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Tohoku J. Exp. Med., 2002, 196 (2), 79-88 —— Mercury vapor is known penetrate
the placental barrier more easily than inorganic mercury. A relative amount of
mercury accumulates in the fetus after exposure of pregnant animals to mercury
vapor. Mercury concentration in fetal organs is much lower than that in
maternal organs except the liver, and fetal liver shows significantly higher
mercury concentrations than maternal liver. In fetal liver, a substantial portion
of mercury is bound to metallothionein (MT), which plays an important role as a
reservoir of mercury during the prenatal period. The mercury retained in fetal
liver is redistributed to other organs, such as the brain and kidney, with diminish-
ing MT levels during postnatal development. Consequently, an increase in
mercury concentration in the brain and kidney of the neonate is observed. In
studies on animal offspring in utero exposed to mercury vapor, behavioral
changes, such as radial arm maze, morris maze and lever-press durations, are
observed when the levels of mercury vapor exceed the threshold limit value (TLV).
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Exposure to toxic metals, such as methyl-
mercury, lead and cadmium, during gestation
has potentially adverse effects on fetal develop-
ment. During the outbreak of methylmercury
poisoning in Japan and Iraq, it was proven that
there was prenatal transfer of methylmercury
through the placenta into the fetus (Harada

1968; Bakir et al. 1973; WHO 1976; Amin-Zaki
et al. 1981). Later, numerous investigations on
the placental transfer of various mercury com-
pounds and the uptake of mercury by fetal
tissues have been carried out (Suzuki et al. 1968;
Satoh et al. 1981).

Exposure to mercury vapor is largely a
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hazard of certain occupations, such as the pro-
duction of electrolytic chlorine, electrical appa-
ratus catalysis, paints and amalgamations, neon
light workers, and thermometer workers (WHO
1991). The general population is primarily
exposed to mercury through diet and dental
amalgam. Particularly, mercury vapor
released from amalgam fillings in the teeth of
pregnant women and the increased release rate
of mercury vapor by chewing are considered to
be potential sources of exposure to mercury
vapor of the fetus and neonates (Vimy and
Lorsheider 1985; Aronsson et al. 1989; Takaha-
shi et al. 2001). Recently, in addition to the
problem of placental transfer of mercury com-
pounds, there has been much focus on sub-
clinical developmental changes in children
exposed in utero or in early childhood to mer-
cury compounds. In this paper, the placental
transport of mercury vapor and its distribution
in fetal organs, and the developmental effects
with emphasis on neurobehavioral effects are
reviewed.

Metabolism of wmercury vapor

Mercury is a metal that is in the liquid state
at room temperature. It has a very high vapor
pressure and is rather volatile. Approximately
809% of inhaled mercury vapor 1is easily
absorbed from the alveolar air due to its rapid
diffusion through the alveolar membrane (Ber-
lin and Nordberg 1969), most of which immedi-
ately enters the bloodstream. Uptake of mer-
cury vapor via the skin is approximately 19§ of
the uptake via inhalation (Hursh et al. 1989).
The dissolved vapor is then very soon oxidized
to divalent inorganic mercury in red blood cells,
brain, liver, lung and probably all other tissues.
The oxidation is carried out via the ubiquitous
H,O,-catalase pathway as follows (Clarkson
1997).

Cat-OH+ H,0,=Cat-OOH+ H,0

Cat-OOH+ Hg°=Ca-OH+ HgO

(Cat: catalase)

This oxidation can, however, be inhibited

by alcohol or the herbicide aminotriazole, which
is an inhibitor of catalase, whereby the absorp-
tion by inhalation is considerably reduced
(Halbach and Clarkson 1978; Magos et al. 1978;
Eide and Syversen 1983). Although mercury
vapor introduced into the body is oxidized to
divalent inorganic mercury, part of the mercury
vapor exists in the bloodstream for a sufficient-
ly long time to reach the blood-brain barrier.
Consequently, some mercury vapor persisting in
the blood easily penetrates the barrier and
accumulates in the brain (Berlin and Nordberg
1969). In contrast, the penetration of mercuric
mercury into the brain is hindered by the blood-
brain barrier, and brain accumulation of mer-
cury is relatively low. Magos (1968) reported
that after mercury vapor exposure, the concen-
tration in the brain is about 10 times higher than
that after administration of a corresponding
dose of mercuric mercury.

Mercury placental transfer and distvibution of
mervcury in fetus

The placenta plays an important role in the
transfer of essential nutrients from the mother
to the embryo and fetus. Although essential
metals including zinc and copper are easily
transferred to the embryo and fetus across the
placenta, heavy metals such as cadmium and
mercury are not transferred to the fetus. After
injection of high doses of inorganic mercury to
pregnant mice (Berlin and Ullberg 1963) and
rats (Yang et al. 1996), significant accumulation
of mercury is observed in the placenta, and a
much lower accumulation in the fetus. These
experiments have shown that the placental
membrane constitutes a barrier against the
penetration of mercuric mercury into the fetus.

On the other hand, it has been shown that
mercury vapor, in contrast to mercuric mercury,
penetrates the placental barrier, thereby causing
the accumulation of mercury in the fetus when
the mother is exposed to mercury vapor.
Clarkson et al. (1972) found that mercury levels
in the fetuses of pregnant rats exposed to



mercury vapor were 10-40 times higher than
those in animals exposed to equivalent doses of
mercuric mercury. Khayat and Decker (1982)
reported that mercury vapor exposure in preg-
nant mice results in about 4-fold higher fetal
mercury concentration than mercuric mercury
injection. It has been confirmed that there is a
difference in the penetration of the placental
barrier among animal species. The uptake of
mercury in the fetus increases with gestational
age and the pattern of distribution becomes
more differentiated. Only traces of radioactive
mercury were found in mice embryos at 8 and
10 days of gestation, whereas a distinct accumu-
lation of mercury was seen in fetal tissue on day
12 of gestation and later. The pronounced
uptake of mercury was observed in fetal liver
and heart. Yoshida et al. (1986) reported that
when mother guinea pigs in late gestation were
exposed to 0.2-0.3 mg/m*® mercury vapor per
day until birth, mercury concentrations in fetal
organs except the liver were much lower than
those in the corresponding organs of the mother.
Mercury concentrations in fetal liver, in con-
trast, were about two times higher than those in
maternal liver. Thus, mercury vapor metabo-
lism in fetuses was quite different from that in
their mothers (Fig. 1). Amalgam dental filling
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al. (1990) found increased mercury levels in the
placenta and fetal organs of pregnant ewes
having occlusal amalgam filling. The placenta
progressively concentrated mercury as gestation
advanced to term, and the highest concentra-
tions of mercury from amalgam in the mother
were found in the kidney and liver, whereas in
the fetus the highest mercury concentrations
appeared in the liver and pituitary gland.
Recently, Takahashi et al. (2001) studied mer-
cury vapor released from a single amalgam
restoration in pregnant rat and measured mer-
cury concentrations in maternal and fetal tis-
sues. The highest mercury concentration in the
fetuses was observed in the liver, and was signif-
icantly higher than those in the controls.
However, mercury concentration in fetal tissues
was lower than that in maternal tissues.

As described in the section “Metabolism of
Mercury Vapor,” ethanol consumption modifies
the balance between oxidation and reduction of
mercury in the tissue. Pretreatment with eth-
anol reduces the oxidation of mercury vapor
into mercuric mercury, and more mercury vapor
exists in the blood during the exposure period.
Khayat and Decker (1982) found in experiments
with pregnant mice that pretreatment of dams
with ethanol or aminotriazole caused a marked
increase in the fetal uptake of mercury (particu-
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Fig.1. Mercury distribution in maternal and fetal guinea pig after in utero exposure to mercury
vapor. Modified from Yoshida et al. 1997. [J; Mother, B; Fetus.
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larly in the liver) after mercury vapor exposure
but not after injection of mercuric mercury.
Yoshida et al. (1997) reported also that ethanol
pretreatment of pregnant guinea pigs resulted in
the transfer of more mercury to the fetuses and
led to a marked increase of mercury in fetal
liver. Ogata and Meguro (1986) found that
mercury concentrations in fetuses of
acatalasaemic mice, which are deficient in the
enzyme catalase in the blood, were higher than
those in normal mice. Thus, even if the dam is
not exposed to high concentrations of mercury
vapor, ethanol intentionally taken into the body
may induce the increase of mercury in the fetal
body.

In human, mercury vapor crosses the
placental barrier, to reach the developing fetus.
However, there are few data on the transfer of
inhaled mercury vapor to the human fetus. In
two pregnant women who had been accidentally
exposed to mercury vapor, the concentration of
mercury in the infant blood was similar to that
in the maternal blood at the time of delivery
(WHO 1991). Drasch et al. (1994) found that the
mercury burden in human fetal and infant tis-
sues increased when their mothers had a large
number of dental amalgam fillings. The mer-
cury contents in the kidney and liver of fetuses

Mercury (ng/ml)

and in the kidney and brain of older infants
correlated strongly with the number of dental
amalgam fillings of the mothers. Yang et al.
(1997) also reported that the concentrations of
mercury in the umbilical cord blood and
placenta tissues of 9 parturient women who had
been exposed to mercury vapor in the lamp
factories were significantly higher than those of
9 non-exposed subjects. These studies indicate
that mercury vapor could be transferred to the
fetus via the placenta in human as well as
animal experiments.

Effect of metallothionein (MT) on wmercury
metabolism in fetal liver and placenta

Metallothionein (MT) is a low-molecular-
weight metal-binding protein with high cysteine
content. This protein has an important role in
the metabolism, transport and storage of essen-
tial metals such as zinc and copper (Cherian and
Goyer 1978; Webb and Cain 1982). A high
concentration of MT associated with zinc and
copper is known to be present in fetal and
neonatal liver (Webb and Cain 1982). Further-
more, MT concentration in the fetus is much
higher than that in the mother and decreases
during postnatal development. Mercury vapor
passing through the placental barrier is rapidly
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Fig. 2. Gel filtration profile of mercury in the liver cytosol from maternal and fetal guinea pig after
in utero exposure to mercury vapor. Modified from Yoshida et al. 1987.



oxidized in the fetal liver and accumulates in
that organ; consequently, little is distributed to
other fetal organs. In the fetal liver, more than
509 of the mercury is bound to a
metallothionein-like protein having a molecular
weight of about 10 000-12 000 (Yoshida et al.
1987). Bulk of the eluted mercury in the mater-
nal liver is associated with a high-molecular-
weight protein (Fig. 2). These findings indicate
that the fetal metallothionein-like protein plays
a role in preventing the further distribution of
mercury in the liver after in utero exposure to
mercury vapor.

MT is also reported to be present in human
and rodent placenta during pregnancy (Goyer
and Cherian 1992; Lau et al. 1998). Goyer et al.
(1992) described that MT is localized in the
trophoblast in human placenta as well, which
seems to be the primary interface between
essential and non-essential metals in maternal
and fetal blood. MT in rat placenta is also
present mainly in trophoblastic labyrinth, spon-
giotrophoblast and yolk sac (Hazelhoff Roelf-
zema et al. 1989). A similar localization of MT
was found in the placenta of mice (Yamamoto
et al. 2001). The role of placental MT in
maternal-to-fetal mercury transfer in MT-null
and wild-type mice after exposure to mercury
vapor is examined (Yamamoto et al. 2001). In
pregnant mice exposed to mercury vapor at late
gestation, placental mercury was localized
along the boundary between the junctional zone
and the labyrinth zone, as well as in the yolk sac
and decidual cell and labyrinth trophoblasts.
Fetal mercury levels were significantly higher in
MT-null mice than in wild-type mice. Gel fil-
tration profile of the placental cytosol in the
wild-type mice revealed that a large amount of
placental mercury was associated with M'T and
in MT-null mice appeared mainly in the high-
molecular-weight protein fractions. MT in the
placenta may play a role in preventing
maternal-to-fetal mercury transfer.

83

Mervcury in fetal central nervous system (CNS)

Mercury exposure during gestation results
in the appearance of mercury in the central
nervous system (NS) of rodents, sheep and
non-human primates (Khayat and Dencker 1982;
Vimy et al. 1990; Danielsson et al. 1993). The
uptake of mercury in the fetal CNS differs with
gestational age and is markedly less than that in
the adult guinea pig brain (Yoshida et al. 1986)
and in rats (Takahashi et al. 2001). Mercury
concentration in the central nervous system
(CNS) was rather low during early and mid
gestation but increased immediately before
birth (Khayat and Dencker 1982; Ogata and
Meguro 1986). Pamphlett and Kum-Jew (2001)
studied the localization of mercury in the CNS
of the developing mice following mercury vapor
exposure. No mercury was detected in the
CNS of pups after fetal exposure to mercury
vapor of 0.05 mg/m®. After fetal exposure to
mercury vapor of 050 mg/m® mercury was
detected in CNS blood vessels and sensory
ganglia. With a single exposure of pregnant
mice to a high concentration of mercury vapor
(5-6 mg/m?) at late gestation, Shimada found on
autometallography that mercury in fetal brain
is localized in CNS blood vessels and glial cells.
Yoshida et al. (1990) reported that although
mercury concentration in fetal brain after in
utero mercury vapor exposure was not marked-
ly different from that of the non-exposed group,
its concentration in neonates, which were foster-
ed by non-exposed mothers to minimize possible
mercury intake through maternal milk, signifi-
cantly increased during the postpartum period.
They described that the significant elevation of
mercury concentration in neonatal brain may be
due to the redistribution of mercury caused by a
progressive decrease in the amount of mercury
bound to fetal hepatic MT, with diminishing
hepatic MT levels in the neonates (Fig.3).
Considering the higher sensitivity of the fetus to
mercury toxicity than the mother, the elevation
of mercury concentration in fetal brain might
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Fig. 3. Mercury concentrations in the liver, brain and kidney of fetal and neonatal guinea pigs after
in utero exposure to mercury vapor. Modified from Yoshida et al. 1990.

have an adverse effect on developing neonates.

The metabolism of mercury in the fetus
after in utero exposure to mercury vapor and
during postnatal development is summarized in
Fig. 4.

Effects on fetal development

Mercury is a well-known teratogenic agent
(Koos and Longo 1976). Little is known about

the consequences of exposure to mercury vapor
during development in human beings.
Melkonian and Baker (1988) reported that a
woman who worked in a thermometer factory
had urine mercury levels of 875 ug/1 at 15 weeks
of gestation, was continuously exposed to mer-
cury throughout gestation, and delivered a
viable male infant. Birth weight and neur-
odevelopmental status were not reported.
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Geliber and Ingram (1989) reported that 32 year-
old surgeon who worked until 35th week of
pregnancy in a surgery in which mercury vapor
concentrations in excess of 0.05 mg/m?® had been
detected, gave birth at 42 weeks to small-for-
dates bady with severe brain damage. The
baby’s blood mercury level on the eighth day of
birth was 16 ug/liter and died the next day. In
animal experiments, only a few studies have
been carried out on the prenatal effects of
mercury vapor. Steffek et al. (1987) reported
the effects of mercury vapor on prenatal devel-
opment in pregnant rats during the entire ges-
tational period (chronic exposure) or during the
period of organogenesis (acute exposure).
Gross examination of fetuses from pregnant
rats exposed acutely or chronically to 0.1 mg/
m?® mercury revealed no increased incidence of
gross congenital malformation or resorption
compared to room or chamber controls. How-
ever, acute exposure at 0.5 mg/m? resulted in an
increase in the number of resorptions (5/41), and
chronic exposure at this concentration resulted
in two fetuses (out of 84 that were examined)

Hg vapor.

with cranial defects. A teratological study in
rats indicated that embryotoxic and teratogenic
effects were not observed at TLV of mercury
vapor, but were observed at about 20 times
TLV during the entire gestation or or-
ganogenetic period. Danielsson et al. (1993)
studied the effects of inhaling mercury vapor in
pregnant rats during days 11-14 plus 17-20 of
gestation, approximately corresponding to
doses of 0.2 or 0.07mg Hg’/kg/day, on the
development and behavior of the offspring.
Tests of spontaneous motor activity showed
that exposed offspring were hypoactive at three
months of age compared to controls, but hyper-
active at 14 months. Furthermore, the
prenatally exposed offspring showed retarded
acquisition in the radial arm maze in spatial
learning tasks and reduction of adaptability to a
novel environment in a simple learning test.
Christopher-Newland et al. (1996) studied the
behavior of squirrel monkey offspring after in
utero exposure to 0.5 or 1.0 mg/m® mercury
vapor during the last 2/3 or longer period of
gestation. When time allocation for each lever
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was examined during behavioral transitions and
in the steady state, the variability in the steady-
state performance was observed to be much
greater in the exposed monkeys than in the
control. The exposed monkeys were found to
exhibit slower transitions than the control, and
to have longer lever-press duration and much
longer session-to-session variability at the end of
the experiment. They demonstrated that long-
term prenatal mercury vapor exposure led to
instability in lever-press durations and steady-
state performance under concurrent schedules
of reinforcement as well as aberrant transitions.
Although numerous investigators have re-
ported the effects of occupational or accidental
exposure to mercury vapor on humans, the
effect of low levels of mercury exposure, such as
amalgam filling and fish in the diet, on the
general population is as yet unknown. Larsson
(1992) described that the dose of mercury vapor
from dental amalgam fillings, which is of the
order of 5 ug/day, is very low compared with
the TLV of mercury vapor. The embryo and
fetus are known to be more susceptible to
mercury compounds than adults. It is unclear
whether low levels of mercury vapor can
adversely affect fetal development in the
absence of well-known signs of mercury intoxi-
cation. Subclinical developmental changes in
children exposed in utero to a low dose of
mercury vapor remain to be elucidated.
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