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Abstract

It has recently been demonstrated that developmental exposure to methylmercury (MeHg) is associated with perseveration on operant tasks. An
understanding of the behavioral mechanisms underlying this phenomenon may improve human testing of MeHg exposures and could provide
insight into clinical syndromes that include perseveration as a component. One possible mechanism is that MeHg-induced enhancement of
reinforcer efficacy produces a “reinforcement trap” that inhibits change in novel situations. Rats were exposed gestationally to 0, 0.5 or 5 ppm
mercury (Hg) as MeHg via maternal drinking water. They also received a diet during gestation and throughout life that was marginal (0.06 ppm) or
rich (0.6 ppm) in selenium (Se), a nutrient believed to protect against MeHg’s toxicity. Reinforcer efficacy was evaluated using a progressive ratio
schedule of reinforcement during adulthood. Maximum ratio obtained (MRO) was determined using 20 or 60 mg sucrose pellets and with ratio
requirements that increased at 5% or 20% per reinforcer. MRO was related to the rate at which the ratio increased, reinforcer magnitude, sex, and
exposure regimen; MRO was increased for the 0.6 ppm Se, 5 ppm Hg group. This extends an earlier observation that developmental MeHg

exposure enhances reinforcer efficacy, an effect that could be related to reports of perseveration.

© 2007 Elsevier Inc. All rights reserved.
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1. Introduction

In animal models, gestational MeHg exposure alters
behavioral sensitivity to changes in reinforcement, effects that
extend well into adulthood despite cessation of exposure after
birth. This has been reported in monkeys [28] and rats [29]
using concurrent schedules of reinforcement to examine the
acquisition of choice between two subtly different outcomes.
Deficits have also been demonstrated in discrimination reversal
[34] and spatial alternation tasks [43]. The pattern of errors seen
in both the discrimination reversal [34] and spatial alternation
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tasks [43] suggests that the rats perseverated on the lever that
was previously associated with reinforcement. These data
suggest the presence of a MeHg-induced behavioral rigidity
that is expressed after reinforcement contingencies are altered.

Further evidence of perseverative responding in MeHg-
treated animals comes from studies of responding maintained
under fixed-ratio (FR) schedules of reinforcement. Acquisition
of lever-pressing under large FR schedules of reinforcement is
usually accompanied by a weak and erratic response pattern
called “ratio strain,” in which previously high rates of
responding disintegrate when the FR requirement is increased,
but in animals exposed prenatally to MeHg, responding
proceeded more robustly than in controls [31]. In that
experiment, subjects responded under a FR1, FRS, FR25, and
FR75 (ie., 1,5, 25, and 75 responses/reinforcer) for three days
each. Control animals exhibited ratio strain, especially during
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the transition to the FR 75 condition, whereas MeHg-exposed
animals showed high response rates under the FR 75 schedule
as though the response requirement had not been changed [31].

This general effect was reproduced in the same group of
subjects under various progressive ratio (PR) schedules of
reinforcement [31] in which the ratio requirement increased by
5, 10 or 20% after each reinforcer. Methylmercury-exposed rats
completed more ratios, attained a greater maximum ratio, and
responded at higher rates throughout the series of FR schedules
than the controls, with statistically significant differences seen
during the 5% session. Because PR schedules are used to quantify
reinforcer efficacy [38], these results suggest an increase in
reinforcer efficacy among MeHg-treated animals. This account is
consistent with the hypothesis that animals perseverate on a
previously reinforced response alternative because an increased
impact of reinforcement would yield persistent responding on a
previously rich alternative in concurrent schedule [28,29] and
discrimination reversal [34] procedures.

In the study of FR and PR schedules described above [32],
subjects were maintained on a diet that was either high or low in
the n-3 polyunsaturated fatty acid docosahexaenoic acid (DHA)
throughout life, but neither a main effect of DHA nor inter-
actions with MeHg were noted. Another nutrient that may play a
role in modulating the developmental neurotoxicity of MeHg is
selenium (Se), which has antioxidant properties and binds
mercury (Hg). With respect to the latter effect, Se may reduce
MeHg’s neurotoxicity by sequestering the inorganic form of the
metal once it enters the brain. Alternatively, it has been hypoth-
esized that these Hg-Se bonds are responsible for the neurotoxic
effects of MeHg because they could reduce the amount of
bioavailable Se [32], functionally resulting in a Se deficiency.
Increasing the levels of Se in the diet might allow for a molar
excess of Se over Hg, thereby decreasing MeHg’s develop-
mental neurotoxicity.

The present study was designed to test two hypotheses. The
first is that developmental MeHg exposure alters reinforcer
efficacy as determined with progressive ratios of reinforcement.
Since responding should be positively correlated with reinforce-
ment magnitude [38], the validity of the progressive ratio as a
measure of reinforcing efficacy was verified by explicitly varying
reinforcement magnitude. We also expanded on previous research
[31] by varying the rate at which response requirements increased.
The second hypothesis was that Se alters MeHg’s developmental
neurotoxicity. Subjects were exposed to MeHg during gestation
via maternal drinking water that contained 0, 0.5, or 5 ppm of Hg
as MeHg. They were also exposed to a diet containing 0.06 or
0.6 ppm of Se, levels that are low and high in Se, respectively, but
that result in neither a deficiency nor a toxic excess of Se.

2. Methods
2.1. Subjects

The subjects were 53 Long-Evans rats (F; generation) (27
males, 26 females) exposed in utero to MeHg via maternal

consumption of drinking water containing 0, 0.5, or 5 ppm of Hg
as methylmercuric chloride. Both breeders and offspring con-

sumed an AIN-93 purified diet containing approximately 0.06 or
0.6 ppm Se throughout life. This formed a 2 (chronic Se) x 3
(developmental MeHg) factorial design. Each group contained
between 8 and 11 subjects (4-5 females per group; see Table 1).
Details are provided below.

All rats were housed in environmentally controlled colony
rooms with a 12:12 light-dark cycle (lights on at 7:00 a.m.). They
were monitored daily by research staff and personnel from the
Department of Laboratory Animal Health at Auburn University
and were inspected by veterinary staff at least twice a week.
Sentinel rats exposed to the same air and bedding taken from
selected rats used in the study were inspected semiannually for
infectious diseases. All procedures were approved by the Auburn
University Institutional Animal Care and Use Committee. The
colony was housed in an AAALAC-accredited facility that also
met PHS guidelines for animal care.

2.2. Selenium Exposure: (Breeders and Offspring diets)

At 18 weeks (125 days) of age, the breeders (F, generation;
Harlan, Indianapolis, IN) of the female rats used in the present
experiment were placed on one of two diets, each based on the
AIN-93 formula for laboratory rodents but customized for Se
concentration (see Fig. 1). The “low selenium” diet contained
naturally available Se from casein at a nominal concentration of
0.06 ppm. This is a low but still nutritionally adequate level of Se
for rodents [25,36]. The “high selenium” diet was supplemented
with sodium selenite to produce a Se level of 0.6 ppm. The higher
concentration represents an excess over the standard AIN-93
formulation, which normally contains 0.15 ppm of Se [35,36], but
is below that thought to be toxic [1]. Dietary Se was derived from
casein and can vary somewhat, so Se content of the diets was
analyzed using inductively coupled plasma mass spectrometry
(ICP-MS) by the Institut National de Santé, Québec, Canada.
Actual Se concentrations were between 0.05 and, in one shipment
used for adult consumption, 0.1 ppm in the low-Se and 0.6 and
0.9 ppm in the high-Se diets.

Between mating and lactation, female breeders were fed a
base diet of AIN-93 growth diet containing 7% fat from soybean
oil. A maintenance diet of an AIN 93 diet with 4% fat was used at
all other times. Both diets were obtained from Research Diets
Inc. (New Brunswick, NJ). Dietary Hg was below the detectable
level of 50 ppb. Male breeders were maintained on a standard
chow diet except when briefly exposed to the females’ diet
during breeding (see Breeding). All F; offspring received the
same diet as their mothers throughout life.

Table 1
Group composition by Hg, Se, and Sex
Selenium
Methylmercury (ppm) Low High
0 5(F) 4 (F)
6 (M) 4 M)
0.5 4 (F) 4 (F)
4 (M) 4 (M)
5.0 5(F) 4 (F)
5 (M) 4 M)
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Se and Mercury Exposure Protocol
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Fig. 1. Timeline for breeding and exposure for F, breeders and F; offspring.
Note that maternal exposure to MeHg ended at 16 days and was reinstated after
weaning. Functionally, exposure of the F, generation to MeHg ended at birth
because little MeHg is passed via lactational transfer [26,39].

2.3. Methylmercury Exposure: Breeders only

At approximately 21 weeks (145 days) of age, following three
weeks (20 days) on custom Se diets, each Se group of F, female
breeders was further divided into three MeHg exposure groups to
create 6 experimental groups of approximately equal body weight.
Methylmercury was added to the drinking water of female F,
breeders in concentrations of 0, 0.5, or 5 ppm of Hg as
methylmercuric chloride (Alfa Aesar, Ward Hill, MA; hereafter
groups are referred to as 0, 0.5, or 5 ppm Hg). These concentrations
produce exposures of about 0, 40 and 400 ng/kg/day respectively,
based on average daily consumption, with some elevation during
gestation due to increased fluid intake [26]. Sodium carbonate
(<5 nanomolar), which can buffer MeHg [39], was added to all
three water mixtures. Maternal exposure to MeHg-containing
water was discontinued on PND 16 when the F; pups were capable
of reaching the waterspout. Because there is little exposure via
breastmilk, MeHg exposure functionally terminated at birth
[26,39]. Throughout the remainder of life, all F; rats received tap
water to drink. Male breeders received exposure to tap water only.

2.4. Breeding
Beginning at approximately 23.5 weeks of age (following

2.5 weeks of MeHg exposure and 5.5 weeks of Se exposure)
and continuing to 42 weeks of age, male and female Long-

Evans rats (Fy generation; Harlan, Indianapolis, IN) were
mated. Female breeders were assigned to exposure groups
unevenly in anticipation of exposure-related differences in
reproductive success. The low Se diet groups contained 16, 19,
and 34 breeders in the 0, 0.5, and 5.0 ppm groups respectively.
The high Se diet groups contained 12, 16, and 18 breeders
respectively. Females were weighed 3 days/week after mating,
and if they failed to gain weight, showed sudden weight loss
that implied litter loss, or had evidence of litter loss in their
home cage then they were rebred after at least two weeks had
passed. Two factors contributed to the long breeding process:
matings were planned to spread births over a period of several
weeks, and both low Se status and high MeHg exposure
contributed to difficulties in carrying a litter to term.

Females’ home cages were used as breeding cages and
contained the female’s diet and tap water so that males were
never exposed to MeHg. Each male was paired with a single
female during every other dark cycle. Most males were paired
with a second female during alternating dark cycles. A male was
paired with the same female(s) throughout breeding. When a
male was mated with two females, the females were always
members of different exposure groups. Breeding of females
continued until a sperm plug or systematic increases in daily
body weight was observed, suggesting gravidity. Births before
5:00 pm were assigned to PND 0 for that day. All births after
5:00 pm were assigned to PND 0 for the subsequent day. Large
litters were culled and small litters combined to produce 8 F,
pups of the same age and exposure group, including at least
three females when possible, but only one female or male per
litter was randomly selected for inclusion in the present study.
None of the cross-fostered pups were selected for inclusion in
behavioral testing.

After weaning on postnatal day (PND) 21, offspring (F1
generation) were injected subcutaneously with an electronic
identification chip (Biomedic Data Systems, Seaford, DE).
Subjects were housed two per cage in 22 x 20 x45 cm plexiglass
shoebox cages with wire tops and free access to water, but were
kept separate by a transparent divider placed diagonally in the
cage. Rats that shared a home cage were of the same sex and
received the same exposure regimen. After PND 90, rats were
weighed daily and food was rationed to approximately 10 gm/day
to maintain the body weight at 250 grams for females and 300 gm
for males. To prevent excessive tooth growth, a cleaned, nylon
chew “bone” was freely available in the home cage. Subjects were
841 months of age at the beginning of the present experiment.

2.5. Testing Apparatus

Experiments were conducted in 16 commercially available
operant chambers (Med-Associates, Model ENV-008) contain-
ing one rear-mounted lever and two front, retractable levers
calibrated so that 0.20 Newton (20 gm mass) registered a
response, a pellet dispenser situated between the two front
levers that delivered 20 mg sucrose pellets (Research Diets,
Inc., New Brunswick, NJ), Sonalert tones™ (2900 and
4500 Hz, nominally; adjusted to an amplitude of 70 dbC), a
house light (28 V 100 ma), and a light emitting diode (LED)
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above each lever. Drinking water was freely available through a
custom mounted bottle with a spout located to the left of the rear
lever. Each chamber was surrounded by a sound-attenuating
cabinet with a built-in ventilating fan that circulated air into the
experimental environment and provided masking noise. Pro-
grams for experimental procedures and data collection were
written using MED-PC IV (Med-Associates, Georgia, VT).
Session events were recorded with 0.01” resolution.

2.6. Behavioral Methods

At the beginning of the study and throughout experimental
testing, body weights did not differ among any of the exposure
groups. Each of four squads of subjects, consisting of 16
animals each, was tested sequentially beginning at 9 a.m. with
each squad being tested at approximately the same time every
day Monday through Friday. Assignment of subjects to squads
and chambers was distributed across exposure groups. 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 identification chips were
scanned prior to each session to insure rats were placed in the
appropriate chamber and home cage. Neither squad nor
chamber had systematic effects on behavior, as determined by
one-way ANOVAs conducted periodically during the experiment.

Subjects were trained to lever-press using an autoshaping
procedure [9,29] at 6+ 1 months of age. Initially, rats received
magazine training in which 12 sucrose pellets were delivered
according to a fixed-time (FT) 60-sec schedule and paired with
a 0.5 sec, 4500 Hz tone, which signaled the delivery of a
reinforcer. After the delivery of 12 noncontingent sucrose
pellets, the autoshaping procedure was in effect. At the onset of
the autoshaping procedure, the right lever extended (the left
lever was always retracted), the right stimulus light was lit, and
a 0.5 sec, 2900 Hz tone was sounded with the extension of the
lever. During this time, a fixed-ratio (FR) 1 schedule of
reinforcement was in effect in which a single lever-press
resulted in the delivery of a sucrose pellet and a 0.5 sec, 4500 Hz
tone was sounded. There was no change in the stimulus light.
After 30 seconds elapsed, the lever retracted, the stimulus light
turned off, a 0.5 sec, 4500 Hz tone sounded and one
noncontingent sucrose pellet was delivered. Subsequent trials
lasted 30 seconds, and each intertrial interval (ITI) lasted
4.5 minutes, during which time the lever was retracted and the
stimulus light was off. The autoshaping component ended after
10 responses were made, and training was considered complete
once 100 additional responses were made on the lever.

A progressive ratio (PR) requirement was then imposed.
Subjects were tested under three different PR conditions. During
phase 1, the response requirement for the first reinforcement on
day 1 was | response, and the requirement was increased by 5% or
one response, whichever was greater, after each subsequent
reinforcer delivery. Reinforcement consisted of one, 20 mg sucrose
pellet. For the remainder of phase 1, the response requirement at
the beginning of each session was set to half of the maximum ratio
obtained (MRO) from the previous day. Each session lasted two
hours regardless of responding. Phases 2 and 3 were identical to

phase 1 with the following exceptions: (1) reinforcers in phase 2
consisted of three 20 mg sucrose pellets (yielding a 60 mg
reinforcer) and (2) the response requirement was increased by 20%
for each subsequent reinforcement in phase 3, but the reinforcer
was a single sucrose pellet. Phases 1, 2, and 3 lasted 7, 8, and 5
sessions, respectively (see Table 2). Phase length was determined
by the presence of stable responding, which was defined as a
change in mean MRO value of less than ten for three consecutive
days by control subjects. The dependent variable for each phase
was the MRO at the end of each session.

2.7. Data and Statistical Analyses

All statistical analyses were performed using Systat® 11
(Systat Software, Inc.Point Richmond, CA). The Type 1 error
rate (o) was set to 0.05 for all tests. A repeated-measures
analysis of variance (RMANOVA) was performed for each
phase of the experiment with MeHg (0, 0.5, 5 ppm), Se (low,
high), and sex (male, female) serving as the three between-
subjects factors with 4-6 rats per cell (see Table 1). Session
served as the repeated, within-subject factor. Each omnibus
repeated-measures ANOVA permitted the detection of seven
overall, between-subjects effects (MeHg, Se, sex, MeHg* Se,
MeHg*sex, Se*sex, and MeHg*Se*sex) and eight within-
subject effects (session, session*MeHg, session*Se, session*sex,
session*MeHg*Se, session*MeHg*sex, session*Se*sex, and
session*MeHg*Se*sex). To assess the effects of phase, a
repeated-measures ANOVA was conducted using the last session
of each phase as the dependent variable. The Huynh-Feldt
correction was used when necessary to adjust the degrees of
freedom for the tests of within-subject effects.

Significant ANOVAs were followed by pairwise, Tukey post
hoc comparisons. To examine Se by MeHg interactions,
comparisons of each MeHg group were made across Se diets. In
addition, each MeHg group was compared with its appropriate
dietary control for all phase-diet blocks. F-ratios, degrees of
freedom, and p-values were reported for all RMANOVAs and two-
way ANOVAs. For post-hoc contrasts and comparisons, p-values
were reported only in figures.

3. Results
3.1. Reproductive success
Animals that failed to carry a litter to term were rebred until an

adequate sample size was obtained. In the high Se group there
were 10/12 (litters/number of breeders), 13/16 and 11/18 litters for

Table 2
Duration, response requirement, and reinforcer magnitude for each phase

Phase Sessions Response Requirement Reinforcer Magnitude
Increment (mg of sucrose)

Phase 1 1-7 5% 20 mg

Phase 2 815 5% 60 mg

Phase 3 16-20 20% 20 mg
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Fig. 2. Phase 1: 5% PR, 20 mg sucrose reinforcer. Maximum ratio obtained (MRO)
for 0.0 ppm Hg group (filled circles), 0.5 ppm Hg group (open squares), and 5 ppm
Hg group (open triangles), combined across selenium exposure, for each session.
Error bars represent +1 SEM. (p<0.05 between-subjects effect of Hg (##)).

the 0, 0.5, and 5 ppm exposure groups, respectively. In the low Se
group there were 12/16, 12/19, and 18/34 litters. Log-linear
analyses revealed no interaction between MeHg and Se, but there

was a main effect of MeHg (P=0.02) and of Se (P=0.03) on
reproductive success.

3.2. Phase 1: PR 5%, 1 Pellet

MRO increased as a function of session [F(6,246)= 29.12,
P<0.001] (see Fig. 2). There was a between-subjects effect of
MeHg [F(2,41)=3.3, P=0.047] such that the 5 ppm Hg group
responded more than both the controls and 0.5 ppm Hg group.
This is particularly evident during the later sessions although
post hoc comparisons were not conducted since there was no
interaction with session. No other statistically significant between-
or within-subjects effects or interactions were observed (Ps>0.1).

3.3. Phase 2: PR 5%, 3 Pellets

There was a within-subject effect of session [F(7,287)=30.18,
P<0.001] on MRO (see Fig. 3). Responding increased from
sessions 8-10 for all groups, at which point responding plateaued
for the controls and 0.5 ppm Hg group. For animals exposed to
5 ppm Hg, responding from sessions 13 — 15 was influenced by
dietary Se. MRO values for the high Se, 5 ppm Hg group
continued to increase across sessions, resulting in significantly
greater responding compared to both their dietary controls and the
low Se, 5 ppm Hg group, whose MRO values decreased in later
sessions. This was manifested statistically as an interaction among
sessions, Se, and MeHg [F(14,287)=2.23, P=0.024]. There were
no between-subjects effects of sex, Se, or MeHg and no
interaction among them (Ps>0.1).
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(Sessions 8-15)
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350 350

S 300 4 300 -
&
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Fig. 3. Phase 2: 5% PR, 60 mg sucrose reinforcer. Maximum ratio obtained (MRO) for 0.0 ppm Hg group (filled circles), 0.5 ppm Hg group (open squares), and 5 ppm
Hg group (open triangles) for the low Se (left) and high Se (right) groups across sessions. Error bars represent +1 SEM. (p <0.05 post hoc comparison; (*) 0.06 ppm Se,
5.0 ppm Hg vs. 0.6 ppm Se, 5.0 ppm Hg; (*) 0.6 ppm Se, 0.0 ppm Hg vs. 0.6 ppm Se, 5.0 ppm Hg).
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Fig. 4. Phase 3: 20% PR, 60 mg sucrose. Maximum ratio obtained (MRO) for 0.0 ppm Hg group (filled circles), 0.5 ppm Hg group (open squares), and 5 ppm Hg group
(open triangles) for the low Se (left) and high Se (right) groups across sessions. Error bars represent =1 SEM. (p<0.05 post hoc comparison; (*) 0.06 ppm Se, 5.0 ppm
Hg vs. 0.6 ppm Se, 5.0 ppm Hg; (*) 0.6 ppm Se, 0.0 ppm Hg vs. 0.6 ppm Se, 5.0 ppm Hg).

3.4. Phase 3: PR 20%, 1 Pellet

There was a main effect of session [F(4,164)=8.43,
P<0.001] (see Fig. 4) and an interaction between session and
sex [F(4,164)=2.9, P=0.038]. MRO was slightly higher for
males than females at the beginning of phase 3, but values
eventually converged in later sessions due to a decrease in
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males’ responding (not shown). There was no interaction
between sex and either MeHg or Se treatment (Ps>0.1).
Subjects in the low Se, 0.5 ppm Hg group showed a decrease in
MRO values across sessions. In contrast, subjects in the high Se,
5 ppm Hg group showed an increase in MRO values as a function
of session, revealing a significant interaction among session,
MeHg, and Se [F(8,164)=2.805, P=0.014]. In addition, for

0.6 ppm Se
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Fig. 5. Maximum ratio obtained (MRO) for the last session of each phase as a function of MeHg exposure and selenium. Error bars represent + 1 SEM. (For simplicity,
post hoc comparisons were conducted within, not across, each phase. p<0.05 post hoc comparison; (*) 0.06 ppm Se, 5.0 ppm Hg vs. 0.6 ppm Se, 5.0 ppm Hg; (")

5.0 ppm Hg vs. its dietary control).
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animals maintained on the low Se diet, MRO values were higher
for subjects exposed to 0.5 ppm Hg than for subjects exposed to
5 ppm Hg, while the reverse was true for the high Se group,
creating an interaction between MeHg and Se [F(2,41)=3.37,
P=0.04]. One animal in the low Se, 0.5 Hg ppm exposure
group was identified statistically as an outlier. Its influence can be
seen in the elevated mean and larger error bars for that exposure
group. The statistical analysis was re-conducted with data from
this subject omitted, but the results did not change substantively.
Graphically, removal of this outlier was manifested as MROs that
more closely approximate those observed in the other two groups
maintained on a low Se diet (not shown).

3.5. Effect of Phase

There was a main effect of phase [F(2,82)=40.82, P<0.001]
such that responding increased as a function of phase, with the
exception of the low Se, 5 ppm Hg group, for which MRO
values were similar across phases (see Fig. 5). The high Se,
5 ppm Hg group displayed a much steeper increase in MRO
values as compared to the other groups. This resulted in an
interaction among phase, MeHg, and Se [F(4,82)=6.80,
P<0.001]. There were no between-subjects effects of MeHg,
Se, or sex and no interaction among them (Ps>0.1).

4. Discussion

The present study was designed to examine the behavioral
consequences of gestational exposure to MeHg and a lifelong diet
that was either marginal or rich in Se. Selenium and MeHg were
manipulated in a 2 (Se)x3 (MeHg) x2 (sex) factorial design, so
main effects of the elements, as well as their potential interaction,
could be detected. Animals exposed to MeHg during gestation
showed enhanced responding on a PR schedule of reinforcement
in Phase 1, during which the ratio requirement increased by 5%
after each reinforcer and 20 mg pellets were used. In Phase 2, when
the reinforcer magnitude was relatively large, and in Phase 3, when
the ratio value increased rapidly, an interaction with Se was
detected.

The present investigation extends a previous one in which
gestational exposure to MeHg facilitated responding on ratio
schedules of reinforcement as the response requirement
increased rapidly [31]. In that study, dietary levels of n-3
polyunsaturated fatty acids were varied between groups, and the
manner in which ratio schedule increased differed from the
present one. The results for phase 1 (PR 5%) are in accordance
with what was observed in the previous study; MeHg-exposed
animals, regardless of dietary exposure, responded more than
controls. However, the results for phase 3 (PR 20%) differ,
probably due to procedural differences [31]. For example, rats
in the previous study experienced each condition for only one
day, while conditions in the current study were presented for
several days. The importance of this difference is demonstrated
by the fact that distinctions among the exposure groups
increased across sessions in the present study. In addition, the
present animals were naive at the beginning of the study,
whereas subjects in the Paletz study had experience responding

under FR and differential reinforcement of low-rate behavior
schedules, the latter of which immediately preceded PR testing.
Despite these differences, response patterns and overall rates
were similar across studies.

In the present experiment, the utility of the PR as a measure
of reinforcer efficacy [8,16,18,38] was confirmed in phase 2 in
which the reinforcer magnitude increased from 20 to 60 mg
while the PR schedule changed at the same rate (5%/reinforcer)
as in phase 1. The 60 mg sucrose reinforcer supported higher
MROs than did a 20 mg reinforcer. The observation that some
MeHg-exposed animals had larger MROs than unexposed
animals suggests that this increased reinforcer magnitude had an
even greater effect in those animals. The results of phase 3
provide even stronger evidence of a more potent effect of
reinforcement on the response that produced it in MeHg
exposed rats, particularly those exposed to high Se and in later
sessions. In this last phase, the reinforcer magnitude decreased
even as the PR value increased more rapidly (20%) than in
phase 2. Of the three phases, this last phase most closely
resembles the rapid acquisition of FR responding in Paletz et al.
[31]. The observation that responding among MeHg-treated
animals remained robust while responding decreased in control
groups may appear counterintuitive, but similar results have
been observed following developmental exposure to cadmium
[27] and 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) [17].

The preceding effects may be described as a “reinforcement
trap” in which enhanced reinforcer efficacy produces such strong
responding that behavior becomes rigid and resistant to change
after a decrease in reinforcer density. This hypothesis is supported
by observations that MeHg-exposed animals show retarded
transitions under concurrent schedules [28,29], have increased
error rates in spatial discrimination reversals [34], demonstrate
robust responding under both FR and PR schedules when
compared with controls [31], and may have difficulty acquiring
responding under DRL schedules of reinforcement following a
history of high-rate responding [28]. All of these are effects that
would be expected if reinforcers had a more powerful effect on the
behavior of MeHg-exposed rats as compared to that of control
animals.

These behavioral changes may be associated with MeHg-
induced insult to the frontal cortex or to meso-cortical dopamine
pathways [30]. The activity of cortical dopamine neurons
discriminates between two reinforcement alternatives and reflects
an animal’s preference in a choice setting, suggesting that these
neurons process the relative value of reinforcement [40,41].
Developmental MeHg exposure alters the synaptosomal uptake of
dopamine [3], dopamine transmitter levels and turnover [3,4], and
reduces monoamine oxidase (MAO) activity [7], alterations that
may increase synaptic dopamine levels and thereby increase
reinforcer efficacy [15,44]. These synaptic effects are reflected in
elevated sensitivity of the behaving animal to acute doses of
amphetamine in young rats [12,18]. Moreover, such sensitivity
also appears in fully grown animals and is specific to
amphetamine (which interacts with dopaminergic systems), but
not to other behaviorally active drugs that act elsewhere [33].

Exposure to MeHg in utero also produces morphological
changes in, and deranged lamination of, cortical neurons [2,6].



36 M.N. Reed et al. / Neurotoxicology and Teratology 30 (2008) 29-37

Cortical lesions have been associated with alterations in PR
performance and with impulsive and perseverative behaviors in
animals [13,19,20,22,23] and humans [14,33]. Excitotoxic
lesions to the orbital prefrontal cortex and lesions to the frontal
lobes produce perseveration on discrimination reversal tasks in
rats and marmosets [11,37], respectively. The present study, and
these other reports, support a hypothesis that the perseverative
behavior observed in MeHg-exposed animals is the result of
damage to the cortex and/or alterations in the dopaminergic
neurotransmitter system, which alters the sensitivity of behavior
to reinforcing consequences.

4.1. MeHg and Selenium Interactions

Selenium is thought to play an important role in CNS
functioning, but its precise mechanisms are dimly understood.
Evidence of Se’s importance lies in the aggressive defense of
CNS concentrations of Se, even in the face of severe dietary
depletion and at the expense of other organs [5,10]. With respect
to MeHg neurotoxicity, Se could exert its effects by binding Hg to
form insoluble complexes that diminish the MeHg’s biological
effects. These bonds could, however, also render Se unavailable
for biologically important selenoproteins, such as glutathione
peroxidase.

Selenium delays the onset of some neurological signs of
chronic, adult-onset MeHg exposure [21,24], but its role in
MeHg’s developmental neurotoxicity is not well characterized.
In a study using Se levels similar to those in the present study,
but somewhat higher MeHg levels, Se deficiency and gesta-
tional MeHg exposure were linked to delays in neurobehavioral
endpoints such as thermal preference, locomotor activity, and
gait in young rats [42]. In that study, the effects of MeHg and
Se-deficiency combined additively, implying that each had a
separate effect on the endpoints studied. No statistical interaction
between MeHg and Se was reported.

In phase 1 of the current study, we observed higher MRO
values in those rats exposed to 5.0 ppm MeHg, regardless of
dietary Se exposure, in acquisition curves (see Fig. 2). In phases
2 and 3, however, increased MRO values were seen only in the
high Se, 5.0 ppm MeHg group. The summary measures (see
Fig. 5), taken from the last sessions under each PR condition,
also displayed an interaction. Because these increases were
correlated with prolonged experience under a PR schedule, it
might be suggested that changes in MRO were a result of
experience rather than increased sensitivity to reinforcement or
decreased sensitivity to increasing response requirements. Two
observations make this questionable. First, changes in reinforcer
magnitude and schedule parameters were made only after
responding had stabilized. Therefore, increases in MRO were
observed only after the independent variables changed. Second,
where increases between phases were observed in other groups,
they were not of the magnitude seen in the high Se, 5.0 ppm
MeHg group. In fact, responding in the low Se, 5.0 ppm MeHg
group remained stable across all three phases of the experiment.
If increases in MRO were a simple function of experience, we
would expect to see similar changes among all exposure groups.
In addition, while we observed increases in MRO from phase 2

to 3 among high Se, 5.0 ppm MeHg animals, we failed to see
similar changes in the control group.

The reason for the complex interaction between gestational
MeHg and dietary Se is not clear, but it is noteworthy that an
interaction between developmental MeHg exposure and lifetime
Se exposure exists. In contrast, there was no interaction between
MeHg exposure and a diet that was rich in n-3 polyunsaturated
fatty acids in a similarly designed experiment [31]. Further, there
was no interaction between MeHg and Se on spatial discrimination
reversals among littermates of the rats described in the present
study, but there was a main effect of Se on failures to complete a
trial [34]. Thus, it appears that dietary Se is behaviorally active and
may have subtle interactions with MeHg exposure, but the precise
nature of these interactions are difficult to ascertain at present.

4.2. Concluding Remarks

The present results suggest that MeHg-exposure produces
altered sensitivity to reinforcers and may provide a behavioral
mechanism by which developmental MeHg exposure produces
behavioral rigidity and perseveration. By enhancing reinforcer
efficacy, it may trap behavior and make it less likely to change
when required to do so.
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