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Abstract

Fish contain essential long chain polyunsaturated fatty acids (PUFAs), particularly docosahexaenoic acid (DHA), an omega-3 (or n — 3) PUFA,
but are also the main source of exposure to methylmercury (MeHg), a potent developmental neurotoxicant. Since n — 3 PUFAs support neural
development and function, benefits deriving from a diet rich in n — 3s have been hypothesized to protect against deleterious effects of gestational
MeHg exposure. To determine whether protection occurs at the behavioral level, female Long-Evans rats were exposed, in utero, to 0, 0.5, or 5 ppm
of Hg as MeHg via drinking water, approximating exposures of 0, 40, and 400 wg Hg/kg/day and producing 0, 0.29, and 5.50 ppm of total Hg in the
brains of siblings at birth. They also received pre- and postnatal exposure to one of two diets, both based on the AIN-93 semipurified formulation. A
“fish-oil” diet was high in, and a “‘coconut-oil”’ diet was devoid of, DHA. Diets were approximately equal in a-linolenic acid and n — 6 PUFAs. As
adults, the rats were first assessed with a spatial discrimination reversal (SDR) procedure and later with a visual (nonspatial) discrimination reversal
(VDR) procedure. MeHg increased the number of errors to criterion for both SDR and VDR during the first reversal, but effects were smaller or
non-existent on the original discrimination and on later reversals. No such MeHg-related deficits were seen when the rats were retested on SDR
after 2 years of age. These results are consistent with previous reports and hypotheses that gestational MeHg exposure produces perseverative
responding. No interactions between diet and MeHg were found, suggesting that n — 3 PUFAs do not guard against these behavioral effects. Brain
Hg concentrations did not differ between the diets, either. In geriatric rats, failures to respond were less common and response latencies were
shorter for rats fed the fish-oil diet, suggesting that exposure to a diet rich in n — 3s may lessen the impact of age-related declines in response
initiation.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

Developmental exposure to methylmercury (MeHg) at doses
that result in low micromolar concentrations of mercury in whole
brain (Newland and Reile, 1999; Newland et al., 2006b) produce
long-lasting behavioral effects that are manifested in adulthood
and become exacerbated in aging (Kinjo et al., 1993; Newland
and Rasmussen, 2000; Newland et al., 2004; Rice, 1996).
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Included among these effects are impaired sensory function in
nonhuman primates (Rice and Gilbert, 1982, 1990; Rice, 1996),
retarded behavior in transition in rodents and nonhuman primates
(Newland et al., 1994; Newland et al., 2004; Paletz et al., 2006),
deficits in complex, high-rate operant behavior (Newland and
Rasmussen, 2000), disrupted performance on timing in fixed-
interval schedules of reinforcement (Rice, 1992), delayed object
permanence (Burbacher et al., 1988; Gunderson et al., 1988b),
and impaired facial recognition (Gunderson et al., 1988a).
Performance on tasks that tap memory function, however, are
relatively spared after developmental MeHg exposure (Elsner
etal., 1988; Gilbertet al., 1993; Goldey et al., 1994; Newland and
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Paletz, 2000). This behavioral toxicity is consistent with damage
to the cerebral cortex, a region that is especially susceptible to
low-level developmental MeHg exposure. Even at very low,
submicromolar, concentrations, MeHg disrupts cell signaling,
calcium currents, and induces dysmorphology in in vitro models
of cortical development (Barone et al., 1998; Parran et al., 2003;
Shafer et al., 2002).

Consumption of certain types of fish, notably long-lived
predators, is the primary route of MeHg exposure. Marine fish
also contain docosahexaenoic acid (DHA), an essential omega-
3 polyunsaturated fatty acid (n — 3 PUFA) that supports brain
development and visual and motor function (Egeland and
Middaugh, 1997; Reisbick and Neuringer, 1997). Dietary
deficiencies in n — 3 PUFAs reduce brain weight (Wainwright
et al., 1992), impair vision (Okaniwa et al., 1996; Reisbick
et al., 1997; Yamamoto et al., 1987; Yamamoto et al., 1988),
and produce motor deficits (Greiner et al., 1999). There is
mixed evidence about whether n — 3 PUFAs affect such
cognitive functions as learning, behavior change, or memory
(Becker and Kyle, 2001; Wainwright, 1997; Wainwright et al.,
1999). Nevertheless, it is reasonable to hypothesize that
benefits derived from consumption of n —3 PUFAs may
protect against or otherwise counter some of MeHg’s effects
(Davidson et al., 1998; Egeland and Middaugh, 1997;
Grandjean et al., 1997; Mahaffey, 1998).

In studies involving a choice between two sources of
reinforcement, the acquisition of choice but not its steady-state
expression was especially sensitive to gestational MeHg. In a
common choice procedure, an animal is presented with a left
and right lever to press, and the reinforcement rate on one lever
is scheduled to occur independently of that on the other lever.
Under these conditions, animals allocate responses to each
lever in accordance with the relative ratio of the two
reinforcement rates (Davison and McCarthy, 1988). When
the ratio changes, allocation of behavior adjusts to the new
conditions, but gestational MeHg exposure retards this
adjustment (Newland et al., 1994; Newland et al., 2004). In
these studies, MeHg exposure may have strengthened the
impact of reinforcers delivered prior to the change of conditions
to such an extent that the reinforced behavior was resistant to
change. This outcome is consistent with accounts of response
perseveration in that allocation of behavior under the previous
arrangements would persist despite the change in the structure
of the environment. Response perseveration has also been
observed in a study of the acquisition of fixed-ratio responding
in gestationally exposed rats (Paletz et al., 2006).

The present study was designed to determine the effects of
gestational MeHg and gestational plus lifetime exposure to
n — 3 PUFAs using discrimination reversal procedures, which
permit an examination of perseverative responding on a lever
that no longer produces any reinforcers. The first phase
comprised a spatial discrimination reversal task in which up to
seven reversals were evaluated. In the second phase, the same
animals performed a more difficult visual discrimination
reversal. Finally, the rats were reevaluated on the spatial task, 9
months after their behavior was initially assessed and when
most were over two years of age. Female Long-Evans rats, used

as breeders, began their diets 5 weeks, and MeHg exposure 2
weeks, before breeding commenced. MeHg exposure of the
offspring ended at weaning. Female offspring were used in the
present study so as to facilitate comparisons with chronic
exposure to the female breeders, which were studied in other
experiments (Day et al., 2005).

2. Materials and methods
2.1. Subjects

The subjects were 45 female Long-Evans rats (F,;
generation) bred in the laboratory and weaned on postnatal
day (PND) 21. Each was selected from a different litter so that
litter served as the statistical unit of analysis. While in utero,
they received concomitant exposure to one of two diets and one
of three doses of methylmercury (MeHg) via maternal diet and
drinking water, respectively, forming a 2 (diet) x 3 (MeHg)
factorial design (detailed below). Table 1 shows the number of
subjects selected from each of the 6 exposure conditions. At
weaning, the subjects were injected subcutaneously with an
electronic identification chip (Biomedic Data Systems,
Seaford, DE) and provided with free access to tap water.
When rats reached 250 g, daily food allotment was adjusted to
maintain that body weight. Subjects were housed in standard
cages, two per cage but separated by a transparent divider that
ran diagonally in the cage so they could be fed and watered
individually. Home cages were located in environmentally

Table 1
Exposure, age when tested, and number of subjects per age per cell group

Procedure (phase) MeHg dose (ppm)  Diet

Coconut Fish  oil
oil (CO) (FO)

Age® n®  Age® n°

Spatial discrimination 0.0 15 4¢
reversal (SDR-adult) 18 3 18 7
0.5 18 8 18 7¢

5.0 15 5¢
18 3 18 8f

Visual discrimination 0.0 17 3¢
reversal (VDR) 20 2 20 2
0.5 20 5 20 4

5.0 17 39
20 2 20 2¢

Spatial discrimination 0.0 24 4¢
reversal (SDR-geriatric) 27 2 27 5
0.5 27 4 27 4

5.0 24 5¢

27 3¢ 27 3¢

? Age, in months, when the phase began.

 Number of subjects included in statistical analyses.

¢ These control subjects came from a second cohort used because of breeding
difficulties in the CO, 5-ppm exposure group.

9 These subjects came from a second cohort used because of breeding
difficulties within this exposure group.

¢ One of these subjects did not receive previous exposure to the FI schedule
and drug challenges.

f Two of these subjects did not receive previous exposure to the FI schedule
and drug challenges.
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controlled rooms with a 12:12 light-dark cycle in effect (lights
on at 7:00 a.m.).

Pups were evaluated for developmental milestones includ-
ing surface righting, elevation of head, gait, eye opening, onset
of walking, startle reflex, and negative geotaxis, with no
observed effects. One cohort was 15 months at the beginning
of the present experiment and the other was 18 months.
Table 1 shows the number of rats of each age within each
exposure condition. For the 5 months prior to the present
investigation, 41 of the subjects pressed the right lever under a
fixed-interval (FI) schedule of reinforcement and received
acute exposures to cocaine, imipramine, clomipramine, and
desipramine. The 4 rats not exposed to the FI schedule and
drug challenges were included here to maintain adequate
sample sizes. It took longer for two of these rats to acquire the
two-response sequence (see Section 2.5), but after training
they were indistinguishable from FI rats from respective
exposure groups. In post-hoc tests, data analyses (see Section
2.6) were conducted without these rats but the conclusions did
not change. Table 1 indicates the exposure groups to which
these four rats belonged.

All procedures were approved by the Auburn University
Institutional Animal Care and Use Committee. The colony was
housed in an AAALAC accredited facility under conditions
meeting PHS guidelines. Rat health was monitored daily by the
research staff and personnel from the Department of Laboratory
Animal Health at Auburn University.

2.2. Breeding

At 10 weeks of age, 72 female and 36 male Long-Evans rats
(Harlan, Indianapolis, IN) were bred (F, generation). The F,
females were maintained on one of two customized diets and
exposed to one of three concentrations of MeHg (see Section
2.3). The F, males were maintained on rat chow and never
received MeHg exposure. Breeding cages contained tap water
and the maternal diet. Each male was paired with a single
female during every other dark cycle, and these pairings did not
change throughout breeding. In cases in which a male was bred
with two females, the females were always members of
different exposure groups. Births before 5:00 p.m. were
assigned to PND 0 for that day. All births after 5:00 p.m.
were assigned to PND O for the subsequent day. Litters were
culled to eight pups and at least three females.

Because of pregnancy and breeding failures in the coconut-
oil diet, 5 ppm MeHg group (see Section 2.3), an additional
breeding cycle was required for this group and their coconut-oil
controls (for further details, see Paletz et al., 2006).
Consequently, there was a 3-month age differential among
some of the F, offspring (see Table 1).

2.3. Exposures

2.3.1. Diets

Both Fy and F; females were fed a customized diet based on
the AIN-93 semi-purified formulation (supplied initially by
Dyets, Inc., Bethlehem, PA, and later by Research Diets, Inc.,

New Brunswick, NJ). F, females began receiving the diet 5
weeks before breeding, so F; offspring received exposure to the
same diet from conception to death (for an illustrated timeline,
see Day et al., 2005; Paletz et al., 2006). The base fat mixture of
the diet consisted of 42.8% palm oil, 9.2% safflower oil, and
15.0% soybean oil. For 23 rats, the fat mixture contained 33%
EPAX (Pronova Biocare, Lysaker, Norway) fish oil (FO diet),
making itrich in the n — 3 polyunsaturated fatty acids (PUFAs),
eicosapentaenoic acid (20:57 — 3, EPA) and docosahexaenoic
acid (22:6n — 3, DHA). The fat mixture for the other 22 rats
consisted of 33% coconut oil (CO diet), an oil containing no
EPA or DHA. The fat mixtures contained 1.0-1.6% a-linolenic
acid (18:3n — 3, ALA), a biosynthetic precursor to EPA and
DHA, and they also contained similar concentrations of n — 6
PUFAs, about 18% and 22% of total fats for CO and FO diets,
respectively. Overall, the ratios of n — 6 to n — 3 PUFAs were
2.1:1 and 16.5:1 for fish- and coconut-oil diets respectively (for
a more detailed breakdown, see Paletz et al., 2006). During
pregnancy and offspring development, a ‘“growth” diet
containing 7% fat from the mixture was used. At all other
times a “mature’” diet containing 4% fat from the mixture was
used. Selenium content of the diet was adjusted to be 0.40 ppm
during breeding and 0.18 ppm at all other times.

During the course of the experiment, 15 subjects died.
Necropsies revealed that 11 rats died of natural causes as they
aged beyond 18 months and 4 died of complications due to
urolithiasis (Table 2), which was provoked by the inadvertent
incorporation of racemic, rather than levo, bitartaric acid to
stabilize choline in diets shipped to many sites in the U.S. and
Canada (Newland et al., 2005). The presence of urolithiasis
(kidney and bladder stones) in these rats is described elsewhere
(Klurfeld, 2002; Newland et al., 2005). Briefly, urolithiasis was
distributed throughout the colony across all MeHg groups and
did not interact with MeHg with respect to survival among the
F, generation, those reported on here. Since urolithiasis
affected only four subjects and urolithiasis does not produce
any known signs or symptoms resembling those of MeHg
exposure (Brown et al., 1977; Mandel, 1996; Smith, 1990), the
possibility that results were biased by renal disease seems low.
Shortly after detection of initial cases of urolithiasis, when the
rats were about 3—-6 months of age, choline bitartrate was
replaced with 1.1 g/kg of choline chloride, equimolar for
choline.

2.3.2. Methylmercury

Two weeks before breeding and 3 weeks after beginning the
diets, the F females began consuming water containing 0, 0.5,
or 5 ppm of mercury (Hg) as methylmercuric chloride (Alfa
Aesar, Ward Hill, MA), producing exposures of roughly 0, 40
and 400 pg/kg/day, respectively, based on average daily
consumption, with some elevation during pregnancy resulting
from increased water consumption (Newland and Reile, 1999).
Sodium carbonate (<5 nanomolar), used to buffer the MeHg,
was added to all three water mixtures (cf. Stern et al., 2001). On
PND 16, when the pups were capable of reaching the water
spout, MeHg water was removed from the cage and replaced
with the O ppm water. The F; offspring received plain tap water



710 E.M. Paletz et al./NeuroToxicology 28 (2007) 707-719

Table 2
Exposure and number of deaths before and after completing the third reversal

Procedural phase MeHg dose (ppm) Diet

Coconut oil (CO)

Fish oil (FO)

Early deaths®

Later deaths® Early deaths® Later deaths®

SDR-A (18-20 months)® 0.0 -
0.5 -
5.0 -

VDR (20-26 months)© 0.0 1
0.5 -
5.0 -

SDR-G (27-29 months)© 0.0 -
0.5 2
5.0 -

2(1)
_ - 1

— 2 -
1 (1) -
_ 3(1) _

1 (1)

_ 14 _

# Number of deaths before completion of the third reversal (R3), with number resulting from urolithiasis listed in parentheses. These subjects were dropped from

statistical analyses. Hyphens indicate that no deaths occurred.

° Number of deaths after completion of the third reversal (R3), with number resulting from urolithiasis listed in parentheses. These subjects were included in

statistical analyses. Hyphens indicate that no deaths occurred.

¢ Age range of the older F, rats (i.e., from the initial breeding cycle) during the entire phase; F, rats from the second breeding cycle, and, consequently, 3 months

younger, did not die during the experiment.

9 One rat died during the 1-month period between the end of the VDR phase and the beginning of the SDR-G phase.

after weaning on PND 21. Therefore, the subjects never
received direct exposure to MeHg. As there is apparently no
MeHg exposure via breast milk (Newland and Reile, 1999;
Stern et al., 2001), this can be considered a gestational
exposure.

An approximately equal number of male and female pups
from each exposure group was euthanized on PND 1 and their
brains collected for analysis of Hg content by atomic absorption
spectrophotometry, as done in Newland and Reile, 1999. Total
Hg contents in the 0.5- and 5-ppm exposure groups were 0.29
and 5.50 ppm, respectively, regardless of diet group. No Hg was
detected in the brains of control rats.

2.4. Testing apparatus

Behavioral procedures were conducted in 16 commercial
operant chambers (Med-Associates, Model ENV-008) contain-
ing one rear-mounted lever and two front, retractable levers
(each calibrated to 0.20 N), a pellet dispenser situated between
the two front (left and right) levers and filled with 20 mg
sucrose pellets (Research Diets, Inc., New Brunswick, NJ),
sonalert tones (2900 and 4500 Hz, nominally; calibrated to
70 dbC), a house lamp (28 V 100 Ma), and an LED (light
emitting diode) above each lever. Each chamber was
surrounded by a sound-attenuating cabinet, with built-in
ventilating fan that circulated air into the experimental
environment and provided masking white noise. Programs
for experimental procedures and data collection were written
using MED-PC IV (Med-Associates, St. Albans, VT). Session
events were recorded with 0.01” resolution.

2.5. Behavioral methods

An autoshaping procedure was used to establish lever
pressing (Bushnell, 1988; Reed et al., 2006). Reinforcement

consisted of the delivery of one sucrose pellet paired with a
brief, 4500 Hz tone. Body weights did not differ among any of
the exposure groups. Sessions for each of three squads of
subjects were conducted daily at different, but consecutive,
times; assignment of subjects to squads and chambers was
distributed across exposure groups. Each session lasted 60
trials. Fans, lights, tones, levers, and pellet dispensers were
tested before and after sessions for each squad of rats to ensure
that equipment was functioning properly. Electronic identifica-
tion chips used to track subjects were scanned prior to each
session to confirm identity.

2.5.1. Spatial discrimination reversal

The spatial discrimination reversal (SDR) procedure was
conducted as follows. Each trial began with the onset of an
alternating tone stimulus (2900 Hz; 0.3-s on, 0.6-s off). A
single rear lever press turned off the tone stimulus and
extended the two front levers. A response on one of these two
levers (e.g., left) produced reinforcement while a response on
the other did not. Regardless of position, this response
retracted both levers, ending the trial. Trials also ended if a
lever press did not occur within 15 s after trial onset (i.e., arear
lever press) or within 15 s after lever extension (i.e., a front
lever press).

For the “original discrimination” (OD) sessions, only left-
lever presses were followed by reinforcement (OD-left), and
this continued until the accuracy criterion was met: three
consecutive sessions in which at least 51 out of 60 trials (i.e.,
>85% of trials) ended in reinforcement. Then, only right-lever
presses were reinforced (first reversal or Rl1-right). After
reaching the same performance criterion on Rl-right, the
contingency reversed back to the left lever (second reversal, or
R2-left), and so on, until a total of seven discrimination
reversals were arranged (OD-left through R7-right). The initial
SDR phase (SDR-A) began when the rats were adults, at 15-18
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months of age, and it lasted about 45 sessions. A second SDR
phase (SDR-G) was presented when the subjects were geriatric,
beginning at 24-27 months of age (see Table 1). Sessions for
the SDR-A phase were conducted daily while those during the
SDR-G phase were conducted 2-3 times per week.

2.5.2. Visual discrimination reversal

The visual discrimination reversal (VDR) procedure was
implemented after all surviving subjects had completed all
reversals of the SDR-A phase. This procedure was similar to
that of the SDR except that the LED above one lever was lit
during each trial. During the original discrimination, a front-
lever press was reinforced when made on the lever beneath the
lit LED (OD-light). The side on which the LED was lit during
each trial was randomly determined following each reinforced
response. If a trial did not end in reinforcement, a correction
trial was presented with the position of the lit LED unchanged
until a response was reinforced or until the session ended,
whichever came first. This correction procedure was necessary
for the VDR because otherwise, unlike with the SDR, a rat
could collect half of all reinforcers by responding exclusively
on a single side. Performance on correction trials did not
contribute to the accuracy criterion. After criterion, lever
presses were reinforced only when they occurred on the side
beneath the unlit LED (R1-dark), and so on. The VDR phase
lasted 6 months because some rats required a large number of
sessions to complete R1-dark. Sessions were conducted daily
for the first month and 1-2 times per day, 2-3 times per week
thereafter.

2.6. Data analysis and statistical methods

Litter served as the statistical unit of analysis for all
analyses. The experiments were structured as a 2 (diet) x 3
(MeHg) full factorial design with repeated measures across
reversals. There were seven or eight subjects, each representing
a unique litter, assigned to each cell (see Table 1) at the
beginning of the study. The following dependent variables were
used:

(1) Sessions to criterion—sessions required to reach accuracy
criterion for each reversal.

(2) Reinforcers to criterion—reinforced (correct) trials
required to reach accuracy criterion for each reversal.

(3) Commission errors—trials ending with a non-reinforced,
front-lever press for each reversal.

(4) Omission errors—trials without a rear-lever or a front-lever
press for each reversal.

(5) Commission error run lengths—the number of commission
errors divided by the number of “‘runs” of commission
errors in the reversal. Runs constituted sequences of
commission errors, irrespective of omission errors, leading
up to the next reinforced response or the end of the session,
whichever occurred first. For example, the sequence R, O,
E.E.E.R E,O,E R, E,R,OR,...(whereR = reinforced
responses, O = omission errors, and E = commission errors)
includes three runs of commission errors with lengths of 3,

2, and 1, respectively. Note that run lengths have a
minimum of 1 and a maximum of 60.

(6) Rear-lever latency—time between the onset of the trial
(alternating tone) and the rear-lever press (which extends
the ““choice” levers on the front panel). Trials without a
rear-lever press were excluded.

(7) Choice latency—time between a rear-lever press and a
front-lever press. Trials without a front-lever press were
excluded.

(8) ITI responses—average number of responses (per trial)
during intertrial intervals.

Repeated-measures analysis of variance (RMANOVA) tests
were performed using SPSS™ 13 (SPSS Science, Chicago, IL).
MeHg (0, 0.5, and 5 ppm) and diet (CO, FO) served as the two
between-subjects factors. Reversal condition (OD, R1, ..., Rn)
served as the within-subjects factor and included only
completed reversals (i.e., those for which accuracy criterion
was met). The degrees of freedom for within-subjects effects
were adjusted using the Huynh—Feldt correction for sphericity.
Customized, univariate contrasts were performed whenever an
interaction was detected to characterize more fully the
reversal(s) that contributed to the interaction. Significant
contrasts were followed by further pairwise comparisons to
determine which MeHg groups were different; such compar-
isons were not necessary for diet because it involved only two
groups. Significant main effects were followed by post-hoc
Tukey tests (HSD). To ensure that the data set complied with the
assumptions required by ANOVAs, logarithmic transforms
were applied where the data were positively skewed or where
variability increased with the mean value. This included only
the commission error run length data.

For the SDR-A (adult) phase, three reversals (OD-left
through R3-right) were included in statistical analyses because
all rats completed these, and subsequent reversals contributed
no additional information. For comparative purposes, analyses
of the VDR and SDR-G (gerontological) phases also included
the first 3 reversals, although not all rats completed these.

3. Results
3.1. Spatial discrimination reversal

There were no effects of either MeHg or diet, alone or in
combination, on the rate with which the rats acquired the rear-
to-front-lever response chain. All 45 rats completed the first
three reversals (OD-left through R3-right) of the SDR-A phase,
and 42 of these rats completed all seven reversals (OD-left
through R7-right). Three rats died before completing the SDR-
A phase, and their deaths were due to reasons unrelated to
exposure; one of these rats had small uroliths detected post
mortem but had shown no clinical signs of illness (see Table 2).

Repeated measures ANOVAs were conducted across OD-
left through R3-right of the SDR-A phase. Reversal, itself, had
a within-subjects effect on all dependent measures listed above
(all Ps < 0.02); i.e., behavior changed significantly across
reversals.
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3.1.1. Interactions between diet and MeHg

It has been speculated that a fish diet may protect against
exposure to MeHg. However, no statistical interactions between
diet and MeHg were found for any measure (all Ps > 0.1).

3.1.2. MeHg effects

Although no interactions between diet and MeHg were
observed, there were effects of MeHg alone. Fig. 1 illustrates
performances observed among rats in each of the MeHg groups.
The number of commission errors was lowest during OD-left
for the three rats shown, but for the 0.5 ppm (center) and 5 ppm
(bottom) rats, these errors were highest and correct responses
(i.e., reinforced responses) lowest during the first session of

0 ppm MeHg, CO diet

each reversal. The exposed rats failed to respond on many trials
(omission errors) at the beginning of OD-left and R1-right.
Overall, rats had the most difficulty with the task during R1-
right. The 0-, 0.5- and 5-ppm rats shown required 4, 6, and 8
sessions, respectively, to complete R1-right. Recall that 3
sessions with at least 85% accuracy were required before the
next reversal commenced. Both rear-lever and choice latencies
were slightly longer for the 5 ppm rat across sessions.

Fig. 2 shows group data for each MeHg group through R7-
right. There was a significant MeHg-reversal interaction effect
on commission errors [F (6, 117) = 3.1, P = 0.009] (Fig. 2, top),
and contrasts revealed that R1-right contributed to this result
[F(2, 42) =6.1, P=0.005] while other reversals, including

OD-Left R1-Right R2-Left R3-Right
60 —e— Correct
w 40 A Responses
= —0— Commission
= Errors
= ] S
a4 ++s8++ Omission
04 ZXQ“&A@ Avateades BesBesdes Errors
4 10 5
= —0— Rear
g mﬂ )
bt E;E:H Latency
S --\'ﬁ"' - N [T
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1234 5678 9101112 13141516
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OD-Left R1-Right R2-Left R3-Right
60 1 /—0—4
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.
-
= 204
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g D\D\EKE
g {SNayg
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1234 567 8910 11121314 151617181920
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Fig. 1. Illustrative rats showing spatial discrimination reversals (SDR-A) through R3-right. Correct, reinforced trials (closed circles), errors of commission (open
circles), errors of omission (open triangles), rear-lever latency (open squares), and choice latency (closed squares) across sessions. A rat gestationally exposed to
0 ppm methylmercury and coconut-oil diet (top), 0.5 ppm methylmercury and fish-oil diet (center), and 5 ppm methymercury and coconut-oil diet (bottom) are
shown. The ordinates show trials and seconds (note logarithmical scaling). Connected lines and axes, separated by spaces, indicate each reversal condition.
Experimental conditions are aligned vertically. Rate of progression through the reversal conditions varied across rats and depended on the expediency of reaching

criterion within each condition.
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Fig. 2. Performance measures on spatial discrimination reversals (SDR-A).
Errors of commission (top), average commission error run lengths (center), and
average choice latency (bottom) for each methylmercury group. Data are shown
for all rats and all reversal conditions. Note logarithmic scaling and presentation
of geometric means for commission error run lengths. Error bars represent
+1S.EM. (*) p < 0.01 for the 5 ppm group (n = 16) compared to the 0 ppm
group (n=14); ($) p < 0.01 for the 0.5 ppm group (n = 15) compared to the
0 ppm group; (&) p < 0.05 for the 5 ppm group compared to the O ppm group.

OD-left, did not. As seen in Fig. 2, the 0.5 ppm and 5 ppm
groups each committed more errors than the O ppm group
during R1-right (both Ps < 0.006). The two exposed groups,
statistically indistinguishable from each other (P = 0.8), made
about 60% more errors than controls during R1-right.

As with commission errors, there was a MeHg-reversal
interaction effect on commission error run lengths [F(6,
117)=2.4. P=0.029] (Fig. 2, center), with Rl-right con-
tributing to this interaction [F(2, 42)=3.2, P=0.049].
However, differences during R1-right were only between the
0- and 5-ppm groups (P = 0.015); the 0- and 0.5-ppm groups
were indistinguishable (P =0.2) as were the 0.5- and 5-ppm

groups (P = 0.3). Fig. 2 (center) shows that during R1-right, the
5 ppm rats averaged about five errors per run, while the 0 ppm
group averaged about three errors per run (geometric averages).

Choice latency decreased the most between OD-left and R1-
right, especially for the 0.5 ppm group (Fig. 2, bottom), but
there was no MeHg-reversal interaction effect on this or any
other variable (Ps > 0.2) except for ITI responses for which
there was a marginal effect (P = 0.07).

There was a significant, between-subjects (i.e., overall,
irrespective of reversal) main effect of MeHg on commission
errors [F(2, 39) = 3.4, P = 0.045], but this was due to the large
MeHg effect at Rl-right, already discussed, which skewed
means across the first 3 reversals; inclusion of OD-left through
R7-right in an exploratory RMANOVA showed how this effect
is diminished (i.e., P = 0.09). Only a marginal main effect of
MeHg was detected on sessions to criterion (P =0.06), but
otherwise there were no between-subjects effects of MeHg on
any other measure (Ps > 0.1).

3.1.3. Diet effects

For all measures, there were no main (diet) or interaction
(diet-reversal) effects during the SDR-A phase (all Ps > 0.1).
Therefore, diet did not play a role when the rats were 1.5 years
of age.

3.1.4. Effects after aging

At 2 years, when the rats returned to performing the SDR
(SDR-QG), 33 of the original 45 rats were still alive. Of these 33,
three failed to complete the first three reversals before
becoming ill or dying. All remaining 30 rats completed at
least R3-right, and five completed R6-left, the highest condition
completed in this phase. Consequently, sample sizes for some
of the cell groups were too small to support analyses of
interactions between diet and MeHg (see Table 1). Tests of
MeHg (n > 8) and diet (n > 12), including interactions with
reversal, as well as main effects of these three variables, could
be analyzed for OD-left through R3-right, however. There was a
main effect of reversal on all dependent measures assessed
(Ps < 0.008) with the exception of rear-lever latency, for which
there was a marginal effect (P =0.07), and omission errors
(P =0.6).

3.1.4.1. MeHg effects. Fig. 3 (top) shows how commission
errors changed from about 1.5 years of age (SDR-A) to 2 years
of age (SDR-G) for OD-left through R3-right. The MeHg-
related difference observed in R1-right when the rats were
younger was no longer apparent when they were old. That is,
after the animals had aged, there was no longer an interaction
between MeHg and reversal for either commission errors or
commission error run lengths [both Fs(6, 72) < 1.0, Ps > 0.4].
Also, there was no longer an overall main effect of MeHg on
commission errors [F's(2, 24)=0.9, P=0.4]. On the other
hand, there was a significant main effect of MeHg on omission
errors [F(2, 24)=3.5, P=0.047] (Fig. 3, bottom, far right
points) and a marginal main effect on commission error run
lengths (P =0.06) not previously observed; on both of these
measures the 0.5 ppm and 5 ppm groups differed from the
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Fig. 3. Spatial discrimination reversal in old rats (SDR-G) compared to their
performance when younger (SDR-A). Shown are commission errors (top) and
omission errors (bottom) when adult (A) and when “geriatric” (G) for each
methylmercury group. Solid lines, separated by spaces, connect pairs of
identical reversal conditions. Data within each pair are shown for only those
rats that completed R3-right in both the adult and geriatric stages of life. Error
bars represent +1S.E.M. Note logarithmic scaling. ($) p < 0.05 for the 0.5 ppm
group (n =8) compared to the 0 ppm group (n=11); for the 5 ppm group,
n=11.

0 ppm group, with differences between the 0- and 0.5-ppm
groups reaching statistical significance. The values represented
in Fig. 3 are slightly different from those in Fig. 2 (e.g., R2-left
in tops of Figs. 2 and 3), because rats that died between the
SDR-A phase and R3-left of the SDR-G phase are not included
in Fig. 3. Overall, however, omitting those rats did not
substantially change the values, especially at R1-right of the
SDR-A phase where the effect was detected.

With the exception of the effects noted above, and a
marginal MeHg-reversal interaction for omission errors
(P =0.07), MeHg did not impact any other measure in the
SDR-G phase (Ps > 0.1).

3.1.4.2. Diet effects. Unlike during the SDR-A phase, the CO
rats had more omission errors (Fig. 4, top) and longer rear-lever
latencies (Fig. 4, center), overall and irrespective of reversal,
than the FO rats [both Fs(1, 24) > 7.7, Ps < 0.02]. There was
also a marginal effect of diet on ITI responses (P = 0.05) and
sessions to criterion (P = 0.07). No main effects of diet were
found for remaining measures (Ps > 0.1), although there was a
diet-reversal interaction effect on reinforcers to criterion [F (3,
72) =3.1, P =0.03] (Fig. 4, bottom). This interaction was due

100

0.1 T T T T T T T T

—O— Coconut Oil
—&— Fish Oil

e

Omission Errors

A G A G A G
< ~ & ’\ N\
,\\’:\\ ﬂ\"? ,\’}\ & _&b"&
F ¢ P N

6.0
Y
E
& 5.0
Q
2
~ 4.0
(s}
5
£ 304
-
8 2.0-
Q
-
g 1.0
[}]
[~

0.0
Z 300
(5]
2
S 2501
2
£ 2004
-
z
'5— 1504
2
w100
@
[F]
2
£ 501
=
5
£ o0 - - -

A G A G A G A G A G
& > »
A ¥ & &
> &> & &

Condition

Fig. 4. Spatial discrimination reversal in old rats (SDR-G) compared to their
performance when younger (SDR-A). Shown are omission errors (top), rear-
lever latency (center), and reinforced trials, or corrects (bottom) when adult (A)
and when “‘geriatric” (G) for each diet group. Plots are structured as in Fig. 3.
Error bars represent +1S.E.M. Note logarithmic scaling. (***) p < 0.01 and
(**) p < 0.05 for the coconut-oil group (n = 18) compared to the fish-oil group
(n=12).

entirely to the first reversal; contrasts revealed that the FO rats
required fewer reinforcers than the CO rats to complete R1-
right (P = 0.02), but the groups were indistinguishable on OD-
left, R2-left, or R3-right (Ps > 0.1). There was no diet-reversal
interaction for any other measure (Ps > 0.1).

To examine the possibility that omissions in the old rats were
due to slowed trial initiations (rear-lever latencies), a post-hoc
analysis of ITI responses was undertaken. If the rat reached the
rear lever too late, then the rear-lever press would have been
recorded as an I'TI response. Following trials with an omission
error, the CO rats, relative to the FO rats, had a higher frequency
of ITIs with a single response (23.0% for CO versus 15.4% for
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FO), a lower frequency of ITIs with zero responses (66.7% for
CO versus 73.1% for FO), and a similar frequency of ITIs with
two or more responses (10.3% for CO versus 11.5% for FO).
Therefore, the marginally higher number of ITI responses
among CO rats are plausibly attributable to single responses,
not response bursts, during the ITI.

3.2. Visual discrimination reversal

A total of 42 rats were alive at the beginning of the VDR
phase when the animals were 17-20 months old. Eight died by
the end of this phase, about 6 months later (see Table 2). Of the
surviving rats, 12 failed to complete R3-dark because they
never reached criterion; the VDR was more difficult than the
SDR, requiring about three times as many sessions to complete
the third reversal.

Two-way interactions between reversal and both MeHg
(n > 7) and diet (n > 8), as well as main effects of each of these
factors, were appropriate for OD-light through R3-dark.
However, due to the reduced sample size, some of the cell
groups became too small to support analyses of interactions
between diet and MeHg (see Table 1). Therefore, results of
interactions between diet and MeHg are not reported here.
There was a main effect of reversal alone on all measures
(Ps < 0.05) except for rear-lever latency (P =0.2).

3.2.1. MeHg effects

Overall, the 0- and 0.5-ppm rats completed more reversals
than the 5 ppm rats, with R10-light, R8-light, and R4-light as
the furthest condition completed by a rat in these groups,
respectively.

There was an interaction between MeHg and reversal for
commission errors [F(6,51) = 3.5, P = 0.006] (Fig. 5, top), and
contrasts indicated that differences among groups occurred
only in R1-dark [F(2, 20) =4.7, P = 0.022]. Specifically, the
5 ppmrats produced more errors during R1-dark than either the
0 ppm rats (P =0.039) or the 0.5 ppm rats (P = 0.008); the O-
and 0.5-ppm groups were indistinguishable (P = 0.5). Errors of
commission were the lowest and highest during OD-light and
R1-dark, respectively. With the exception of a marginal MeHg-
reversal interaction for commission error run lengths (Fig. 5,
center, P =0.09) to which R1-dark did not contribute, there
were no MeHg-reversal interactions for other measures
(Ps > 0.2) including choice latency (Fig. 5, bottom,
P =0.9). Despite the large number of errors committed during
the VDR relative to the SDR-A phase (compare Figs. 2 and 5,
top), the average run-length of commission errors was
generally lower in the SDR-A phase (compare Figs. 2 and
5, center), especially during R1 and, to a lesser extent, R2 and
R3. There were no overall main effects of MeHg for any
measure, including commission errors (all Ps > 0.1), so all
MeHg effects involved an interaction with reversal. Irrespec-
tive of group, choice latencies (Fig. 5, bottom) were shorter
during OD-light and R1-dark of the VDR phase than during
these conditions of the SDR-A phase (see Fig. 2, bottom), but
group averages were similar during R2 and R3 across both
phases.
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Fig. 5. Performance measures on visual discrimination reversals (VDR). Errors
of commission (top), average commission error run lengths (center), and
average choice latency (bottom) across reversal conditions through R3-dark
for each methylmercury group. Data are shown for all rats that completed R3-
dark. Note logarithmic scaling and presentation of geometric means for
commission error run lengths. Error bars represent £1S.EM. (*) p < 0.05
for the 5 ppm group (n = 7) compared to the O ppm group (n =7); (#) p < 0.01
for the 5 ppm compared to the 0.5 ppm group (n=9).

3.2.2. Diet effects

A marginal diet-reversal interaction was found for commis-
sion errors (P = 0.08), but no interaction was found for any of
the other measures (Ps > 0.2) during the VDR phase (data not
shown). Similarly, there was no main effect of diet on any
measure (all Ps > 0.4).

4. Discussion
The present experiment began when the rats were 15-18

months of age. Developmental exposure to methylmercury
(MeHg) significantly impaired the performance of a
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discrimination reversal during adulthood, an effect that was
seen even at the lower (0.5 ppm) exposure level and that was
most prominent when the first spatial and visual discrimination
reversals (SDR and VDR) were encountered. Assessment of
interactions between lifelong diet (fish oil versus coconut oil)
and gestational MeHg was statistically feasible for the SDR-A
phase, but there was no interaction; potential interactions could
not be examined in the VDR and SDR-G phases due to attrition.
In a previous study (Paletz et al., 2006), no interactions were
found between the n — 3 polyunsaturated fatty acids (PUFAs)
and gestational MeHg when rats were assessed on a series of
increasing fixed-ratio (FR) schedules of reinforcement.

In an ongoing longitudinal study of developmental mercury
(Hg) exposure among Seychelles Islands children (Davidson
et al,, 2006), no correlation has been found between Hg
exposure and measures of IQ and achievement. The Seychellois
diet largely consists of fish, which contain, among other
nutrients, essential » — 3 PUFAs. In light of findings from the
Seychelles cohort, it has been speculated that a fish diet may
afford protection against Hg exposure (Davidson et al., 1998;
Egeland and Middaugh, 1997; Grandjean et al., 1997;
Mabhaffey, 1998), and inorganic Hg, the form retained in the
central nervous system following MeHg exposure, binds
readily to PUFAs (Nakada and Imura, 1983). However, the
results of the previous (Paletz et al., 2006) and present studies
with rats receiving concomitant exposure to gestational MeHg
and a diet rich in n — 3 PUFAs suggest that such a diet does not
protect against MeHg’s effect on behavioral plasticity. It should
be noted that the procedures used here and in the previous study
are different from IQ and other measures of achievement; these
assessment measures do not explicitly assess behavior change.

MeHg alone (i.e., regardless of diet) retarded the acquisition
of the first reversal (R1) during the initial SDR (SDR-A) and
VDR phases. The sensitivity of the first reversal has been noted
often with this procedure (Bushnell and Bowman, 1979; Gilbert
and Rice, 1987; Rice, 1985; Schantz and Bowman, 1989;
Widholm et al., 2001). For the SDR-A phase, both 0.5- and 5-
ppm rats were significantly impaired in this capacity, but for the
VDR, only the 5 ppm rats were affected. Such differences were
not apparent after R1, suggesting that the effect may have been
specific to novel changes in behavior-environment contingen-
cies. In other words, exposure compromised the ability to shift
behavior from left to right (SDR) or from light to dark (VDR)
the first time this reversal was encountered, but as experience
with the reversing contingencies accrued, developmental MeHg
exposure no longer affected the commission of errors. In
addition, benefits of prior experience with the discrimination
reversals were present when the animals were quite old.

The results of the SDR-A phase replicate those of an
investigation involving prenatal exposure to the same doses of
MeHg tested here, approximately 0, 40, and 400 pg/kg/day
(Reed et al., 2006). In that study, the number of errors during
R1-right and R3-right was larger for both exposure groups than
for controls, although the result was only statistically
significant for the high-dose group. Also in that study, choice
latencies during R1-right and R2-left for the high-dose group
were shorter than for controls, unlike in the present study. It is

unclear why choice latencies were not affected in the present
investigation, although one or more methodological differences
between the studies may account, in part, for this outcome.
Compared to rats in the previous study, the rats in the present
experiment (a) were 3—6 months older when first tested, (b) had
previous experience in the operant chamber, (c) experienced
several drug challenges, and (d) were exposed to a different pair
of diets (selenium levels were manipulated in Reed et al., 2006).

The results obtained for the VDR phase stand in contrast to
those of a previous study with infant and juvenile monkeys
(Rice, 1992). In that study, 12 monkeys received gestational and
postnatal MeHg exposure to 0-50 pg/kg/day, a dose range
comparable to that tested here given the difference between rats
and primates with respect to MeHg’s blood-binding properties
(see Magos, 1987; Newland and Reile, 1999). Despite other
signs of neurotoxicity among the high-dose monkeys, there was
no effect of MeHg on errors to criterion at either age, even
during R1. Procedural differences may have contributed to the
discrepancy between those and the present results, but the
studies were, by replication standards, relatively comparable. It
is also possible that discrepancies were due to species- or age-
related differences. Note that the rats tested here were more
mature than the monkeys. Support for the importance of
maturity at the time of testing comes from another experiment
in which 2-month-old rats with gestational exposure to doses of
MeHg similar to those used here were tested using the VDR
procedure (Schreiner et al., 1986). No effect on accuracy was
reported, although the authors did not include a direct measure
of errors to criterion in their analysis. Interestingly, they did
report that ITI responses were significantly increased for the
group that received the high dose of ~400 wg/kg/day.

4.1. MeHg and behavioral transitions

The present results suggest that developmental exposure to
MeHg impairs behavior in a changing environment (i.e., in
transition) rather than discrimination or memory per se, a
conclusion that is consistent with that of other studies involving
developmental exposure and that failed to find effects on the
latter (Buelke-Sam et al., 1985; Gilbert et al., 1993; Schreiner
etal., 1986). The effects during R1 observed here and elsewhere
(Reed et al., 2006) are also consistent with the results of studies
that tested the acquisition of choice using concurrent schedules
of reinforcement (Newland et al., 2004; Newland et al., 1994).
In those studies, exposed subjects resembled controls during
steady-state performance. The relative number of responses on
a lever (i.e., choice of that lever) approximately matched the
relative number of reinforcers delivered for responding on that
lever for both the exposed and control animals. When the
reinforcement rates available from the levers changed,
however, exposed monkeys’ (Newland et al., 1994) and rats’
(Newland et al., 2004) behavior transitioned more slowly. The
SDR procedure maintains an important feature of the
concurrent schedule procedure in that reinforcement density
changes with respect to spatial location at the onset of the
transition. For the SDR, reinforcement density always changes
from 0% to 100% on one side and from 100% to 0% on the



E.M. Paletz et al./NeuroToxicology 28 (2007) 707-719 717

other. For concurrent schedule transitions, the shifts in
reinforcement density are more subtle, e.g., from 50% to
80% on one side and from 50% to 20% on the other, but the
directionality of shifts and the establishment of experience with
one set of reinforcement contingencies before reinforcement
rates change is similar.

MeHg-induced effects on behavioral transitions are not
entirely specific to procedures that arrange contingencies on
two levers. When the response requirement on a single lever
becomes more demanding under rapidly increasing fixed-ratio
schedules of reinforcement, rats exposed during gestation
produced more responding, i.e., “better” performance, than
controls (Paletz et al., 2006; Reed et al., under review). This
apparently paradoxical effect was interpreted as diminished
sensitivity to a change in the source of reinforcement or
increased efficacy of reinforcement prior to the change. Either
mechanism could result in behavior that appears perseverative,
as reflected in the retarded transitions in the present study and in
an earlier one (Reed et al., 2006).

The commission error run lengths, defined as the average
number of errors committed before a correct, reinforced
response, was used to characterize the tendency for behavior to
persist immediately following an initial disconfirming (i.e.,
non-reinforced) response. These run lengths were higher for
both MeHg-exposed groups during R1-right of the SDR, but the
result was only significant for the 5 ppm rats (see Fig. 2, center).
For the VDR, run lengths were not different between groups
during R1-dark (see Fig. 5, center), possibly due to the
difficulty of the visual task. Therefore, MeHg increased
perseveration in at least the spatial task. This relative increase in
perseverative responding is consistent with outcomes stemming
from damage to the cerebral cortex, the region most heavily
targeted by gestational MeHg exposure (Barone et al., 1998;
Berlin et al., 1975; Burbacher et al., 1990; O’Kusky, 1983;
Rice, 1983). Lesions within the cortex lead to increases in
perseveration on discrimination reversal procedures (Chuda-
sama and Robbins, 2003; Ridley et al., 1993), and they also
increase responding on large ratio reinforcement schedules
(Kheramin et al., 2005), consistent with MeHg effects reported
in Paletz et al., 2006 (see Newland et al., 2006a). Cortical
regions also appear to mediate behavioral choice (Schultz et al.,
2000; Tremblay and Schultz, 1999) in situations like the SDR
(and VDR) and concurrent schedules. Taken together, it seems
plausible that effects observed here were produced, in part, by
cortical damage due to MeHg exposure.

4.2. Comparing SDR and VDR

It is interesting that the results of the SDR-A and VDR
phases were similar because the stimuli involved do not invoke
identical sensory systems. MeHg has been shown to affect
higher-order visual function in monkeys (Rice and Gilbert,
1982, 1990). In these monkey studies, only visual acuity for
detecting shapes and fine details of stimuli was impaired. The
procedure used here probably did not tap this aspect of vision,
as detecting the presence of a light over a lever requires little
attention to detail. The exceptional difficulty of the VDR as

compared with the SDR has been reported by others (Murray
et al., 1995; Widholm et al., 2003). These reports and the
generally poor vision of rats (Prusky et al., 2002) suggests that
rats’ behavior comes under the control of visual stimuli with
difficulty. Because MeHg effects surfaced during R1, and the
primary effect for both the SDR and VDR was on the same
measure (errors of commission), it seems likely that MeHg
affected some mechanism common to both tasks.

These tasks bear some commonalities with others that tap
cortical function, such as the Stroop and Wisconsin Card-
Sorting tasks (Kolb and Wishaw, 2003). All three require that
behavior come under the control of a novel stimulus dimension
after a baseline on a different discrimination has been
established.

4.3. Effects of n — 3 PUFAs

Diet effects appeared only after the rats were old. During the
SDR-G phase, when over 2 years of age, the rats consuming a
fish-oil (FO) diet initiated a trial faster than those on the
coconut-oil (CO) diet and they showed fewer omission errors,
in which a trial was missed altogether. Taken together, these
outcomes suggest that exposure to the CO diet delays response
initiation and may cause motor slowing. Such an interpretation
is consistent with the pattern of ITI responses seen in the CO
group and with post-hoc analyses that showed that the number
of ITI responses may actually have been higher among CO rats
because they occasionally responded too late.

After aging, the number of reinforcers required to complete
R1-right was higher for the CO group than for the FO group.
Since omission errors across all conditions were also
significantly greater for the CO rats, it is possible that failures
to respond prevented the CO rats from reaching the accuracy
criterion of at least 51 of a possible 60 (i.e., 85%) reinforcers
across each of three consecutive sessions. Therefore, the effect
on reinforcers to criterion may not necessarily represent a lack
of sensitivity to reinforcement among the CO rats (i.e., because
they required more reinforcers), but rather may be consistent
with the notion that consuming a lifelong diet rich in essential
n — 3 PUFAs can afford protection against age-related slowing.
Epidemiological studies have identified a relationship between
n —3 PUFAs and cognitive function during middle age
(Kalmijn et al., 2004) and an inverse relationship between
fish consumption and cognitive decline in individuals 65 and
over (Kalmijn et al., 1997; Morris et al., 2005); an association
between the n — 3 PUFA, docosahexaenoic acid (DHA) and
reduced risk of dementia has also been reported (Schaefer et al.,
2006). Since cognitive function depends, in part, on timely
response initiation, the present results may provide empirical
support for these findings.

4.4. Concluding remarks

Gestational exposure to MeHg-impaired behavior as it
transitioned from the original discrimination to the first reversal
of the SDR-A and VDR arrangements. The low error rate seen
in the adult rats performing the spatial task after the first
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reversal (SDR-A) and later when the rats were old and more
experienced (SDR-G) suggests that MeHg’s effects can be
overcome with experience on a specific learning task, a sort of
behavior therapy or environmental enrichment, and that this
improved performance extends well into aging.

These exposures, which result in about 40 and 400 wg/kg/
day of Hg exposure, produced an effect in the SDR-A phase.
The lower dose is about 2.5 orders of magnitude higher than the
current RfD of 0.1 pg/kg/day for methylmercury in the U.S.
(National Research Council, 2000) and produced about
0.29 ppm of Hg in the neonatal brain. While it is not yet
clear how best to accommodate species differences when
evaluating chronic exposure, it is worth noting that rat blood
binds approximately ten times as much Hg as many other
species, including human and nonhuman primates (Magos,
1987). As a result, with chronic gestational exposure, the
brain:blood ratio for Hg is 0.13 for rats consuming chow
(Newland and Reile, 1999) and between 0.10 and 0.25 for rats
consuming high and low selenium diets, respectively (Newland
et al., 2006b), as compared to slightly higher than 1.0 for human
and nonhuman primates (Magos, 1987). A diet rich in fish oil
did not ameliorate the effects of developmental MeHg
exposure, but it did produce some effects of its own during

aging.
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