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Abstract

Mercury (Hg) has long been recognized as a neurotoxicant; however, recent work in animal models has implicated Hg as an

immunotoxicant. In particular, Hg has been shown to induce autoimmune disease in susceptible animals with effects including

overproduction of specific autoantibodies and pathophysiologic signs of lupus-like disease. However, these effects are only observed at high

doses of Hg that are above the levels to which humans would be exposed through contaminated fish consumption. While there is presently no

evidence to suggest that Hg induces frank autoimmune disease in humans, a recent epidemiological study has demonstrated a link between

occupational Hg exposure and lupus.

In our studies, we have tested the hypothesis that Hg does not cause autoimmune disease directly, but rather that it may interact with

triggering events, such as genetic predisposition, exposure to antigens, or infection, to exacerbate disease. Treatment of mice that are not

susceptible to Hg-induced autoimmune disease with very low doses and short term exposures of inorganic Hg (20–200 Ag/kg) exacerbates
disease and accelerates mortality in the graft versus host disease model of chronic lupus in C57Bl/6 � DBA/2 mice. Furthermore, low dose

Hg exposure increases the severity and prevalence of experimental autoimmune myocarditis (induced by immunization with cardiac myosin

peptide in adjuvant) in A/J mice. To test our hypothesis further, we examined sera from Amazonian populations exposed to Hg through

small-scale gold mining, with and without current or past malaria infection. We found significantly increased prevalence of antinuclear and

antinucleolar antibodies and a positive interaction between Hg and malaria. These results suggest a new model for Hg immunotoxicity, as a

co-factor in autoimmune disease, increasing the risks and severity of clinical disease in the presence of other triggering events, either genetic

or acquired.

D 2005 Elsevier Inc. All rights reserved.
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Introduction

Exposures to mercury (Hg) compounds continue to be

prevalent and significant health risks to both workers and

nonoccupational populations (Gochfeld, 2003). In addition,

mercury is recognized as a global pollutant, primarily

associated with exposures to methyl mercury (MeHg) via

fish consumption (Damstra, 2002; Cohen et al., 2004; NRC,

2000). These exposures, although outside the scope of this

review, emanate largely from fossil fuel burning (EPA,

1997; Meij et al., 2002) and because of their extent must be

considered as a ‘‘background’’ for the total exposures of

working populations. Recent studies by the US Centers for

Disease Control and the Environmental Protection Agency

have estimated, on the basis of population-based sampling,

that over 500,000 US women of childbearing age have

blood Hg levels in the range of concern for potential adverse

health effects for the developing fetus (Schober et al., 2003;

Mahaffey et al., 2004).

Current sources of occupational exposure to Hg vary

worldwide. They involve elemental Hg, organomercurials,

and inorganic Hg (iHg) compounds (EPA, 1997; WHO,

1991). Elemental Hg is used in thermometers, thermostats,

and other gauges, as well as in a range of electrical switches

and devices and as ballast in fluorescent lights. In addition,

elemental Hg has been measured in workplaces where

inorganic Hg is used (Potter, 2002) and spills of liquid

elemental Hg constitute significant, specific exposures in the

workplace (Zeitz et al., 2002). Elemental mercury is also used

in the preparation of amalgams for dentistry with documented

exposures to dental personnel and patients (NRC, 2000). In

developing countries, elemental Hg is still used in amalga-

mation processes for gold extraction in small-scale gold

mining; this use contributes a significant portion of the global

anthropogenic Hg budget (Lacerda et al., 2004; Lodenius and

Malm, 1998). Other Hg exposures can occur in mining, such

as when Hg occurs as a contaminant in copper and gold ores.

In many countries, alkyl and phenyl mercurials are used in

paints and pesticides (WHO, 1991). In the chemical industry,

Hg catalysts are used in chloralkali and chlorine production.

Because of the extensive use of Hg in consumer products,

occupational exposures can occur in handling and processing

a variety of wastes and waste residues (municipal and

industrial solid wastes as well as biosolids) (van Veizen et

al., 2002; WHO, 1991; EPA, 1997). For example, it has been

estimated that discarded fluorescent light bulbs alone may

release 2–4 tons of Hg per year in the US (Aucott et al.,

2003). Pollution control technologies, such as scrubbers that

strip Hg from air emissions, result in concentrations of Hg in

various forms, requiring additional management.
Mercury compounds are considered highly toxic largely

for effects on the nervous system, kidney, and skin; in

addition, inhalation of mercury can cause devastating acute

toxicity to the lung (NRC, 2000; Clarkson et al., 2003).

Public health concerns have focused on developmental

neurotoxicity, associated with prenatal exposures to MeHg,

as the critical endpoint of concern for national and interna-

tional policies to prevent exposure and reduce anthropo-

genic emissions (reviewed by Clarkson, 1997; Mahaffey,

2000; NRC, 2000). This conclusion is based upon extensive

review of epidemiological data from the Faeroes (Grandjean

et al., 1997) and the Seychelles (Myers et al., 1997), as well

as from experimental studies (recent reviews by Faustman et

al., 2002; Rice and Barone, 2000; Mahaffey, 2000). The

fetus has been considered to be ‘‘specially susceptible’’ to

MeHg, but this has been questioned by some recent studies

reporting that adults may be as sensitive to the neurotoxic

effects of Hg compounds as are children (Iregren et al.,

2002; Yokoo et al., 2003; Beuter and Edwards, 2004).
Hg and the immune system

The extensive epidemiological and experimental liter-

ature on mercury, and the clear definition of risks to children

might suggest that further consideration of mechanisms of

mercury toxicity is not necessary. However, as discussed in

this review, the possible immunotoxic effects of mercury

compounds have not been considered in assessing the risks

of Hg exposures. These endpoints may significantly raise

new health concerns, in terms of identifying significant

interactions with other risk factors and potentially suscep-

tible populations. Several recent reviews of MeHg risks

have identified immunotoxicity as a critical area of further

research (EPA, 1997, NRC, 2000). Concerns over the

immunotoxic manifestations of Hg exposures have been

most recently raised in connection with use of Hg in dental

amalgams and the use of ethyl Hg (thimerosal) as a

preservative in some vaccines (NRC, 2000). While consid-

erable controversy exists about the health significance of

these two exposure sources, it is clear that both dental

amalgams and thimerosal containing vaccines can result in

increased levels of Hg in exposed persons (Ely, 2001;

Havarinasab et al., 2004).

The immunotoxic hazards of Hg compounds have been

extensively demonstrated in animal models, to include both

autoimmune dysfunction and immunosuppression. The

autoimmune effects of Hg in susceptible rodent strains

include signs of systemic and organ-specific pathology

(both renal and vascular), induction of specific autoanti-
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bodies and autoreactive T cells, polyclonal activation of T

and B cells, increased serum IgG1 and IgE, cytokine

dysregulation and an immune complex-mediated glomer-

ulonephritis (for reviews, see Bigazzi, 1994, Griem and

Gleichmann, 1995; Lawrence and McCabe, 2002; Hultman

and Hansson-Georgiadis, 1999). Despite this extensive

literature, the human health significance of these extensive

experimental findings is unclear since autoimmune mani-

festations are seen only in certain inbred strains of rats and

mice and most studies have been conducted at relatively

high doses. In contrast to the strong concordance between

experimental and epidemiological studies on MeHg-induced

neurodevelopmental toxicity (Burbacher et al., 1990; Rice

and Barone, 2000), there is substantial uncertainty about

whether there are immunotoxic risks to humans associated

with environmental or occupational exposures to Hg

compounds (see Moszczynski, 1999, and Sweet and Zelik-

off, 2001 for reviews). No associations have been found

between Hg exposure and any clinically defined auto-

immune disease in humans, even in highly exposed work-

ers. A study of workers reported that levels of circulating

anti-laminin antibodies were increased in chloralkali work-

ers, as well as autoantibodies against glomerular basement

membrane proteins and circulating immune complexes

(Lauwerys et al., 1983). However, overall, studies of

lymphocyte subsets or immunoglobulin levels in occupa-

tionally exposed cohorts are inconsistent (e.g., Moszczynski

et al., 1996; Vimercati et al., 2001; Soleo et al., 1997;

Dantas and Queiroz, 1997; Barregard et al., 1997; Aymaz et

al., 2001). Most interestingly, a recent small case-control

study reported an association between increased levels of

urinary Hg and odds of more severe scleroderma, accom-

panied by elevated urinary creatinine and serum anti-

fibrillarin autoantibodies (Arnett et al., 2000). However,

the levels of urine Hg in all persons in this study were quite

low and it is not possible to exclude reverse causation, since

disease-related alterations in renal function could have

increased the urinary excretion of Hg.

Nevertheless, it cannot at present be concluded that

humans are resistant to Hg-induced immunotoxicity. The

discrepancies between findings in experimental and epide-

miological studies are more apparent than real: first, the

animal studies have almost exclusively used females, while

there is very little information on women and children;

second, there are very few studies of immune function in

persons exposed to MeHg; and third, the methods used to

investigate immune function in Hg-exposed humans are not

as sensitive or specific as those that have been used to

evaluate neurodevelopmental and/or neuropsychological

endpoints in Hg-exposed children and adults.

Moreover, it has been suggested that immunologic

mechanisms may be involved in nephropathy and neuro-

toxicity, two well described toxic effects of Hg in workers.

The nephrotoxic effects of Hg, which have been reported in

workers with either acute or chronic exposures to Hg, may

involve deposition of autoantibodies to glomerular base-
ment membrane proteins (Moszczynski, 1999; Druet, 1989;

Langworth et al., 1992). The neurotoxic effects of mercury

may also involve immunologic effects. Recently we

suggested that immunologic mechanisms may also be

involved in Hg-induced developmental neurotoxicity,

which is characterized by inhibition of neuronal migration

in both humans and experimental models (Sass et al.,

2001). We showed that Hg inhibits neuronal migration

through disrupting cytokine-directed intercellular commu-

nication between neurons and microglia (Calderon-Aranda

et al., 2004). Similar effects were recently reported by

Hornig et al. (2004). The developing nervous system and

the immune system are in many ways conceptually and

biologically linked: neuronal migration involves intercel-

lular interactions that utilize the same signaling molecules

as the immune system (cytokines and chemokines, among

other signaling molecules). Appropriately timed and

accurately directed neuronal migration (both radial and

tangential) is essential to the formation of the mature CNS.

Microglia, cells that perform important roles in neuronal

migration, are cells of macrophage lineage that synthesize,

release, and respond to immunologic signals. They function

in the mature CNS to respond to infection and cell injury.

However, there is a specific role for these signals during

neurodevelopment as trophic factors, specific to a defined

period in CNS development. With respect to neurotoxic

outcomes in adults, the continuing contribution of neurons

from the stem cell pool to regions of the adult brain

requires the same mechanisms of glial–neuronal interac-

tions in neuronal migration for progenitor cells to move

from germinal zones to anterior/posterior positions in the

CNS (Hatten, 2002; Marin and Rubenstein, 2003) Thus,

through this mechanism exposures to Hg at any stage in

life may contribute to neurodegenerative disease by

depleting the supply of potential cellular replacements

(Lie et al., 2004).
The dysregulation/trigger hypothesis of Hg

immunotoxicity

In this paper, we review the data associating occupational

and environmental Hg exposures with autoimmune dysfunc-

tion, as distinct from autoimmune disease. This distinction is

important, since we hypothesize that Hg compounds con-

tribute to the induction and/or severity of autoimmune

disease by dysregulating cellular and molecular responses

to triggering events. Our hypothesis is shown schematically

in Fig. 1. In this model, the role of Hg in the expression of

autoimmune disease depends upon co-exposures to other

risk factors, such as genetic predisposition, infection, or

antigen exposure. Hg may interact by ‘‘resetting’’ the

immunologic milieu such that host responses to a triggering

event are altered, or Hg may amplify the effects of a

triggering event. Our hypotheses have been developed from

new data, by our group and others, using experimental



Fig. 1. Schematic representation of possible interactions between Hg

exposure and immune function in autoimmunity. As depicted, there are at

least two potential mechanisms by which Hg may be associated with

increased risks of autoimmune disease: Hg may affect the response

pathways of the immune system, within the milieu of genotype and sex,

such that subsequent responses to a ‘‘trigger’’ (infection, antigen, or organ

damage) lead to autoimmune disease. Alternatively, Hg may affect the

response of the immune system to a ‘‘trigger’’ through immunosuppression,

T- or B-cell activation, or enhancing organ damage.
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designs that examine interactions between low levels of Hg

exposure and triggers (intrinsic or acquired) of autoimmune

disease. Based upon these results, we have examined

biomarkers of autoimmune dysfunction in populations

exposed occupationally and environmentally to Hg com-

pounds.

The interactions among factors involved in autoimmune

disease may be generally conceived in terms of interactions

among triggering events and pre-existing susceptibility to

autoimmune disease (Powell et al., 1999; Via et al., 2003;

Fournie et al., 2001). Susceptibility may be either intrinsic

or acquired (Rose, 2002). We propose that Hg can alter

responses to events that induce autoimmunity by interacting

with the immunologic milieu of individuals, which may be

shaped by either genotype, endogenous hormones, or

acquired risk factors that influence the modes of immuno-

logic response (such as Th2 skewing).

Hg as a risk factor for autoimmune disease fits the

conceptual model of complex gene–environment interac-

tions proposed for autoimmune disease (Cooper et al., 1999;

Rose, 2002). For this model, Hg is one of the strongest

candidates for a preventable cofactor in the induction or

exacerbation of autoimmune diseases (Powell et al., 1999),

many of which occur with unequal prevalence or severity

depending upon sex or ethnicity. In mice, there is a clear

gene–environment interaction involved in iHg- and MeHg-

induced autoimmune manifestations, in terms of both

pathophysiology and also the specific autoantibodies

produced (Pietsch et al., 1989; Warfvinge et al., 1995;

Robinson et al., 1997; Hultman and Hansson-Georgiadis,

1999; Hultman and Nielsen, 2001). There are also genetic

interactions determining the effects of Hg on autoimmune

disease in disease-prone strains of mice. For example, in

two strains of lupus-prone mice, Pollard et al. (1999, 2001)
found that Hg at very low doses accelerated systemic

autoimmune disease and dysfunction, including both target

organ damage and humoral features of disease. Other

studies of these mouse strains prone to spontaneous auto-

immune disease have confirmed that iHg treatment accel-

erates or exacerbates the development of disease

pathophysiology (Al-Balaghi et al., 1996; Abedi-Valugerdi

et al., 1997). Recently, Hornig et al. (2004) reported that

exposure of SJL/J mice to a DTP vaccine containing

thimerosal (an organomercurial used as a preservative in

pharmaceuticals) induces a range of neurotoxic sequelae,

including changes in behavior, hippocampal morphology,

and neurochemistry, which were not seen in other mouse

strains or in this strain in the absence of Hg exposure.
Mercury exposures and autoimmune dysfunction

Animal models

We have shown that iHg can accelerate overt auto-

immune disease in two murine models of acquired auto-

immune disease, lupus and cardiomyopathy, even in strains

of mice that are not inherently susceptible to Hg-induced

autoimmune dysfunction. Most importantly, these effects

are induced by very low exposures and are associated with

Hg body burdens that are within the range found in human

populations (Pollard et al., 2001; Barregard et al., 1999).

Graft versus host disease

In studies of Hg and GVHD, Hg significantly accelerates

disease, denoted by early mortality, early onset of protei-

nurea and nephropathy, and increases in serum antinuclear

antibodies (ANA) and anti-single strand DNA antibodies

(Via et al., 2003). A 2-week exposure of both donor and

host animals to low dose iHg (20 or 200 Ag/kg q.o.d.)

ending 1 week prior to GVHD induction can significantly

accelerate the first signs of disease as well as earlier onset of

severe disease and death (Fig. 2). Pathophysiologic exami-

nation of the kidney demonstrated that iHg pretreatment

clearly worsened chronic lupus-like disease, rather than

GVHD worsening iHg immunotoxicity.

Autoimmune myocarditis and iHg

We have utilized the same design to examine interactions

of Hg with experimental autoimmune myocarditis (Nyland et

al., 2004). Two models of disease induction have been tested:

infection with coxsackievirus B3 (CB3) and inoculation with

the inducing antigen, cardiac myosin peptide (CMP) (Fair-

weather et al., 2001). In the CMP model, iHg pre-treatment

(200 Ag/kg q.o.d. for 15 days) increased both incidence and

severity of autoimmune myocarditis, as shown in Fig. 3

(Nyland et al., 2004). By itself, iHg treatment had no effect

on heart pathology or weight, demonstrating that this

exacerbation was clearly related to worsening of auto-

immune disease, not exacerbation of Hg toxicity.



Fig. 3. Effects of Hg pretreatment (200 Ag/kg q.o.d. for 15 days) on both

severity (a) and incidence (b) of cardiomyopathy induced by cardiac

myosin peptide (CMP). In the absence of CMP, Hg had no effects on heart

histopathology.

Fig. 2. Effects of Hg pretreatment (20 or 200 Ag/kg q.o.d. for 15 days) of

both donor and host mice, on lupus-like disease in the D2B6 F1 model of

GVHD. (a) Effects on survival; (b) effects on proteinuria; (c) effects on

serum levels of anti-SS DNA. Figure reprint from Via et al., 2003.
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Autoimmune dysfunction in human populations exposed to

Hg

Based upon these studies, we have tested the hypothesis

that Hg exposures may induce biomarkers of autoimmune

dysfunction in human populations. We selected more

specific markers of autoimmune dysfunction, in contrast to
the studies reviewed above that have mainly measured

parameters such as IgG or IgE. For this purpose, we selected

antinuclear (ANA) and antinucleolar (ANoA) autoanti-

bodies because their induction is characteristic of the

autoantibody response in mice exposed to Hg (Hultman

and Pollard, 1996, Robinson et al., 1997). These studies

were carried out in Brazil, in collaboration with the Hg

surveillance program for the National Health Service of

Brazil, directed by Dr Elisabeth Santos at the Evandro

Chagas Institute (IED), the leading federal biomedical

research institute in Amazonian Brazil. Her laboratory has

characterized the sources and levels of exposures to Hg in

thousands of persons residing in the Amazonian states of

Amazonas, Rondonia, Amapa, Acre, and Para (e.g., Santos

et al., 2000). Some of these populations have been exposed

directly to elemental and iHg through amalgamation



E.K. Silbergeld et al. / Toxicology and Applied Pharmacology 207 (2005) S282–S292 S287
extraction of gold from placer deposits in rivers and streams

(see Fig. 4 for illustrations of work practices involving

amalgamation with elemental Hg and burning of amal-

gams). Exposures to Hg in these operations can be very

high, although among gold miners, urine Hg levels are

highly variable owing to the episodic nature of gold mining

(Silbergeld et al., 2002; de Jesus et al., 2001). In a study, we

conducted at a gold camp in the mid Tapajos River

watershed in the state of Para, blood and urine Hg levels

were substantially elevated (Fig. 5). Among gold processors

(persons who burn amalgam, usually in towns), exposures

result in urinary Hg levels 34 and 70 Ag/L (de Jesus et al.,

2001).

Our study of autoimmune biomarkers was conducted at

two sites in the mid-Amazon region of the state of Para (see

Fig. 4 for map). The study was conducted under approval

from the Committee on Ethical Research of the FNS, and

the institutional review board of the IEC, as well as approval

by the IRB at the University of Maryland Medical School.

Serum samples were collected from workers at Rio Rato, a

gold mining site in the lower Tapajos watershed, and from

adult residents of Tabatinga, a riverine community on the
Fig. 4. Small scale gold mining operations in Amazonian Brazil. (a) Location of go

Tapajos River; (c) addition of liquid mercury to washed sediments; (d) on site burn

(c), courtesy of Dr David Cleary.
mid-Amazon with no Hg inputs and levels of Hg in fish

similar to those found in fish from uncontaminated water-

sheds of North America.

We analyzed the sera for biomarkers of autoimmune

dysfunction, by indirect immunofluorescence microscopy

using human epithelial cells (HEp-2) as substrate, following

the methods of Burek and Rose (1995). As shown in Fig. 6,

ANoA levels were significantly elevated in persons from

Rio Rato, as compared to those from Tabatinga. In adults

from Tabatinga, the prevalence of detectable ANA or ANoA

was similar to those reported for North American and

Brazilian populations without disease. Moreover, in 14

persons from Rio Rato, elevations were observed in both

ANA and ANoA. Increased prevalence of elevated ANoA

was related to length of time in gold mining (a better

measure of exposure than spot urine, in our experience and

that of our colleagues (de Jesus et al., 2001) and also to self-

reported history of past malaria infection. No information is

available from this study about possible autoimmune

disease; however, a standard clinical examination in the

field did not reveal overt pathophysiology or symptom

complaints suggestive of any serious disease.
ld mining region in Para, Brazil; (b) hydraulic operations in a tributary of the

ing of amalgam at a gold camp. All photos taken by E. Silbergeld except for



Fig. 5. Blood and urine mercury in gold miners studied at the ‘‘Piranha’’ camp, in 1999. Figure reprinted from Silva et al., 2004.
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We have further analyzed these sera for antifibrillarin

antibodies. In studies of mice exposed to Hg, it has been

noted that antifibrillarin and other autoantibodies to small

nucleolar ribonucleoprotein particles (snoRNPs) such as

fibrillarin, may be sensitive and relatively specific (but not

unique) biomarkers of Hg-induced immunotoxicity (Hult-

man et al., 1989; Hultman and Enestrom, 1992; Pollard et

al., 1997; Monestier et al., 1994; Hultman and Hansson-

Georgiadis, 1999; Takeuchi et al., 1995). Pollard’s group

has recently identified autoantibodies to other snoRNPs in
addition to fibrillarin in mice exposed to Hg (Yang et al.,

2001). In collaboration with Dr Pollard’s lab, these sera are

currently being analyzed for anti-fibrillarin autoantibodies.

Preliminary data indicate that anti-fibrillarin autoantibodies

were detected infrequently in miners with high Hg

exposures and elevated ANA/ANoA. As shown in Fig. 6,

these gels also demonstrate the presence of many additional,

unidentified antibodies to nuclear proteins, as noted by

Pollard’s group in studies of mice. Identification of these

other antibodies is ongoing.



Fig. 6. Autoantibodies in serum from gold miners and a referent population in Amazonian Brazil (data from Silva et al., 2004). (a) and (b) ANA and ANoA in

Rio Rato miners; (c) and (d) ANA and ANoA in Tabatinga referents; (e) antifibrillarin antibodies in Rio Rato miners with high Hg and high ANA/ANoA levels.

Positive control sera were from scleroderma patients, courtesy of Dr K M Pollard. Figure reprinted from Silva et al., 2004.

E.K. Silbergeld et al. / Toxicology and Applied Pharmacology 207 (2005) S282–S292 S289
These data support the association between Hg exposures

and biomarkers of autoimmune dysfunction. These are the

first data to suggest that Hg exposures in humans may induce

similar dysfunctions as reported in rodent models of Hg

immunotoxicity. While we were able to exclude the possible

influence of undernutrition and substance abuse, based upon

questionnaire information and dietary history, there may be

specific reasons for this observation in this population. First,

the gold miners and burners in Rio Rato were exposed to

infectious diseases, in addition to Hg: over 95% had

prevalent malaria at the time of our study, and 100%

reported past malaria infections. Second, exposures to iHg

were episodic and likely to involve very high intermittent

doses associated with inhalation of elemental and iHg. Third,
the possible contribution of immunogenetic determinants to

susceptibility to Hg cannot be excluded. The populations

sampled are highly diverse, with many individuals having

European, African, and/or indigenous ancestry.
Implications of Hg-induced autoimmune dysfunction

These results are consistent with our hypothesis, also

advanced by Fournie et al. (2001), that Hg by itself may not

induce autoimmune disease or autoimmune dysfunction

except under special circumstances, such as genetic predis-

position as demonstrated in lupus-prone mice. Nothing is

known of variations in human susceptibility to Hg
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immunotoxicity. Our studies of autoimmune disease in mice

expand the concept of ‘‘predisposition’’ to include exposures

to triggering events, such as infection or antigen exposure.

In mice, exposure of nonsusceptible mouse strains to Hg

prior to the induction of an allogeneic GVHD greatly

accelerates lupus-like disease. Similarly, exposure of mice to

Hg prior to inoculation with the myocarditis producing

antigen CMP increases the incidence and severity of

experimental autoimmune myocarditis, an effect not seen

with Hg treatment alone.

There are several implications of Hg-induced auto-

immune dysfunction for public health, which support

continued research in both animal models and human

populations. First, in the animal models, the interactions

of iHg with either intrinsic or acquired predisposition to

autoimmune disease are some of the lowest effects yet

described. Doses as low as 20 Ag/kg for 2 weeks (Via et al.,

2003) or about 2 Ag/kg/day for several months (Pollard et

al., 1999) are associated with significant exacerbation or

acceleration of autoimmune disease, including severe

pathophysiology and premature death. The no observable

adverse effect level (NOAEL) for these outcomes has not

been defined. Second, the immunotoxic effects of Hg show

clear interactions with immunogenotype in mice and rats,

which raises questions about genetic susceptibility to Hg in

human populations. The possibility of genetic determinants

of human susceptibility to Hg has not been investigated, but

it is reasonable to suspect that such gene–environment

interactions that affect both disease incidence and severity

may occur among humans. Third, the immunotoxic effects

of Hg compounds have been reported for iHg as well as

several organic species of Hg, including ethylmercury,

which is still utilized in some vaccine preparations

(Havarinasab et al., 2004), which raises the possibility that

many types of Hg exposures may be equivalently immuno-

toxic and that they may be cumulative in their impacts on

the immune system. Fourth, the possibility that neuro-

immunologic mechanisms may be involved in inhibition of

neuronal migration may have implications for both early

and later neurotoxicity; that is, by inhibiting contributions of

new neurons from the stem cell pool, Hg may contribute to

the risks of neurodegenerative disease (Weiss et al., 2002).

The possibility that the mechanisms of other target organ

toxicity associated with Hg may involve immunological

signaling suggests that Hg-induced alterations in immune

system function may have relevance to understanding the

toxicity of Hg more generally.
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