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Abstract
During the perinatal period, the central nervous system (CNS) is extremely sensitive to metals,
including methylmercury (MeHg). Although the mechanism(s) associated with MeHg-induced
developmental neurotoxicity remains obscure, several studies point to the glutathione (GSH)
antioxidant system as an important molecular target for this toxicant. To extend our recent findings
of MeHg-induced GSH dyshomeostasis, the present study was designed to assess the developmental
profile of the GSH antioxidant system in the mouse brain during the early postnatal period after in
utero exposure to MeHg. Pregnant mice were exposed to different doses of MeHg (1, 3 and 10 mg/
L, diluted in drinking water, ad libitum) during the gestational period. After delivery, pups were
killed at different time points - postnatal days (PNDs) 1, 11 and 21 - and the whole brain was used
for determining biochemical parameters related to the antioxidant GSH system, as well as mercury
content and the levels of F2-isoprostane. In control animals, cerebral GSH levels significantly
increased over time during the early postnatal period; gestational exposure to MeHg caused a dose-
dependent inhibition of this developmental event. Cerebral glutathione peroxidase (GPx) and
glutathione reductase (GR) activities significantly increased over time during the early postnatal
period in control animals; gestational MeHg exposure induced a dose-dependent inhibitory effect on
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both developmental phenomena. These adverse effects of prenatal MeHg exposure were corroborated
by marked increases in cerebral F2-isoprostanes levels at all time points. Significant negative
correlations were found between F2-isoprostanes and GSH, as well as between F2-isoprostanes and
GPx activity, suggesting that MeHg-induced disruption of the GSH system maturation is related to
MeHg-induced increased lipid peroxidation in the pup brain. In utero MeHg exposure also caused a
dose-dependent increase in the cerebral levels of mercury at birth. Even though the cerebral mercury
concentration decreased to nearly basal levels at postnatal day 21, GSH levels, GPx and GR activities
remained decreased in MeHg-exposed mice, indicating that prenatal exposure to MeHg affects the
cerebral GSH antioxidant systems by inducing biochemical alterations that endure even when
mercury tissue levels decrease and become indistinguishable from those noted in pups born to control
dams. This study is the first to show that prenatal exposure to MeHg disrupts the postnatal
development of the glutathione antioxidant system in the mouse brain, pointing to an additional
molecular mechanism by which MeHg induces pro-oxidative damage in the developing CNS.
Moreover, our experimental observation corroborates previous reports on the permanent functional
deficits observed after prenatal MeHg exposure.
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Introduction
Reactive oxygen species (ROS) are continuously produced in the mammalian central nervous
system (CNS) during normal aerobic metabolism, representing a class of biologically active
molecules that threaten neuronal survival by their ability to induce lipid peroxidation, protein
oxidation and DNA damage (Halliwell 1992). The protective effects against ROS-induced
cellular injury in the CNS are elicited by highly complex and integrated defense systems that
are composed of both enzymatic and nonenzymatic antioxidants (Cohen 1994).

The glutathione system, which consists of reduced glutathione (GSH - the most important low-
molecular sulfhydryl-containing antioxidant) and the GSH-related enzymes, glutathione
peroxidase (GPx) and glutathione reductase (GR), is foremost among these antioxidant systems
(Dringen et al. 2000). GPx belongs to a class of enzymes that catalyze the reduction of hydrogen
peroxide, phospholipid-hydroperoxide and other organic hydroxyperoxides by GSH (Flohé
1997). GSH is converted to its oxidized form (GSSG) after peroxide reduction, and GR
catalyzes the NADPH-dependent conversion of GSSG to regenerate GSH, which can act as
intracellular reductant (Gul et al. 2000).

Important changes in protein levels and enzyme activities of the antioxidant defense system
occur in the mouse brain during the perinatal period (Khan and Black 2003). In fact, gradual
increases in the amount of the antioxidant enzyme, GPx, and in GSH levels were observed in
the mouse brain during the perinatal period; this phenomenon was proposed to represent a
physiologic mechanism by which the brain protects itself from the surge in oxygen
concentration encountered after delivery, which results in an increase in oxidative metabolism
and, consequently, an increase in ROS generation (Khan and Black 2003).

Methylmercury (MeHg) is an environmental contaminant that has been shown to cause
neurological deficits in both animals and humans (Clarkson et al. 2003; Aschner et al. 2007).
As a result of the biomethylation of mercury compounds released from anthropogenic sources
in waterways, MeHg-containing fish represent a major source of human poisoning (Clarkson
et al. 2003). Therefore, populations that rely heavily on fish for food can be exposed to toxic
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levels of MeHg. Although yet debatable (Grandjean et al. 1997; Weihe et al. 2002; Yokoo et
al. 2003; Davidson et al. 2006; Spurgeon 2006), some epidemiological studies have indicated
that motor and cognitive impairments are the most common neurological alterations observed
in these populations. It is noteworthy that exposure of pregnant women to MeHg can also lead
to indirect intoxication of their progeny due to transplacental MeHg transport (Harada 1995;
Rice et al. 2003), and some studies have reported that maternal exposure to MeHg causes
neurological deficits in their offspring (Grandjean et al. 1997; Murata et al. 2004). Furthermore,
exposure to MeHg during early fetal development can be associated with subtle brain damage
at levels much lower than those affecting the mature brain (Grandjean and Landrigan 2006).

A number of synchronous mechanisms are likely associated with MeHg-induced neurotoxicity,
including impairment of intracellular calcium homeostasis (Sirois and Atchison 2000;
Atchison 2005), alteration of glutamate homeostasis (Aschner et al. 2000; Farina et al.
2003a; Mutkus et al. 2005) and oxidative stress (Ou et al. 1999; Manfroi et al. 2004; Yin et al.
2007). MeHg-induced oxidative stress is related to its direct chemical interaction with
nonenzymatic antioxidants, such as GSH (Shanker et al. 2005), as well as changes in the
activities of antioxidant enzymes (Farina et al. 2005, Carvalho et al., 2007). In this regard,
studies from our group have reported that MeHg exposure decreases the levels of GSH and
increases the levels of peroxides and thiobarbituric acid reactive substances in the mouse CNS
(Manfroi et al. 2004; Franco et al. 2006). In addition, MeHg exposure has been reported to
alter the activities of the GSH-related enzymes, GPx and GR, in the mouse CNS (Farina et al.
2003b, 2005; Stringari et al. 2006). Notably, MeHg-induced oxidative stress and MeHg-
induced glutamate dyshomeostasis are connected phenomena affecting each other. In fact,
MeHg-induced inhibition of astrocyte glutamate transporters leads to increased glutamate
concentrations in the extracellular fluid, causing hyperactivation of N-methyl D-aspartate
(NMDA)-type glutamate receptors and leading to an increase in Na+ and Ca2+ influx (Choi,
1992). Increased intracellular Ca2+ levels are associated with the generation of reactive oxygen
species (Lafon-Cazal et al., 1993). On the other hand, MeHg-induced reactive oxygen species
(mainly H2O2) production appears to directly inhibit astrocyte glutamate transporters, leading
to increased glutamate concentrations in the extracellular fluid (Allen et al., 2001a,b).
Consequently, reactive oxygen species formation resulting from MeHg- and glutamate-
induced oxidative stress contributes to mitochondrial dysfunction (Franco et al., 2007a).

Despite evidence favoring the GSH antioxidant system as a potential molecular target of
MeHg-induced neurotoxicity, developmental studies on the interaction between MeHg and the
GSH antioxidant system are scarce. Accordingly, the present study was aimed at investigating
the effects of prenatal MeHg exposure on the postnatal development of the GSH antioxidant
system in the mouse brain. Several important points were considered in the design of the
experimental protocol: (i) the developing CNS is highly susceptible to the toxic effects of
xenobiotics, including MeHg; (ii) prenatal exposure to MeHg is a common phenomenon
observed in the human population; and (iii) antioxidant activity is particularly important during
the postnatal period due to the increase in ROS generation after delivery.

Materials and Methods
Chemicals

Methylmercury (II) chloride was obtained from Aldrich Chemical Co. (Milwaukee, WI). β-
nicotinamide adenine dinucleotide phosphate sodium salt - reduced form, 5-5′-dithio-bis (2-
nitrobenzoic) acid, glutathione reductase from baker’s yeast, oxidized glutathione and reduced
glutathione were obtained from Sigma (St. Louis, Mo., USA). All other chemicals were of the
highest grade commercially available.
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Animals
Adult Swiss Albino mice (male and female), 90 days old, from our breeding colony were
maintained at 22 ± 2 °C, on a 12:12 h light/dark cycle, with free access to food (Nuvital, PR,
Brazil) and water. The breeding regimen consisted of grouping three virgin females with one
male during two days. The presence of a vaginal plug was evaluated twice a day (at 8:00 a.m.
and 5:00 p.m.), and was used as an indicator of pregnancy (gestational day 1 - GD 1). Pregnant
mice at the GD 1 were selected and housed individually in opaque plastic cages.

Treatment
Thirty two pregnant mice at the GD 1 were randomly assigned to one of four groups of eight
animals each. Three groups were exposed to MeHg solutions (1, 3 or 10 mg of methylmercury
(II) chloride/L, diluted in tap water) ad libitum as their sole liquid source from GD1 to
parturition. Pregnant mice from the control group received tap water ad libitum as their sole
liquid source from GD1 to parturition. Maternal liquid and solid ingestions were monitored
daily. Because each mother was allocated in an individual cage, the amount of water and food
consumption was calculated as the difference between the amount (water or food) available
and the remaining amount after a 24 h period. After parturition (postnatal day 1 - PND 1), dams
from all groups received tap water ad libitum as their sole liquid source until the end of the
weaning period (PND 21). At this time-point, all litters were normalized to a number of 8 pups
per litter: litters with 9 or a higher number of animals were humanely culled to 8 pups.
Throughout this period, the pups were maintained with their respective mothers (eight per litter;
see scheme 1). At different time points (PND 1, 11 and 21), two pups from each litter were
sacrificed by decapitation, and the whole brains (minus the cerebella) were removed and used
for biochemical analyses. 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, and all experiments were approved by our ethics committee for animal use at the
Universidade Federal de Santa Catarina (PP00060/CEUA e 23080.024292/2006-22/UFSC).

Tissue preparation
One whole brain (derived from one pup per litter for each treatment/time point) was
homogenized (1:10 w/v) in HEPES [N-(2-hydroxyethyl) piperazine-N’-(2-ethanesulfonic
acid)] 25 mM, pH 7.4 buffer. An aliquot of 10 μL was removed from the tissue homogenate
for Hg determinations. The remaining volume was centrifuged at 20,000 x g, at 4°C for 30
minutes to obtain a cerebral supernatant, which was used to determine glutathione levels and
enzyme activity. Another whole brain (derived from the second pup per litter for each
treatment/time point) was homogenized in Folch solution for F2-isoprostanes determination
(Milne et al., 2007). Briefly, evaporated lipid extract was hydrolyzed using KOH and the
internal standard, [2H4]-15-F2t-IsoP added. Following extraction using C-18 and silica Sep-
Pac cartridges, purification by thin layer chromatography, and conversion to pentafluorobenzyl
ester trimethylsilyl ether derivatives, F2-isoprostanes was dissolved in dry undecane.

Biochemical determinations
The determinations of glutathione levels and enzyme activities were carried out in a Varian
Cary 50 spectrophotometer (Varian Inc., Palo Alto, CA, USA). The GR activity was determined
based on the protocol developed by Carlberg and Mannervik (1985). Briefly, GR reduces
GSSG to GSH at the expense of NADPH, the disappearance of which can be followed at 340
nm. GPx activity was determined based on the protocol developed by Wendel (1981) by
indirectly measuring the consumption of NADPH at 340 nm. The GPx uses GSH to reduce the
tert-butyl hydroperoxide, producing GSSG, which is readily reduced to GSH by GR using
NADPH as a reducing equivalent donor. Glutathione was measured as non-protein thiols based
on the protocol developed by Ellman (1959) with minor modifications (Farina et al. 2003c).
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Briefly, samples were precipitated in cooled trichloroacetic acid 10% and centrifuged at 15,000
x g for 2 minutes, and the supernatant was incubated with DTNB in a 0.5 M phosphate buffer,
pH 8.0. Absorbances were measured at 412 nm. Protein concentrations were determined
according to Bradford (1976), using a bovine serum albumin as the standard. The cerebral
levels of F2-isoprostanes (F2-IsoPs), prostaglandin-like molecules produced by free radical-
mediated peroxidation of arachidonic acid, were measured according to the method of Milne
et al. (2007), using gas chromatography/mass spectrometry (GC/MS) with selective ion
monitoring. Cerebral mercury content was measured by cold vapor atomic absorption
spectrometry according to a method previously described by our group (Franco et al. 2007b).

Statistical analysis
Differences between groups (treatment and ontogenetic effects) were evaluated by one-way
analysis of variance, followed by Duncan’s multiple range tests when appropriate. Two-way
analysis of variance was also performed: different treatments versus different postnatal periods.
Correlation between the analyzed biochemical parameters was evaluated by two-tailed Pearson
correlation. For studies on the potential correlation between F2-isoprostane levels and the
glutathione related parameters (GSH levels, GR and GPx activities), litter-mate pups were
used.

Results
Mortality and general health

No maternal mortality was observed throughout the experimental period. Maternal body weight
at delivery and liquid and solid consumption throughout the treatment period were not
significantly different between groups (Table 1). Values of liquid and solid consumption are
in agreement with previous studies (Manfroi et al., 2004) and with the high metabolic rate of
a pregnant mouse. Based on the maternal daily liquid ingestions, daily MeHg doses of 0.63,
1.9 and 6.3 mg/kg were calculated for mothers treated with 1, 3 and 10 mg/L MeHg solutions,
respectively. Even though the higher dose would be highly toxic, pup body weights were not
different between groups from birth until PND 21 (Table 2).

Biochemical parameters
The developmental profile of cerebral glutathione (GSH) levels during the early postnatal
period after in utero exposure to MeHg is depicted in Figure 1. On PND 1, cerebral GSH levels
were similar for all groups. In control animals, cerebral GSH levels were ~2.5 fold higher on
PND 11 and PND 21 compared to PND 1. However, in utero exposure to MeHg caused a dose-
dependent inhibition of the developmental increase in GSH. Two-way analysis of variance
showed a significant [F11,55 = 3.92; p = 0.003] interaction between treatment and time for
cerebral GSH levels.

The developmental profile of cerebral glutathione peroxidase (GPx) activity (Figure 2) closely
paralleled that of cerebral GSH levels (Figure 1). Indeed, cerebral GPx activity increased during
the early postnatal period, and a positive correlation (Pearson coefficient = 0.786; P < 0.001)
was found between cerebral GSH levels and cerebral GPx activity in control animals. MeHg
induced a dose-dependent decrease in cerebral GPx activity at all time points. Moreover, MeHg
caused a dose-dependent inhibitory effect on the physiological increase of GPx activity during
the early postnatal period (Figure 2). Cerebral glutathione reductase (GR) activity showed a
developmental increase in control animals during the early postnatal period (Figure 3). A
positive correlation (Pearson coefficient = 0.795; P < 0.001) was found between cerebral GSH
levels and cerebral GR activity in control animals. On PND 1, cerebral GR activity was similar
for all groups. Similar to GSH levels and GPx activity, the normal temporal increase in cerebral
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GR activity during the early postnatal period was inhibited by in utero MeHg exposure (Figure
3).

The cerebral levels of F2-isoprostanes, accurate and reliable indicators of lipid peroxidation
in vivo (Roberts and Morrow 2002), are depicted in Figure 4. Importantly, F2-isoprostanes
level was the only biochemical brain parameter that did not vary over time after birth until
PND 21. Corroborating the adverse effects of MeHg on the GSH antioxidant system, the
prenatal exposure to MeHg induced a dose-dependent increase in cerebral lipid peroxidation.
It is noteworthy that such increases were inherent to all the time points. Consistent with the
above observations, in utero MeHg exposure caused a dose-dependent increase in the cerebral
levels of mercury at PND1 (Figure 5). Interestingly, cerebral mercury levels decreased after
birth until PND 21 at a very rapid rate, reaching basal levels at weaning.

Discussion
Several experimental studies with rodents and primates have established that prenatal exposure
to MeHg can cause neurotoxicity (Gilbert et al. 1996; Kakita et al. 2000; Weiss et al. 2005;
Reed et al. 2006; Johansson et al., 2007). While prenatal exposure to MeHg in fish-eating
populations is a well described event, its role in triggering neurotoxicity is still under debate
(Grandjean et al. 1997; Weihe et al., 2002; Yokoo et al., 2003; Davidson et al., 2006; Spurgeon
2006). Even though the molecular mechanisms associated with MeHg-induced developmental
neurotoxicity are not fully understood, its pro-oxidative properties have been linked to the
neuropathological sequalae of perinatal exposures (Vicente et al. 2004). In this regard, the
glutathione (GSH) antioxidant system is a significant molecular target involved with the
neurotoxic effects of MeHg during the early postnatal period, as evidenced by decreased GSH
levels, as well as decreased activities of GSH-related enzymes (Manfroi et al. 2004; Franco et
al. 2006; Stringari et al. 2006). The results presented herein showed that in utero exposure to
MeHg, which did not change cerebral GSH levels and glutathione reductase (GR) activity at
birth, effectively inhibited the developmental profile of the cerebral GSH antioxidant system
during the early postnatal period. In fact, cerebral GSH levels, GPx and GR activities in MeHg-
treated pups did not parallel the increases observed in the control animals during the early
postnatal period. From a toxicological point of view, these results represent an important
finding, adding a new molecular mechanism by which MeHg could cause neurotoxicity in the
developing CNS, where the inhibition of the physiological maturation of an important
antioxidant system might contribute to the oxidative damage observed after prenatal MeHg
exposure.

Cerebral GSH levels were measured as non-protein thiols based on the protocol developed by
Ellman (1959), which does not discriminate between reduced glutathione and other non-protein
thiols. Because GSH accounts for approximately 90 % of the total non-protein thiols in cells
(Cooper et al., 1998; Franco and Cidlowski, 2006), one could suppose that the high increase
(180 %) in non-protein thiols levels from PND 1 to PND 11/21 in control animals is
predominantly related to ontogenetic increases in GSH levels. This finding is in agreement
with a previous study by Rice and Russo-Menna (1998), which shows a gradual increase in
GSH synthesis from PND 3 to PND 23 in rodent cerebral cortex. On the other hand, it is
important to consider that the Ellman’s reagent detects the reduced form of glutathione (GSH),
but is unable to detect its oxidized (GSSG) form. Taking into account the decrease of GSH/
GSSG under pro-oxidative conditions (Cooper and Kristal, 1997) and the direct chemical
interaction between MeHg and GSH, forming GS-HgCH3 complexes (Dutczak and Ballatori,
1994), it is likely that the observed decrease in cerebral GSH levels in MeHg-exposed mice is
related, at least in part, to the formation of GSSG and/or GS-HgCH3.
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A gradual increase in protein levels and enzyme activities of the antioxidant defense system
have been reported to occur in the mouse brain during the perinatal period (Khan and Black
2003). This phenomenon represents a physiological mechanism by which the brain protects
itself from the surge in oxygen concentration encountered after delivery, which results in an
increase in oxidative metabolism and, consequently, an increase in ROS generation (Khan and
Black 2003). In agreement with these observations, we also noted a gradual increase in cerebral
GSH levels, as well as in the GPx and GR activities during the early postnatal period. It is
noteworthy that the maturation of different components of the GSH antioxidant system occurs
simultaneously. In fact, the cerebral GSH levels were positively correlated to cerebral GR
(Pearson coefficient = 0.795; P < 0.001) and GPx (Pearson coefficient = 0.786; P < 0.001)
activities in control animals. In addition, cerebral GR and GPx activities were also positively
and significantly correlated (Pearson coefficient = 0.687; P = 0.001) in these animals,
reinforcing the idea of the simultaneous maturation of GSH levels, GR and GPx activities
during the early postnatal period. This developmental balance was significantly perturbed by
in utero exposure to MeHg, affecting the maturation of this important molecular process for
protecting against pro-oxidative damage in the CNS. Indeed, when all experimental groups
were analyzed together, significant positive correlations were also found between cerebral
GSH levels and GPx activity (Pearson coefficient = 0.631; P < 0.001), GSH levels and GR
activity (Pearson coefficient = 0.701; P < 0.001), and GPx and GR activities (Pearson
coefficient = 0.560; P < 0.001). Accordingly, we conclude that prenatal exposure to MeHg
renders the brain more susceptible to the deleterious effects of reactive oxygen species
generated during cerebral aerobic metabolism.

While the GSH antioxidant system has a myriad of functions (Dringen and Harrlinger 2003),
one of its most important roles is the detoxification of endogenously generated peroxides.
Indeed, GPx catalyzes the reduction of hydrogen peroxide, phospholipid-hydroperoxide and
other organic hydroxyperoxides by GSH (Flohé 1997), yielding oxidized glutathione (GSSG)
which, in turn, is reduced back to GSH in a NADPH-dependent reaction catalyzed by
glutathione reductase (Gul et al. 2000). Taking into account the deleterious effects of peroxide
and peroxide-derived radicals in the CNS (Dringen et al. 2005), it is not surprising that the
disruption of the GSH antioxidant system can result in oxidative damage to the brain. Here,
we have observed that the cerebral levels of F2-isoprostanes were significantly increased in
response to prenatal MeHg exposure. From a mechanistic point of view, the evidence of such
a phenomenon is important as it represents the consequence of MeHg-induced disruption of
the GSH oxidant system as well as suboptimal ability to combat ROS generated within the
CNS. This idea is further reinforced by the fact that the disruption of the cerebral GSH
antioxidant system was inversely correlated to the increased levels of cerebral F2-isoprostanes.
Indeed, significant negative correlations were found between F2-isoprostanes and GSH
(Pearson coefficient = −0.392; P = 0.003) as well as between F2-isoprostanes and GPx activity
(Pearson coefficient = −0.434; P = 0.001). Moreover, the correlation between cerebral F2-
isoprostanes and GR activity was almost significant (Pearson coefficient = −0.221; P = 0.096).
These results show quantitative relationships among the different endpoints, suggesting that
MeHg-induced disruption of the GSH system maturation is related, at least in part, to the
observed MeHg-induced increased lipid peroxidation in the pup brain. In agreement with these
observations, MeHg exposure (Vendrell et al., 2007) and deficient GPx activity (Cheng et al.,
1999) have been associated with increased isoprostane levels. Moreover, cerebral isoprostanes
have been previously demonstrated to be formed in increased amounts in neuropathological
conditions related to oxidative stress (Musiek et al., 2007).

The increased cerebral mercury levels observed after the in utero exposure to MeHg are in
agreement with other studies on the rapid placental transfer of MeHg from mothers to offspring
(Watanabe et al. 1999). An intriguing phenomenon observed in our study was the extremely
rapid decline of brain mercury levels from birth to weaning (Figure 5; half-life ≅ 10 days).
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Ballatori and Clarkson (1982) showed that MeHg has a long half-time in neonatal rodents
(rats), which was ascribed to the inability of the neonatal liver to excrete MeHg into the bile,
a key step for its elimination in adults. These authors also showed that the ability of the rat to
excrete MeHg into the bile develops between 2 and 4 weeks of age, and that it is correlated
with the ability of the developing liver to excrete GSH into the bile. On the other hand, Fair et
al. (1987) observed the rapid elimination of MeHg from the mouse CNS after a single
intracerebral injection (half-life = 1.6 days in cerebellum). Interestingly, these authors showed
that cerebral MeHg is distributed to erythrocytes, the kidneys and the liver. Since we did not
evaluate the inter-organ MeHg distribution and the rates of MeHg excretion through urine or
bile, this topic represents an unresolved question that warrants additional investigation.
Nonetheless, data reported in the literature indicate that the kinetics of MeHg distribution/
elimination depend upon the developmental period, as well as the strain, sex, route of
administration and dose (Ballatori and Clarkson 1982; Nielsen and Andersen 1991a,b).

Even though the cerebral mercury concentration decreased nearly to basal levels at postnatal
day 21, GSH levels, GPx and GR activities remained decreased in MeHg-exposed mice when
compared to control animals. These results indicate that prenatal exposure to MeHg affects
cerebral GSH antioxidant systems by inducing biochemical alterations that endure even when
mercury decreases nearly to basal levels. The apparently “paradoxical” long-lasting effect of
in utero MeHg exposure on the GSH system, which was observed even when Hg levels were
nearly undetectable, should be responsible for the permanent damage (increased brain lipid
peroxidation) observed latter in the suckling period. Our experimental observation appears to
be closely related to permanent functional deficits observed after prenatal MeHg exposure
(Grandjean 2007).

Another important phenomenon worth noting was the effectiveness of the lower dose tested
(1 mg/L) in causing the blockage of normal development of GSH system. At this dosage, levels
of Hg deposited in the brains of suckling mice were indistinguishable from those observed in
control animals. These results support the notion that exposure to MeHg during early fetal
development can be associated with subtle brain damage at levels much lower than those
expected to affect the mature brain (Dalgard et al., 1994; Costa et al., 2004). Furthermore, these
results indicate the potential occurrence of a dangerous but silent pandemic of subclinical
MeHg neurotoxicity (Grandjean and Landrigan 2006).

This study is the first to show that the prenatal exposure to MeHg disrupts the postnatal
development of the GSH antioxidant system in the mouse brain, pointing to an additional
molecular mechanism by which MeHg induces pro-oxidative damage in the developing CNS,
thereby rendering the brain more susceptible to the deleterious effects of ROS normally
produced by aerobic metabolism. Furthermore, the delayed neurochemical changes observed
during the suckling period following gestational MeHg exposure (even in the presence of
extremely low levels of mercury in the brain), indicates that exposure to MeHg during critical
periods of development can trigger long-lasting biochemical changes associated with oxidative
stress in developing organisms. Although it is difficult to extrapolate the results from animal
models to humans, our results may indicate that the neurodevelopmental deleterious effects of
perinatal MeHg exposure observed in epidemiological studies with children can be related, at
least in part, to permanent neurochemical changes triggered by low levels of mercury during
critical periods of brain development.
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Figure 1.
Developmental profile of cerebral glutathione levels during the early postnatal period after in
utero exposure to MeHg. Pregnant mice were exposed during the gestational period to different
doses of MeHg diluted in their drinking water. After parturition, three pups per litter were
randomly selected and killed at different time points - postnatal days (PNDs) 1, 11 and 21.
Data are represented as mean ± SEM. n = 8 litters per treatment (1 pup per litter for each time
point). Symbols not sharing the same number at the same treatment (ontogenetic effect) are
statistically different (P < 0.05) as measured by one-way ANOVA followed by the Duncan’s
multiple range test. Symbols not sharing the same letter at the same ontogenetic period
(treatment effect) are statistically different (P < 0.05) as measured by one-way ANOVA
followed by the Duncan’s multiple range test.
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Figure 2.
Developmental profile of cerebral glutathione peroxidase (GPx) activity during the early
postnatal period after in utero exposure to MeHg. Pregnant mice were exposed during the
gestational period to different doses of MeHg diluted in their drinking water. After parturition,
three pups per litter were randomly selected and killed at different time points - postnatal days
(PNDs) 1, 11 and 21. Data are represented as mean ± SEM. n = 8 litters per treatment (1 pup
per litter for each time point). Symbols not sharing the same number at the same treatment
(ontogenetic effect) are statistically different (P < 0.05) as measured by one-way ANOVA
followed by the Duncan’s multiple range test. Symbols not sharing the same letter at the same
ontogenetic period (treatment effect) are statistically different (P < 0.05) as measured by one-
way ANOVA followed by the Duncan’s multiple range test.
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Figure 3.
Developmental profile of cerebral glutathione reductase (GR) activity during the early
postnatal period after in utero exposure to MeHg. Pregnant mice were exposed during the
gestational period to different doses of MeHg diluted in their drinking water. After parturition,
three pups per litter were randomly selected and killed at different time points - postnatal days
(PNDs) 1, 11 and 21. Data are represented as mean ± SEM. n = 8 litters per treatment (1 pup
per litter for each time point). Symbols not sharing the same number at the same treatment
(ontogenetic effect) are statistically different (P < 0.05) as measured by one-way ANOVA
followed by the Duncan’s multiple range test. Symbols not sharing the same letter at the same
ontogenetic period (treatment effect) are statistically different (P < 0.05) as measured by one-
way ANOVA followed by the Duncan’s multiple range test.
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Figure 4.
Cerebral F2-isoprostane levels during the early postnatal period after in utero exposure to
MeHg. Pregnant mice were exposed during the gestational period to different doses of MeHg
diluted in their drinking water. After parturition, three pups per litter were randomly selected
and killed at different time points - postnatal days (PNDs) 1, 11 and 21. Data are represented
as mean ± SEM. n = 5 litters per treatment (1 pup per litter for each time point). Symbols not
sharing the same number at the same treatment (ontogenetic effect) are statistically different
(P < 0.05) as measured by one-way ANOVA followed by the Duncan’s multiple range test.
Symbols not sharing the same letter at the same ontogenetic period (treatment effect) are
statistically different (P < 0.05) as measured by one-way ANOVA followed by the Duncan’s
multiple range test.
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Figure 5.
Cerebral mercury levels during the early postnatal period after in utero exposure to MeHg.
Pregnant mice were exposed during the gestational period to different doses of MeHg diluted
in their drinking water. After parturition, three pups per litter were randomly selected and killed
at different time points - postnatal days (PNDs) 1, 11, and 21. Data are represented as mean ±
SEM. n = 5 litters per treatment (1 pup per litter for each time point).
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Scheme 1. treatment schedule
Pregnant mice were exposed to MeHg solutions (0, 1, 3 and 10 mg/L, diluted in tap water)
from gestational day (GD) 1 until delivery. MeHg exposure was ended after parturition and,
thereafter, lactating dams received only tap water ad libitum. One pup from each litter was
sacrificed at postnatal days (PNDs) 1, 11 and 21 for the biochemical analysis.
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Table 1

Maternal body weight at delivery; liquid and solid consumption throughout the gestational period. The amount
of maternal water and food consumption was calculated as the difference between the amount (water or food)
available and the remaining amount after a 24 h period. The values are presented as mean ± SEM. n = 8 mothers
per treatment. No significant differences between groups were found by one-way ANOVA

Groups Body weight at delivery
(g)

Liquid
consumption

(mL/day)

Solid
consumption

(g/day)

Control 45.8 ± 3.1 28.8 ± 1.1 21.8 ± 2.1

MeHg 1 mg/L 43.2 ± 2.0 29.2 ± 0.9 23.2 ± 1.7

MeHg 3 mg/L 44.7 ± 3.5 28.4 ± 1.8 22.4 ± 1.8

MeHg 10 mg/L 42.8 ± 4.1 27.4 ± 1.9 21.4 ± 2.2
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Table 2

Pup body weights between birth and postnatal day (PND) 21. The values are expressed as grams and presented
as mean ± SEM. n = 8 litters per treatment (1 pup per litter for each time point). No significant differences between
groups were found by one-way ANOVA

Groups PND 1 PND 11 PND 21

Control 1.7 ± 0.1 7.7 ± 0.4 14.3 ± 0.8

MeHg 1 mg/L 1.9 ± 0.1 7.4 ± 0.2 13.8 ± 0.6

MeHg 3 mg/L 1.8 ± 0.1 7.7 ± 0.4 13.2 ± 1.2

MeHg 10 mg/L 1.7 ± 0.1 7.4 ± 0.4 13.7 ± 0.8

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2010 October 15.


