NIH Public Access
Author Manuscript
Neurotoxicology. Author manuscript; available in PMC 2009 September 1.

NIH-PA Author Manuscript

Published in final edited form as:
Neurotoxicology. 2008 September ; 29(5): 783–801. doi:10.1016/j.neuro.2008.06.007.

METHYLMERCURY AND NUTRITION: ADULT EFFECTS OF FETAL
EXPOSURE IN EXPERIMENTAL MODELS
M. Christopher Newland,
Department of Psychology, 226 Thach Hall, Auburn University, Auburn, AL. 36849-5214, 334 844
6479 (V), 334 844 4447 (F), chris.newland@auburn.edu
Elliott M. Paletz, and
Department of Psychiatry, University of Wisconsin-Madison, 6001 Research Park Boulevard,
Madison, WI 53719

NIH-PA Author Manuscript

Miranda N. Reed
Department of Neurology and Neuroscience, University of Minnesota School of Medicine, 420
Delaware St, Minneapolis, MN 55455

Abstract
Human exposure to the life-span developmental neurotoxicant, methylmercury (MeHg), is primarily
via the consumption of fish or marine mammals. Fish are also excellent sources of important nutrients,
including selenium and n-3 polyunsaturated fatty acids (PUFAs), such as docosahexaenoic acid
(DHA). Laboratory models of developmental MeHg exposure can be employed to assess the roles
of nutrients and MeHg and to identify potential mechanisms of action if the appropriate exposure
measures are used. In describing chronic exposures, relationships between daily intake and brain
mercury are consistent and orderly across species, even when large differences in blood:brain ratios
exist.
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It is well-established that low level developmental MeHg produces sensory deficits. Recent studies
also show that perseveration in reversal-learning tasks occurs after gestational exposures that produce
low micromolar concentrations in the brain. A no-effect level has not been identified for this effect.
These exposures do not affect the acquisition or performance of discrimination learning, set shifting
(extra-dimensional shift), or memory. Reversal learning deficits may be related to enhanced impact
of reinforcers as measured using progressive ratio reinforcement schedules, an effect that could result
in perseveration. Also reported is enhanced sensitivity to dopamine reuptake inhibitors and
diminished sensitivity to pentobarbital, a GABAA agonist. Diets rich in PUFAs or selenium do not
protect against MeHg's effects on reversal learning but, by themselves, may diminish variability in
performance, enhance attention or psychomotor function and may confer some protection against
age-related deficits in these areas.
It is hypothesized that altered reward processing, dopamine and GABAergic neurotransmitter
systems, and cortical regions associated with choice and perseveration are especially sensitive to
developmental MeHg at low exposure levels. Human testing for MeHg's neurotoxicity should
emphasize these behavioral domains.

Correspondence to: M. Christopher Newland.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our customers
we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of the resulting
proof before it is published in its final citable form. Please note that during the production process errors may be discovered which could
affect the content, and all legal disclaimers that apply to the journal pertain.

Newland et al.

Page 2

Keywords

NIH-PA Author Manuscript

Methylmercury; development; polyunsaturated fatty acid; docosahexaenoic acid; selenium;
behavior; perseveration; reversal learning; aging; animal models

1. BACKGROUND
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During the mid-twentieth century, inhabitants around Minamata Bay, Japan unwittingly
consumed MeHg-contaminated fish. Children born to exposed mothers displayed cerebral
palsy, athetosis, chorea, speech disorders and, in nearly 1/3 of the children born between 1955
and 1958, mental retardation (Harada, 1995). Since the Minamata episode, studies of
populations exposed to MeHg have occurred in Canada, Peru, the Faroe Islands, the Seychelles
Islands, New Zealand, the Amazon Basin, and Iraq. Developmental MeHg exposure has been
associated with difficulties on cognitive measures including the Boston Naming Test, The
WISC, and the California Verbal Learning Test in the Faroe Islands (Grandjean, et al., 1998;
Grandjean, et al., 1997) and New Zealand (Crump, et al., 1998) cohorts. An intensive study of
the Seychelles Islander cohort, a population that eats 12 fish meals/week, has reported a general
absence of effects of MeHg exposure (Axtell, et al., 2000; Davidson, et al., 1998; Davidson,
et al., 2000; Myers, et al., 1995; Myers, et al., 1997), apart from a single statistically significant
relationship in pre-adolescents between exposure and performance on the grooved pegboard
task (Myers, et al., 2003). A recent report from this population, however, suggests that effects
on psychomotor development are present and detectable after controlling for polyunsaturated
fatty acids (Davidson, et al., In Press; Strain, et al., In Press). Impaired acquisition of
Differential-Reinforcement-of- Low-Rate (DRL) performance has been reported in a cohort
of children exposed to MeHg via maternal consumption of Great Lakes fish (Stewart, et al.,
2006). The reasons for discrepancies among these studies remain to be identified, but
differences among these populations in other dietary constituents, including polychlorinated
biphenyls (PCBs) and nutrients, have been noted (Myers and Davidson, 1998; Myers, et al.,
2007).
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Concerns remain about the consumption of shellfish and finfish, especially about potential
cognitive deficits arising from developmental MeHg exposure. In the U.S., many States have
issued advisories limiting the consumption of fish from lakes, rivers and ponds because of
MeHg contamination. Regulatory agencies recommend that MeHg intake by pregnant women
be limited to 0.1 (EPA, 1997) or about 0.22 (WHO, 2004) µgHg/kg/day, which correlates with
about one to two cans of tuna per week. About 500,000 children are born each year with blood
mercury levels in excess of 5.8 µg/L, a level that has been associated with cognitive deficits.
This was said to produce a social cost of about $8.7 billion/year because of the estimated drop
in IQ scores resulting from this exposure (Trasande, et al., 2005). As noted in that paper, this
could underestimate the costs since IQ may not provide the best estimator of MeHg's effects.
Recent work from our group, reviewed below, supports this suggestion. The animal literature,
in which exposures can be controlled experimentally, has identified consistent sensory effects
and some motor effects of developmental exposures (Newland and Rasmussen, 2000; Rice,
1996b; Weiss, et al., 2005) but has not detected cognitive effects of developmental MeHg
exposure consistently on tests associated with memory or thought to be related to performance
on IQ tests (Rice, 1996b; Rice, 1998c). Recent reports, reviewed below, indicate that
development MeHg exposure causes perseveration and disrupted impact of reinforcing events
in adult animals. In adult humans, perseveration on such procedures as Wisconsin Card Sorting
Tasks is poorly correlated with scores on IQ tests (Ardila, et al., 2000; Arffa, 2007; Boone, et
al., 1993), so the economic costs of developmental exposures may have been underestimated
by a reliance on such tests.
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Here we review this work and place it in context by 1) identifying the exposure-related
considerations that contribute to a valid animal model, noting the risk-assessment dilemma
posed by the joint presence of nutrients and MeHg in fish, 2) reviewing an experimental model
of nutrient/MeHg interactions, 3) reviewing the case for potential nutritional modifiers, and 4)
positing a potential mechanism of action.

2. MERCURY, DHA, AND SELENIUM IN DIFFERENT FISH SPECIES

NIH-PA Author Manuscript

One of the leading controversies in the MeHg literature lies in advisories concerning the
consumption of fish (Carrington and Bolger, 2002; Egeland and Middaugh, 1997; Mahaffey,
2004a). Fish are an excellent source of protein without the high levels of saturated fats found
in many meats. Many species are a rich source of long-chain polyunsaturated fatty acids
(PUFAs), especially the n-3 (omega-3) fatty acid, docosahexaenoic acid (DHA), a 22 carbon
PUFA that plays a role in neural (Carlson and Neuringer, 1999; Innis, 2001; Wainwright, et
al., 1999) and visual (Neuringer, et al., 1994) development. DHA can come from two sources:
directly from the diet or by conversion from alpha linolenic acid (ALA), an 18-carbon PUFA
that must be obtained from the diet (Brenna, 2002; Jones and Kubow, 1999). The importance
of fish as a source of DHA can be illustrated by noting that only about 5% of ALA is converted
into DHA, making this plant-derived PUFA an inefficient source of DHA. (This value can vary
depending on the presence of other dietary constituents (Brenna, 2002). Thus, directly
consuming DHA from fish is roughly equivalent to consuming 20 times as much ALA. The
synthesis of long-chain n-3 and n-6 PUFAs from dietary uses the same enzymes, but preference
is given to the n-3 synthetic pathway at the expense of the n-6 pathway. Therefore, excessive
n-3 PUFA supplementation can result in an imbalance between n-3 and n-6 PUFAs and, in
turn, growth retardation, smaller brains, and behavioral deficits in animal models (Wainwright,
et al., 1992; Wainwright, et al., 1999). This issue is important in designing balanced diets for
experimental studies, but the likelihood of such imbalances occurring in humans consuming
normal (unsupplemented) diets remains uncertain (Lapillonne, et al., 2003).
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Fish are also a rich source of selenium, an essential element with antioxidant properties of its
own, in addition to playing a role in the formation of glutathione (Burk, 2002; Burk and
Laevander, 1999) and brain selenoproteins (Ralston, et al., 2007). Selenium deficiencies are
associated with hair loss, growth retardation, reproductive failure, and kidney and liver damage.
Keshan disease, a myopathy associated with chronic selenium deficiency in selenium-poor
regions of China (Ge and Yang, 1993; Tan, et al., 2002), appears to entail an enhanced
susceptibility to coxsackievirus B4 virus that disappears with selenium supplementation (Burk
and Laevander, 1999; Peng, et al., 2000). Selenium toxicity, associated with consumption of
foods grown in selenium-rich soils or consumption of selenium supplements, is also
characterized by hair loss, growth retardation, diseased nails and skin lesions in human
populations (Burk and Laevander, 1999), and in animal studies (Abdo, 1994). At least eleven
selenoproteins have been identified, including the glutathione peroxidase family,
iodothyronine deiodinase family, and selenium protein P, many of which play roles in CNS
function (Behne and Kyriakopoulos, 2001; Burk and Laevander, 1999).
Selenium concentrations in the CNS are aggressively defended, even at the expense of other
organ systems. After six generations of severe depletion of dietary selenium, brain selenium
had declined only to 60% of control levels, even as those of liver, muscle, and blood were down
to 1% of controls (Behne, et al., 2000; Chen and Berry, 2003). With respect to MeHg, it has
long been demonstrated that Se can prevent or delay adult-onset MeHg exposure, either through
its antioxidant actions or by directly binding mercury (Moller-Madsen and Danscher, 1991;
Raymond and Ralston, 2004; Skerfving, 1978).
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The nutrition vs. neurotoxicity controversy can be addressed first by noting that there are large
differences in the content of MeHg and various nutrients in fish and little correlation between
these (Chapman and Chan, 2000; Mahaffey, 2004a). Figure 1 (top) shows the mercury and
DHA content of various fish species. Only DHA content is shown here because of the
importance of this PUFA, but the correlation between this and total n-3 PUFAs was 0.77 in
these species (not shown), so DHA is a fair proxy for other n-3 PUFAs. Points in the upper
left are high in DHA and low in mercury. Points in the lower right are high in mercury and low
in DHA. It is interesting that the long-lived, predatory fish identified by the USEPA as being
of particular concern because of mercury content (swordfish, tilefish, shark, and king
mackerel),are also especially low in DHA. See (Mahaffey, et al., 2008) for a similar treatment.
The bottom graph shows selenium content. The data are structured similarly to the top graph,
with points in the upper left being nutrient rich. These data are expressed as ppm of selenium
because of the common use of this unit of concentration. However, the relative molar content
of these two elements may be a better measure (Ralston, et al., 2007), so a line is added to this
graph showing the points at which the molar content of Hg equals that of selenium. The closer
a point is to that line, the greater the content of Hg relative to selenium. As with DHA, the fish
species that have the highest content of mercury relative to selenium are also those for which
the USEPA has issued special warnings.
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The differences across fish species in nutrient and MeHg content, coupled with the absence of
a correlation between these two indicators means that it is possible to identify fish that are
relatively beneficial and fish that are relatively hazardous. Fish that fall in the upper regions
of the figure, and especially the upper left region, will be especially rich in the nutrient. In
contrast, fish in the lower, and especially the lower right, regions will increase MeHg exposure
while conferring relatively poor nutritional benefits. nutrient/MeHg graphin the nutritionally
beneficial without containing mercury. This is relevant to the formation of fish advisories. See
also (Mahaffey, et al., 2008).

3. MODELING NEUROTOXICITY IN THE LABORATORY
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Studies of human populations are crucial since it is human health that is of direct interest, but
they are inevitably correlational and rarely provide more than statistical control over dosing,
nutrition, environmental influences, or other important variables. Studies conducted with
laboratory animals can provide the necessary control, identify the mechanisms of action by
which neurotoxicants act and characterize the functional consequences of low-level exposure.
Behavioral studies provide an important bridge between mechanistic studies and studies of
human populations. To be successful, laboratory models with behaving animals must use effect
markers that reveal relevant functional domains. These studies must also use exposure markers
that permit meaningful differentiation of low-level from high-level exposures and that permit
comparisons across species, including humans.
3.1. Brain mercury and chronic daily intake are suitable markers of exposure
The key marker of exposure for MeHg neurotoxicity is the concentration of organic or inorganic
mercury in the central nervous system. Mercury appears to enter the brain in its methylated
form, but as long as it remains in that form, it can also exit the brain (Aschner and Aschner,
1990; Kerper, et al., 1992). Demethylated mercury persists as inorganic mercury, and
accumulates. Its half-life of elimination appears to be on the order of years (Magos, 1987;
Vahter, et al., 1994; Vahter, et al., 1995). With short exposures, the proportion of mercury that
is inorganic is about 5% to 10%, but this value can increase with prolonged exposures as
inorganic mercury accumulates (Day, et al., 2005; Vahter, et al., 1994).
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Species differ in the relationships among intake, blood, and brain concentrations, and rats show
remarkably high blood to brain ratios (Magos, 1987). As shown in Table 1, brain:blood ratios
associated with developmental exposure range from 0.06 to 0.29 for the rat, depending on the
chronicity of exposure (Magos, 1987; Newland and Reile, 1999a). By comparison, this ratio
is greater than 1.0 for mice, monkeys, and humans (Cernichiari, et al., 1995; Magos, 1987;
Stern, et al., 2001). The low brain:blood ratio in rats has been attributed to especially high
levels of mercury-binding sulfur in rat blood, which serves as a mercury depot (Magos,
1987). The red-blood-cell to plasma ratio for rats is 145 to 1 as compared to 7, 25, and 21 to 1
for mice, rhesus monkeys, and humans respectively (Magos, 1987). Table 1 shows some of
the species differences identified by (Magos, 1987) and updates it with recent data drawing
from studies using chronic exposure regimens. The value provided for rats in the earlier review,
0.06, is frequently cited but this blood:brain ratio was observed with a relatively high dose of
MeHg and with adult exposure. For developmental exposure in which exposure begins before
mating and continues throughout gestation, this ratio increases to 0.15 to 0.25 at post-natal day
(PND) 1 and becomes even higher at PND 21.
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These species differences in blood-binding can be circumvented by relating brain mercury to
daily intake, rather than blood mercury. When these exposure markers are used only allometric
considerations apply. Figure 2 shows the relationship between daily intakes of 3 to 500 µg/kg/
day and neonatal brain concentration for rats, mice, and monkeys. In the studies used to fit the
regression line, breeding females began MeHg exposure well before mating to give mercury
levels time to stabilize (references in figure caption). The data for mice were collected on PND
4 (Stern, et al., 2001) so the concentrations were divided by 0.8 to account for brain growth
during this period. Only blood concentrations were available for the monkey studies so a
blood:brain ratio of 2.5 as reported in (Burbacher, et al., 2005c) was used to estimate brain
concentration. A different ratio would shift the curve to the left or right but would not affect
the slope. Neonatal brain mercury follows a power-function relationship (linear on log-log
axes) between mercury intake and brain concentration in the mouse (Stern, et al., 2001), rat
(Newland, et al., 2006;Newland and Reile, 1999a) and macaque neonate (Gilbert, et al.,
1996;Rice, 1989a). The curve for monkeys is shifted to the left 10-fold from that for rodents,
a species difference in sensitivity that is captured by the intercepts of 0.0023 and 0.03 for
rodents and monkeys, respectively. Mice and rats fall on the same line, despite marked
differences in brain:blood ratios. The slope of 1.3 describing the relationship between intake
and brain concentration is identical for these species.
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The exposures from animal studies shown in Figure 2 span brain concentrations of about 0.2
ppm (about 1 µM) to nearly 10 ppm (about 50 µM), concentrations that span the range described
in studies of human populations. Autopsy data from Minamata revealed an average of 5 ppm
Hg (range 0.4–15.4 ppm) in brains from 5 cases of fatal infantile Minamata Disease (Takeuchi,
et al., 1962).The median brain mercury in occipital cortex from 27 infant autopsies in the
Seychelles was 0.15 ppm (range 0.05 to 0.3 ppm). In that study, infant brain Hg was estimated
to be 0.015 times that maternal hair (Cernichiari, et al., 1995). If this relationship holds in other
populations, then brain mercury in Faroese infants would reach 0.4 ppm (Grandjean, et al.,
1998), and brain mercury from non-fatal Minamata cases would range from 0.06 to 2.0 ppm,
the higher levels being associated with mental retardation and cerebral palsy (Akagi, et al.,
1998). Thus, the brain concentrations estimated from three important epidemiological studies
(0.06 to 15.4 ppm) correspond to those from animal models of chronic, low-level
developmental exposure. It might be noted that the brain concentrations from the rodent studies
are not a NOAEL ("no observed adverse effect level") but a LOAEL ("lowest observed effect
level") in the rodent brain. The effects are described below.
Two important conclusions can be drawn when extrapolating across species or across doses.
First, the binding of mercury to blood is important when using blood as a marker of brain
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concentration. Apparently, this binding is of less relevance when comparing, across species,
the relationship between daily intake and brain concentration, if exposure is sufficiently long
to allow this binding to saturate or stabilize. This analysis leads to a hypothesis that, upon initial
exposure, mercury is absorbed into the blood compartment due to binding to red blood cells,
but once this compartment is filled the relationship between exposure and brain mercury in
rats resembles that in other species so the differences among species are largely allometric. A
particular daily intake produces a ten-fold larger brain concentration in the monkey than in the
rat, suggesting that extrapolation across species can be accomplished using considerations of
body mass or metabolic rate. These conclusions apply to neurotoxicity; their implications for
species differences in MeHg's effects on blood physiology or other organs, such as kidney,
have not been addressed here.
A second conclusion is important for low-dose extrapolation. The slope of the power function
is greater than one. This means that a 10-fold decrease in exposure results in a greater-than 10fold decrease in brain mercury, and brain mercury falls off rapidly as exposure declines. If this
slope also applies to humans, then it means that a doubling of exposure results in a greater than
doubling of brain mercury or, conversely, that halving exposure can reduce brain levels by
more than two-fold.

NIH-PA Author Manuscript

In 1990, developmental exposures that resulted in brain concentrations of < 3 ppm were
described as "low" and 3–11 ppm as "moderate" in animal models, regardless of species
(Burbacher, et al., 1990). The supporting data on low-level exposures in rats are more solid
now than when that review was conducted, and while the review remains a good guide it may
be time to update the anchors on the scale. For example, reproducible behavioral, anatomical,
and electrophysiological effects are associated with neonatal brain concentrations as low as
0.3 ppm, so the range described as "low" could reasonably be lowered by an order of magnitude.
3.2. Nutrition-MeHg effects can be studied experimentally
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The strength of laboratory studies lies in their ability to control the key influences over toxicity,
including diet, other co-exposures, as well as parameters like the dose, duration and period of
exposure. For example, the potential for selenium or vitamin E (Beyrouty and Chan, 2006
Moller; Moller-Madsen and Danscher, 1991) to ameliorate MeHg neurotoxicity or for PCBs
to enhance its toxicity (Roegge, et al., 2004; Widholm, et al., 2004) has been examined by
comparing a single MeHg dosing regime with or without the other compound. An especially
powerful approach is the full factorial design, in which multiple MeHg dosing regimens are
crossed with different co-exposures such as selenium or DHA. This approach permits the
detection of a main effect of diet and of MeHg in a single experiment. Most important, any
protection conferred by diet, or elevated risk due to a dietary insufficiency, would appear as a
diet X mercury interaction. Such an interaction indicates that the shape of the dose-effect curve
for mercury would depend upon the diet or other co-exposures.
In a series of studies reviewed below, developmental and adult-onset exposure to MeHg was
examined in rats exposed to a customized AIN-93 purified diet that was high or marginal in a
targeted nutrient, selenium or n-3 polyunsaturated fatty acids. Nutrient levels were selected to
be neither excessive nor deficient in these nutrients, according to current guidelines or
recommendations (National Research Council, 1995; Wainwright, 2002; Wauben and
Wainwright, 1999). The exposure regimen for the DHA studies is illustrated in Figure 3. Threemonth old female rats began their assigned diet within days of arriving at the colony. After
three weeks, they began exposure to one of three levels of MeHg, 0, 0.5, or 5.0 ppm in their
drinking water and then, after about three weeks, they were mated with unexposed males. These
drinking water concentrations produce exposures of about 0, 40, or 400 µg/kg/day of mercury
(as MeHg), although during the later days of gestation, this exposure can increase somewhat
because of increased fluid intake by pregnant rats (Newland and Reile, 1999a). Maternal
Neurotoxicology. Author manuscript; available in PMC 2009 September 1.
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exposure continued up through PND 15, when pups could reach the water spout, and was
reinstated after weaning in order to study chronic exposures. The regimen for rats in a seleniumMeHg study was similar except that the animals were four months of age upon arrival at the
colony. The regimen used permitted the examination of chronic, adult-onset exposure in the
female breeders and developmental exposures in the offspring. Most studies used female
offspring to facilitate comparisons with the adult-onset exposures,
When these regimens began, we had just reported that no significant exposure occurred during
lactation (Newland and Reile, 1999a). This finding has now been replicated (Sakamoto, et al.,
2002; Stern, et al., 2001), so we are confident that, functionally, MeHg exposure to the offspring
ended at birth. A recent paper suggested that there is lactational exposure during this important
post-natal period, but pre-weanling rats may have been able to drink contaminated water
directly in that study (Manfroi, et al., 2004).
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The design of diets to model human fish consumption is complicated by the large number of
nutrients contained in fish and the vast differences across fish species in the presence of these
nutrients. One could try to model a particular fish diet, but such an approach would fail to
address a slightly different diet. It is preferable to identify a particular dietary component and
vary that systematically. Even this simplification is complicated when studying PUFAs
because several are important to nervous system function and the two important classes, the
n-3 and n-6 PUFAs, compete for the same enzymes in their biosynthesis from dietary
precursors. It is difficult, but important, to develop diets that differ on only one dimension,
such as n-3 PUFA content, while holding constant other characteristics, like saturated fats,
n-6 PUFA content, or selenium content. It is impossible to design a perfect pair of diets,
especially with PUFA studies, but the test diets should differ on only one variable as much as
possible.
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To study the role of DHA, a custom mixture of palm, safflower, and soybean oils was designed
to comprise 67% of the oil mixture for all rats. For the Fish Oil (FO) group, the remaining 33%
was a DHA-rich fish oil(mostly menhaden), and for the Coconut Oil (CO) group, it was coconut
oil devoid of DHA. Table 2 shows the fatty acid makeup of these diets. An important feature
of both diets was that the n-6 PUFAs and total monounsaturated fats were similar. The diets
differed somewhat in saturated fats because of the use of coconut oil but the greatest difference
between these diets lay in their composition of n-3 PUFAs. The CO diet was devoid of
eicosapentaenoic acid (EPA) and DHA but contained 1% ALA so as to provide a minimal level
of n-3 PUFAs. By comparison, the FO diet was very rich in these n-3 PUFAs. The n-6:n-3
ratio was 16.1 and 2.1 in the CO and FO diets, respectively. These ratios are on the margins
of dietary recommendations for rodents (National Research Council, 1995;Reeves, et al.,
1993), so these diets do not represent severe deficiency or excess in any constituent. Diets
began six weeks and MeHg three weeks prior to mating.
The selenium diets are much easier to describe. The Low-selenium diet contained a nominal
concentration of 0.06 ppm of selenium, the lowest possible with a casein based diet. The Highselenium diet was supplemented with sodium selenite to produce 0.6 ppm. Diet analyses
revealed that the actual concentrations approximated these levels (Newland, et al., 2006). These
diets were neither severely deficient nor excessive in selenium content.
The mercury concentrations in the brains of neonates exposed to MeHg and selenium during
gestation are shown in Figure 4. Brain mercury levels (Figure 4, top) approximated 0.1 to 0.3
ppm (~1 µM) in the low-Hg-exposure groups and 3–5 ppm (~20 µM) in the high-Hg-exposure
groups. Selenium levels (Figure 4, bottom) were influenced both by dietary selenium and
mercury, but the difference was relatively small. The 10-fold difference in dietary selenium
(0.06 to 0.6 ppm) produced only a 15% difference in brain selenium. Maternal mercury
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exposure produced an equally modest drop in neonatal selenium concentrations. These effects
demonstrate that, even in the neonatal brain, brain selenium levels are tightly controlled.
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Brain mercury in neonatal rats from the PUFA cohort exposed to 0.5 or 5 ppm of mercury as
MeHg in their drinking water were close to those from the selenium cohort. The lower dose
resulted in brain mercury of about 0.29 ppm. The 10-fold increase in drinking water MeHg
increased brain mercury by nearly 20-fold, to 5.5 ppm (Newland, et al., 2006). Dietary PUFAs
did not influence mercury concentration in blood or brain and mercury did not significantly
affect PUFA concentrations in the neonatal brain (unpublished observations).

4. BEHAVIORAL EFFECTS OF DEVELOPMENTAL METHYLMERCURY
EXPOSURE IN ANIMAL MODELS

NIH-PA Author Manuscript

The behavioral effects of developmental MeHg exposure pose an interesting challenge to
neurotoxicology because they appear to lie outside the behavioral domains frequently
examined in animal models. Perhaps the most common tests of neurotoxicity involve memory
or procedures thought to model the general cognitive domains tapped in human IQ tests. As
noted in the introductory comments, however, developmental MeHg exposure appears to affect
behavioral domains that are nearly orthogonal to these processes, instead involving the
regulation of reinforcer, or reward, function. Evidence for this claim is reviewed here, but first,
some brief background.
The emerging MeHg literature is pointing to the value of a distinction between discrimination
and reinforcement processes (Newland and Paletz, 2000). What does this mean? Operant, or
voluntary, behavior can be distinguished along several dimensions. The most important is that
operant behavior is affected, reinforced, by its previous consequences. Reinforcing events also
define contexts that determine the likelihood of a response. For example, if turning on a light
has signaled that lever-pressing produces food, and turning off the light signals extinction (no
food is available), then the light, previously an irrelevant stimulus, will increase the probability
of lever-pressing, and turning it off will decrease it. Two processes are present here. The first
is that lever-pressing produces food, a response-consequence relationship that strengthens
lever-pressing at the expense of other responses. The second process, discrimination, is evident
in noting that the light signals the presence of that relationship between lever-pressing and
reinforcement. Thus, we have the acquisition of a light-dark discrimination (Catania, 1992;
Davison and Nevin, 1999). Both processes are always present, but experimental procedures
can emphasize one set over another.
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It is becoming recognized in the basic operant (Davison and Nevin, 1999; Donahoe, et al.,
1993) and behavioral neuroscience (Schultz, et al., 1997; Schultz, et al., 2000) literatures that
reinforcement and response acquisition processes are distinct from discrimination processes,
are subject to different environmental events, and reflect different neural substrates. Many
standard behavioral tests, memory tests, and even IQ testing reflect simple to highly refined
discrimination processes and may not detect the outcome of exposure to toxicants like MeHg
that affect the processing of reinforcing consequences. Such effects would appear as an
impairment in behavioral adjustments following a change in the source of reinforcement. If
lever-pressing is reinforced at a high rate for a long time and then reinforcement stops, the
pursuant changes in behavior can then changing behavior after reinforcement stops can take
some time (Nevin, 1979; Nevin, 1988). With developmental MeHg exposure, such adaptations
take even longer, and the outcome appears as perseveration.
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A benchmark against which to compare rodent models lies in two long-term cohorts involving
low-level developmental MeHg exposures and life-span development in nonhuman primates.
One cohort, examined by Deborah Rice and colleagues at Health Canada, was exposed to 10,
25, or 50 µgHg/kg/day delivered chronically either pre- or pre-plus-post-natally. One infant in
the 50 µg/kg/day group displayed nystagmus and hind-limb paralysis, and a second developed
a wasting syndrome at two years of age. The second cohort, examined by Tom Burbacher and
colleagues at the University of Washington, was exposed to 50 to 90 µgHg/kg/day during
gestation. These dosing regimens produced dose-related maternal blood concentrations of 0.3
to 2 ppm (Rice, 1989a; Rice, 1989b; Stinson, et al., 1989; Vahter, et al., 1994) and likely infant
brain concentrations of 0.75 to 5 ppm (Figure 2).
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These studies have been reviewed previously and so will not be reviewed in detail here (Rice,
1996a; Rice, 1996b). There were reproducible sensory-motor deficits across auditory, visual,
and somatosensory domains in the exposed monkeys (Rice, 1989c; Rice, 1998a; Rice and
Gilbert, 1982; Rice and Gilbert, 1990; Rice and Gilbert, 1992; Rice and Hayward, 1999).
Especially interesting is that these effects became more pronounced during aging, despite the
absence of continued exposure (Burbacher, et al., 2005b; Rice, 1996a). On some cognitive
tasks, discussed below, there were no effects of developmental MeHg, or effects were in the
direction of improvement. When the Health-Canada animals were 20 years of age and showed
diminished sensorimotor function, MeHg-related cognitive deficits were still not detected on
simple and complex choice reaction time, tasks selected because of their relationship to scores
on IQ tests in humans. The outcome led the author to question whether there is any cognitive
impairment associated with low-level MeHg exposure, at least in nonhuman primates (Rice,
1998b), a bold conclusion that had solid support from the literature as it existed only ten years
ago.
4.2. Developmental MeHg exposure does not consistently affect the initial acquisition and
expression of discrimination or of memory
The acquisition and performance of discrimination tasks have also not consistently been
sensitive to developmental MeHg exposure. Some infant and juvenile monkeys exposed to 10,
35 or 50 µg/kg/day during development showed a statistically significant, if subtle,
improvement in performance on the acquisition of a complex, form-based discrimination as
compared with unexposed controls, and they showed diminished influence by irrelevant stimuli
(Rice, 1992). Even a monkey showing nystagmus and hind-limb paralysis at birth resembled
controls on these tasks. As aging adults, no effects were noted on choice reaction times (Rice,
1998b).

NIH-PA Author Manuscript

Rats exposed developmentally to MeHg showed no discrimination-based effects on the
acquisition of a visual, spatial, or olfactory discrimination (Buelke-Sam, et al., 1985; Goldey,
et al., 1994; Schreiner, et al., 1986), even at doses in excess of 2 mg/kg/day. In these tasks, the
animals are required to engage in one response in the presence of some stimulus and another
response in the presence of another stimulus, the basic definition of discrimination learning.
In these studies, exposed animals acquired and expressed these discriminations equally to
unexposed animals. We have noted a similar absence of an effect of MeHg in the acquisition
of discrimination but robust effects on reversals, as illustrated below in the section on
discrimination reversals (Paletz, et al., 2007; Reed, et al., 2006).
MeHg-exposed rats and monkeys have been examined using a spatial delayed alternation task.
In this task an animal experiences a series of trials during a session. On one trial, pressing the
left lever produces a reinforcer, and on the next trial pressing the right lever does so. The correct
lever alternates from trial to trial. To perform accurately, the animal must remember which

Neurotoxicology. Author manuscript; available in PMC 2009 September 1.

Newland et al.

Page 10

NIH-PA Author Manuscript

lever was previously reinforced. A delay interval is imposed between opportunities to respond,
thereby making this a task that emphasizes working memory. If a neurotoxicant is affecting
memory, then its effects would be minimal at short delays but especially large at the longer
delays that challenge memory.
Studies out of the University of Washington raised the possibility of cognitive effects during
development but not necessarily in the direction of impairment, at least not in an obvious
manner. Monkeys exposed to 0, 50, 70, or 90 µg/kg/day MeHg in utero were tested on a spatial
delayed alternation task at 7 to 9 years of age. No impairment was noted and, in fact, MeHg
exposure apparently facilitated performance as indicated by more correct trials and fewer
incorrect responses than controls (Gilbert, et al., 1993).
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Mice exposed up to 8 mg/kg/day during either gestational day (GD) 7–9 or GD 12–14 were
examined on the spatial delayed alteration tasks (Dore, et al., 2001). The GD 7–9 exposure
regimen retarded the acquisition of a spatial alternation task but did not affect delayed spatial
alternation at any delay interval after acquisition had occurred. The GD 12–14 exposure period,
GD 12–14, disrupted working and reference memory in a radial arm maze. In a second series
of studies, mice consumed 4 to 8 ppm of mercury (as MeHg) in drinking water from GD 2 to
weaning. There was no effect on the acquisition or expression of a simple discrimination or on
delayed spatial alternation in a standard T maze. Deficits were reported in high-dose females
in the acquisition, but not performance, of a more complex, two-stage modified Y maze
(Goulet, et al., 2003). In a recent study, mice were exposed to 0.4 or 4 mg/kg of MeHg on PND
10 via gastric intubation and examined on locomotor activity, swim maze, or radial arm maze
(Fischer, et al., 2008a). Effects on radial arm maze appeared at the high dose, which also
diminished locomotor activity in this and a similar study (Fischer, et al., 2008b). Retardation
of swim maze performance (detected as longer latencies) was seen in young adults after the
0.4 mg/kg dose.
Mice exposed to 3 ppm of MeHg in drinking water during gestation or chronically during
adulthood had difficulty acquiring a delayed spatial alternation procedure (Weiss, et al.,
2005). As with the aforementioned studies, this reflected an effect of acquisition, but unlike
the previous studies, the effects apparently did not depend on exposure period, as
developmental exposures could not be distinguished from chronic adult exposures. These
training difficulties prevented the examination of delay-specific effects.
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Rats exposed developmentally to 0.5 ppm MeHg via maternal drinking water, in which
exposure began well before mating, displayed a small but statistically significant increase in
errors on both delayed and nondelayed spatial alternation tasks. Since the MeHg effects were
not related to the delay, however, the authors concluded that this probably did not reflect
memory deficits (Widholm, et al., 2004). The pattern of errors was not random, however, and
was consistent with perseveration on the lever that was reinforced on the previous trial. In
another study by a different group, mice exposed to 4 ppm of MeHg, again with exposure
beginning well before mating, showed cerebellar deficits but no effect on water maze
performance (Markowski, et al., 1998).
Memory effects might have been detected in another study. Using a modified Fagan-type task,
infant monkeys viewed photographs of monkey faces and the time spent looking at the faces
was recorded (Gunderson, et al., 1986; Gunderson, et al., 1988). Sometimes novel faces were
shown, and at other times, faces were shown that had been presented previously. In such a task,
children spend more time looking at novel faces so a short gaze duration is interpreted as a
measure of recognition memory, i.e., they remember seeing the face previously so look only
briefly. Unexposed infant macaques spent more time looking at novel faces, as do children,
but the exposed monkeys viewed novel and previously presented faces with equal gaze
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durations. Consistent with the interpretation of the neuropsychological test on which this was
modeled, the effect was viewed as a failure of recognition memory. It can be noted, however,
that with developmental exposure MeHg accumulates in regions of the occipital cortex serving
vision and that such exposures permanently impair higher-order visual processing as detected
in changes in contrast-sensitivity contours (Burbacher, et al., 2005a; Rice and Gilbert, 1990).
These changes occur especially in the processing of high-spatial frequency visual information,
even with high-illumination, the sort of visual information that would be required to detect
differences in fine details that distinguish different faces. It is possible, therefore, that this effect
on a Fagan-type task represents a deficit in higher order visual function, and perhaps even a
primate form of prosopagnosia, as noted in a previous review (Newland and Paletz, 2000).
Perhaps gaze was similar because impaired vision caused all of the faces to look similar. Such
an interpretation would be consistent with other studies demonstrating the sensitivity of sensory
function to MeHg (Berlin, et al., 1975; Choi, et al., 1978; Harada, 1995). In a study of exposed
children from the Great Lakes, no effects of MeHg exposure were noted on a Fagan test
(Darvill, et al., 2000).
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Taken together, these studies provide little evidence of consistent or robust MeHg-related
deficits in the acquisition or expression of discriminations using procedures said to involve
"reference memory," or on tasks designed to reflect remembering during a particular session
or trial ("working memory") such as the delayed spatial alternation or radial arm maze task.
This is not to say that there are no effects. Deficits have been described in the acquisition of
discrimination learning and in the radial arm maze, depending on exposure period, but effects
on maze learning have not been consistently reproduced or tend to be high-dose effects
(Goldey, et al., 1994; Rossi, et al., 1997; Vorhees, 1985; Weiss, et al., 2005). Swim maze
performance was reported recently in mice after postnatal exposure to 0.4 mg/kg on PND 10
(Fischer, et al., 2008a). These tasks may be pertinent to the mental retardation noted in the high
exposures experienced in Minamata, and as such, they anchor the right end of the dose-effect
curve for environmentally relevant exposures.
4.3. Low-level developmental MeHg exposure results in perseveration on discrimination
reversal and choice tasks
In a spatial discrimination reversal (SDR) procedure, the subject faces a panel containing two
response devices. When a trial begins, the animal (or, in some cases, human) can respond on
either side, but only responses on the left alternative (for example) result in reinforcer delivery;
right-lever responses do not. After an accuracy criterion is reached, a reversal is implemented
and only right lever-pressing results in reinforcer delivery, while left lever-pressing has no
programmed consequences, i.e., it is under extinction. This procedure and variations on it have
been very sensitive to developmental MeHg exposure.
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In our implementation of this procedure with rats, some potentially important methodological
components were included (Paletz, et al., 2007; Reed, et al., 2006). A response-initiated
discrimination reversal procedure was used: the response devices were retractable levers
located on the front wall of an operant chamber and the levers were unavailable to the animal
between trials or at the beginning of a trial. The onset of a trial was signaled by the sounding
of a tone, but the animal also had to press a (non-retractable) lever located on the back wall in
order to insert the two front levers into the chamber. Requiring that the animal respond to
initiate the trial insures that it is on-task and not engaged in grooming or some other behavior
that precludes responding. It also positioned the animal at the back of the chamber at the
beginning of each trial, preventing it from standing in front of the correct lever throughout the
session.
Once the two levers were inserted, the animal could press either lever, but only one alternative
resulted in reinforcer delivery. A final methodological detail can be noted. To insure that the
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discrimination is well-established, the animal had to meet a criterion of 85% accuracy on three
successive sessions before a reversal occurred. This is potentially important because it ensures
that responding on a particular lever has been reinforced frequently (at least 153 times across
three sessions) before a reversal commences. A laxer criterion would have allowed us to impose
a reversal earlier for some animals but might have diminished the sensitivity of the procedure.
Finally, imposing an accuracy criterion rather than an experience criterion, such as 10 sessions
on a particular arrangement, ensures consistent performance across subjects.
Two types of errors are possible. Errors of commission entail pressing the incorrect lever,
which, after a reversal, is the previously reinforced lever. Errors of omission entail failing to
press the back lever within 15 seconds of the trial onset (signaled by a tone) or failure to press
the front lever within 15 seconds of pressing the back lever. The response-initiated procedure
also permits the inclusion of two latency measures. The first is the latency to press the back
lever starting the trial. More important, however, is that we can determine a response latency
to press the front lever. Data on latency will not be discussed here but are described in the
original papers (Paletz, et al., 2007; Reed, et al., 2006).
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Some rats also experienced a visual discrimination reversal (VDR) after completing a SDR
phase (Paletz, et al., 2007). The procedure was similar to the SDR except that a light indicated
the correct lever. Each lever had an LED (light-emitting diode) over it. For the initial
discrimination, the lever under an illuminated LED was correct. When criterion was met, a
reversal was imposed so that the lever under a non-illuminated LED was correct. This
procedure was difficult for the rats.
These procedures resemble a form of neuropsychological testing called intradimensional and
extradimensional shift, used in tests such as the CANTAB (De Luca, et al., 2003; Fray and
Robbins, 1996; Ozonoff, et al., 2004) and the Wisconsin Card Sort Task (Boone, et al., 1993;
Dias, et al., 1997) to detect damage to the frontal cerebral cortex. Both the spatial and visual
discrimination reversal tasks can be viewed as an intradimensional shift since the reversal was
along the same dimension (spatial location or illumination) as the original discrimination. The
animals that performed on the VDR after the SDR also experienced an extradimensional shift,
sometimes referred to as a set-shift. The dimension that had been relevant, spatial location,
became irrelevant and a new dimension, illumination, became relevant. The procedures
implemented with the rats had fewer distracters and therefore were much simpler than those
implemented with humans or non-human primates (Rice, 1992).
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The results were striking. Figure 5 shows three animals from the studies of MeHg and selenium
(Reed, et al., 2006). The top panel typifies control performance. For the original acquisition
(four left-most data points), the number of correct responses exceeded 85% accuracy (51/60
trials) quickly, and the criterion of three successive sessions with at least 85% accuracy was
met by session four for the original discrimination and all subsequent reversals. Most errors
were of commission, in which the wrong lever was pressed. These dominated the first session
of each reversal.
The middle panel illustrates a pattern common with the developmentally exposed animals. The
original discrimination was acquired quickly. In this case, five sessions were required, but
exposed animals as a group did not differ from controls in their acquisition of the original
discrimination. The effects of developmental exposure appeared on the first reversal. This
animal completed five sessions with only one correct lever-press. Errors of commission were
high early in this reversal but dropped as errors of omission (failing to respond) increased.
After finally making correct lever-presses on session 11, this animal completed the reversal
rapidly, and subsequent reversals were completed quickly.
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The bottom panel, representing a different animal from the 5 ppm (higher dose) exposure group,
represents an extreme, but not unique, case from our studies. This animal, which showed
normal growth and otherwise appeared healthy, alert and responsive on handling, had
considerable difficulty in acquiring the original discrimination, reaching criterion after 23
sessions. On the first reversal, this animal pressed the now incorrect (left) lever over 100 times
during sessions 24–31 and pressed the correct (right) lever only once (session 36) during
sessions 24–40. The high number of response omissions that eventually developed indicated
that little responding occurred. At this point, a form of behavior therapy was imposed for one
session. The incorrect, left, lever remained retracted, and only the correct, right, lever was
inserted during this session. The animal began responding on the right lever and continued
doing so in the subsequent sessions when both levers were again available. This and subsequent
reversals were completed after this intervention, albeit slowly. Such an extreme case of
perseveration was seen in a limited number of rats as well as in a squirrel monkey with a
different sort of choice procedure (Newland, et al., 1994).
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This perseveration on the formerly reinforced lever has been reported by us three times now
as illustrated in Figure 6. For the PUFA cohort, it was seen with both the SDR procedure and
the VDR procedure (Paletz, et al., 2007). For the selenium cohort, it was seen in the SDR
procedure (Reed, et al., 2006). VDR was not examined in the selenium cohort. Note that the
original discrimination and completion of the extradimensional shift, the shift from SDR to
VDR, was acquired similarly by all exposure groups. The difficulty of the VDR can be seen
in the number of errors that occurred before criterion was met.
The reproducibility of the effects on spatial and visual discrimination reversals seen here
contrast with earlier attempts at examining reversal learning in MeHg exposed animals.
Methodological considerations may account for the discrepancies. In one study, rats were
trained under a visual discrimination for five training sessions and four reversal sessions, with
reversals imposed regardless of performance (Schreiner, et al., 1986). Trials were not responseinitiated, and the criterion for a reversal was not based on individual performance. When the
first reversal was imposed, group average accuracy on trials containing a response was 80%,
but some trials did not contain a response. Since the average accuracy was 80%, approximately
half of the animals that responded were performing at less than 80% at the end of the original
acquisition and therefore more poorly than all of the animals illustrated in Figure 6. These
methodological differences are important. Requiring the animal to respond to begin a trial
ensures that the animal is not distracted. Perseveration entails persisting on a previously
reinforced response (Boulougouris, et al., 2007; Robbins, 1996), so a strict accuracy criterion
that is consistent across all animals provides similar reinforcement for correct responding
immediately prior to a reversal.
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In an earlier study conducted with infant and juvenile monkeys, visual discrimination was
established and then reversal procedures were imposed (Rice, 1992). In that study, a
performance criterion was determined individually before a reversal was imposed. For infants
this criterion was 85% accuracy for five sessions (not necessarily consecutive), and for
juveniles, this criterion was at least nine correct trials in a ten-session block, so reversals could
occur within a session. Trials were not response-initiated. The discrepancy between the results
of this study and our studies might be related to the accuracy criterion, absence of response
initiation, or age at testing (infants or juveniles vs. fully adult in our studies).
4.4. Developmental MeHg exposure enhances the efficacy of primary reinforcers
Procedures that link response effort directly to reinforcement, like ratio schedules of
reinforcement, are very sensitive to the impact or efficacy of reinforcing consequences. Under
a fixed-ratio (FR) schedule of reinforcement, a fixed number of responses is required for
reinforcement. When the response requirement is low (e.g., FR 5, or 5 responses/reinforcer),
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responding occurs at a high, steady rate. Under a large FR schedule, the high response effort
and low reinforcement rate result in erratic behavior and long pauses (Baron and Derenne,
2000; Derenne and Baron, 2002; Ferster and Skinner, 1957), a phenomenon called "ratio
strain." When the ratio becomes very large responding stops altogether. Under a progressive
ratio (PR) schedule, the response requirement begins at a low value and increases gradually
throughout the session until responding ceases.
PR schedules have been used to assess the abuse liability and reinforcing efficacy of abused
drugs or other reinforcers (Griffiths, et al., 1977; Stafford, et al., 1998). Highly reinforcing
drugs, like cocaine, maintain hundreds and sometimes thousands of responses per reinforcer
before responding ceases, while drugs with less abuse potential support much less responding.
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The rapid acquisition of FR responding is sensitive to developmental exposure to cadmium
(Newland, et al., 1986), tetrochlorodibenzo-p-dioxin (TCDD) (Hojo, et al., 2002), ethanol
(Middaugh and Gentry, 1992), and MeHg (Paletz, et al., 2006; Reed, et al., 2008). With
cadmium, TCDD, and MeHg, the effect is in the direction of enhanced acquisition. In a recent
report, for example, adult rats were trained overnight to press a lever under a FR 1 schedule
(each lever-press was reinforced with a sucrose pellet), and the FR 1 remained in effect for
three days (Paletz, et al., 2006). The response requirement then changed every third session to
an FR 5 (days 4–6), FR 25 (days 7–9), FR 75 (days 10–12), and FR 5 (days 13–15). The main
finding, shown in Figure 7, was that rats exposed in utero to 5 ppm of MeHg responded more
rapidly than control rats under the FR 25 and FR 75 (statistically significant under FR 75) but
not under the FR 1 or FR 5 schedules.
In a later phase of this study, the same rats lever-pressed under a PR schedule for three, 150
minute sessions. The initial requirement for each session was 10 responses, and the requirement
increased by 5%, 10%, or 20% after each reinforcer delivery. The maximum ratio obtained
(MRO), the breakpoint, is the ratio at which the response requirement becomes so effortful and
reinforcement so sparse that responding deteriorates (Hodos and Kalman, 1961; Stafford, et
al.). Figure 8 shows that rats exposed to the high dose of MeHg had statistically higher MRO
breakpoints than control rats for the 5% condition. While this group also showed quantitatively
higher breakpoints for the other two conditions, there was too much variability to detect
statistical significance. Evidently, a slow rate of increase produces greater experimental power.
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Recently, the main finding of enhanced acquisition under increasing ratio schedules due to
developmental MeHg exposure was replicated and extended with procedural variations in the
implementation of the progressive ratio schedule (Reed, et al., 2008). Results of this study
confirmed previous findings: 5-ppm rats had significantly higher MRO breakpoints than
controls for the 5% condition (also for the 20% condition in this study). Interestingly, the MeHg
effect occurred only in rats consuming a diet adequate in selenium content, suggesting some
interaction with dietary selenium.
This experiment also contained a condition testing the validity of the PR schedule as a measure
of reinforcer magnitude. If the PR schedule is sensitive to reinforcing magnitude, then a large
reinforcer magnitude should support greater responding than a small one. In one condition, the
number of sucrose pellets delivered increased from 1 to 3, and the MRO increased accordingly
(Reed, et al., 2008).
The appearance of MeHg effects on discrimination reversals and, in littermates, on
performance under progressive ratios or rapid acquisition of FR schedules suggests a link
between the two. The link is hypothesized to lie in the impact of the reinforcer on the persistence
of responding. A higher magnitude, or efficacious, reinforcer will maintain responding with
greater persistence, and in the reversal learning procedure, this persistence would appear as
perseveration. This hypothesis is developed more fully below.
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5. EARLY DEVELOPMENTAL EXPOSURE AND AGING: A ROLE FOR DIET
5.1. MeHg effects emerge in aging animals
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The Minamata cohort has revealed, not only the irreversibility of MeHg's neurotoxicity but
also that other effects are uncovered during aging. Somatosensory effects persist decades after
exposure ends in humans (Ninomiya, et al., 2005). Similarly, somatosensory as well as visual
and auditory deficits have been reported in aging monkeys (Rice, 1996a; Rice, 1996b). In the
Minamata cohort, late-emergent signs include very serious ones like difficulty bathing, eating,
or dressing oneself, that are detected with the Activities of Daily Living questionnaire given
to individuals who were probably young adults during the major outbreak (Kinjo, et al.,
1993).
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Even more troubling, animal studies have shown that exposure that occurs exclusively during
gestation can result in motor and cognitive deficits that appear only during aging. Newland
and colleagues exposed rats to MeHg during gestation using an exposure regimen similar to
that shown in Fig 3, except that all animals were on the same chow diet. In one study, young
adult rats were trained to lever-press at high response rates using a Differential Reinforcement
of High-Rate (DRH) schedule of reinforcement. In this procedure, a rat had to press a lever 9
times within 4 seconds for reinforcement (DRH 9:4). All groups acquired the task similarly.
Unexposed rats showed about a 20% reduction in the number of criterion response sequences
(nine responses within four seconds) when they were over two years of age (Newland and
Rasmussen, 2003). Animals exposed to MeHg during gestation showed significant difficulties
in sustaining this performance, and for many, performance deteriorated to zero criterion
response sequences well before they turned two years of age.
Littermates of these animals were tested in an acquisition-of-choice procedure (Newland and
Reile, 1999b; Newland, et al., 2004). In this procedure, a single experimental session began
with two levers for the rat to press. Pressing either lever provided a reinforcer every 3 minutes,
on average, but actual reinforcer delivery was unpredictable. This is called a Concurrent
Random Interval 180" Random Interval 180" schedule or Conc RI 180" RI 180" schedule of
reinforcement. As expected, responding was distributed equally between the levers. After 30
minutes, one lever became several times richer than the other and behavior changed gradually
so that most responding occurred on the richer lever. By comparison with controls, the change
in preference for the rich lever was significantly slower in MeHg-exposed animals that
underwent behavioral testing for the first time when were 2.3 years of age. Littermates tested
at 1.7 years of age showed trends but no statistically significant effect of MeHg (Newland, et
al., 2004).
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The rats in the PUFA cohort, in which animals were exposed to MeHg during gestation and to
diets low or high in DHA throughout life, underwent spatial- and visual-discrimination
reversals when they were young adults, as described above. After completing SDR and VDR
procedures, they remained idle in their home cages and did not receive any behavioral
assessment until they were 2.3 years of age when they were retested on the SDR procedure
(Paletz, et al., 2007). The effect of MeHg on commission errors during reversals seen when
the rats were younger was not observed after the rats had aged.
The absence of an effect with the SDR procedure may seem inconsistent with the earlier study
showing impaired acquisition of choice in 2.3 year-old rats (Newland, et al., 2004). There are,
however, some important differences between the two studies. One is that in the earlier choice
study, responding was reinforced intermittently at a rate of about 0.33 reinforcers/min, and
choice was acquired repeatedly in single sessions under a free-operant (i.e., not a trials)
procedure. In the SDR procedure, every correct lever-press was reinforced, transitions occurred
across multiple sessions, and a response-initiated trials procedure was used. Perhaps a more
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important difference is that the aging SDR animals, which showed no MeHg-related effects,
had had extensive behavioral experience. In contrast, the aging animals on the acquisition of
choice procedure had had little experience and showed effects when they were old, as compared
with younger littermates. For the SDR task, at least, behavioral experience apparently
prevented MeHg's developmental neurotoxicity from being expressed, but the acquisition of
a new behavior or a sedentary life, sitting in the home cage, exacerbated MeHg's neurotoxicity.
5.2. In adulthood and aging, low dietary selenium and n-3 PUFAs have behavioral effects
independent of MeHg's developmental neurotoxicity
The design used in the MeHg-nutrition studies permitted the detection not just of the effects
of developmental exposure to MeHg but also the effects of a diet chronically marginal or
sufficient in selenium or DHA. DHA had no influence over MeHg's neurotoxicity, but dietary
selenium may have, albeit not consistently. The diets themselves had behavioral effects of their
own, and these effects were different from those of developmental MeHg.
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In the SDR procedure, rats that received the diet low in either nutrient, n-3 PUFA or selenium
showed response failures (errors of omission) more often than rats that received either of the
nutrient-rich diets. Figure 9 illustrates this effect in adult and geriatric rats from the n-3 PUFA
study. The number of errors made by the geriatric rats is lower than adults because they had
been exposed to the SDR procedure when they were younger. The number of trials without a
response, or omission errors, was higher for the animals on the low n-3 PUFA diet than for
rats that were on the high diet. A similar effect was seen in the study of low and high levels of
selenium, except that only adult, not geriatric, rats were used.
A second effect of diet is illustrated in Figure 10, taken from aged rats from the n- 3 PUFA
cohort (Paletz, et al., 2007) or adult rats from the selenium cohort (Reed, et al., 2006). The
increased number of omission errors was not due to an overall shift in the distribution, but
rather an increased variability among nutrient-deficient rats such that a subset of rats showed
an especially high number of omissions. Nutrient-sufficient rats were, as a group, more
consistent in their responding. This effect, seen with both Se and DHE diet cohorts, was
independent of MeHg exposure. For both diet cohorts, the lowand high-nutrient groups were
indistinguishable from one another with respect to commission errors (i.e., incorrect
responses), an endpoint that was sensitive to MeHg. The increased variability may reflect
increased susceptibility in a subset of these rats on the low nutrient diets.
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It is noteworthy that these nutrients had similar and specific behavioral effects despite no
similarity in structure or chemistry. It is tempting to speculate that these effects might be related
to their common physiological roles as antioxidants. Thus, the increased variability in the lownutrient diets could reflect greater susceptibility to other disrupting events. Linking these
dietary effects to the increased omissions is more difficult, but it might be related to diminished
attention or psychomotor slowing associated with the low-nutrient diets. Finally, the
observation that the adult low-selenium rats resembled the aged rats in the PUFA cohort
suggests that chronic exposure to low-levels of selenium may accelerate age-related deficits
in this dependent measure.

6. POTENTIAL NEURAL MECHANISMS BY WHICH DEVELOPMENTAL MeHg
IS NEUROTOXIC
Many of the behavioral effects reviewed above occurred in animals for which MeHg exposure
ended at birth or early in development, so MeHg concentrations in the brain would be very low
at the time of testing. Therefore, these behavioral effects reflect permanent alteration in neural
structure and function caused by the presence of MeHg during neural development. Clues to
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potential neural mechanisms by which these long-lasting effects occur can be found from in
vitro studies of neurotransmitter systems that are especially sensitive to developmental MeHg
exposure, drug challenges with behaving animals to confirm the functional relevance of this
sensitivity, anatomical structures or cell types that are sensitive to MeHg, and their relationship
to the behavioral measures that are sensitive to low-level, developmental MeHg exposure.
Some potential mechanisms pertinent to changes in the monitoring of reinforcement function
are reviewed briefly here, including dopamine and GABA neurotransmitter systems since they
appear to be permanently altered by developmental MeHg exposure.
6.1. Dopamine neurotransmitter systems track reinforcers and participate in choice
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Dopamine cell bodies are confined to midbrain regions, but receptors are distributed widely.
Cell bodies in the ventral tegmental area (VTA) send fibers to cortical (mesocortical) and
subcortical (mesolimbic) areas and their activity is correlated with the delivery of primary and
secondary reinforcers (Spanagel and Weiss, 1999; Wise, 2004) . In recent years their functions
have been extended to include the tracking of the source and relative magnitude of
reinforcement (Carelli, 2002; Salamone, et al., 2003). In studies of the activity of single cells
of the primate frontal cortex, dopamine neuron activity is involved in the acquisition and
expression of choice (Schultz, et al., 1998; Schultz, et al., 2000). These neurons are also
sensitive to changes in reinforcement contingencies (termed "error prediction"). Tursts of
activity appear when an unexpected reinforcer is presented or an expected reinforcer is not
presented. In rodent studies, both choice and progressive ratio performance are influenced by
lesions of dopamine rich regions or pharmacological manipulation of dopamine systems in
cortical regions (Evenden, 1999; Kheramin, et al., 2005; Kheramin, et al., 2002; Mobini, et al.,
2002; Mobini, et al., 2000). Basal ganglia dopamine pathways may also be relevant here. Cell
bodies in the substantia nigra send fibers to striatum and are involved with motor function as
well as the expression of choice (Schultz, et al., 2000)
Thus, there is similarity in the functional domains associated with dopamine neuronal systems
and those that are affected by low-level MeHg exposure during development. Mesocortical
systems are involved with choice, reinforcer efficacy, and the monitoring of changes in
reinforcement contingencies, behavioral processes that are sensitive to low-level, gestational
MeHg exposure. Such correlations in function could occur, of course, be due to any of a number
of other causes so more direct evidence that developmental MeHg exposure influences
dopamine function is required. The correlations can, however, provoke hypotheses about
potential mechanisms.
6.2 Dopamine systems are sensitive to MeHg
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In adult synaptosomes, low-to-moderate micromolar concentrations of MeHg provoke
spontaneous release of dopamine (Minnema, et al., 1989), decreases the reuptake of dopamine
into neurons (Rajanna and Hobson, 1985), inhibits the function of monoamine oxidase (MAO),
an enzyme that catalyzes the oxidation of dopamine(Chakrabarti, et al., 1998), and enhances
the PCB-induced release of dopamine (Bemis and Seegal, 1999). . These studies indicate the
vulnerability of adult dopamine neurons to the presence of MeHg, but do not show that these
effects are long lasting or that these effects apply to developmental exposures. Developmental
exposure to MeHg in greater than mg/kg doses produces both transient and delayed alterations
in catecholamine, and especially dopamine, neurotransmitter systems in the central nervous
system (Bartolome, et al., 1984; O'kusky, et al., 1988; Slotkin and Bartolome, 1987). Some
delayed effects, including increased turnover and reduced extracellular dopamine, were not
detected until after weaning, although the extent to which these continued past sexual maturity
was not reported (Bartolome, 1982). Gestational exposure to MeHg produced persistent,
regional-specific reductions in MAO activity in 45 day-old female offspring (Beyrouty, et al.,
2006). This effect, if it persists into adulthood, would result in elevated levels of synaptic
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dopamine, and other monoamines, since MAO is the main enzyme involved in its degradation
and removal from the synapse. GABAergic, cholinergic, glutamatergic, serotonergic and
noradrenergic neurotransmitter systems have also shown sensitivity to MeHg in in vitro studies
(Bartolome, et al., 1982; Mckay, et al., 1986; Minnema, et al., 1989; O'kusky, et al., 1988;
O'kusky and Mcgeer, 1985; O'kusky and Mcgeer, 1989).
6.3. MeHg exposure influences the functionality of dopamine receptor systems in behaving
animals
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The above studies show that neurotransmission is affected by the presence of MeHg and that
changes persist in young animals when MeHg exposure occurs during development but they
do not indicate whether such effects continue into adulthood, whether they are seen after occur
following chronic low-level, exposure regimens that better model human exposures and,
especially, whether the effects also appear in behaviog. Since some studies also point to the
sensitivity, at least in vitro of other neurotransmitter systems, it is possible that these effects
are nonspecific. Acute drug challenges in behaving animals can address these issues (Walsh
and Tilson, 1986). Properly designed, they can also address issues of pharmacological or
behavioral specificity. By incorporating doses that range from inactive to overtly behaviorally
disruptive and by testing drugs that are selective for different neurotransmitter systems, it is
possible to test hypotheses about the specific role of a neurotransmitter system. Similarly, by
examining different behavioral endpoints, the sensitivity of specific behavioral processes such
as choice, memory, or motor function can be evaluated. These challenges often unmask
neurotoxicity even if no overt signs or behavioral effects have been reported.
Early studies with behaving animals demonstrated diminished sensitivity to amphetamine for
animals exposed to rather high doses of MeHg, upward of 5 to 40 mg/kg administered by
maternal injection during gestation. Using simple autoshaping and lever-pressing tasks
(Hughes and Sparber, 1978) or avoidance and DRL performance in adults (Eccles and Annau,
1982), rats exposed during gestation did not show any differences in baseline (non-drug)
responding, but MeHg-exposed rats were less sensitive to amphetamine. In another report,
young rats exposed prenatally showed greater sensitivity to amphetamine on locomotor
activity, ultrasonic vocalizations, and passive avoidance (Cagiano, et al., 1990). Unfortunately,
these were single-dose studies or they spanned only a narrow range of doses and frequently
involved only a single drug. The MeHg exposures were quite high by current standards.
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Drug challenges were conducted with animals exposed during gestation to MeHg in drinking
water such that about 40 or 400 µg/kg/day of mercury was delivered to the pregnant dam
(Rasmussen and Newland, 2001). Drugs were selected because of their activity on
neurotransmitter systems examined using other, non-behavioral, assays. The drugs used were
haloperidol, amphetamine, pentobarbital, scopolamine, and dizocilpine because they act with
relative specificity through dopaminergic, GABAergic, cholinergic, or glutamatergic
neurotransmitter systems. A full dose-effect curve was generated for each drug. The behavioral
measure was high-rate operant behavior developed under a DRH 9:4 schedule of reinforcement
as described earlier. Adult rats exposed gestationally to MeHg showed enhanced sensitivity to
amphetamine, a dopaminenergic agonist, but not to haloperidol, a D2 inverse agonist or
antagonist (Rasmussen and Newland, 2001). Amphetamine promotes the release and blocks
the reuptake of dopamine (and norepinephrine) so the results indicate that MeHg’s effects on
dopamine systems have behavioral significance. The haloperidol results suggest that MeHg
does not alter postsynaptic dopamine receptors, at least not D2,receptors, or that co-activation
of D1 and D2 receptors is required to detect MeHg's neurochemical effects (discussed below).
The sensitivity of dopamine has been examined recently in greater detail in a doctoral
dissertation (Reed, 2007; Reed and Newland, Under Review). In that study, different doses of
cocaine were administered to rats exposed during gestation to MeHg. Figure 11 shows one
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dose-effect relationship from that study. The behavior studied was lever-pressing maintained
under a Fixed-Interval 120" schedule of reinforcement. In this procedure, the first lever-press
after 120" is reinforced. Typically, a low rate of lever-pressing occurs early in the 120" interval
and response rates increase as the interval nears the end. Only the high response rates that
occurred in the last 24" of the interval are shown in Figure 11 (overall rates showed a similar
effect). The higher MeHg exposure group displayed approximately a 2-fold increased
sensitivity to cocaine, similar to the magnitude reported earlier with d amphetamine
(Rasmussen and Newland, 2001). Interestingly, the exposed animals were not differentially
sensitive to the noradrenergic reuptake inhibitor desipramine or to selective D1 or D2 agonists
or antagonists. These data are consistent with hypotheses that MeHg-induced sensitivity is
mediated by presynaptic mechanisms or by diminished effects of monoamine oxidase. A
second possibility is that developmental methylmercury influences a post-synpatic process that
is initiated by joint activation of D1 and D2 receptors, but not by either receptor alone. When
activated alone, these receptor systems have opposite post-synaptic effects, with D1 receptors
increasing and D2 receptors decreasing cAMP activity. Joint activation, however, increases
the rate of spike firing in dopaminergic neurons in a slice preparation (Hopf, et al., 2003).
Moreover, D1 and D2 agonists administered jointly into nucleus accumbens maintains leverpressing that results in that administration (Chu B and Kelley, 1992), and is involved in reward
processing (Koch, et al., 2000) and substance abuse (Hodge, et al., 1997; Ikemoto, et al.,
1997).
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6.4. GABAergic neurotransmission is affected by developmental MeHg exposure
Of the other neurotransmitters mentioned above, GABA also stands out as one of potential
significance. The cerebral cortex and cerebellum, both GABA rich regions, are sensitive to
developmental and adult-onset MeHg exposure at low micromolar or high nanomolar levels
(Atchison, 2005; Choi, et al., 1978; Sager, et al., 1982; Yuan, et al., 2005). Disruption of
GABAA receptor function by MeHg has also been noted in adult animals in in vitro studies
(Atchison, 2005; Fitsanakis and Aschner, 2005; Narahashi, et al., 1994). There is some
suggestion that the developing GABA system in post-weanling animals is affected by MeHg
exposure (O'kusky, 1985), but the long-term implications of this or the effects at low MeHg
exposure levels were not described. Newland and Rasmussen, in addition to reporting increased
sensitivity to amphetamine, reported diminished sensitivity in behaving animals to
pentobarbital, a GABAA agonist.
6.5 Cortex and cerebellum are sensitive to developmental MeHg exposure
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It has long been recognized that developmental MeHg exposure can cause significant
disruption of laminated regions, including cortex and cerebellum (Berlin, et al., 1975; Choi, et
al., 1978). It is now becoming apparent that this disruption occurs at low micromolar
concentrations approaching those reached in our studies. Exposure of rats between gestational
days 6 and 15 to 1 or 2 mg/kg/day of MeHg, doses higher than the doses used in recent studies
reviewed above, distorted the morphology and size of cortical laminae at 10- and 21-days of
age. This exposure interfered with the nerve growth factor (NGF) signal cascade, resulting in
a dramatic loss of neurites, decreased cell density, and reduced cell size in the occipital cortex
of rats (Parran, et al., 2003; Parran, et al., 2004; Parran, et al., 2001). In in vitro studies, neurite
outgrowth was impaired at tissue mercury concentrations of 0.3 to 3 ppm (1.5 to 15 µM)
(Barone, et al., 1998); (Meacham, et al., 2005). similar to brain mercury concentrations of 0.5
to 10 ppm in neonates used in our exposure protocol (Day, et al., 2005; Newland, et al.,
2006; Newland and Reile, 1999a).
The cerebellum cortex, a GABA-rich region, is also sensitive to MeHg. The selective
vulnerability of cerebellar granule cells to MeHg was identified long ago in adult Minamata
victims (Takeuchi, et al., 1962) and has been confirmed in in vivo and in vitro animal models,

Neurotoxicology. Author manuscript; available in PMC 2009 September 1.

Newland et al.

Page 20

NIH-PA Author Manuscript

some involving high-nanomolar/low-micromolar concentrations (Atchison, 2005; Castoldi, et
al., 2003; Kunimoto and Suzuki, 1997; Nagashima, 1997). Pathology, cell loss, disrupted
synaptic transmission, and altered calcium homeostasis are seen in granule cells at MeHg
concentrations several-fold lower than concentrations that damage the larger Purkinje cells
also located in the cerebellum (Castoldi, et al., 2001).
MeHg-induced disruption of migration and derangement of lamination has also been seen in
cerebellar development after systemic exposure (Sager, et al., 1984). This damage may be due
to disruption of granule cell migration and synaptogenes (Choi, et al., 1978; Kunimoto and
Suzuki, 1997) or disruption of neural cell adhesion molecules, which are perturbed at low
micromolar concentrations in mice (Dey, et al., 1999). Developmental exposure using a
regimen similar to ours (0 or 4 ppm in water) produced no overt signs of toxicity but reduced
the density of migrating cells in the molecular layer of PND 7 offspring, effects that persisted
to 30 days of age (Markowski, et al., 1998).
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Exposures to high doses of MeHg during development impair performance on tasks that are
reflective (but not diagnostic) of cerebellar damage (Roegge and Schantz, 2006) but more
subtle effects have been difficult to detect. Cerebellar dysmorphology has been linked to
disruption of neural cell adhesion molecules caused by low micromolar exposure to MeHg, or
to a developmental dosing, although under a regimen somewhat higher than those used in the
studies of reversal learning (Dey, et al., 1999). MeHg-induced disruption of migration and
derangement of lamination has also been seen in cerebellar development (Sager, et al., 1984).
In both in vivo and in vitro models of cerebellar development, granule cell migration and
synaptogenes are perturbed at low micromolar concentrations, effects that could interfere with
cerebellar lamination (Choi, et al., 1978; Kunimoto and Suzuki, 1997). In mice, developmental
exposure using a regimen similar to ours (0 or 4 ppm in water) produced no overt signs of
toxicity but did affect cerebellar cortical development in a pattern showing regional selectivity
(Markowski, et al., 1998). There was a reduced density of migrating cells in the molecular
layer of PND 7 offspring, and these effects persisted to 30 days of age. A reduced width of the
external granule cell layer was also noted.
Much less is known about the consequences of damage to cerebellar granule cells during
development but procedures indicative of extensive cerebellar damage are not particularly
sensitive to developmental MeHg exposure. Nonetheless, because of the cerebellum's role in
orchestrating motor sequences, it might be hypothesized that this disruption could be related
to motor deficits that have been associated with developmental exposure in humans (Clarkson,
et al., 1976; Cox, et al., 1995) and animals (Newland and Rasmussen, 2000).
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6.6. An hypothesis about MeHg's developmental neurotoxicity can be formulated
Studies reviewed here link developmental MeHg exposure to altered sensitivity to drugs that
elevate synaptic dopamine or that promote activity at GABAA receptors, but not to
noradrenergic agonists, cholinergic or glutamate antagonists, or even agonists at specific
dopamine receptor subtypes (manuscript under review). Others have linked developmental
exposure to reduced neurite outgrowth and disrupted lamination of the frontal cortex (Barone,
et al., 1998; Parran, et al., 2004). The frontal cortex is a target for dopaminergic projections
from midbrain cortical systems and is also rich in GABA. Frontal cortical regions are also
involved in perseveration, impulsivity, and progressive ratio performance (Evenden, 1999;
Kheramin, et al., 2005; Kheramin, et al., 2002; Mobini, et al., 2002; Mobini, et al., 2000).
Perseveration on a discrimination reversal task has been seen in rats following excitotoxic
damage to the orbital prefrontal cortex (Chudasama and Robbins, 2003), in marmosets after
lesions to the frontal lobes (Ridley, et al., 1993) and in humans with frontal lobe damage
(Robbins, 1996). Humans with age-related decreases in cortical size perseverated on tasks such
as the Wisconsin Card Sorting Task (Head, et al., 2002; Raz, et al., 1998). Set shifting/
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extradimensional shift is impaired by lesions in basal ganglia or lateral cortical areas (Robbins,
1996). Similar functionality appears in rodents, too. Lesions of the medial frontal cortex
produced perseveration but only had transient effects on overall accuracy (Passetti, et al.,
2002). Lesions of the orbitofrontal cortex did not impair the acquisition of a discrimination but
did impair reversal learning in rats (Boulougouris, et al., 2007),a pattern identical to what we
have noted. These regions are rich in both dopamine and GABA receptors.
Taken together, these findings lead to a hypothesis that the perseveration and disruption of
choice associated with developmental MeHg exposure may be mediated by disruptions in
dopamine or GABA neurotransmitter systems. While findings may imply medial or
orbitofrontal cortical regions as being particularly vulnerable, it is premature to offer
conclusions about such anatomical specificity at present. It seems reasonable, however, to
speculate that overactivity of dopaminergic systems coupled with underactivity of inhibitory
control by GABAergic systems could be linked to the perserveration nder choice and
discrimination reversal procedures as well as the elevated responding under large fixed ratio
schedules in the studies of developmental exposure reviewed here.

7. SUMMARY
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The presence of MeHg, selenium, and n-3 PUFAs in fish complicate the evaluation of risks
and benefits of fish consumption. Experimental models of MeHg's neurotoxicity and of the
benefits of these nutrients in the diet contribute to a deeper understanding of how these
compounds act in development and adulthood. Our group has examined these compounds
explicitly using a factorial design that permits the assessment of the benefits of nutrients alone,
the neurotoxicity of MeHg alone, and the possibility that nutrients may protect against MeHg's
developmental neurotoxicity. This has been accomplished in rodents using environmentally
relevant exposure regimens that permit comparisons across laboratory models when brain
mercury is the exposure marker.
Gestational exposure to MeHg produces a robust perseveration on choice tasks in adult animals.
In fact, we have not identified a level of exposure that fails to produce this effect. This
perseveration is reversible with experience or with an explicit therapeutic behavioral
intervention. Both of these effects are reproducible, and both of these effects are unrelated to
the presence of dietary n-3 PUFAs or selenium. While some potential interactions between
selenium and MeHg have been noted with developmental exposure on other endpoints, these
effects require further research to understand better. We hypothesize that MeHg's effects are
related to impaired development of the cerebral cortex, enhanced dopamine activity, and
diminished GABA activity in exposed animals. While it is likely that the cerebellum is also
involved in MeHg's developmental neurotoxicity, it is not clear what role it plays.
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Selenium and n-3 PUFAs had similar behavioral effects despite their structural differences.
The presence of these compounds in the diet reduced the number of trials in which the animal
failed to respond in the discrimination reversal procedure and conferred some protection
against age-related effects on these tasks. It is possible that these outcomes are related to their
antioxidant effects, but this must remain speculative at present. We saw no evidence that n-3
PUFAS confer protection against MeHg's developmental neurotoxicity, with some mixed
evidence that selenium might do so on selected endpoints, but not on the major behavioral
effect, perseveration of a previously reinforced response during reversal learning.
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Figure 1.

Mercury content in selected fish species compared with DHA content (top) and Se content
(bottom). A box is drawn around the species identified by the US EPA as especially high in
MeHg. The line in the top figure connects the origin to shark and swordfish, the species targeted
by the US EPA with higher DHA content. The line in the bottom figure represents a 1:1 Se:Hg
molar ratio. These data derive from several sources (Ache, et al., 2000; EPA, 1997; Holland,
et al., 1993; Mahaffey, 2004b; U.S. Department of Agriculture, 2007).
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Figure 2.
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Neonatal brain Hg vs estimated daily maternal intake for mice (Stern, et al., 2001), rats
((Newland and Reile, 1999a), unpublished data) and macaques (Burbacher, et al., 2005c;
Gilbert, et al., 1996; Rice, 1989a). Lines shows power function fit to rodent or primate data.
Slope is 1.3 for both lines. Intercepts are 0.0023 ppm and 0.03 ppm for rodents and monkeys,
respectively. The left-most data point from (Burbacher, et al., 2005c) was not used in the
regression but is included in the figure because it represents a very low dosing regimen and
blood and brain concentrations were reported. It is lower than predicted by the regression
because this entailed four doses administered weekly.
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Figure 3.
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Exposure regimen used to examine developmental and adult-onset MeHg exposure in Auburn
studies. Offspring exposure to MeHg ended at birth but they were maintained on their highor low- nutrient (DHA or Se) diet throughout life. The vertical dashed line indicates that
maternal exposure was interrupted from post-natal day 16 to 21 because pups could reach the
water bottle, but there is no significant exposure via maternal milk (see text).
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Figure 4.

Mercury (top) and selenium (bottom) in the brains of neonates exposed during gestation to
mercury and selenium.
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Figure 5.
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Representative animals showing spatial discrimination reversal (SDR) learning. The ordinate
shows the number of trials with a correct response, commission error, or omission error for
each session (abscissa). A reversal is indicated by a break in the lines. The top panel is
representative of control rats, all of which met criterion rapidly. The middle panel is illustrative
of the 5 ppm-exposed rats. The bottom panel is an extreme case. After producing only one
single correct response in 17 sessions in the first reversal, this animal was provided "behavior
therapy" (details in text). From(Reed et al., 2006.)
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Figure 6.

Commission errors to criterion in the spatial discrimination reversal (SDR) procedure for the
selenium (Se) cohort (top) and the n-3 polyunsaturated fatty acid (PUFA) cohort (center).
Errors from the visual discrimination reversal (VDR) procedure for the n-3 PUFA cohort are
in the bottom. The points over "OD-Light" in the bottom panel represent an "extradimensional
shift" from the SDR sessions in the middle panel. Errors are shown for the original
discrimination (OD-left for SDR, OD-light for VDR) and the first three reversals are shown.
Statistical differences are indicated with a (^) p<0.05 for the 5ppm group compared to controls;
($) p<0.01 for the 0.5 ppm group compared to controls; (#) p<0.05 for the 5 ppm group
compared to the 0.5 ppm group. Error bars represent ±1 SEM. Note differences in scaling
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between SDR and VDR. Top graph adapted from Reed et al. (2006). Center and bottom graphs
adapted from Paletz et al. (2007).
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Figure 7.
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Response rates from the rapid acquisition of fixed-ratio (FR) procedure for rats exposed during
gestation to MeHg. Data are collapsed across high- and low- DHA diet groups. The 5 ppm
groups, which showed greater responding under the high-ratio conditions, were different from
controls for the FR25 and FR 75 conditions (statistically significant for the FR75). (From Paletz
et al., 2006).
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Figure 8.
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Maximum ratio obtained (MRO, ordinate) during a progressive ratio schedule for rats exposed
during gestation to MeHg. Data are collapsed across high-and low-DHA diet groups. The ratio
increased by 5%, 10%, or 20% after each reinforcer. The * shows a statistical difference
between the 5-ppm group and controls. From (Paletz et al., 2006.)
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Figure 9.

Errors of omission under a spatial discrimination reversal procedure for rats on a diet low
(coconut oil) or high (fish oil) in n-3 PUFAs during adulthood (A) or when geriatric (G). Data
points over G represent re-testing under the SDR procedure. The data point over "OD-left G"
followed the data point over "R3-right A" by about seven months, during which visual
discrimination reversals were assessed. SDR performance was retained in these geriatric
animals. For both ages, the fish oil diet resulted in fewer omitted responses. (From Paletz et
al., 2007.)
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Figure 10.
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Omission errors to criterion during the original discrimination (OD) and three reversals (R1–
R3) of the SDR. Top shows data from aged rats exposed to a diet low (top left) or high (top
right) in n-3 PUFAs (from (Paletz, 2004) and described in (Paletz, et al., 2007)). The bottom
panels show data from rats exposed to a diet either low (bottom left) or high (bottom right) in
Se (adapted from Reed et al. (2006)). Horizontal lines inside the box plots identify the median,
whiskers span the interquartile range, and outliers below the 5th and above the 95th percentiles
are shown as open circles.
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Figure 11.

Cocaine challenges in adult animals exposed to MeHg during gestation. Data show responserate reductions from the last 24" of a Fixed-Interval 120" schedules, during which relatively
high response rates occurred. Gestational MeHg exposure resulted in a leftward shift in the
acute dose-effect curve ( adapted from (Reed, 2007; Reed and Newland, Under Review)).
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A comparison of Brain:Blood ratios across species and dosing regimens.
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Species

Dosing Regimen

Age

Brain:blood

Reference

Mouse

Chronic, drinking water, via
dam.

PND 4

1.41–1.71

(Stern, et al., 2001)

Mouse

Chronic, adult onset,
drinking water, lifetime (>
14 month) exposure

Adult

0.54–0.63

(Stern, et al., 2001)

Mouse

14 days after single, oral
dose in adult.

Adult

0.4–0.9

(Nielsen, et al., 1994)

Mouse

Acute in adult.

Adult

1.2–1.3

(Magos, 1987)

Rat

5 days/week, 3–13 weeks,
adults.

Adult

0.06

(Magos and Butler,
1976)

Rat

Begin before mating,
continue to parturition.

Birth.

0.13–0.17

(Newland and Reile,
1999a)

Rat

Begin before mating,
continue to weaning (post
natal exposure was nil)

Weanling

0.21–0.29

(Newland and Reile,
1999a)

Rat

Chronic, via maternal
drinking water

Birth

0.1–0.251 (Se dependent)

(Newland, et al.,
2006)

Pregnant rat

Single inject into pregnant
rat, determine 1–14 days
later.

Fetal

0.11–0.20

(Wannag, 1976)

Pregnant rat

Single injection into
pregnant rat, determine 1–
14 days later.

Maternal

0.02–0.1

(Wannag, 1976)

Rat

Chronic, adult onset,
drinking water

Adult

0.08–0.13

(Day, et al., 2005,
Newland, et al., 2006)

Rat

Dietary, begin before,
continue to PND 50

Adult

0.14

(Lindstrom, et al.,
1991)

Macaque

Daily, oral, adultonset for 6
to 18 months

Adult.

-- 3.2 (6 months) -- 5.1 (12,
18 months -- 5.4–8.3 for
obese monkeys)

(Vahter, et al., 1994)

Macaca fascicularis

Four weekly doses

Infant

2.5

(Burbacher, et al.,
2005b)

Squirrel Monkey

Weekly oral doses

Adult

2.5

(Berlin, et al., 1975)

Neonatal

1.7

(Cernichiari, et al.,
1995)

Human
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TABLE 2

Fatty Acid Content of Experimental Diets (% Fatty Acids, as weight)
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Diet
Coconut Oil

Fish Oil

Total Saturated FAs

59.1

38.4

Total Monounsaturated FAs

21.8

20.4

18:3 n-3 (α Linolenic)

1.1

1.6

18:2 n-6 (Linoleic)

18.1

23.2

20:5 n-3 (EPA)

-

5.4

22:6 n-3 (DHA)

-

4.2

E n-3

1.1

11.2

E n-6

18.1

23.2

n-6:n-3 ratio

16.5

2.1
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