentrations 
were necessary however, and K, values ranged from 10 to 
100 µM. Nelson (1986) incorporated synaptosomal Ca2+ 
channels into the lipid bilayers. Single channel recordings 
made from the synaptosomal Ca2+ channels indicated that 
La3+ and Cd2+ as well as verapamil were potent blockers 
of channel function. 

The synaptosomal system has been used extensively 
to examine the function of nerve terminal Ca2+ chan-
nels in response to environmental metals such as Hg2+, 
Pb2+, and Cd2+ in attempts to correlate actions on Ca2+ 
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channels with the previously described block of Ca2+ de-
pendent nerve-evoked release of ACh and later with other 
neurotransmitters as well. The early hypothesis that Pb2+ 
and Hg (and MeHg) blocked neurotransmitter release by 
virtue of their block of Ca2+ channel function was now 
directly testable, and considerably strengthened by the 
observations that these metals blocked uptake of 45Ca2+ 
into synaptosomes (Atchison et al., 1986; Suszkiw et al., 
1984). For these studies extremely brief exposure periods 
(1 s) were used to examine channel function in isolation. 
This was done by combining the metal of interest with the 
KC1-depolarizing solution and the radiotracer, and pre-
cisely limiting the exposure of this "cocktail" to the synap-
tosomes using a metronome (Nachshen and Blaustein, 
1980). This type of situation minimized the potential for 
interaction of the metal with other intracellular processes 
which could confound interpretation of channel-mediated 
effects. 

Cooper's group continued the pioneering work on ef-
fects of Pb2+ on nerve terminal function, using the synap-
tosomal system (Suszkiw et al., 1984). Simultaneous ef-
fects of Pb2+ on release of [3H]ACh and 45Ca uptake were 
examined in rat forebrain synaptosomes. Pb2+ blocked 
the "fast phase" of 45Ca uptake with a Ki  of —1.1 µM. 
In comparison, Cd2+ had a Ki  of —2.2 µM. For both 
of these metals, these inhibitory concentrations were in 
very close agreement with their inhibitory concentrations 
at vertebrate neuromuscular junctions (Kpb = 0.99 µM; 
Kid  = 1.7 µM). Furthermore, for both of these metals, 
this action was competitive with [Ca2le. 

Initial studies of effects of mercurials on Ca2+ chan-
nel function were similarly designed to follow up on 
the initial observations that MeHg depressed the Ca2+ - 
dependent release of neurotransmitters. The effects of 
MeHg and Hg2+ were compared on the two phases of 
45Ca uptake into rat forebrain synaptosomes during KC1-
induced depolarization. Hg2+ caused a concentration-
dependent decrease in total uptake of 45Ca during KC1-
induced depolarization. The maximal inhibition occurred 
at 200 µM Hg2+, which suppressed 45Ca uptake to approx-
imately 5% of the mercury-free values. MeHg similarly 
suppressed total 45Ca uptake although the maximal inhi-
bition produced by MeHg was less than that produced by 
Hg2+ (70% at 200 µM MeHg). Effects of MeHg occurred 
both on synaptosomes that were not previously depolar-
ized to examine the "fast uptake" component as well as on 
the "slow uptake" component. 45Ca uptake during 1 s of 
incubation with MeHg was reduced significantly at con-
centrations greater than 25 µM. MeHg was more potent 
as a blocker on the slow phase of uptake as compared to 
the fast phase. The effect of MeHg on 45Ca uptake was 
examined as a function of the [Ca2le; increasing [Ca2+]e  

was only marginally effective at overcoming the block 
of 45Ca uptake produced by MeHg. Thus once again, the 
synaptosomal studies corroborated the earlier neuromus-
cular junction studies in terms of qualitative characteristics 
of blocking action, and correlation of concentrations that 
block nerve-evoked release of ACh at the neuromuscular 
junction and uptake of 45Ca into isolated nerve terminals. 

Because the actions of MeHg on Ca2+ channel func-
tion did not seem to be as clearcut as were those of divalent 
inorganic cations such as Pb2+ and Cd2+, the character-
istics of actions of MeHg have been studied in consider-
able detail. Depolarization of nerve terminals caused by 
increasing the extracellular KC1 concentration in the pres-
ence of a fixed concentration of MeHg caused a greater 
percentage of block of synaptosomal 45Ca2+ influx, sug-
gesting the effect to be voltage-dependent. Thus, MeHg 
may somehow associate with the channel, perhaps in a 
manner similar to Ca2+, as stronger depolarizations in-
creased the percentage of block. Block was not dependent 
on whether the channel was in the closed, activated, or 
inactivated state at the time of MeHg exposure (Shafer 
et al., 1990). These results suggest that MeHg may inter-
act in a unique manner with Ca2+ channels as compared to 
other heavy metals, and possibly that the ability of MeHg 
to block Ca2+ uptake may be dependent on the strength 
of the interaction between MeHg and the channel. MeHg 
also alters the ionic selectivity of the synaptosomal Ca2+ 
channels by decreasing the influx of 85  Sr to a greater extent 
than it did 45Ca2+ or 133Ba2±. 

MeHg also interacts with Ca2+ channels in synap-
tosomes isolated from rat cerebellum (Yan and Atchison, 
1996). Pretreatment synaptosomes with the N-type pep-
tide blocker co-conotoxin GVIA (1 or 5 µM) or the N-, 
P/Q-type blocker w-conotoxin MVIIC (0.14-0.5 µM), but 
not co-agatoxin IVA (10 or 10 nM) or nifedipine (10 µM), 
partially inhibited the ability of MeHg to inhibit KC1-
depolarization-induced 45Ca2+ uptake. This suggested 
that in cerebellar nerve terminals, that MeHg interacts with 
channels sensitive to these toxins. 

In contrast to the effects of MeHg in synapto-
somes 45Ca2+ uptake block by Hg2+ occurs in a voltage-
dependent and competitive manner (Atchison et al., 
1986; Eason and Aronstam, 1984; Hewett and Atchison, 
1992a; Nachshen, 1984). While other inorganic metals 
such is Co2+, Cd2+, Ni2+, and Mn2+ also block Ca2+ 
influx into synaptosomes competitively, they typically 
exhibit low or no voltage-dependence of their block-
ing action. Moreover these ions do not alter ion selec-
tivity of the channel (Nachshen and Blaustein, 1982) 
which MeHg does (Shafer et al., 1990). Electrically neu-
tral organic mercurials such as p-chloromercuribenzoate 
(PCMB) and dimethyl mercury, or those which contain 
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a negative charge, such as PCMBS, failed to block KC1-
depolarization-stimulated uptake of 45Ca2+  into synapto-
somes, even an extremely high concentrations (Hewett and 
Atchison, 1992a). This suggests that lipophilicity alone 
cannot account for the unique blocking action of MeHg. 
However, the ability of MeHg to block Ca2+ channels in 
the noncompetitive fashion, even in the absence of prior 
channel activation, and to alter the ionic selectivity, sug-
gests that its inherent lipophilicity is an important determi-
nant in its ability to block Ca2+ channel function. Perhaps 
MeHg interacts with a portion of the channel not accessi-
ble to the inorganic divalent ions. 

Because they contain multiple subtypes of Ca chan-
nels, synaptosomes have also been used for studies of 
binding of radiolabeled ligands to distinct Ca2+ channel 
subtypes. Binding studies of competition among binding 
ligands specific for certain phenotypes of Ca2+ channels 
have also been used to examine the effects of mercurials 
on voltage-gated Ca2+ channels. MeHg decreases the spe-
cific binding 3  [H]-nitrendipine, a dihydropyridine L-type 
Ca2+ channel antagonist in synaptosomes. This occurred 
at 100 ptisn MeHg, a concentration which also inhibited 
45Ca2+  influx. MeHg also inhibited the binding of 125I-co-
conotoxin GVIA in rat PC12 cells (Shafer et al., 1990). 
Thus MeHg may interact with L-type and N-type Ca2+ 
channels. 

VOLTAGE CLAMP STUDIES OF TOXIC 
METAL EFFECTS ON Ca2+ CHANNELS 
IN NATIVE CELLS 

A panoply of metals has been shown by whole-cell 
voltage clamp measurements of native currents to block 
the function of voltage-gated Ca2+ channels. However in 
the concentration range of low AM—mM, specific blocking 
effects have been demonstrated for fewer cations including 
Cd2+, Co2+, Gd3+, Cr3+, Hg2+, La3+, Mg2+, Mn2+, Ni2+, 
Pb2+, and Zn2+. Once again, the data from these studies 
mirrors that of earlier functional studies at the neuromus-
cular junction and in synaptosomes, in that Pb2+ and Hg2+ 
are among the most potent of the heavy metal inhibitors 
of Ca2+ channel function. 

EFFECTS OF Pb AND ITS ORGANIC 
DERIVATIVES ON NATIVE Ca2+ CHANNELS 

In view of the clear evidence that Pb2+ blocks Ca2+ 
entry and the extensive series of studies using synapto-
somes channels, it was natural that eventually the effects 
of Pb2+ on voltage-gated Ca2+ channels would be exam- 

ined directly using electrophysiological techniques in cells 
in culture. As reviewed by Audesirk (1993) the effects of 
Pb2+ have been studied using electrophysiological meth-
ods in cells from a number of mammalian and gastropod 
species. In every case reported, current flow through the 
types of Ca2+ channels present in that preparation was 
very sensitive to block by Pb2+. However, these studies 
have revealed some rather interesting aspects associated 
with effects of Pb2+ on Ca2+ channels, some of which 
were clearly unanticipated. 

The effects of acute bath application of Pb2+ have 
been studied in transformed (PC12, N1E-115, SH-SY5Y) 
as well as primary (rat DRG, hippocampal pyramidal neu-
rons, chromaffin) cells in culture and in gastropod neurons. 
Table III modified from that of Audesirk (1993) summa-
rizes the salient points of these studies—namely that Pb2+ 
appears to block voltage-gated Ca2+ channel currents in 
every preparation tested, that the ability of Pb2+ to block 
current is related in part to the charge carrier concentra-
tion as well as the neuron, that in general, similar con-
centrations of Pb2+ are needed to block current from mul-
tiple subtypes of high-voltage-activated Ca2+ channels, 
and this effect is variably reversible. Rigorous compari-
son is difficult because the studies have been done using 
a bewildering range of charge carrier concentrations and 
distinct pulse protocols. Furthermore, comparison of po-
tency of Pb2+ for block of a given phenotype of Ca2+ 
channel subtype is impaired by (1) the lack of pharma-
cological isolation of distinct Ca2+ channel subtypes and 
(2) inconsistency in reporting of [Pb2+], i.e., "free Pb2+" 
as opposed to "added Pb2+" (see Audesirk, 1993). 

The concentration range over which Pb2+-induced 
block of channel function occurs is generally quite low. 
That is, Pb2+ is quite potent as a blocker of Ca2+ chan-
nel current. This conclusion was hardly surprising given 
the earlier results of both neuromuscular junction and 
synaptosome experiments. In general, effective block is 
produced by [Pb2+] in the low AM range. Values range 
from an IC50  of 300 nM free Pb2+ in bovine adrenal chro-
maffin cells (Sun and Suszkiw, 1995), —1 iLM in human 
SH-SY5Y neuroblastoma cells (Reuveny and Narahashi, 
1991), 4.8 ± 0.8 p,M in N1E-115 cells (Vijverberg et al., 
1994), and 10-50 µ,M in differentiated PC12 cells (Hegg 
and Miletic, 1996) (see Table III). In crayfish muscle 
fibers, blocking concentrations range from 50 to 300 p,M 
(Zacharova et al., 1993). Several factors appear to con-
tribute to the varied range of concentrations over which 
block was observed. First, interestingly, Audesirk and Au-
desirk (1993) reported that transformed cell lines appeared 
to be somewhat more resistant to Pb2+ than were primary 
cultures of neurons. The reason underlying this obser-
vation is unknown. Second, in some cases, efforts were 
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Table III. Comparison of Inhibition of Voltage-Gated Ca Channels by Pb in Various Cell Types" 

Cell type 
	

Exposure 	[Ca/Ba] 
	

Channel type(s) tested & effect 
	

Reversibility 
	

Refs. 

Lymnaea B cells 
Lymnaea RPeD1 cells 
Aplysia—various cells 

Rat, DRG 	 Acute 

Rat PC12 cells 	Chronic 

Rat PC12 cells 

Rabbit recombinant 	Acute 
cardiac channels 
in HEK cells & 
Xenopus oocytes 

Human recombinant 	Acute 
channels in HEK 
293 cells  

Unknown, 38% inhib at 5 nM free Pb Irreversible 
Unknown, 31% inhib at 30 nM free Pb Irreversible 

Unknown, —175b  nM was inhib at Reversible 
10 mM Ca; 200 nMb  at 40 mM Ca 

10 mM Ba 	"L-"c, "N-type" — 200 nM b; 
	

Partially 
"T-type" — 500 nMb 
	

reversible 
"L-," "N-type" — 200 nMb 

	
Reversible 

"L-type"-200 nMb/ 	Reversible 
IC50 = 5 AM  

"L-type" — 700 nM, "T-type" — 1300 nMb  Reversible 

10 mM Ba 	"L-type" — 30nM, "N-type — 80 nM Reversible 

5 mM Ca 	 IC50  = 300 nM 	 Reversible 

10 mM Ca 27% inhib at 1 µM; 38% inhib at 10 µM; Irreversible 
46% inhib at 50 iLM 

10 mM Ca 	60-day tx w/ 25, 50 p,M t peak 	na 
& sustained current 

IC50 = 1.2 p,M; (Ca5), 	Partially reversible, 
2.0 µM; (Cal0), 7.5 µM; (Ca20) 	full reversal 

required chelation 
10 mM Ba 
	

IC50 = 169 nM 
	

Partially reversible, 
in HEK cells & IC50 = 152 nM 

	
full reversal 

in Xenopus oocyte 	required chelation 

20 mM Ba 	 al E (1050 = 0.10 1.1M), 

alC (1050 = 0.38  AM) 
ate (IC50 = 1.31 µM) 

Audesirk and Audesirk (1989) 
Audesirk and Audesirk (1989) 
Biisselberg et al. (1991b) 

Evans et al. (1991) 

Reuveny and Narahashi (1991) 

Acute 
	

2 mM Ba 
Acute 
	

2 mM Ba 
Acute 10-40 mM Ca 

Human SH-SY5Y 	Acute 	100 mM Ba 
neuroblastoma 
Mouse N1E-115 	Acute 	50 mM Ba/ 

neuroblastoma 	 2 mM Ba 
Mouse N1E-115 	Acute 	50 mM Ba 

neuroblastoma 
Rat hippocampal 	Acute 

neurons 
Bovine adrenal 	Acute 

chromaffin cells 
Rat PC12 cells 	Acute 

Acute 5, 10, 20 mM Ca 

Oortgiesen et al. (1990), 
Vijverberg et al. (1994) 
Audesirk and Audesirk (1991) 

Audesirk and Audesirk (1993) 

Sun and Suszkiw (1995) 

Hegg and Miletic (1996) 

Hegg and Miletic (1997) 

Shafer (1998) 

Bernal et al. (1997) 

ai E  Partially reversible Peng et al. (2002b) 

aic, alB fully 
reversible 

"Modified and updated from Audesirk (1993). 
bIndicates approximately [free Pb] in unbuffered saline similar to that in original paper as measured in Audesirk's laboratory (see Audesirk, 1993, 

Table 2). 
`" " indicates that the exact phenotype was not confirmed by pharmacological or molecular biological means. 

made to report "[free Pb2+]" following either measure-
ment of the actual Pb2+ concentration in the medium us-
ing a Pb-electrode, or rigorous buffering of the Pb2+ in 
the medium to attain a specific "[free Pb2+]," while for the 
majority of studies values were simply reported using the 
applied [Pb2+]. Third, the concentration of charge carrier 
varied widely. Whole-cell recording studies also appeared 
to confirm, at least indirectly, the competitive relationship 
between Ca2+ and Pb2+. This is seen as the increased 
concentrations of Pb2+ necessary to block Ca2+ channel 
function, as the charge carrier (Ca2±/Ba2±) concentration 
is increased (Shafer, 1998). Because of this characteristic 
and the fact that normally, supraphysiological concentra-
tions of charge carrier are used to facilitate recordings 
of current, the true IC50  for Pb2+ may well be markedly 
overestimated. 

The relative sensitivity of various phenotypes of Ca2+ 
channels to Pb2+-induced block is an important issue that  

has been tested only cursorily in studies of native chan-
nels. It has typically been addressed, by varying pulse 
protocols in attempts to isolate "high-voltage-activated" 
or "low-voltage-activated" current components. Studies in 
which pharmacological antagonists were applied to block 
distinct components of current (see, e.g., Mintz and Bean, 
1993) have typically not been done. Thus for cells in which 
multiple components of "high-voltage-activated" current 
exist (L-, N-, P/Q-types), comparisons of actions of Pb2+ 
on distinct channel subtypes are at best approximate. For 
example in SH-SY5Y cells which appear to contain N- and 
L-type Ca2+ current components, block of the two types of 
current by Pb2+ was equivalent (Reuveny and Narahashi, 
1991). Similarly, Vijverberg et al. (1994) reported that in 
mouse N1E-115 neuroblastoma cells, which contain a fast 
transient as well as a noninactivating current, sensitivity of 
the two components to Pb2+ was also approximately simi-
lar, and Hegg and Miletic (1996) reported similar potency 
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of block by Pb2+ on peak and sustained current ampli-
tude in PC12 cells. However, using primary hippocam-
pal neurons, Audesirk and Audesirk (1993) reported that 
putative L-type current was more sensitive to Pb2+ than 
was N-type, while in N1E-115 cells L-type current was 
more sensitive than was T-type current, and Ujihara et al. 
(1995) reported that P-type Ca2+ channels in hippocam-
pal pyramidal cells were most sensitive to Pb2+-induced 
block. Thus conclusions regarding the relative sensitivity 
of different subtypes of Ca2+ channels based on studies 
of mixed components of current in native cells are in-
conclusive at this point. This issue is only now being ad-
dressed specifically in studies utilizing recombinant ex-
pressed channels (see below), for which more conclusive 
results can be attained. 

[Ca2+],-dependence of potency of Pb2+ (and Cd2+) 

was examined by Shafer (1998). As one might expect 
on the basis of the prior studies at vertebrate neuro-
muscular junctions and in mammalian brain synapto-
somes, the blocking potency of Pb2+ and Cd2+ was 
competitively related to the [Ca2+],. As detailed below, 
this undoubtedly reflects competition between Ca2+ and 
the nonphysiological cation for entry into the channel 
pore. 

Effects of Pb2+ on kinetic properties of Ca2+ chan-
nel currents is another area in which studies are lacking. 
Kinetic properties are generally best examined in micro-
scopic studies of single channel currents. This has not yet 
been done for exposure of cells Pb2+; however, at least 
on the basis of whole-cell recordings, it is not obvious 
that Pb2+ dramatically or consistently affects the voltage 
dependence of activation or inactivation of Ca2+ chan-
nels or the kinetics of opening and closing. Basselberg 
et al. (1991b) reported that Pb2+ caused a slight shift 
in the voltage dependence of activation of Aplysia neu-
ron Ca2+ channels, resulting in the need for larger volt-
age steps to induce maximal current amplitude. Audesirk 
and Audesirk (1991) found no effect of Pb2+ on voltage 
dependence of activation or inactivation of low-voltage-
activated, T-type Ca2+ channels for mouse N1E-115 neu-
roblastoma cells, but found that the steady-state inacti-
vation of the high-voltage-activated, L-type channels in 
the same cells was enhanced slightly by Pb2+. Hegg and 
Miletic (1996) reported some voltage dependence of ef-
fects of Pb2+ to increase Ca2+ channel currents in rat PC12 
cells (see below). However, in other instances, effects of 
Pb2+ on activation and inactivation were unremarkable 
(Audesirk and Audesirk, 1993). But, as noted above, there 
are to date no studies reported of effects of Pb2+ on mi-
croscopic current, hence the effects of Pb2+ on kinetics of 
channel opening and closing have not yet been examined 
rigorously. 

Among the numerous studies of macroscopic cur-
rents in response to Pb2+ exposure, some rather surprising 
results have been obtained. These have generally resulted 
from studies in which Pb2+ was given either chronically or 
applied acutely in the patch pipet to produce intracellular 
effects. However, in either case, the locus was probably 
intracellular. In the first report of an action of Pb2+ to in-
crease Ca2+ channel current amplitude, Audesirk (1987) 
treated the pond snail Lymnaea with 5 µ,M Pb2+ in the 
artificial "pond" bathing solution for 6-12 weeks. In con-
trast to the inhibitory effects on Ba2+ currents which he 
saw following acute in vitro exposure, Ba2+ currents in 
B cells of animals exposed in vivo to Pb2+ were almost 
2 x as large those recorded from B cells from unexposed 
controls. (Both sets of recordings were made in Pb2+-free 
physiological saline.) In more recent studies in bovine 
adrenal chromaffin cells (Sun and Suszkiw, 1995), ex-
tracellular application of Pb2+ caused a concentration-
dependent and reversible inhibition of Ca2+ currents. The 
estimated IC50  for this effect was within the range of con-
centrations ascribed to block high-voltage-activated cur-
rent components-300 nM free Pb2+. In the absence of 
Pb2+, increasing the intracellular-free Ca2+ concentration 
above 10 nM caused the initial amplitude of the Ca2+ cur-
rent to be reduced, and the rate of current rundown to 
increase. Under these conditions when Pb2+ was applied 
intracellularly, it prevented Ca2+-dependent reduction of 
current amplitude. Moreover kinetics of current rundown 
changed from exponential to linear. The estimated ECso 
for this effect of Pb2+ was approximately 0.2 nM. Sun and 
Suszkiw (1995) interpret this result as a Pb2+-induced in-
hibition of Ca2+-dependent inactivation, resulting in an 
apparent increase in the amplitude of Ca2+ currents. Thus 
once Pb2+ enters the cell, it appears to interact with those 
regions of the channel responsible for Ca2+-dependent in-
activation to prevent this effect. This effect occurs despite 
Pb2+ also increasing intracellular free [Ca2+] (Schanne 
et al., 1989a,b). However, Shafer (1998) did not see a 
similar effect in nerve-growth-factor- (NGF) differenti-
ated PC12 cells when 5 ptM free Pb2+ was applied intra-
cellularly and 10 mM Ba2+ was used as a charge carrier. 
Under these conditions, intracellular Pb2+ decreased cur-
rent amplitude. 

Increase in current amplitude was seen in a small per-
centage of NGF-differentiated PC12 cells following acute 
extracellular exposure to Pb2+ at 1, 10, and 50 ttM (Hegg 
and Miletic, 1996), while in most cells, these concentra-
tions of Pb caused a concentration-dependent inhibition of 
current which was irreversible by wash. The increase in 
amplitude of Ca2+ currents was irreversible, was seen in 
a small percentage of cells at each concentration of Pb2+, 
and was voltage-dependent in that the amplitude decreased 
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progressively with depolarization from -20 to +40 mV. 
The current-voltage relationships for these increased am-
plitude currents in response to Pb2+ were normal. In a 
subsequent study, Hegg and Miletic (1997) exposed PC12 
cultures to Pb2+ (10, 25, and 50 µM—"applied" Pb2+) 

chronically. Concentration- and time-dependent increases 
in current amplitude were seen following Pb2+ exposure. 
While no effect was seen at any concentration at 1 month 
of exposure, after 2 months, cultures exposed to 25 or 
50 p,M Pb2+ exhibited increased amplitudes of both peak 
and sustained components of current. Cultures exposed to 
10 p,M Pb2+ showed little effect. After 2 months of expo-
sure to the higher concentrations of Pb2+, there was a shift 
in the current-voltage relationship such that maximal cur-
rent amplitude was attained at 0 mV instead of +10 mV. 
During a 3rd month of exposure to Pb2+, increased current 
amplitudes were maintained at the two higher concentra-
tions of Pb2+. 

From the standpoint of Pb2+ neurotoxicity, an inter-
esting question is whether the actions of Pb2+ on voltage-
gated Ca2+ channels contribute to the clinical signs seen 
upon chronic exposure to Pb2+ in vivo. The free concentra-
tions of Pb2+ in the blood, and, by extension, presumably 
in the interstitial fluids of patients during Pb2+ toxicity, 
are typically considered to be below 10-8  M (Goldstein, 
1992; Simons, 1993). Thus it is unclear whether a signif-
icant component of Ca2+ channel block by extracellular 
Pb2+ actually occurs in vivo. However accumulation of 
Pb2+ during chronic exposure could result in intracellu-
lar concentrations of Pb2+ which are sufficiently high to 
modify Ca2+ channel activity due to intracellular actions. 
Because Ca2+-dependent inactivation of Ca2+ channels is 
thought to serve as a feedback mechanism to prevent Ca2+ 
overload within the cell, interference with this mechanism 
by lead could result in sustained elevations of intracellular 
Ca2+ an effect which is well-known to be cytotoxic, and 
long implicated in the role of Pb2+-induced neurotoxicity. 

In the only study found in which effects on Ca2+ 
channel function were examined following chronic in vivo 
exposure to Pb2+, rats were exposed to a high concen-
tration (500 ppm) of Pb2+ in the drinking water for 64-
85 days. This exposure regimen produced blood-Pb2+ 
levels as determined by atomic absorption spectropho-
tometry, of 22.7 µg/dL of blood (Grover et al., 1997). 
Ba2+ (2 mM) currents were recorded from acutely disso-
ciated medial septal/nucleus diagonal band neurons. No 
effect was seen on amplitudes of either peak or sustained 
currents following Pb2+ exposure. However, there was re-
duced current rundown induced by stimulation at 1/6 Hz, 
but not at 1/20 Hz in the Pb2+-exposed group as compared 
to a control group treated with Na-acetate in the drinking 
water. This reduced rundown could be due to impeded 

Ca2+ -dependent inactivation. Interestingly, in these cells 
treated chronically with Pb2+, a subsequent acute Pb2+ 
challenge still produced current inhibition. 

There are two reports of effects of organo-lead com-
pounds on voltage-gated Ca2+ channel function. Gawrisch 
et al. (1997) examined the effects of trimethyl-Pb2+ on 
rat DRG neurons using whole-cell recording techniques. 
Trimethyl-Pb2+ was similarly effective as inorganic Pb2+ 
at blocking Ca2+ channel current; the range of effective 
inhibitory concentrations was 1-5 p,M for -50% inhi-
bition. No voltage dependence was seen, although the in-
hibitory effect was reportedly dependent upon the channel 
being in the open state. Biisselberg et al. (1991a) used two-
microelectrode voltage clamp on Aplysia neurons to study 
the effects of triethyl-Pb2+ . Perfusion with triethyl-Pb2+ 
(5-50 p,M) caused a delayed reduction of current which 
was evident after -2 min of exposure, but then continued 
even during wash with triethyl-Pb2+-free solution. Thus, 
organo-Pb2+ compounds produced inhibitory effects on 
Ca2+ channel function which were not remarkably differ-
ent from those of Pb2+ 

EFFECTS OF Hg2+ AND MeHg ON NATIVE 
Ca2+ CHANNELS 

Perhaps because of the unique nature of its chemical 
structure (monovalent and methylated) there have been a 
number of studies specifically of the effects of MeHg on 
whole-cell currents carried through Ca2+ channels. Simi-
larly, because of chemical differences between MeHg and 
Hg2+, a number of studies have sought to compare the 
Ca2+ channel blocking action of the organomercurial with 
the inorganic divalent form. Results from a number of 
these studies are summarized in Table IV. Salient features 
of these studies include the fact that current inhibition 
by MeHg, and generally Hg2+, is not reversible. More-
over, for MeHg, current inhibition is progressive, although 
as described below, the rate of block is concentration-
dependent. Furthermore, in general, MeHg is quite po-
tent as a blocker of voltage-gated Ca2+ channel function; 
typically block occurs in the range of low p,M concen-
trations, irrespective of the divalent cation charge carrier 
concentration. Moreover, when cells are exposed chroni-
cally to MeHg, extremely low concentrations (10-30 nM) 
appear to be able to impair channel function (Shafer et al., 
2002). 

The first study of effects of MeHg on Ca2+ channel 
currents was meant to follow up on observations made 
using synaptosomal 45Ca flux measurements and radioli-
gand binding studies in both synaptosomes and PC12 cells 
(Shafer et al., 1990; Shafer and Atchison, 1989). MeHg 
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Table W. Inhibitory Effects of Methyl mercury (MeHg) and Hg2+ on Cat}  Channel Currents 

Cell type Hg species [Ba/Ca] 
Channel types 

examined 
Blocking conc. 
of 1-1f2+ /MeHg Reversibility Refs. 

Rat PC12 cell MeHg 10/20 mM Ba "N"/"L"a 0.25-5 AM Irreversible Shafer and Atchison (1991) 
Aplysia Hg2+ 10 mM Ca "inactivating," 20 AM Irreversible Biisselberg et al. (1991a) 

"noninactivating" 
Rat PC12 cell Hg2+ 10 mM Ca L-type 0.3 AM Hg increased ICa na Rossi et al. (1993) 
Rat DRG cells Hg2+ 10 mM Ba N/L channel IC50 = 1.1 AM; T 

channels blocked in 
range of 0.5-2 AM; 

Irreversible Pekel et a/. (1993) 

Rat DRG cells MeHg 10 mM Ba HVA (presumed L-type), 
LVA (presumed T-type) 

IC50 = 2.6 AM Irreversible Leonhardt et al. (1996a,b) 

Rat hippocampal 
pyramidal cell 

Hg2+/MeHg 10 mM Ca HVA (presumed L-type), 
LVA (presumed T-type) 

At 1 AM, T current 
transiently increased 

Irreversible Sziics et al. (1997) 

Rat PC12 cell MeHg 10 mM Ca "N"/"L" 5, 10 AM cause complete block, 
1, 2.5 AM incomplete block 

Irreversible Shafer (1998) 

Rat cerebellar 
granule cell 

MeHg 5 mM Ba N/L/P-Q specific 
blockers used 

0.25, 0.5 AM incomplete 
block, 1 AM complete block 

Irreversible Sirois and Atchison (2000) 

Rat PC12 cell MeHg 10 mM Ca "N"/"L" 30 nM for 24 h, 29% reduction na Shafer et al. (2002) 
HEK 293 cell Hg2±/MeHg 10 mM Ba RecombinantN/R(aia, 011E) Hg2+ IC50 = 2.2 AM = 

N 0.7 AM = R, MeHg ICso = 
Irreversible for MeHg, 
partially reversible 

Hajela et al. (2003) 

1.3 AM = N 1.1 AM = R Hg2+ 
HEK 293 cell MeHg 10 mM Ba RecombinantL (aic) Incomplete block at 5AM Irreversible Peng et al. (2002a) 

a" " indicates that the exact phenotype was not confirmed by pharmacological or molecular biological means. 
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(1-20 AM) rapidly and completely blocked whole-cell 
currents carried by Ba2+ (20 mM) through both N- and 
L-type Ca2+ channels in NGF-differentiated PC12 cells 
(Shafer and Atchison, 1991). These effects occurred in the 
absence of nonspecific effects on leak or capacitive cur-
rents. The rate of onset of current block was concentration-
dependent. At low concentrations of MeHg (1, 2, or 5 
p,M), block progressed with time, but did not either reach 
a steady-state, or achieve maximum level during 5 min of 
exposure. At 5 and 10 AM MeHg, peak and end currents 
were blocked by approximately equivalent amounts-32 
and 26% for peak and end currents respectively, at 5 p,M 
MeHg, and 77 and 70% at 10 AM MeHg. Thus, for these 
cells, there was no obvious difference in sensitivity of inac-
tivating or noninactivating current components. Following 
exposure to MeHg for 2 min, a similar degree of inhibitory 
action occurred both when the channel was activated re-
peatedly and following a period of channel inactivity, in-
dicating that MeHg had access to the channel by means 
other than entry to the open pore. As was noted in previous 
studies with synaptosomes, block by MeHg of Ca2+ chan-
nel function did not depend upon the state of the channel; 
blocking potency was approximately the same whether the 
channel was exposed to MeHg during activity, or at rest. 
Over the range of stimulation frequencies of 0.1, 0.2, and 
0.4 Hz, increasing the rate of stimulation enhanced the rate 
of block of Ba2+ current by MeHg. Furthermore washing 
the preparation with MeHg-free physiological saline did 
not reverse its effect. In this respect the action to MeHg 
differed from those of metals such as Cd2+ and in some 
cases Pb2+, for which blocking effect is generally reversed 
rather readily by washing with metal-free solution (Shafer, 
1998). At 10 AM, MeHg altered the apparent ion selec-
tivity of PC12 cell Ca2+ channel currents. Under these 
conditions the order of potency was Ca2+ > Sr2+ > Ba2+ 
(Shafer and Atchison 1991). 

Since this original report, there have been several 
other studies of effects of MeHg in several types of primary 
cultures including rat DRG (Pekel et al., 1993), hippocam-
pal pyramidal cells (Sziics et al., 1997), and most recently 
in cerebellar granule cells—a primary target of MeHg tox-
icity in vivo (Sirois and Atchison, 2000), as well as further 
studies in PC12 cells (Shafer, 1998; Shafer et al., 2002). 
In primary cultures of hippocampal pyramidal and cere-
bellar granule cells (Sirois and Atchison, 2000), very low 
concentrations (0.25, 0.5 p,M) of MeHg block Ba2+ cur-
rent. Once again, there is clearly a correlation of needing 
higher MeHg concentrations to block function at higher 
charge carrier concentrations, but nevertheless, primary 
cultures do appear to be more sensitive to MeHg than are 
transformed cells. For example, at 1 p,M MeHg and with 
5 mM Ba, current was blocked completely by MeHg in  

granule cells whereas in PC12 cells with 10 mM Ca, 5-10 
p,M MeHg was needed to cause complete block of current. 
Block of Ica  (5 mM) occurred rapidly with 5 p,M MeHg 
(Shafer, 1998). Within 3-4 min of application, block of Ica  
at 1 and 2.5 p,M MeHg was incomplete. In comparison, 
in granule cells, using 5 mM Ba2+ as charge carrier, 0.25 
AM MeHg for —3 min caused about a 15% reduction in 
current amplitude, which continued unabated after MeHg 
was washed out of the bath solution (Sirois and Atchison, 
2000). 

As shown below, there are a number of issues for 
which no clear consensus has been attained in studies with 
MeHg. However, there are several issues on which all stud-
ies seem to agree. First, block of Ca2+ channel function 
by MeHg is irreversible by washing with metal-free so-
lution. In fact, Sirois and Atchison (2000) reported that 
block continued even during the "washout" phase. Fur-
thermore, in PC12 cells (Shafer, 1998) block of current 
by MeHg could not even be reversed using the chelator 
d-penicillamine, and current block was only partially re-
versible (-2/3 reversible) by the chelator DMPS. Second, 
block of Ca2+ channel current is generally progressive 
with MeHg, proceeding evidently to complete block, if 
the recording can be held long enough. This response is 
similar to what was originally observed at the mammalian 
neuromuscular junction (Atchison and Narahashi, 1982). 

As was the case for Pb2+, subtype-specific actions of 
MeHg (and Hg2+) have not been extensively characterized 
in native currents. Sziics et al. (1997) reported that high-
voltage-activated currents were less sensitive to MeHg 
(block at 5 and 10 p,M) while low-voltage-activated cur-
rents were markedly reduced by 2 p,M MeHg. Leonhardt 
et al. (1996a,b) examined the effects of MeHg on DRG 
cells and reported an IC50  of —2.6 AM in the presence 
of 10 mM Ba2+ for both high-voltage- and low-voltage 
activated-currents. In the only study in which pharma-
cological interactions between identified pharmacologi-
cal components of IBa  and block by MeHg was examined 
(Sirois and Atchison, 2000), none of the toxins tested (w-
agatoxin IV A, w-conotoxin GVIA, w-conotoxin MVIIC, 
and calcicludine), nor nimodipine was able to prevent 
block of IBa  by 0.5 ,uM MeHg. Thus apparently MeHg 
can block Ca2+ channel current through all the major sub-
types of high-voltage-activated channels (L-, N-, P/Q-, 
and R-type), and can do so by actions at sites other than 
those occupied by these ligands. Further, when only a par-
tial degree of block was produced by MeHg, and then 
w-conotoxin MVIIC was applied, an immediate further 
block of current occurred. Thus again the sites of action 
of these toxins were apparently not occluded by MeHg. 

As a result, as with Pb2+ it is not possible on the 
basis of studies of native currents to ascertain whether or 
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not certain subtypes of Ca2+ channels are more or less 
sensitive to MeHg. Once again, this issue will need to 
be resolved definitively through studies of recombinant, 
expressed channels (see below). 

Another issue about which results are contradictory is 
the voltage dependence of effect of MeHg. No voltage de-
pendence of block was seen in granule cells and no change 
occurred in the current-voltage relationship (Sirois and 
Atchison, 2000). Upon intracellular application of MeHg 
to PC12 cells, MeHg still blocked current with approxi-
mately the same potency, however there was no obvious 
effect on the current-voltage relationship either (Shafer, 
1998). However Leonhardt et al. (1996a,b) reported that 
for rat DRG neurons, the potential at which maximal cur-
rent was elicited was shifted in the depolarizing direction 
in a concentration-dependent manner by MeHg. 

Use dependence was seen for MeHg in granule cells, 
but only at the lowest concentrations (Sirois and Atchison, 
2000). At 1 auM, channel block appeared to be less specific, 
and no use-dependence was noted. Sziics et al. (1997) 
noted no use-dependence for MeHg in hippocampal pyra-
midal cells, using 10 mM Ca2+ as charge carrier, but the 
concentration of MeHg that they used for this experiment 
was not given. However, given that 1µM MeHg appeared 
to be the lowest concentration that they tested, it is not 
surprising that they may not have seen use dependence. 

In the lone published study of effects of chronic expo-
sure to MeHg on Ca channel function, Shafer et al. (2002) 
found that very low concentrations of MeHg (30 nM) re-
duced the amplitude of Ca2+ currents 24 h after expo-
sure in NGF-differentiated PC12 cells. In the same ex-
perimental paradigm, the N-type Ca2+ channel antagonist 
w-conotoxin GVIA (500 pM) did not affect current am-
plitude. Exposure of PC12 cells during NGF-induced dif-
ferentiation to MeHg for 6 days at 3, 10, or 30 nM caused 
a concentration-dependent reduction of Ca2+ currents in 
comparison to control cells. At 30 nM MeHg overt cyto-
toxicity occurred during the 6 days at exposure, however 
neither 10 nor 3 nM MeHg caused significant cytotoxic-
ity. While at 3 nM MeHg no effect was evident, at 10 nM 
current amplitude was reduced significantly across most 
of the test potential range (-10 to +40 mV). Both the 
inactivating and noninactivating components of current 
in these differentiating PC12 cells were reduced equally 
(-40%) by MeHg. No obvious effects of MeHg were seen 
on the current-voltage relationship. With the short-term 
treatment paradigm the action of MeHg on Ca2+ channels 
appeared to be selective, as the Na+ current amplitude was 
not affected following 24 h of MeHg treatment, but was 
affected after 6 days. Treatment for 6 days with MeHg did 
not reduce either the number of radiolabeled w-conotoxin 
GVIA or saxitoxin binding sites. Thus the reduction in  

whole-cell current amplitude was presumably not due to 
reduced expression of voltage-gated Ca2+ channels. This 
was a very important study, in that it demonstrated conclu-
sively that longer exposure paradigms at quite low, and en-
vironmentally relevant concentrations of MeHg can affect 
Ca2+ channel function. 

Overall, the effects of MeHg Ca2+ channel func-
tion have been somewhat perplexing. Whereas single cell 
recordings of Ca2±/Ba2+ currents in response to acute ap-
plication of MeHg are obviously readily blocked, indirect 
measures of Ca2+ channel function in identical systems 
suggest that at later times of exposure Ca2+ channel func-
tion may even be facilitated by MeHg. This was shown by 
studies in isolated cerebellar granular neurons (Marty and 
Atchison, 1997) in culture and NG108-15 neuroblastoma 
cells (Hare and Atchison, 1995) in which during fura-2 
recordings of increased fluorescence produced by MeHg, 
several types of Ca2+ channel blockers including nifedip-
ine, co-conotoxin GVIA, and Ni2+ were able to slow or 
abolish part of the MeHg-induced increase in fora-2 fluo-
rescence, suggesting that activation of Ca2+ channels may 
occur at later times in exposure to MeHg. Furthermore, this 
aspect evidently contributes to cytotoxicity with MeHg, 
because Sakamoto et al. (1996) found that treatment of 
rats with Ca2+ channel blockers reduced toxicity produced 
by MeHg. On the basis of the study of Shafer et al. (2002) 
it appears as if at least for PC12 cells that longer term ex-
posure to MeHg does not increase Ca2+ channel current as 
longer term exposure to Pb2+ does (Audesirk, 1987; Hegg 
and Miletic, 1997). Thus, as detailed below, the data from 
fora-2 studies may reflect more the entry of MeHg into 
the cell by Ca2+ channels than a direct stimulatory action 
of the metal on the channels. However, this will require 
studies directed specifically at addressing this question. 

Although inorganic mercury (Hg2+) is not the envi-
ronmental concern that MeHg is, it is still neurotoxic, and 
causes its own spectrum of neurotoxicity. Moreover, it has 
frequently been used in comparison to organomercurials 
such as MeHg, hence there are several studies which ex-
amine the effects of Hg2+ on voltage-gated Ca2+ channel 
function. These studies have generally been rather descrip-
tive, but have pointed up some interesting differences in 
action on the channel between the organomercurial and 
Hg2+. 

Low /AM concentrations of Hg2+ irreversibly reduce 
whole-cell Ca2+ currents in both the abdominal ganglia 
neurons of Aplysia and primary cultures of rat dorsal root 
ganglion (DRG) neurons (Pekel et al., 1993). The blocking 
action of Hg2+ in these two preparations differs in several 
regards. In DRG neurons Hg2+ blocks currents carried 
through presumed T-, L-, and N-type Ca2+ channels in 
the concentration range of 0.5-2 04, while in Aplysia 
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neurons, Ca2+ currents are only blocked at much higher 
concentrations of Hg2+ > 20 µM. In DRG neurons, the 
current-voltage relationship was altered by Hg2+; the volt-
age at which maximum current was elicited was shifted 
to more positive membrane potentials. Block of current 
by Hg2+ in DRG neurons was rapid in onset. In contrast, 
in Aplysia neurons, block of current with inorganic Hg2+ 
was much slower, and never reached steady-state value 
over a perfusion period of 13 mM. Leak current amplitude 
was increased in DRG neurons at Hg2+ concentrations 
>2 p,M. Conversely in Aplysia neurons leak current was 
not affected even at 50 /../IVI Hg2+. However studies in the 
Aplysia neurons were conducted in situ, whereas those us-
ing DRG cells occurred in primary culture. Thus some of 
the concentration-dependent differences may reflect up-
take of Hg2+ by other tissue. Furthermore, the Aplysia 
preparations were bathed in an artificial seawater which 
contained approximately 3 x the chloride concentration as 
did the solution in which DRG cells were studied. Thus the 
comparatively much higher chloride concentration might 
have affected the speciation of mercury in the studies. 
This makes it difficult to compare results across the two 
preparations. 

In bovine chromaffin cells Hg2+ blocked Ca2+ chan-
nel current with an IC50  value of approximately 3µM and 
hillslope of 1.46 (Weinsberg et al., 1995). At 100 pi,M, 
Hg2+ blocked current completely; Cd2+ had the same ef-
fect at that concentration. 

Sziics et al. (1997) compared the effects of Hg2+ and 
MeHg on hippocampal pyramidal neurons in culture. Pre-
sumed L-type Ca2+ channels were inhibited irreversibly 
by both Hg2+ and MeHg. Currents were again separated 
in the cells by altering the holding potential; no pharmaco-
logical means was used to separate or identify these cur-
rents. No evidence of use dependence was seen for MeHg 
in the cells, however the effect of Hg2+ was partially use-
dependent. The time to peak current was slowed some-
what by Hg2+. Interestingly, low-voltage-activated Ca2+ 
currents were transiently increased in amplitude by Hg2+. 

At 1 p.M current amplitude was potentiated for >250 s 
whereas at 5 ptIs.4 current amplitude was potentiated for 
much shorter period of time. 

One particularly interesting study which correlates 
well with the effects of Hg2+ at the neuromuscular junc-
tion is that of Rossi et al. (1993). In this study nM concen-
trations of Hg2+ increased the amplitude of Ca2+ currents 
in PC12 cells. Increased current amplitude occurred at 
300 nM Hg2+ and at every step potential between —60 
and +50 mV when elicited from a holding potential of 
—70 mV. The enhanced Ca2+ current in response to Hg2+ 
was reduced by application of verapamil (10 µ,M). Shift-
ing the holding potential of electrophysiological studies  

from —70 to —50 mV did not significantly alter the ef-
fect of Hg2+. Thus the increasing Ca2+ current observed 
following acute application of Hg2+ was due primarily 
to activation of high-voltage-activated Ca2+ channels, in 
this model predominantly L-type. At the same concen-
tration of Hg2+ increases in intracellular Ca2+ due to 
bradykinin or ATP (i.e., agonist-mediated Ca2+ responses) 
were not potentiated, and in fact were inhibited. Thus 
this effect was apparently specific for voltage-gated Ca2+ 
channels. 

To summarize, effects of Hg2+ on Ca2+ channel 
function appear to vary rather distinctly from those of 
MeHg, and in fact to resemble much more the effects 
of Pb2+ aside from the clear problems of reversibility. 
Moreover, there appear to be some potentially interest-
ing effects of low concentrations of Hg2+ to stimulate 
Ca2+ channel function. Perhaps, like Pb2+, this reflects 
intracellular actions to prevent normal Ca2+-induced in-
activation. Thus this issue too clearly merits a closer 
examination. 

EFFECTS OF ENVIRONMENTAL TOXICANTS 
ON RECOMBINANT Ca2+ CHANNEL CURRENTS 

One area in which toxicologically oriented studies 
have lagged behind the biophysics and physiology is in 
the use of recombinant channels. Through use of cloned 
channels of known phenotype, expressed heterologously 
in a system in which contributions from contaminating 
types of current are minimized, the ability of a metal to 
interact with the channel can be examined most unam-
biguously. 

At present there are only two published reports 
(Bernal et al., 1997; Peng et al., 2002b) dealing with ef-
fects of Pb2+ on recombinant, heterologously expressed 
channels. One deals principally with L-type cardiac-type 
Ca2+ channels and the other compares three phenotypes 
of human neuronal Ca2+ channels. 

In the first published report of effects of environ-
mental metals on current carried through recombinant 
Ca2+ channels, Bernal et al. (1997) reported that Pb2+ 
caused a concentration-dependent reduction in amplitude 
of cloned L-type Ca2+ channels from rabbit heart sta-
bly expressed in the HEK 293 cell line. When only the 
aic subunit was expressed, and 10 mM Ba2+ was used 
as charge carrier, concentrations as low as 30 nM Pb2+ 
caused significant reduction in current amplitude. Subse-
quently several combinations of the cRNA for the aic 
subunit in combination with several types of # and/or 
a28/fi subunits were used. The resulting control current 
amplitude varied widely, however Pb2+ appeared to block 
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these currents with equivalent potency. An IC50  for the 
pooled results was 152 ± 87 nM. Native L-type cur-
rents from ventricular myocytes were similarly blocked 
by Pb2+. Current produced by coexpression of aic and /32 
subunit in Xenopus laevis oocytes in the presence of 10 
mM Ba2+ was somewhat less sensitive to block by Pb2+; 
an apparent IC50  for Pb2+-induced antagonism was ap-
proximately 1 µM. Bernal et al. found that Pb2+-induced 
inhibition was not completely reversible by washing with 
Pb2+-free solutions. The extent of irreversibility of Pb2+ 
was concentration-dependent. To induce complete rever-
sal of Pb2+-induced block, Bernal et al. needed to apply 
a chelator such as EDTA, DMPS, or DMSA, all of which 
are commonly used to chelate Pb2+ clinically, to remove 
the Pb2+-induced blocking effect. 

In contrast, our recently published study (Peng et al., 
2002b) compared how specific subtypes of neuronal high-
voltage-activated Ca2+ channels were affected by acute 
exposure to Pb2+. Expression cDNA clones of human otic, 
am, or aiE subunit genes encoding for neuronal L-, N-, 
and R-subtypes of Ca2+ channels respectively were trans-
fected into HEK293 cells along with a constant a28 and 
/33  subunit. Currents through the respective transiently ex-
pressed channels were measured using 20 mM Ba2+ as 
charge carrier. As expected, Pb2+ significantly reduced 
current amplitude through all three types of Ca2+ chan-
nels in a concentration-dependent manner, however, there 
was a clear difference in sensitivity among the three chan-
nel phenotypes. The order of potency was as follows: aiE 
(IC50  = 0.10 µM), followed by aic  (IC50  = 0.38 µM) and 
am  (IC50  = 1.31 µM). This mirrors to some extent the 
results of Audesirk and Audesirk (1993) in El 8 rat hip-
pocampal pyramids, in which presumed L-type channels 
were more susceptible to Pb2+ than were N-type channels. 
For all three phenotypes of recombinant channels, Pb2+ - 
induced inhibition was reversible to some extent, however 
block of current through otic-and am-containing Ca2+ 
channels was more readily reversed after washing with 
Pb2+-free solution than were am-containing Ca2+ chan-
nels. While current-voltage relationships were not altered 
after 3-min exposure to Pb2+ for any of the three types, 
the steady-state inactivation relationships were shifted to 
more negative potentials for aiB - and aiE -, but not ai c - 
subunit containing channels. Pb2+ accelerated the inacti-
vation time of current in all three subtypes of Ca2+ chan-
nels in a concentration- and voltage-dependent manner. 
Furthermore, results suggested that Pb2+ was more likely 
to combine with Ca2+ channels in the closed state. There-
fore, there do appear to be differences in susceptibility 
to Pb2+ among subtypes of Ca2+ channels even when 
they are expressed in the same cell type. Surprisingly aiE - 
containing channels are more sensitive to Pb2+ than are  

ai c- or am-containing channels. Moreover all three of 
these Ca2+ channel phenotypes exhibited high sensitivity 
to the inhibitory action of Pb2+. 

We have recently also examined and compared the 
actions of MeHg with Hg2+ on recombinant Ca2+ chan-
nels expressed transiently in the HEK293 cell system 
(Hajela et al., 2003; Peng et al., 2002a). Transient ex-
pression of human neuronal cDNA clones of the al c 
Ca2+ channel subunit in combination with a28 the fl3a 
Ca2+ channel subunits was used to examine the actions of 
MeHg on a single, defined phenotype (neuronal L-type) of 
voltage-gated Ca2+ channels (Peng et al., 2002a). MeHg 
caused a concentration-dependent (0.125-5.0 µM) and 
time-dependent reduction in the current; onset of block 
was hastened by increasing the concentration. Surpris-
ingly, block was not complete even at 5 µM MeHg, 
despite the fact that inhibition had reached a plateau 
level; approximately 20-25% of the current remained. 
The dihydropyridine-type L-type Ca2+ channel antago-
nist nimodipine could cause complete block of current 
on its own, and could block the residual component of 
current which remained in the presence of 5 µM MeHg. 
Furthermore in the presence of MeHg the L-type dihy-
dropyridine agonist Bay K 8644 caused an enhancement of 
current amplitude. As has been shown in every other sys-
tem tested, the inhibitory action of MeHg on recombinant 
L-type channels was not reversed by washing with MeHg-
free solution (Peng et al., 2002b). We also compared the 
effects of Hg2+ and MeHg on recombinant human neu-
ronal N- and R-type Ca2+ channels again transiently ex-
pressed in HEK293 cells (Hajela et al., 2003). Whereas 
MeHg was unable to block oti c -mediated current com-
pletely, it did cause a concentration-dependent (0.125-
5.0 µM), and time-dependent block of current carried by 
aiB- (N-type) and ceiE - (R-type) containing recombinant 
channels which was complete at the higher concentra-
tions of MeHg. Inhibitory effects of MeHg were again 
irreversible following washing with MeHg-free solutions 
(Hajela et al., 2003). MeHg was approximately equally 
effective at blocking current through N- and R-type re-
combinant channels; the apparent IC50  values taken after 
2 min of exposure to MeHg were 1.3 and 1.1 /2,M re-
spectively. In contrast, inorganic Hg2+ exerted somewhat 
differential sensitivity for N- and R-type channels. The 
IC50  values for Hg2+ were 2.2 and 0.7 µM respectively. 
Like MeHg, Hg2+ blocked both types of current com-
pletely. However inhibitory effects of Hg2+ on N-type but 
not R-type current were reversed in part by washing the 
cells with Hg2+-free physiological saline solution. Thus 
once again, differences in sensitivity among channel sub-
types seem to exist at least for Hg2+. Clearly more in-
depth studies using cloned channels are warranted, and 
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the interaction of MeHg with DHP-type Ca2+ channel 
blockers appears potentially to be quite interesting. 

EFFECTS OF SOME OTHER ENVIRONMENTAL 
CHEMICALS ON Ca2+ CHANNEL FUNCTION 

Solvents 

Tillar et al. (2002) demonstrated that the volatile or-
ganic solvent toluene was able to induce a reversible block 
of Ca2+ current in PC12 cells. However in some cases 
toluene potentiated Ca2+ current, most notably at test po-
tentials near the threshold for current activation in the cells. 
The current expressed in differentiated PC12 cells was 
found to be more sensitive to toluene than that in undiffer-
entiated PC12 cells. The amplitude of current remaining 
at the end of the voltage pulse was inhibited to a greater 
extent than was the peak current amplitude, suggesting 
either that toluene enhanced the inactivation process, or 
perhaps preferentially interacted with rapidly inactivating 
components of current in the cells. The solvent trichloro-
ethane (TCE) was similarly able to alter Ca2+ current 
amplitude. 

Okuda et al. (2001) specifically examined the effects 
of TCE on rat DRG neurons in culture. TCE caused a 
reversible inhibition of current through both low-voltage-
activated and high-voltage-activated Ca2+ channels. The 
IC50  values 5.76 and 3.99 x 10 mM, respectively. The Hill 
coefficients of the low-voltage-activated and high-voltage-
activated Ca2+ channels were 0.61 and 1.04, respectively. 
The high-voltage-activated Ca2+ currents inactivated at 
more negative potentials in the presence of TCE. 

Polychlorinated Biphenyls (PCBs) 

Arachlor 1254, a commercial mix of a number of 
PCBs induces recurring Ca2+ oscillations in neocortical 
neurons in culture. These effects were blocked by nifedip-
ine (1 µM) or removal of extracellular Ca2+, indicating 
a role of L-type Ca2+ channels. However these responses 
were also blocked by TTX, suggesting that they resulted 
from synaptic activity among the cells in culture, rather 
than from a direct effect of the PCBs on L-type Ca2+ chan-
nels (Inglefeld and Shafer, 2000). 

Tetrandrine 

The alkaloid tetrandrine, a bis-benzyl-isoquinoline 
derivative from the plant Stefania Tetranda, blocked 

Ca2+ currents in neurons of spinal cord of fetal mice 
(Bickmeyer and Wiegand, 1993). The IC50  value for this 
was 8 µM. The slowly inactivating components of high-
voltage-activated current was affected more readily by 
tetrandrine than was the low-voltage-activated compo-
nent. Rubio et al. (1993) examined the mechanism of 
action of tetrandrine on Ca2+ currents of single bullfrog 
cardiac cells. Low concentrations (10 nM to 1 µM) of 
tetrandrine slightly increased current amplitude through 
L-type Ca2+ channels elicited from a holding potential 
of —100 mV; at higher concentrations, tetrandrine inhib-
ited current. When the holding potential was —50 mV in-
hibition was enhanced. Tetrandrine-induced block of the 
L-type Ca2+ channels was primarily tonic, although use-
dependent effects of tetrandrine were evident at high rates 
of stimulation. 

ION PERMEABILITY IN Ca2+ CHANNELS—A 
POTENTIAL TARGET FOR HEAVY METALS 

Among the areas in which nonphysiological metals 
have contributed perhaps most significantly to our under-
standing of Ca2+ channel function is in their use to ex-
amine ion permeability. Most voltage-gated ion channels 
possess the ability to discriminate for or against move-
ment of certain ions through the channel. This property 
is extremely important for some types of ion channels, 
and less so for others. It is dependent upon a number of 
variables including the radius of the pore at the so-called 
"selectivity filter," the nature of the ionic charges within 
the pore, as well as those in the intracellular and extra-
cellular "vestibules" of the channel. Some channel types 
are such as voltage-gated Ca2+ channels are highly dis-
criminating for a particular ion while other channel types 
such as the nicotinic-acetylcholine-receptor- (nAChR) ac-
tivated channel are more promiscuous. However, not even 
the most discriminating channel type is permeable exclu-
sively to only a single type of ion, although as in the case 
of the potassium channel, which is permeable to ions such 
as Rb+, these ions may not be physiologically relevant. 
Moreover, as is the case for monovalent cation perme-
ation of the voltage-gated Ca2+ channel, it may only oc-
cur under artificial conditions, and thus have no normal 
physiological relevance. Nonetheless, these differences in 
permeability of an ion channel to "foreign" ions have been 
extremely useful in elucidating biophysical characteristics 
of the channel and its pore. This is particularly germane 
to the Ca2+ channel field, where the "atypical" and "non-
physiological" cations Ba2+ and Sr2+ have both been used 
to characterize function of the channel. Moreover, insofar 
as these ions have different permeabilities, they can be 
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used to differentiate among different subtypes of Ca2+ 
channels (Tsien et al., 1988). 

The mechanism by which an ion channel can dis-
criminate between ions and subsequently select those ions 
which pass through the channel is of critical importance 
for our discussion of actions of toxic metals on Ca2+ 
channels. As discussed below, data suggest that the in-
trinsic pore of the Ca2+ channel contains one or two 
distinct binding sites for Ca2+. On a simplistic basis, 
Ca2+ can be thought to move through the open chan-
nel in what amounts to a billiard ball type of fashion 
with binding and subsequent displacement of a Ca2+ 
ion from a binding site possibly to another and pass-
ing ultimately into the intracellular space. The extracel-
lular concentration gradient driving force for Ca2+ is 
huge- on the order of 20,000:1. Hence, when the chan-
nels open, Ca2+ normally moves through it very expe-
ditiously. Naylor (1988) has estimated a rate of influx 
to be in excess of 1 million Ca2+ ions per second per 
channel protein. This rapid throughput rate, in turn, im-
plies that binding of Ca2+ within the pore is readily 
reversible. 

Nonphysiological cations can also enter cells through 
Ca2+ channels by virtue of their similarity to Ca2+ in 
chemical structure, hydrated radius, and electron orbital 
configuration (see Table II). However, this is not the only 
problem that voltage-gated Ca2+ channels must deal with. 
Ca2+ channels must also discriminate between mono-
valent and divalent cations, despite the fact that Na+ 
and K+ predominate on either side of the membrane. 
Consequently the Ca2+ channel selectivity filter must be 
equipped to select Ca2+ or other divalent cations with very 
high affinity. This implies that some sort of distinct chem-
ical binding reaction takes place in the channel pore to 
discriminate divalent from monovalent cations. However 
as noted above the downside to this is that if the binding 
affinity for Ca2+ is too high, its "off-rate" will be slow and 
ion throughput from the channel will be impaired. Thus the 
Ca2+ channel pore must maintain a delicate "balance" be-
tween high-affinity discriminatory interactions and main-
taining rapid ion conductance. 

There is evidence that the internal membrane pore of 
the Ca2+ channel contains just such a feature. The structure 
of the Ca2+ channel has been described in excellent de-
tail elsewhere in this series of reviews. The reader should 
refer to those reviews as well as the original papers for 
details on the structure. We will however consider this 
problem briefly here. As shown in Fig. 1, each of the four 
homologous pore-forming segments of the Ca2+ channel 
oti subunit consists of a region between segments S5 and 
S6 which contains an amino acid sequence with glutamate 
residues. These glutamate residues are highly conserved. 

This region appears to be a pore-lining region and the 
carboxylic acid moieties on the glutamate residues are 
thought to be critical for binding Ca2+ ions and other di-
valent cations (Babinski et al., 1997; Ellinor et al., 1995; 
Mikala et al., 1993; Parent and Gopalakrishnan, 1995; 
Tang et al., 1993; Yang et al., 1993; Yatani et al., 1994). By 
providing a strategically located series of negative charges 
which set up a range of negativity to which Ca2+ ions are 
attracted, these residues are generally considered to con-
tribute to the high-affinity interactions of the channel with 
Ca2+. 

While there is yet no consensus on the exact num-
ber of binding sites, or the relative importance of indi-
vidual glutamate residues to ion permeation, there is gen-
eral agreement among the relevant studies that the four 
residues do not contribute equally to divalent cation bind-
ing (Kim et al., 1993; Tang et al. 1993; Yang et al., 1993). 
Several models have been put forth to explain how Ca2+ 
channel selectivity and ion permeation occurs. In one 
model (Almers and McCleskey, 1984; Hess and Tsien, 
1984) a high-affinity binding site for Ca2+ is located at 
each end of the channel pore. In this model Ca2+ selectiv-
ity resulted from higher affinity of Ca2+ binding to these 
sites as compared to other ions. The rapid flux of Ca2+ 
associated with the Ca2+ channel was attributed to elec-
trostatic ion—ion interactions. Another model (Armstrong 
and Neyton, 1991) is predicated on the pore having a 
single site to which a single Ca2+ ion combined with 
high affinity. Tsien et al. (1987) hypothesized the pres-
ence of two high-affinity Ca2+-binding sites with EC50  of 
approximately 1 auM located in the middle of the pore. 
Increasing the extracellular Ca2+ concentration from ptIsA 
to the mM range induced electrostatic repulsion between 
the Ca2+ ions forcing them to move through the pore with 
a high throughput rate (Tsien et al., 1987). The alternative 
model—the one-site model—hypothesized the presence 
of a single high-affinity binding site which was negatively 
charged and continuously occupied under normal physio-
logical conditions (Armstrong and Nayton, 1991). In this 
model, permeation resulted from cationic ion exchange at 
the site. The Ca2+ -binding sites could alternate between 
single and double occupancy, with the rate limiting step 
being the departure of the ion from the doubly occupied 
site. However no model has adequately explained all of 
the observations; thus more recent studies have been di-
rected at trying to understand permeation characteristics 
using mutants of the normal glutamate residues found at 
the sites. 

An elegant series of studies from several different 
labs (Ellinor et al., 1995; Parent and Gopalakrishnan, 
1995) have involved site-directed mutagenesis against the 
four glutamate residues, with subsequent heterologous 
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Fig. 1. A schematic representation of cation permeation through the pore-forming ai subunit of the Ca2+ 
channel. The four sets of grey cylinders represent the six transmembrane segments of each of the four domains 
of the ai subunit. Solid lines represent the extra- and intracellular connection regions. Both the amino- and 
carboxy-terminals are intracellular. The four extracellular connecting regions between segments 5 and 6 are 
believed to be the pore-forming assembly. A set of two glutamate residues in each of these four segments line 
the pore and selectivity filter. The carboxylate groups of the glutamates are believed to interact with divalent 
cations at higher affinity than monovalent cations. Both the glutamates in each segment are believed to bind 
the Ca2+ ions. Displacement of an already bound Ca2+ by another incoming Ca2+ ion is thought to move it 
inward perhaps binding to another pair of glutamates, although the exact mechanism and models describing 
this are still unresolved. Part 1 of figure shows an initial Ca2+ bound and part 2 shows its displacement and 
subsequent movement by an additional Ca2±. 
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transfection of the cloned and mutated channel. These 
studies were all conducted using L-type Ca2+ channels, 
although a more recent study has examined N-type Ca2+ 
channel permeation as well (Wakamori et al., 1998). 
Ellinor et al. (1995) constructed quadruple mutants in 
which the glutamate residues in all four membrane re-
peats were substituted with either glutamine or alanine. 
cRNAs encoding for these mutant channels were ex-
pressed heterologously in Xenopus oocytes. The interac-
tion of Ca2+ with these quadruple mutant channels was 
assessed by comparing the ability of low concentrations 
of Ca2+ to block current carried through these channels 
by Li+ (Lansman et al., 1986; Tang et al., 1993). This 
monovalent cation inward current is normally blocked 
by extremely low concentrations of Ca2+ (Almers and 
McCleskey, 1984; Hess and Tsien, 1984; Lux et al., 1990). 
However in quadruple mutants of both the glutamine and 
alanine phenotypes, the potency of Ca2+ as an antago-
nist of Li+-mediated current was reduced dramatically. 
Whereas the IC50  for Ca2+ in wild-type cells was slightly 
less than 1 p,M, in the mutants IC50  values were in the 
range of 1 mM. Thus the apparent affinity of Ca2+ for 
these residues was reduced more than 1000x by replace-
ment of the glutamate residues. 

Cd2+ apparently interacts like Ca2+ with binding de-
terminants within the Ca2+ channel pore (Tsien et al., 
1987), although apparently with stricter requirements than 
for Ca2+ itself (Lippard and Berg, 1994). Cd2+-induced 
block of Lit-mediated current through the quadruple 
mutants was examined; IC50  values were reduced from 
1.4 nM in the wild type (Yang et al., 1993) to approx-
imately 10 p,M for glutamine and 250 µM for alanine 
mutants (Ellinor et al., 1995). Similarly when pairs of glu-
tamate residues were mutated simultaneously using ala-
nine as a substitute, the potency of Ca2+-mediated block 
of Li+-mediated current was again reduced dramatically 
from the wild type. When the glutamate residues were al-
tered individually, the interaction of the channel with Ca2+ 
was reduced, but not in a consistent fashion. Thus there 
was asymmetry in the interaction of Ca2+ with the various 
glutamate residues. 

Another question tested in the paper by Ellinor et al. 
(1995) was whether the carboxylic acid groups on the glu-
tamate residues were involved in direct interaction with 
divalent cations by means of specific binding, or whether 
they simply provided electrostatic interactions. Substitu-
tion of glutamate to aspartate, which is also negatively 
charged, reduced dramatically the potency of Cd2+ as a 
blocking ion for each of the four glutamate sites. 

In the study of Parent and Gopalakrishnan (1995), 
mutational analysis of the glutamate residue in transmem-
brane repeat 3 also showed that the presence of a nega- 

tive charge was critical in maintaining affinity for Ca2+. 
Substitution of glutamate with a positively charged ly-
sine also caused a marked decrease in affinity of Ca2+. 
However in their study substitution of aspartate residues 
for glutamate residues produced equivalent results sug-
gesting that the carboxylic acid groups were critical for 
high-affinity Ca2+ binding. Their results also suggest that 
the glutamates located at positions 1145 and 1446 on 
the L-type Ca2+ channel (oti  c) were critical in main-
taining divalent as opposed to monovalent ion selectiv-
ity within the pore. Parent and Gopalakrishnan (1995) 
suggested that these residues contributed to two high-
affinity divalent cation binding sites near the external 
vestibule as suggested in an earlier model (Kuo and Hess, 
1993 a,b). 

Ca2+ CHANNELS AS ROUTES OF ENTRY OF 
TOXIC METALS INTO CELLS 

Irrespective of the precise model by which perme-
ation selectivity occurs, it is clear that the Ca2+ channel 
has structural features that it will permit it to pass other 
cations in lieu of Ca2+. The extremely high affinity of 
Cd2+ for this channel suggests that other metals may sim-
ilarly exert pronounced effects on permeation through the 
channel, as well as use the channel for their own pur-
poses. The presence of critical carboxylic acid residues 
may be especially important for interactions with met-
als such as Pb2+ and Hg2+, both of which have high 
affinity for these types of groups. The concept that even 
when ion channels are highly specific for an individual 
ion they are not exclusively permeated by that ion also 
extends to nonphysiological metals of toxicological inter-
est. Ca2+ channels are considered to be a route of entry 
into cells for many heavy metals including Cd2+ (Hinkle 
et al., 1987; Taylor 1988), Pb2+ (Cooper and Manalis, 
1983; Simons and Pocock, 1987; Tomsig and Suszkiw, 
1991), Hg2+ (Miyamoto, 1983), MeHg (Atchison, 1987), 
and Zn2+ (Winegar and Lansman, 1990). 

This concept has been demonstrated in several ways. 
The first of these, as mentioned above, relates to metal-
induced increases in MEPP frequency. Because MEPP 
frequency does not depend so much on the extracellular 
Ca2+ concentration as on the intracellular concentration, 
the ability of a metal to increase MEPP frequency has 
been taken as an index of an intracellular effect, a "bioas-
say" as it were, to examine the ability of an ion to traverse 
the membrane and subsequently elevate [Ca2+]i  following 
entry of the metal into the cell. For example, at the frog 
neuromuscular junction, tetrodotoxin (TTX) and Co2+ 
prevent the Hg2+ -induced increases in MEPP frequency 
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when used together, but not when used alone (Miyamoto, 
1983). The ability of Co2+ and TTX to prevent this ac-
tion of Hg2+ was taken as evidence that Hg2+ could pass 
through the membrane via these types of channels. Con-
versely the MeHg-induced increase in MEPP frequency 
was not blocked by this combination of treatments, sug-
gesting that while inorganic Hg2+ can pass through Na+ 
and Ca2+ channels, that MeHg can also enter the cell by 
routes other than those blocked by Na+ and Ca2+ channel 
blockers. Along these same lines, Atchison (1987) demon-
strated that activation of Na+ and Ca2+ channels in the 
absence of Ca2+ and presence of an impermeant organic 
monovalent cation could facilitate the increase in MEPP 
frequency induced by MeHg. This again suggested that 
the metal gained access to the intracellular compartment 
at least in part by means of entry through voltage-gated 
ion channels. 

Another means of demonstrating entry of metals 
into the cell by means of Ca2+ channels has involved 
measures of cell fluorescence using fluorophores such 
as fura-2 (Tomsig and Suszkiw, 1991). For example, in 
fura-2 loaded rat cerebellar granule cells, extracellular 
Pb2+ (5-50 p.M) induced an increase in fluorescence ra-
tio in the absence of any specific stimulus. This effect 
was concentration-dependent, but was not affected by 
mM concentrations of Ca2+ or Mg2±. It was, however, 
reversed by the membrane permeate heavy-metal chela-
tor TPEN (100 µ,M) indicating that it resulted from in-
flux of Pb2+. The rate of rise was increased dramatically 
by depolarization with high KC1 concentrations. This lat-
ter effect was not antagonized by nimodipine nor was it 
enhanced by BayK8644. However w-agatoxin IVA (200 
nM) reduced the onset of this effect (Mazzolini et al., 
2001). 

An interesting technique for demonstrating the role 
of Ca2+ channels in permeation of toxic metals was re-
ported by Hinkle and Osborne (1994) and made use of the 
subclone of the rat PC12 cell line—PC18 cells (Tank et al., 
1986) which lack voltage-gated Ca2+ channels. In these 
cells, Cd2+ -induced changes in fora-2 fluorescence were 
not affected by L-type Ca2+ channel blockers, whereas in 
normal PC12 cells, they were. 

RELATIONSHIP BETWEEN EFFECTS OF 
METALS ON Ca2+ CHANNELS AND THEIR 
NEUROTOXICITY 

What role does Ca2+ channel block play in cell tox-
icity of heavy metals? In general, studies of the effects of 
polyvalent heavy metals on Ca2+ channel function have 
been more valuable in providing information about the  

structure and function of the channel protein itself, than 
they have at providing information about relevant neu-
rotoxicology. Clearly Ca2+ channels provide a route for 
entry into cells of environmentally relevant metals such 
as Pb2+, and MeHg. Also, entry of the metal into the 
cell and subsequent cytotoxicity can be delayed by use 
of Ca2+ channel blockers in vitro (Marty and Atchison, 
1997) and in vivo (Sakamoto et al., 1996). Thus at a mini-
mum, Ca2+ channels contribute to the early stages of toxic 
metal accumulation. However, an objective assessment of 
the comparative importance of altered Ca2+ channel func-
tion to relevant neurotoxicity is harder to make. As noted 
by Audesirk (1993) there is little information available 
about the minimal concentrations of a metal that cause 
significant inhibition of current through various types of 
Ca2+ channels. The concentrations used in many studies 
far exceed those that occur typically during environmen-
tal exposure. However differential sensitivity of different 
types of Ca2+ channels does occur to the same metal, so 
while some types of Ca2+ channel function may not be 
affected at a particular metal concentration, others may 
be. This issue is only now being addressed unequivocally 
through use of recombinant Ca2+ channels expressed het-
erologously, so that the phenotype of channel under study 
is known and studied in isolation (Hajela et al., 2003; 
Peng et al., 2002a,b). But, for the most part it is unclear as 
to whether there is a toxic threshold concentration below 
which certain some types of Ca2+ channels are unaffected 
by particular metals. A second major issue, as noted later 
in the gaps of information regarding effects of metals on 
Ca2+ channels, is the role which chronic exposure to the 
metal plays on the channel. There are several reasons why 
most of the studies to date utilized acute exposure of the 
cells in culture to bath-applied metals. Chief among these 
is the likelihood that chronic exposure to the metal evinces 
a more complicated response in the cell—consisting of a 
number of effects, some of which are secondary or even 
nonspecific. Moreover as noted above, the membrane and 
its proteins are the first part of the cell to be exposed to a 
metal. Thus it is logical to consider early-onset membrane 
limited responses. However, in real life, neurotoxicity does 
not typically occur in this manner, but rather entails more 
long-term, lower concentration types of exposure. Thus an 
important shortcoming of studies to date has been a lack 
of studies in which cells are exposed chronically to neuro-
toxic metals. There are some notable exceptions and these 
have been pointed out in the prior section as in the origi-
nal experiments by the Audesirks (Audesirk and Audesirk, 
1989) using Lymnaea and the more recent experiments by 
Shafer et al. (2002) for MeHg and Hegg and Miletic (1997) 
for Pb2+ using PC12 cells. A third issue, which again is 
only now beginning to be examined (Shafer, 1998; Sun 
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and Suszkiw, 1995), is the role which intracellular effects 
of metals play on Ca2+ channel function. Because of the 
importance of the p subunit in modulating Ca2+ chan-
nel current kinetics, it would be surprising if highly re-
active metals such as Pb2+ and Hg2+ did not affect the 
function of this subunit. Furthermore, in this regard, in-
tracellular modulation of Ca2+ channel function is critical 
for its optimal utilization. There are well-known sites on 
various subunits for modulation as by phosphorylation. 
Both Pb2+ and Hg2+ alter intracellular phosphorylation; 
as such this represents yet another site at which these met-
als could alter Ca2+ channel function apart from actions 
within the pore. Finally, experiments to date have largely 
ignored the issues of metal speciation and actual concen-
tration. In vivo metals are unlikely to exist principally in 
their free ionized state (e.g., Pb2+, Hg2+, MeHg+), but 
rather as alternate ionic species (e.g., PbOH+, HgOH+, 
or PbC1+; HgC1+), coordination complexes with various 
anions, or complexes with cysteine, for example. Studies 
of effects of metals on Ca2+ channels have not yet taken 
into account the existence of these species. Thus the an-
swer to the question—What role to Ca2+ channels play in 
neurotoxicity of certain metals?—remains a cautious—
"They're likely to have some role, but the exact extent 
remains unknown." 

GAPS IN OUR UNDERSTANDING OF THE 
EFFECTS OF ENVIRONMENTAL TOXICANTS 
ON Ca2+ CHANNEL FUNCTION 

As alluded to in the previous section, despite nu-
merous studies of actions of certain environmental tox-
icants on Ca2+ channel function, there are a number of 
unresolved questions that remain. Several of these have 
been outlined well in recent reports by Shafer (2000) and 
Audesirk et al. (2000). Among the most important of these 
deals with whether chemical toxicants interact only with 
the channel protein itself or also interacts intracellularly 
to alter the varied signals which modulate Ca2+ channel 
function. Because Ca2+ channel function is modulated on 
a long-term basis by a number of variables, neurotoxicants 
could disturb Ca2+ channel function by effects on path-
ways that modulate channel activity such as by altering 
GTP binding protein function, altering phosphorylation 
of the channel, or intracellular concentration of free Ca2+, 
which is well-known to contribute to the inactivation prop-
erties of voltage-gated Ca2+ channels. Whereas it is clear 
that both Pb2+ and MeHg affect protein phosphorylation in 
isolation, no studies have yet been directed at determining 
how this may contribute to aberrant function of voltage-
gated Ca2+ channels. Similarly given the complex inter- 

actions between voltage-gated Ca2+ channels and regu-
lation of intracellular Ca2+, and the well-known ability 
of toxicants such as MeHg (Hare et al., 1993; Marty and 
Atchison, 1997) and polychlorinated biphenyls (PCBs) to 
increase intracellular Ca2+ (Mundy et al., 1999) studies 
of the interaction between these two components would 
also be valuable. Third although it is clear that subunit sub-
type composition especially with regards to the oti  subunit 
plays a crucial role in determining pharmacological selec-
tivity of antagonists for Ca2+ channels, studies of effects of 
environmental toxicants on phenotypically defined Ca2+ 
channels, or on specific components of the channel pro-
tein, are only now beginning (Bernal et al., 1997; Hajela 
et al., 2003; Peng et al., 2002a,b). Moreover because a 
number of these toxicants gain access to the intracellular 
compartment, it will be important to begin to examine how 
they interact with intracellularly directed subunits such as 
the $ subunit which nonetheless play critical roles in Ca2+ 
channel function. In this regard, because of the important 
role of the i3 subunit of the Ca2+ channel in regulating the 
expression and localization of Ca2+ channels, chronic ef-
fects of environmental toxicants on this subunit could lead 
to diminished and/or aberrant expression and placement 
of the channels in the membrane. Thus studies need to be 
directed at possible intracellular actions of environmen-
tal toxicancts on Ca2+ channels. Moreover, a significant 
area in which research is lacking deals with the effects 
of chronic exposure to neurotoxicants on Ca2+ channel 
function. Almost all of the studies to date have involved 
short-term bath application of chemicals directly to the 
cell. While these have unquestionably been necessary ini-
tial studies, and have provided a compendium of impor-
tant, and in some cases rather surprising results, they do 
not approach the types of situations experienced in vivo. 
As such their ultimate relevance to true environmental ex-
posure is remains unknown. Thus there remain a number 
of very important and significant issues in this field which 
needed addressing. 

CONCLUSION 

Nonphysiological polyvalent cations have played an 
important role in our understanding of voltage-gated Ca2+ 
channel function. Some of these such as Cd2+, Ni2+, and 
Mn2+ have been used as important pharmacological tools 
to block the function of these channels or to isolate dis-
tinct channel phenotypes. Others, such as Pb2+ and Hg2+, 
are important environmental contaminants whose toxic 
action may in part be mediated by effects at Ca2+ chan-
nels. Finally, some such as Zn2+ and Mg2+ have been 
shown to exert discrete effects on channel function of their 
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own effects which may be important in their capacity as 
normal physiologic divalent cations. While many ques-
tions remain to be answered, these chemicals will con-
tinue to play an important role in our understanding of 
the normal physiological functions of voltage-gated Ca2+ 
channels as well as their disruption in pathophysiological 
states. 
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Abstract 

Mercury and its derivatives are known to constrict vascular smooth muscle cells. However, little is known about the role of 
endothelial cells in mercury-induced vasoreactivity. Using isolated, norepinephrine preconstricted rat aorta and pulmonary artery 
rings with intact endothelium, we demonstrate that mercury chloride (HgC12) induces an endothelial-dependent vasorelaxation 
which was totally blocked by the nitric oxide inhibitor L-NAME. Besides this vasorelaxant effect, treatment with HgC12  resulted 
in functional and morphological alterations of the endothelial cells. On aortic rings, endothelial cells were partly lifted from 
the basal membrane when incubated for 20 min in HgC12  (10' M)-containing buffer. At a concentration of 10-6  M, the en-
dothelial cells were completely denuded and acetylcholine vasorelaxation was abolished. Endothelial cell structure and function 
was preserved by incubating the vessels in HgC12-containing rat blood instead of buffer. We conclude that HgC12  induces an 
endothelial-dependent vasorelaxation and alters structure and function of vascular endothelial cells. 
© 2003 Elsevier Ireland Ltd. All rights reserved. 

Keywords: Mercury chloride; Nitric oxide; Vasorelaxation; Endothelial cells 

1. Introduction 

The pathophysiological role of heavy metals on 
smooth muscle function has been well described. Mer-
cury and its derivatives are known to contract vascular 
smooth muscle cells and to induce arterial hyperten- 

* Corresponding author. Tel.: +49-391-67-15421; 
fax: +49-391-67-15420. 

E-mail address: heiko.golpon@medizin.uni-magdeburg.de  
(H.A. Golpon). 

sion (Schroeder and Vinton, 1962; Perry and Yunice, 
1965;Perry et al., 1967a,b; Perry and Erlanger, 1971, 
1974; Massaroni et al., 1995). The hypertensive ef-
fects were either evoked by acute and chronic admin-
istration and through different routes of application. 
In accordance with the in vivo hypertensive response, 
mercury provoked constriction of isolated blood ves-
sels (Perry et al., 1967a,b; Tomera and Harakal, 1986; 
Evans and Weingarten, 1990). Most studies which 
have investigated the effects of mercury on the vas-
culature have focused on smooth muscle cells. How- 

0300-483X/$ — see front matter © 2003 Elsevier Ireland Ltd. All rights reserved. 
doi:10.1016/S0300-483X(03)00303-2 
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ever, little is known about their actions on endothe-
lial cells. The vascular endothelium is an important 
regulatory organ in maintaining cardiovascular home-
ostasis. Endothelial cells, as the inner lining of blood 
vessels, are strategically located between circulating 
blood cells and the vascular smooth muscle. The en-
dothelium controls the tone of the underlying vascular 
smooth muscles through the production of a variety of 
vascular mediators, such as nitric oxide, prostacyclin 
(PGI2) and endothelin (Liischer and Barton, 1997). A 
swelling of endothelial cells has been demonstrated 
on isolated perfused kidneys straight after mercuric 
chloride administration (Russell, 1975). Histological 
findings in HgC12-induced renal failure demonstrated 
a fibrinoid damage in the media segments of pre-
glomerular renal vessels which additionally were di-
lated (Zimmermann et al., 1977). In mercury treated 
guinea pigs an endothelial cell swelling of mitochon-
drial disintegration and protrusion of endothelial cell 
cytoplasm herniating into the lumen of the vessel asso-
ciated with altered vascular permeability was observed 
in labyrinthine blood vessels (Anniko and Sarkady, 
1977). In the present study, we investigated the effect 
of mercury chloride on vasoreactivity by using iso-
lated blood vessel rings with an intact endothelial cell 
layer. Since treatment with mercury chloride resulted 
in both functional and structural damage to vascular 
endothelial cells, we further investigated whether the 
composition of the incubating buffer used in the organ 
bath experiments affected the endothelial cell injury. 

2. Materials and methods 

Male Sprague—Dawley rats weighing 300-320 g 
(Charles River Wiga, Sulzfeld, Germany) were used 
for in vitro experiments. All animal husbandry and 
animal care procedures conformed to the 'Guide for 
Care and Use of Laboratory Animals', Department 
of Health and Human Services (National Institutes 
of Health). Animals were anesthetized with pento-
barbital sodium (30 mg/kg ip), and their lungs were 
removed carefully. Under microscopic control, 4 mm 
sections (rings) of the truncus pulmonalis, and aorta 
thoracalis descendens were dissected out and pre-
pared free of surrounding fatty and connective tissues. 
The vascular rings were incubated with modified 
Greenberg—Bohr buffer ((mmol): 119 NaCI, 4.7 KCI,  

1.17 MgSO4.7H2O, 19.05 NaHCO3, 1.18 KH2PO4, 
5.5 glucose, 50 sucrose, and 1.6 CaC12) in a 20 ml 
double-wall incubation bath (modified Schuller bath, 
HSE, March-Hugstetten, Germany), adjusted to pH 
7.4, continuously bubbled with 21% 02, 5% CO2  and 
74% N2 and warmed to 38 °C. Rings were mounted 
on steel connectors, which were inserted through 
the vessel lumen without injuring the endothelium, 
and attached to a strain gauge isometric pressure 
transducer unit (K 30-Biegestab, HSE). The isomet-
ric pressure of isolated rings was measured over a 
bridge amplifier (type 302, HSE) and a four-channel 
record system (Kompensograph C1013, Siemens). 
The vessel rings were stretched to a passive tension 
of 1.5 g (A. pulmonalis) and 2 g (Aorta). After an 
equilibration of 1 h, a concentration—response-curve 
for acetylcholine-relaxation (10-7  to 5 x 10-5  M) 
was performed on norepinephrine (5 x 10-9  to 
10-7  M) precontracted vessel rings to test for vessel 
viability. Thereafter, the incubation bath was flushed 
several times, and the isometric tension was returned 
to baseline values. The rings were contracted by 
norepinephrine in a concentration—response fashion 
up to 10-7  mo1/1, which resulted in a submaximal 
(75%), stable precontraction. The rings were then 
exposed to buffer-dissolved HgC12 at different con-
centrations (10-9  up to 10-6  M). Experiments were 
also performed in the presence of the nitric oxide 
synthase inhibitor L-NAME (10-4  M) to test for pos-
sible NO-dependent actions. After reaching a stable 
plateau, acetylcholine (10-7  to 5 x 10-5  M), glyc-
eryltrinitate or isoproterenol (10-8  to 10-5  M) were 
applied to the rings to test for preserved endothelial 
and smooth muscle function. 

2.1. Incubation studies 

Rings (4 mm) from aorta thoracalis descendens 
were incubated for 20 min at 38 °C (continuously 
bubbled with 21% 02, 5% CO2 and 74% N2) 
in modified Greenberg—Bohr-buffer (control) and 
HgC12-containing buffer (10-7  and 10-6  M). Experi-
ments were also performed by using HgC12-containing 
(10-6  M) rat blood (4 ml) as incubating media. 
Rat blood cells were separated by centrifugation 
(5000 U/min, 5 min), washed and resuspended in 
modified Greenberg—Bohr-buffer (4 ml) before the 
HgC12  (10-6  M) was added. In addition, aortic rings 



10 8  
10 7  

10-6  

4 min 

1 g I 7 

10-7
t1 tt 5.10, 

H.A. Golpon et al. / Toxicology 192 (2003) 179-188 	 181 

were incubated in fresh or heat-inactivated (3 min; 
90 °C) rat plasma containing mercuric ions. After in-
cubation for 20 min, rings were fixed in 4% buffered 
formaldehyde solution, dehydrated, and embedded 
in paraffin using standard procedures. Sections were 
stained with hematoxylin—eosin and subsequently 
examined by light microscopy. 

2.2. Chemicals 

All substances were obtained from Sigma Chemi-
cals (Deisenhofen, Germany). 

2.3. Statistical analysis 

All values are presented as mean ± S.E.M. Statis-
tical evaluation of each value was performed using an  

one-way analysis with Bonferroni for multiple com-
parisons. Results of curves were compared by using a 
two-way analysis of variance for repeated measures. 
If the P-value was significant, an one-way analysis 
of variance with Bonferroni for multiple comparisons 
was employed to allow comparisons of individual 
means. Values were considered to be statistically 
significant at P < 0.05. 

3. Results 

3.1. Vasoreactivity 

HgC12 resulted in a powerful relaxation of fore-
pinephrine preconstricted rat aortic and pulmonary 
artery rings (Fig. la and b). Pulmonary artery rings 
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Fig. 1. Original tracing of experiments that demonstrate the relaxant effect of HgC12  on: (a) rat aortic and (b) pulmonary artery rings. The 
vessel rings were preconstricted by norepinephrine (5 x 10-9  to 10-7 M), which resulted in a submaximal (75%), stable precontraction 
before a concentration response-curve for HgC12  was performed. As a test for normal endothelial and smooth muscle function, the vessel 
rings were further treated with acetylcholine (10-7  to 5 x 10-5 M) or glyceryltrinitrate (10-9  to 10-5 M); (c) pulmonary artery rings 
preincubated with L-NAME (10-4 M) before treatment with HgC12. 
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Fig. 2. Time-course of HgC12-induced relaxation on isolated, norepinephrine (10-7  M) preconstricted rat aortic ((■) n = 31) and pulmonary 
artery rings ((IP) n = 19). The application of 10-7  M HgC12 resulted in a long-lasting relaxation of pulmonary artery rings. Rat aortic 
rings were treated with HgC12 at a concentration of 10-6  M to provoke a significant but transient vasorelaxation. Values represent the 
mean ± S.E.M. (*) P < 0.05 compared to control. 

were more sensitive to mercury chloride when com-
pared to aorta rings. A concentration of 10-7  M 
resulted in a 28% reduction in the vascular tone 
(Fig. 2), whereas no response was observed on aortic 
rings (Fig. 3). By increasing the mercury concentra-
tion to 5 x 10-7  M, a 7% (23% is 10-6  M) reduction 
in vascular tone was noted in aortic rings (Fig. 3). 
The vasorelaxation of pulmonary artery rings per-
sisted longer than that of the aortic rings. Eighty 
minutes after mercury application the pulmonary 
arteries remained relaxed (Fig. lb), whereas aortic 
rings returned to baseline conditions 10 min following 
treatment with mercury chloride (Figs. la and 2). 

To elucidate the mechanism of mercury vasorelax-
ation, we incubated aorta and pulmonary arteries with 
the nitric oxide-synthase inhibitor L-NAME (10-4  M) 
before adding HgC12. The mercury-induced relax-
ation of rat pulmonary artery (Fig. lc) and aortic rings  

(Fig. 3) was completely abolished by using either the 
nitric oxide-synthase inhibitor L-NAME (10-4  M), 
or after mechanical removal of the endothelial cells 
(data not shown). 

3.1.1. Endothelial cell and smooth muscle function 
To investigate whether mercury treatment pro-

voked an alteration of endothelial cell and smooth 
muscle function of the vessel ring, we tested both 
endothelial-dependent and -independent vasoreac-
tivity. Twenty minutes after application of HgC12  
(5 x 10-7  M) on aortic rings, an irreversible loss 
of acetylcholine-induced vasorelaxation was appar-
ent (Fig. 4). However, glyceryltrinitrate (GTN) or 
isoproterenol (10-8  to 10-5  M) induced a vasorelax-
ation which did not differ from the contol (Fig. 5), 
demonstrating that the vascular smooth muscle cells 
responded normally to vasorelaxant substances. On 
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Fig. 3. Effect of different concentrations of HgC12 (10-7, 5 x 10-7  
and 10-6  M) on norepinephrine (10-7 M) preconstricted rat aor-
tic rings. The maximal relaxation induced by HgC12  is noted. 
L-NAME (10-4 M) abolished HgC12-induced relaxation. Values 
represent the mean ± S.E.M. of at least 11 experiments each group 
(HgC12 5 x 10-7, n = 6). (*) P < 0.05 compared to control. 

Fig. 5. To test for smooth muscle cell function, concentration-
response-curves were performed for: glyceryltrinitrate (10-7  to 
10-5 M; gray bar) and isoproterenol (10-7  to 10-5 M; black bar) 
on rat aortic rings pretreated for 20 min with HgC12  (10-6 M). 
Bars represent the maximal response to glyceryltrinitrate and iso-
proterenol of at least six experiments each group. Values represent 
the mean ± S.E.M. 

Control 	HgC12  
(Saline) 	10-7  M 

HgC12 	HgC12  

5x10 M 	10-6  M 
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J_ 
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	 ACh 

(107  M to 5x10-5  M) 

Fig. 4. Effect of HgC12  on endothelial-dependent vasorelaxation. Aortic rings were treated for 20min with HgC12  (10-7, 5 x 10-7, and 
10-6  M, respectively) before testing endothelial-dependent relaxation provoked by acetylcholine (10-7  to 5 x 10-5  M). Bars represent the 
maximal response to acetylcholine of at least eight experiments each group (HgC12 5 x 10-7, n = 5). Values represent the mean ± S.E.M. 
(*) P < 0.05 compared to saline-control. 
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Fig. 6. Effect of HgC12  on norepinephrine vasoconstriction. Rat aortic rings were incubated for 20 min in HgC12-containing (10-6  M) 
Greenberg—Bohr-Buffer ((•) n = 12) before perfoming a concentration—response-curve for norepinephrine (5 x 10-9  to 10-7 M). Control: 
Greenberg—Bohr-buffer without HgC12 ((■) n = 12). Values represent the mean ± S.E.M. 

the other hand, a right shift of the norepinephrine 
concentration—response-curve was detected after ap-
plication of HgC12  (10-6  M), indicating that the 
smooth muscle cells response to vasoconstrictive sub-
stances was altered (Fig. 6). We conclude that the 
endothelial cell function as well as the smooth muscle 
cell function is affected by mercury treatment. In sup-
port of our functional data, we detected damage to the 
endothelial cell layer by light microscopy. Endothe-
lial cells of the aorta were partly lifted from the basal 
membrane while incubating the vessel rings for 20 min 
in HgC12  (10-7  M)-containing buffer (Fig. 7A). In-
terestingly, at this point in time the vessel rings did 
not show a reduction of the endothelial-dependent 
relaxation (Fig. 4). By increasing the mercury con-
centration up to 10-6  M the endothelial cells were 
completely detached from the vessel rings with only 
fragments of the cells remaining attached (Fig. 7B 
and C) resulting in complete abolishment of the en-
dothelial cell dependent relaxation (Fig. 4). To test 
whether the composition of the incubating buffer 
used in the organ bath experiments could affect 

mercury-toxicity, we incubated rat aortic rings in rat 
blood containing mercury (10-6  M) before perform-
ing the concentration—response curves for acetyl-
choline. No endothelial damage was seen under these 
conditions, and the endothelial-dependent relaxation 
provoked by acetylcholine was unaffected (Fig. 8). 

In order to uncover which component of the rat 
blood prevented toxicity, we tested rat serum and 
rat blood cells, dissolved in Greenberg—Bohr-buffer. 
Both the incubating media contained HgC12  at a con-
centration of 10-6  M, but only rat serum and not 
the blood cells protected the endothelial cells from 
mercury toxicity (Fig. 8). However, heat-inactivated 
rat serum failed to provide full protection, since 
acetylcholine-induced vasorelaxation was signifi-
cantly decreased (Fig. 8). 

4. Discussion 

In the present study, we demonstrate an endothelial-
dependent vasorelaxation of isolated norepinephrine- 



	

- 	1 	• 
."*"..' limbini..- 	 •al 	..• 4,.• 	.,,,• • 

ft* 

	

'' 	o• a' . 	• 
.1 	-"; 	".. " 	• 	0. 

- 	-,,, •P  .ar it 
„ d. • • - 	11' 

- iii .  II • • or 	 i• . • , 	- • ' .4., - - 	I, 
„of 	..„, 	OP:..", .. -. .-,.., .• - 

?4'1 
‘10-  

4- 

•• 	1 	_ 
• .... 	w 

--., 	.. • 

- - 	
... • 

... . -. 	4.0 

"•-• 	- 
• 

r 	• 

• • 

.er  - 

C 
• 

' 

,... 
.•..- , . ...• 

• -.' •'. ' • 	....‘. 
i 	

.0' • 
....• 

I 
'A' ' •• 

4'. 	' 	.. 

•-•••• 

'•••• 	. 
• 

I,  

.., 	''.. 

./. 

. • - 

'' 
1 	. • .11 ' 	..". 	1 	,' 	- ' 	III 4  ..• 	• ' - 

e ... 

•4' 
-0' 

' . . ' • t 	. 	a* • , 	0 , 	1, 0 I -- 
.. 

- -; : 
. A. 	• 

••"' 
.j 

• :, 
1  

t •  
• . 

4.• 	• . .... , _ • . tt  

.. al. 

ft.  • ri 

H.A. Golpon et al. / Toxicology 192 (2003) 179-188 	 185 

Fig. 7. Light micrographs showing the lumen of rat aortic rings incubated for 20 min in Greenberg—Bohr-Buffer containing either HgC12: 
(A) 10-7 M or (B and C) 10-6  M. At a HgC12-concentration of 10-7 M, some endothelial cells (arrows) were partly lifted from the 
basal membrane. At a concentration of 10-6  M HgC12  the endothelial cells were mostly denuded from the basal-membrane; (A and C) 
magnification 400x; (B) magnification 100x. 

preconstricted rat aortic and pulmonary artery rings 
caused by mercury chloride. Further, we demon-
strate that mercury chloride provokes an irre-
versible, functional and structural damage to the 
endothelial cells. This toxic effect was observed 
while incubating the vessels in mercury-containing 
Greenberg—Bohr-buffer. It did not occur by using 
mercury-containing rat blood or serum as incu-
bation media instead of the protein- and cell-free 
Greenberg—Bohr-buffer. 

Studies have demonstrated that the average 
whole-blood total and inorganic mercury concen-
trations in humans were about 2.55 and 0.54 µg/1, 
respectively (Kingman et al., 1998). The US Environ-
mental Protection Agency's recommended reference 
blood concentration of mercury for below which ex-
posure are considered to be without adverse effects 
is 5.8 Rg/1 (National Academy of Sciences, 2000). 

In our in-vitro experiments, we used a mercury con-
centration of 10-9  to 10-6  M (0.26-20.6 µg/1). We 
believe that the chosen concentration reflects mer-
cury concentrations found in people with and without 
mercury intoxication. 

To our knowledge, this is the first time that mer-
cury has been shown to mediate an endothelial cell 
and nitric oxide dependent vasorelaxation. In contrast 
to this finding, the manifestation of arterial hyperten-
sion with tachycardia and excess of catecholamine 
excretion has been reported in people with acute 
mercury intoxication (Tones et al., 2000; Wossmann 
et al., 1999; Henningsson et al., 1993). An increase in 
blood pressure was also noted in a variety of animal 
experiments (Perry and Yunice, 1965; Perry et al., 
1967a,b; Perry and Erlanger, 1971, 1974; Massaroni 
et al., 1995). However, a recent study reported a 
decrease in left ventricular systolic pressure in anes- 
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Fig. 8. Effect of the incubation media (containing HgC12 10-6 M) on the concentration—response-curve for acetylcholine (10-7 to 5 x 10-5 M). 
Aortic rings were incubated for 20 min in diverse media and preconstricted with norepinephrine (10-7 M): (■, control) buffer without 
HgC12 (n = 15); (V) buffer containing HgC12 (10-6 M, n = 8); (•) buffer containing HgC12 (10-6 M) + resuspended blood cells, 
n = 12); (x) rat blood containing HgC12 (10-6 M, n = 13); (0) rat serum containing HgC12 (10-6 M, n = 7); (A) heat-inactivated rat 
serum containing HgC12 (10-6 M, n = 4); values represent the mean ± S.E.M. (*) P < 0.05 compared to control. 

thetized rats after intra-venous application of HgC12 
(Rossoni et al., 1999). These hemodynamic effects 
might be caused by reduction of cardiac contractility 
and cholinergic mechanism but direct vasorelaxant 
effects could also be, at least in part, responsible for 
the effects. Whether the endothelial-dependent va-
sorelaxation of mercury ions is related to the reported 
hypotension in rats is not known. However, caution 
must be observed by comparing in vitro with in vivo 
results. 

By using preparations of isolated blood vessels 
with intact endothelium we investigated the effect of 
mercury chloride on vascular smooth muscle cells 
interacting with endothelial cells. In earlier studies, 
modest knowledge about endothelial cell biology 
and function may account for the failure to detect 
the mercury-induced vasorelaxation. Until Furch-
gotts discovery of the 'endothelium-derived relaxing 
factor' a putative role for endothelial cells modulated  

vasoreactivity had not been postulated (Furchgott and 
Zawadzki, 1980). Therefore, experiments focused on 
the response of smooth muscle cells, but did not ad-
dress the possibility of endothelial-dependent vasore-
activity. For example, experiments performed with 
vascular spirals (Perry et al., 1967a,b; Solomon and 
Hollenberg, 1975) in place of vascular rings, do not 
detect endothelial-dependent responses, presumably 
because the endothelial cell layer is destroyed during 
preparation of the spirals. It is also comprehensible 
that only vasoconstrictive effects were detected on 
dogfish shark Squalus acanthias' aorta rings treated 
with mercury chloride (Evans and Weingarten, 1990) 
since the endothelial cells were explicitly removed 
for a better detection of smooth muscle-mediated 
effects. Mercury chloride applied on blood vessels, 
which were not further preconstricted with vasocon-
strictors, e.g. norepinephrine, exclusively resulted in 
vasoconstriction (Solomon and Hollenberg, 1975; 
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Tomera and Harakal, 1986). Under these conditions, 
also acetylcholine, a substance known to relax blood 
vessels in an endothelial cell-dependent fashion, 
constricts blood vessels (Furchgott and Bhadrakon, 
1953). 

In addition to the vasorelaxant effect, mercury 
chloride causes functional and structural damages to 
the vessels. The loss of the endothelial-dependent 
vasoreactivity and the destruction of the endothe-
lial cell layer suggests that the endothelial cells 
were the main target for mercury toxicity. In accor-
dance with our data a loss of acetylcholine-induced 
vasorelaxation has been recently observed for the 
isolated rat tail vascular bed treated with HgC12 
(511M) for 20 min (da Cunha et al., 2000). In 
our experiments, using rat aortic rings a loss of 
acetylcholine-induced vasorelaxation was already 
manifested at a HgC12-concentration of 5 x 10-7  M 
and morphological changes were even detectable at a 
concentration of 10-7  M. Light-micrographs demon-
strate that endothelial cells are partly lifted from 
the basal-membrane at this concentration. Despite 
these morphological alterations the endothelial nitric 
oxide-releasing mechanism is still intact. The loss 
of endothelial-dependent vasorelaxation appeared 
when the endothelial cells were structurally more 
damaged, e.g. denuded from the vessel lumen. Al-
though the response to glyceryltrinitrate and isopro-
terenol was not attenuated, the smooth muscle cells 
were also affected by HgC12. After treatment with 
HgC12  (10-6  M) a right-shift of the norephinephrine 
concentration-response-curve was observed, indicat-
ing alterations in the mechanism of smooth muscle 
vasoconstriction. 

Functional integrity of the endothelium is crucial 
for the maintenance of blood flow and anti-thrombotic 
capacity, because the endothelium releases humoral 
factors that control relaxation and contraction, throm-
bogenesis and fibrinolysis, and platelet activation 
and inhibition. Thus, the endothelium contributes 
to blood pressure control, blood flow and vessel 
patency (Liischer and Barton, 1997). Although lo-
cal endothelial damage has been reported in hu-
mans when mercury was injected intra-venously 
by a drug addict vivo (De Ruggieri et al., 1989) it 
is presently not known whether mercury intoxica-
tion leads to the manifestation of a dysfunctional 
endothelium. 
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