
Adolescent methylmercury exposure: Behavioral mechanisms 
and effects of sodium butyrate in mice

Steven R. Boomhower1,* and M. Christopher Newland2

1Department of Environmental Health, Harvard T.H. Chan School of Public Health, Boston, MA

2Department of Psychology, Auburn University, Auburn, AL

Abstract

Methylmercury (MeHg), an environmental neurotoxicant primarily found in fish, produces 

neurobehavioral impairment when exposure occurs during gestation. Whether other developmental 

periods, such as adolescence, display enhanced vulnerability to the behavioral effects of MeHg 

exposure is only beginning to be explored. Further, little is known about the effects of repeated 

administration of lysine deacetylase inhibitors, such as sodium butyrate (NaB), on operant 

behavior. In Experiment 1, male C57BL6/n mice were exposed to 0, 0.3, and 3.0 ppm MeHg (n = 

12 each) via drinking water from postnatal days 21 to 60 (murine adolescence). As adults, mice 

were trained to lever press under an ascending series of fixed-ratio schedules of milk 

reinforcement selected to enable the analysis of three important parameters of operant behavior 

using the framework provided by Mathematical Principles of Reinforcement. Adolescent MeHg 

exposure dose-dependently increased saturation rate, a measure of the retroactive reach of a 

reinforcer, and decreased minimum response time relative to controls. In Experiment 2, the 

behavioral effects of repeated NaB administration both alone and following adolescent MeHg 

exposure were examined. Male C57BL6/n mice were given either 0 or 3.0 ppm MeHg during 

adolescence and, before behavioral testing, two weeks of once daily i.p. injections of saline or 0.6 

g/kg NaB (n = 12 in each cell). Adolescent MeHg exposure again increased saturation rate but did 

not significantly alter minimum response time. NaB also increased saturation rate in both MeHg 

exposure groups. These data suggest that the behavioral mechanisms of adolescent MeHg 

exposure and NaB may be related to the impact of reinforcement on prior responses. Specifically, 

MeHg and NaB concentrated the effects of reinforcers onto the most recent responses.
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Adolescence is a time of continued neurobehavioral development in both humans and 

nonhumans. The density of gray matter decreases in the human frontal cortex (Giedd et al., 

1999), and dopamine-receptor pruning occurs in the rodent midbrain (Teicher et al., 1995). 

In rodents, adolescence ranges between postnatal days 21 and 60 (Spear, 2000) and marks a 

period of dysregulated choice and sensitivity to reinforcers. Adolescent rodents perform 

poorly on measures of executive function relative to adult conspecifics in that they prefer 

small-immediate reinforcers over larger-delayed ones (Doremus-Fitzwater et al., 2012; 

Pinkston and Lamb, 2011) and demonstrate impaired reversal learning and extradimensional 

shifting (Newman and McGaughy, 2011). Similar patterns of behavior related to executive-

function dysregulation occur in human adolescents (Chambers and Potenza, 2003; Olson et 

al., 2007). The neurobehavioral profile of adolescence may escalate vulnerability to 

neurotoxicants and other chemicals that alter brain function. Thus, understanding how 

neurotoxic perturbations during adolescence affect behavior in adulthood is important to 

public health.

Methylmercury (MeHg) is an environmental neurotoxicant found in fish and is a significant 

public-health concern (National Research Council, 2000). In animal models, gestational 

exposure to doses of MeHg that encompass human exposures impairs reversal learning and 

choice in adulthood (Newland et al., 2008, 2004; Reed et al., 2006), suggesting deficiencies 

in executive functioning (Newland et al., 2015). However, the long-term behavioral effects 

of MeHg exposure in adolescence remain under explored. This is especially troubling since 

human adolescents both consume fish known to contain mercury and have higher blood-

mercury concentrations compared to younger age groups (Nielsen et al., 2015; Sichert-

Hellert et al., 2009). In mice, MeHg exposure during adolescence increases the number of 

trials required to transition through a spatial-discrimination reversal and extradimensional 

shift in adulthood (Boomhower and Newland, 2017). Adolescent MeHg exposure also dose-

dependently reduces choice for a larger reinforcer relative to a smaller reinforcer in adult 

mice (Boomhower and Newland, 2016). These experiments suggest that MeHg exposure 

during adolescence can produce long-lasting behavioral effects related to choice in 

adulthood, but the behavioral mechanisms underlying these effects remain unclear. For 

example, adolescent MeHg exposure may alter reinforcer efficacy as with gestational 

exposures (Newland et al., 2015), or it may change some other aspect of reinforcement or 

behavior.

Mathematical Principles of Reinforcement (MPR) offers one way to characterize the 

behavioral mechanisms underlying chemical exposure (Killeen, 1994; Killeen and Sitomer, 

2003). MPR is a theory-driven model of operant (voluntary) behavior and posits that three 

fundamental behavioral mechanisms are involved in reinforcement learning. Specifically, 

response rates under fixed-ratio (FR) schedules of reinforcement are a function of (a) 

minimum response time, which is a measure of the time (in seconds) required to complete a 

target response (e.g., a lever press), (b) specific activation, which is a measure of reinforcer 

value (in responses), and (c) saturation rate, which is a measure of how quickly response 

rates are maximized as a function of the number of target responses that precede reinforcer 

delivery. A high saturation rate indicates that relatively few target responses are strengthened 

by a reinforcer, whereas a low saturation rate indicates that relatively many target responses 

are strengthened by a reinforcer. Thus, saturation rate provides information about the effects 
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of a reinforcer on target responding, and whether these effects are concentrated (high 

saturation rate) or dispersed (low saturation rate). MPR predicts response rate (b, responses/

sec) as a function of fixed-ratio size (n) using Eq. 1 (Killeen and Sitomer, 2003):

b = 1 − e−λδ n

δ − n
δa (1)

where a is specific activation, δ is minimum response time, and λ is saturation rate. Figure 1 

illustrates how changes in MPR’s parameters affect the shape of the function drawn by Eq. 

1. MeHg-induced changes in MPR’s parameters would reveal information about the 

behavioral mechanisms targeted by adolescent MeHg exposure. Whether the lasting 

behavioral effects following adolescent MeHg exposure can be reversed or mitigated via 

drug therapy is unclear, however.

A growing literature suggests lysine deacetylase (LDAC) inhibitors ameliorate cognitive 

impairment in rodents (Day and Sweatt, 2012) as a result of normal or diseased aging 

(Fischer et al., 2007; Kilgore et al., 2010; Rane et al., 2012). LDAC inhibitors, such as 

sodium butyrate (NaB), target both histone deacetylases and DNA methyltransferases in the 

cell nucleus to increase histone acetylation and neuronal gene expression (Sarkar et al., 

2011; Xu et al., 2007). Histone acetylation plays a crucial role in neuronal development, 

synaptic plasticity, learning, and memory (Day and Sweatt, 2012; Levenson et al., 2004; 

Miller et al., 2008), but the effects of repeated LDAC inhibition on operant behavior are 

underexplored. Some reports show that acute administration of NaB and other LDAC 

inhibitors do not affect responding under fixed- and progressive-ratio schedules of 

reinforcement (Romieu et al., 2008; Sun et al., 2008), but it is unclear whether NaB alters 

other aspects of reinforcement. It is important to characterize the effects of NaB on operant 

behavior both alone and after neurotoxicant exposure due to the growing use of NaB and 

other LDAC inhibitors for treating cognitive and behavioral dysfunction (Haggarty and Tsai, 

2011). Whether repeated NaB administration mitigates the behavioral effects of adolescent 

MeHg exposure is unknown.

MeHg exposure has been linked to distorted gene expression and epigenetic dysregulation in 

some model systems, including cultured cells, nonhuman animals, and humans (Robinson et 

al., 2011). MeHg reduces Bdnf expression, a gene related to synaptic plasticity and learning, 

and increases Hdac4 expression in cultured rat cortical neurons (Guida et al., 2017, 2016). 

Further, the LDAC inhibitor trichostatin A prevents MeHg-induced changes in gene 

expression and histone deacetylation in vitro (Guida et al., 2016). In behaving animals, 

gestational MeHg exposure is correlated with reduced Bdnf expression in the adult rat 

hippocampus, with a concurrent decrease in histone H3 acetylation and increase in DNA 

methylation at the Bdnf promoter (Onishchenko, Karpova, Sabri, Castrén, & Ceccatelli, 

2008). Thus, developmental MeHg exposure may produce its neurobehavioral effects in part 

by increasing neuroepigenetic marks that suppress gene expression. Treatment with a broad-

acting LDAC inhibitor, such as NaB, following MeHg exposure may prevent behavioral 

impairment.
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Experiment 1

Experiment 1 was designed to parse the behavioral mechanisms of adolescent MeHg 

exposure using Mathematical Principles of Reinforcement (Eq. 1; Killeen & Sitomer, 2003). 

The effects of adolescent MeHg exposure on MPR’s parameters—specific activation (a), 

minimum response time (δ), and saturation rate (λ)—were assessed using response rates 

derived from a multiple fixed-ratio procedure.

Method

Subjects and MeHg exposure—Thirty-six male C57BL/6n mice were purchased from a 

commercial vendor (Envigo, Indianapolis, IN). The mice were derived from 12 litters (3 

littermates/litter). These mice have previously been reported on (Boomhower & Newland, 

2016). Briefly, all mice were pair-housed and maintained on a 12-hr light/dark cycle (lights 

on at 6:00 AM) in a temperature- and humidity-controlled, AAALAC-accredited animal 

facility. Upon arrival, 21-day-old littermates were divided among three MeHg-exposure 

groups (via drinking water): 0 ppm (control), 0.3 ppm, and 3.0 ppm MeHg. Thus, a litter was 

equally represented across exposure groups. MeHg was delivered as methylmercuric 

chloride (MeHgCl2) dissolved in drinking water, and exposure occurred from postnatal day 

(PND) 21 through 59. All water was replaced with tap water on PND 60. Dosing was 

calculated by weighing water bottles, and sham water bottles were weighed to account for 

spillage. The low (0.3 ppm) and high (3.0 ppm) doses of MeHg corresponded to 

approximately 40 and 400 μg/kg/day of MeHg in mice, respectively (Boomhower and 

Newland, 2017, 2016). The dose range of MeHg used here has been associated with 

neurobehavioral impairment in past work (Boomhower and Newland, 2017, 2016). Mice 

were maintained at 25 (± 1) g body mass by restricting daily food intake to 2.4 (± .02) g 

chow. The Auburn University Institutional Animal Care and Use Committee approved all 

procedures.

Apparatus—Twelve standard operant chambers (Med Associates, St. Albans, VT) 

modified for mice were used for data collection. Each chamber was equipped with two 

retractable levers on a front wall panel. Situated between the two levers was an alcove where 

a dipper system delivered .01-cc presentations of a 3:1 water and sweetened-condensed milk 

solution (hereafter, milk). Two Sonalert® tone generators (high tone: 4500 Hz, low tone: 

2700 Hz) were located at the top of the front wall. A sound-attenuating cubicle enclosed 

each chamber. All experimental contingencies were controlled within 0.01-sec resolution by 

a computer in an adjacent room. Each mouse was assigned a particular chamber for the 

duration of the study. Mice were divided into four squads that ran at approximately the same 

time every day (±15 min) Monday through Friday. The number of mice in each exposure 

group was counterbalanced across chambers and squads.

Procedure—All mice had prior experience lever pressing as described in Boomhower and 

Newland (2016). Beginning at 200 days of age, mice were trained under a multiple fixed-

ratio (FR) schedule of reinforcement based on Reilly (2003) with some modifications. A 

session was divided into six components, each associated with a different FR schedule and 

signaled by a unique, high/low-alternating tone (Table 1). The FR schedule was increased 
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across components in the following order: FR 1, 5, 15, 30, 60, and 120. At the beginning of 

a session, one lever was inserted into the chamber and the tones sounded. Upon completion 

of the FR requirement, the lever retracted, the tones were extinguished, and 3 sec of access 

to milk was made available. The lever was then re-inserted into the chamber. A component 

ended after the delivery of 12 reinforcers or 10 min, whichever came first. Components were 

separated by 30 sec during which the lever was retracted and tones were extinguished. The 

multiple FR schedule was in effect for 40 sessions to allow responding to stabilize.

Data analysis—Responding under the multiple FR schedule among exposure groups was 

assessed by averaging response rates, calculated as the number of responses divided by the 

duration of the component (in seconds), for each subject from the last 10 sessions. Eq. 1 was 

fit to individual-subject response-rate functions using nonlinear least-squares regression. 

Response rates were compared among groups using a repeated-measures ANOVA with 

exposure and FR as the within-subjects variables. Estimates of a, δ, and λ were compared 

across exposure groups using a repeated-measures ANOVA. Planned Tukey post-hoc 

comparisons were conducted between MeHg-exposed animals and controls.

Results and Discussion

Figure 3 shows mean response rates as a function of FR for the MeHg exposure groups 

along with best fits of Eq. 1 (solid lines). Individual-subject data for two mice from each 

exposure group also are shown to demonstrate the range of goodness of fit of Eq. 1: one was 

the best fit and one was the worst fit for each exposure group. One 3.0-ppm MeHg exposed 

mouse, was a statistical outlier due to his low rate of responding (Fig. 1, lower right panel) 

so his data were not included in the mean for the 3.0-ppm group. There were main effects of 

both FR [F(5, 197) = 37.95, p < .001] and exposure [F(2, 197) = 7.53, p < .001] in that 

response rates were a bitonic function of FR and MeHg-exposed mice responded more 

quickly on average. Eq. 1 provided a good fit of all individual-subject data with the mean 

(SEM) R2 values being 0.93 (0.02), 0.96 (0.01), and 0.94 (0.03) for the 0-, 0.3-, and 3.0-ppm 

MeHg groups, respectively. The quality of the fits was not significantly different among 

exposure groups.

Figure 4 shows mean parameter estimates of λ, δ, and a for the MeHg exposure groups. The 

outlier is denoted as an open circle. Estimates of λ were significantly different among the 

exposure groups [F(2, 33) = 4.16, p = .02], and post-hoc comparisons revealed that mice in 

the 3.0-ppm group had higher saturation rates compared to Controls (p < .05). Thus, fewer 

target responses maximized response rates in MeHg-exposed mice than Controls. Estimates 

of δ were significantly different among exposure groups [F(2, 33) = 9.15, p < .001]. Post-

hoc comparisons revealed that the 0.3- and 3ppm groups had faster minimum response times 

than Controls (p <.02). This was evident in higher maximum response rates (1/δ) in exposed 

mice. It should be noted that the inclusion of the statistical outlier in the 3-ppm group 

rendered δ estimates for this group statistically similar to Controls’ δ estimates. Estimates of 

a were not significantly different among exposure groups [F(2, 33) = 0.89, p = .42], 

indicating that the value of a reinforcer was similar following adolescent MeHg exposure.
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As revealed by MPR (Killeen and Sitomer, 2003), adolescent exposure to MeHg manifested 

as alterations in saturation rate and minimum response time in adulthood. This suggests for 

the MeHg-exposed mice, the reinforcer’s effects are more concentrated on the responses that 

immediately preceded reinforcement than on the earlier responses. In other words, 

adolescent MeHg exposure reduced the number of responses being strengthened by 

reinforcement. Further, an enhancement in psychomotor responding following MeHg 

exposure is consistent with past work showing gestationally-exposed rats respond more 

quickly on fixed-(Paletz et al., 2006) and progressive-ratio schedules of reinforcement (Reed 

et al., 2008). These findings suggest that adolescent MeHg exposure may produce long-

lasting distortions in both the ability of a reinforcer to strengthen past responses and 

psychomotor responding. Whether MeHg’s behavioral effects can be mitigated by repeated 

administration of sodium butyrate (NaB), a lysine deacetylase (LDAC) inhibitor, is 

unknown.

Experiment 2

Developmental MeHg exposure may produce its neurobehavioral effects in part by 

increasing neuroepigenetic marks that suppress gene expression (Guida et al., 2017; 

Onishchenko et al., 2008). Treatment with a broad-acting LDAC inhibitor, such as NaB, 

following MeHg exposure may prevent behavioral impairment. Due to the growing use of 

NaB and other LDAC inhibitors for treating cognitive and behavioral dysfunction (Haggarty 

and Tsai, 2011), it is also important to characterize the effects of NaB alone on operant 

behavior. Acute administration of NaB and other LDAC inhibitors does not affect 

responding under fixed- and progressive-ratio schedules of reinforcement in rodents 

(Romieu et al., 2008; Sun et al., 2008), but it is unclear whether NaB alters other aspects of 

reinforcement. The use of Mathematical Principles of Reinforcement (MPR) would parse 

the effects of NaB on three unique processes of operant behavior: saturation rate, minimum 

response time, and reinforcer value. Thus, Experiment 2 was designed to (a) replicate the 

effects of adolescent MeHg exposure on MPR’s parameters in a different cohort of mice, 

and (b) determine the effects of repeated NaB administration, both alone and after MeHg 

exposure, on MPR’s parameters. We chose to examine the highest dose (3 ppm) of MeHg 

because it produced significant changes in both saturation rate and minimum response time 

(Experiment 1) as well as behavioral impairment in other work (Boomhower and Newland, 

2017) to determine the degree to which NaB prevented MeHg’s effects.

Method

Subjects and MeHg exposure—Forty-eight male C57Bl/6n mice derived from 24 litters 

(2 littermates/litter) were purchased from a commercial vendor (Envigo, Indianapolis, IN). 

Mice arrived at our facility on PND 23, and 12 litters (24 mice) were exposed to 3 ppm 

MeHg beginning on PND 24. MeHg was delivered as methylmercuric chloride dissolved in 

drinking water. The other 12 litters (24 mice) received control (tap) water. Dosing was 

calculated by weighing water bottles, and sham water bottles were used to control for 

spillage. On PND 63, MeHg bottles were removed and replaced with tap water. Thus, mice 

in Experiment 2 were exposed to MeHg for an identical number of days (39 days) as mice in 

Experiment 1 except MeHg exposure spanned PND 24–62 in Experiment 2 (a 3-day 
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displacement). All mice were given ad libitum access to food until just prior to behavioral 

testing, which began on PND 100. Two weeks prior to behavioral testing, mice were 

maintained at a body mass of 25 (± 1) g by food restricting daily chow intake to 2.4 (± 0.2) 

g. All mice were individually-housed and maintained under a 12-hr light/dark cycle (lights 

on at 6:00 AM) in a temperature- and humidity-controlled, AAALAC-approved animal 

facility. The Auburn University Institutional Animal Care and Use Committee approved all 

procedures.

Sodium butyrate (NaB) administration—Two weeks before behavioral testing, half the 

mice in each MeHg-exposure group received daily acute i.p. injections of 0.9% saline or 0.6 

g/kg NaB under a 2 (MeHg) X 2 (NaB) full-factorial design. Litters (2 littermates/litter) 

within a MeHg exposure group were divided equally between the saline and NaB conditions. 

Thus, a litter was equally represented across NaB conditions. Drug administration spanned 

PND 86–99, a regimen similar to past work (Kim et al., 2009; Rane et al., 2012). Sodium 

butyrate (Sigma) was dissolved in saline. Saline and NaB were injected at a .01 mL/g 

volume.

Apparatus—The same apparatuses were used as in Experiment 1.

Procedure—All mice had previous experience lever pressing under a spatial-

discrimination-reversal and visual-discrimination procedure, similar to Boomhower and 

Newland (2017). Beginning at 200 days of age, mice were trained under the multiple fixed-

ratio procedure described in Experiment 1. The number of mice from each group was 

counterbalanced across chambers and session time. One 0-ppm MeHg mouse (Control) and 

three 3-ppm MeHg mice (Control, n = 1; NaB, n = 2) were euthanized before behavioral 

testing for reasons unrelated to the present experiments.

Data analysis—Similar to Experiment 1, Eq. 1 was fit to individual-subject response-rate 

functions using nonlinear least-squares regression. Response rates were analyzed using a 

linear-mixed effects (LME) model with MeHg, NaB, and FR as fixed effects and litter as a 

random effect. LME was chosen because it is able to model incomplete repeated-measures 

data more effectively than does traditional repeated-measures analysis of variance. Estimates 

of a, δ, and λ were compared across groups using a LME model with MeHg and NaB as 

fixed effects and litter as a random effect. Planned Tukey post-hoc comparisons were 

conducted to assess significant differences between groups.

Results and Discussion

Figure 5 shows MeHg consumption across adolescence for each MeHg exposure group. The 

dose of MeHg was highest at the beginning of exposure and gradually decreased to about 

400 μg/kg/day. This pattern of dosing was similar to that seen in Experiment 1 (see 

Boomhower & Newland, 2016) and Boomhower and Newland (2017) and is due to changes 

in fluid intake that occurs through early adolescence. Administration of NaB did not 

significantly alter MeHg consumption.

Figure 6 shows mean response rates and best fits of Eq. 1 for each treatment group. There 

was a main effect of FR [F(5, 239) = 37.37, p < .001], which was reflected in a bitonic 

Boomhower and Christopher Newland Page 7

Neurotoxicology. Author manuscript; available in PMC 2020 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



relation between response rates and FR size. There were no main effects of MeHg or NaB, 

and there were no significant interactions. Eq. 1 fit individual response-rate functions well 

with a mean pseudo R2 = 0.94 (SD: .06) across all groups.

Figure 7 shows mean parameter estimates from Eq. 1 for each exposure and treatment group. 

For saturation rate (λ), there was a main effect of NaB [F(1, 39) = 4.91, p = .03] with post-

hoc comparisons revealing a significant increase in λ following MeHg alone, NaB alone, 

and the combination relative to the 0-ppm Control group (p’s < .05). Neither minimum 

response time (δ) nor specific activation (a) estimates were significantly altered relative to 0-

ppm Control.

The finding that adolescent MeHg exposure increases saturation rate, or the degree to which 

prior responses are coupled to reinforcers, was replicated in Experiment 2. Further, MeHg-

exposed mice tended to have higher maximum response rates (smaller δ’s) than unexposed 

mice similar to Experiment 2, but this was more modest than in Experiment 1 and was not 

reflected in a statistically significant decrease in minimum response time or maximum 

response rate. Differences in the exposure regimen might explain why the effects on 

minimum response time were not replicated in Experiment 2. Though mice in Experiment 2 

were exposed to MeHg for 39 days, identical to Experiment 1, the exposure duration began 3 

days later in development. Some work suggests the effects of MeHg on the postnatal rat 

brain, particularly dopamine signaling, are mitigated after 7 days of continued striatal 

development (from PND 14 to 21) (Dreiem et al., 2009). Of all three parameter estimates 

from MPR, the ability of reinforcers to strengthen past responding (λ) appears to be the one 

most consistently sensitive to adolescent MeHg exposure. The MeHg-induced increase in λ 
estimates persisted following treatment with NaB, suggesting no therapeutic benefits of NaB 

under these levels and durations. NaB treatment alone, however, produced a significant 

increase in saturation rate relative to 0-ppm Controls, an effect that was similar in magnitude 

to MeHg’s. These findings suggests repeated inhibition of lysine deacetylases prior to 

behavioral testing changes the extent to which reinforcers strengthen past responding.

General Discussion and Conclusions

The effects of adolescent methylmercury (MeHg) exposure on reinforcer value, motoric 

capacity, and the coupling of responses to reinforcement in mice were evaluated using 

Mathematical Principles of Reinforcement (Killeen and Sitomer, 2003) in two separate 

experiments. Further, the effects of sodium butyrate (NaB) both alone and after MeHg 

exposure were examined due to the growing use of NaB and other LDAC inhibitors for 

treating cognitive and behavioral dysfunction (Haggarty and Tsai, 2011). Overall, MPR 

described response-rate functions collected from individual mice quite well and captured 

alterations in responding following the various exposures and treatments.

In both Experiment 1 and 2, adolescent MeHg exposure increased saturation rate (λ), the 

rate at which response-reinforcer coupling decreased across time. Stated differently, 

adolescent MeHg exposure decreased the number of responses that were strengthened by 

reinforcers. Reduced coupling of all responses except the one that immediately preceded 

reinforcement following adolescent MeHg exposure could be related to past work reporting 

MeHg-induced impairments in choice. Adolescent MeHg dose-dependently reduced 
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sensitivity to a larger reinforcer compared to a smaller reinforcer in these mice (Boomhower 

and Newland, 2016), and 3 ppm of MeHg increased the number of trials required to 

transition through repeated spatial-discrimination reversals and an extradimensional shift 

(Boomhower and Newland, 2017). These findings suggest a degradation in the ability of a 

reinforcer to strengthen prior responses and is consistent with past work showing that 

saturation rate (λ) is correlated with impaired performance on spatial discrimination 

reversals in mice (Pope et al., 2016).

The finding that adolescent MeHg exposure diminishes the impact of reinforcement on 

previous responses implicates neural substrates linked to motivation in adolescent MeHg 

toxicity. The nucleus accumbens, its projections and interaction with the prefrontal cortex, 

and dopamine signaling are important for reward processing (Everitt and Robbins, 2005; 

Fiorillo et al., 2003). Lesions of the rat nucleus accumbens core increase a parameter similar 

to saturation rate (λ) (Bezzina et al., 2008), whereas rat orbital prefrontal-cortex lesions are 

associated with reductions in specific activation (a) (Kheramin et al., 2005). Changes in the 

parameters of Mathematical Principles of Reinforcement are linked intimately with 

dopaminergic function, as both neuroleptics and amphetamines can alter saturation rate, 

minimum response time, and specific activation (Mobini et al., 2000; Reilly, 2003). Our data 

suggest adolescent MeHg exposure interferes with the coupling of behavior to 

reinforcement, which is linked to nucleus-accumbens and prefrontal-cortex function. The 

finding that the effects of reinforcement on behavior are impaired following adolescent 

MeHg exposure is consistent with Newland et al.’s (2015) hypothesis that developmental 

MeHg exposure impacts reinforcer processing, primarily through MeHg’s effects on 

dopamine. Though Newland et al.’s (2015) review relied on models of gestational MeHg 

exposure, the present study suggests that adolescent MeHg exposure also contributes to 

alterations in brain-behavior function.

Minimum response times (δ) were decreased by adolescent MeHg exposure in Experiment 

1, particularly under the 0.3-ppm dose, but were not significantly altered in Experiment 2. 

Reduced minimum response time manifests as increased maximum response rate, which is 

correlated with 1/δ both theoretically (Killeen and Sitomer, 2003) and experimentally 

(Hutsell and Newland, 2013). Past work in gestationally-exposed rats showed that MeHg 

increases response rates under fixed-ratio (Paletz et al., 2006) and progressive-ratio 

schedules of reinforcement (Reed et al., 2008). In Experiment 1, both doses of MeHg 

reduced minimum response time. The greatest decrease in minimum response time occurred 

after 0.3 ppm MeHg, and the 3.0-ppm dose of MeHg also produced a significant decrease in 

δ estimates after a statistical outlier was removed. It is unclear why the same dose of MeHg 

in Experiment 2 did not produce a significant reduction in minimum response time. We have 

noted previously dose-specific behavioral effects of adolescent MeHg exposure in the cohort 

of animals used in Experiment 1. Specifically, delay sensitivity was reduced in the 0.3-ppm 

group whereas mice in the 3-ppm group displayed similar estimates of delay sensitivity as 

controls (Boomhower and Newland, 2016). Key differences in the exposure regimen 

between Experiment 1 and 2 could explain also why our findings related to minimum 

response time were only partially replicated. We shifted the 39-day exposure window three 

days later in Experiment 2 because we had shown previously MeHg consumption is 

dramatically elevated during the first few days (PND 21–23) of exposure (Boomhower and 
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Newland, 2016). We were concerned this could be an artifact of elevated water consumption 

during shipment from commercial vendors (see Obernier & Baldwin, 2006). Some work 

suggests the effects of MeHg on the postnatal rat brain, particularly related to striatal 

dopamine signaling and brain mercury uptake, are mitigated with development (Dreiem et 

al., 2009; Sakamoto et al., 2018). Specifically, striatal synaptosomes isolated from 7-day-old 

rats are more susceptible to MeHg’s effects on dopamine release and dopamine uptake than 

striatal synaptosomes from 21-day-old rats (Dreiem et al., 2009). Brain mercury uptake also 

decreases from the neonatal (PND 1–7) to the mid-adolescent period (PND 35–41) in rats 

(Sakamoto et al., 2018). The striatum and striatal dopamine have been implicated as targets 

of MeHg (Faro et al., 2002, 2000; Tiernan et al., 2015) and most likely underlie MeHg’s 

effects on operant behavior in part (Newland et al., 2015). Because both the sensitivity of 

striatal dopamine to MeHg exposure and MeHg uptake may decrease early in life (Dreiem et 

al., 2009; Sakamoto et al., 2018), this could explain why mice in Experiment 2 did not show 

impairment in minimum response time following MeHg exposure and would implicate the 

early-adolescent period in susceptibility to MeHg. Interestingly, we still observed elevated 

MeHg consumption early in the exposure regimen in Experiment 2 even after delaying 

exposure three days.

Repeated administration of sodium butyrate (NaB), a lysine deacetylase inhibitor, increased 

saturate rate in adulthood and NaB did not interact with adolescent MeHg exposure to 

change saturation-rate estimates. Past work has shown that MeHg reduces Bdnf expression 

in vitro (Guida et al., 2017) and in vivo (Onishchenko et al., 2008) with concomitant 

changes in histone acetylation, suggesting MeHg’s behavioral impairment may result in part 

from alterations to neuroepigenetic mechanisms. Guida et al. (2016) found that trichostatin 

A, an LDAC inhibitor, prevented MeHg-induced changes in gene expression and histone H4 

deacetylation in vitro. However, we saw no therapeutic benefit of NaB following MeHg 

exposure and found that NaB alone increased saturation rate to a comparable level as MeHg 

exposure alone in behaving mice. Studies using NaB as a treatment for both normal (Peleg et 

al., 2010; Reolon et al., 2011) and diseased aging (Fischer et al., 2007; Kilgore et al., 2010; 

Rane et al., 2012) as well as following neurotoxicant exposure (Guida et al., 2016; Sharma 

and Sharma, 2013; Song et al., 2010) have noted a range of therapeutic effects. One 

explanation for our findings related to NaB is that LDAC inhibitors often target a broad set 

of proteins, sometimes related to cell death or oxidative stress (Xu et al., 2007). The broad 

enzymatic targets of NaB relative to trichostatin A may explain not only why NaB was 

ineffective at prevent MeHg behavioral toxicity, but also why NaB alone increased saturation 

rate in our study. NaB induces differentiation in neurons (Balasubramaniyan et al., 2006; 

Hsieh et al., 2004) and apoptosis in neuroblastoma cells (Nuydens et al., 1995; Rozental et 

al., 2004). Further characterization of the neuroprotective and neurotoxic effects of NaB, and 

other lysine deacetylase inhibitors, on operant behavior are important for future therapeutic 

treatments of chemical exposure.

Across two studies, exposure to environmentally-relevant levels of MeHg in adolescent mice 

reduced the degree to which responses were coupled to reinforcement in adulthood. We also 

found some evidence that adolescent MeHg exposure reduces minimum response time, 

particularly following exposure to 0.3 ppm MeHg, which is consistent with past work on 

developmental MeHg exposure’s psychomotor effects. Repeated administration of sodium 
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butyrate alone increased saturation rate to a similar extent as MeHg exposure but did not 

reverse MeHg’s effects. The present study suggests adolescence is a time of both behavioral 

and neurobiological vulnerability to MeHg exposure. The finding that both adolescent 

MeHg exposure and sodium butyrate administration concentrates the effects of reinforcers 

on recently-made responses provide insight into the behavioral mechanisms that permit 

neurotoxicity.
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Highlights

• Adolescent mice were exposed to 0, 0.3, and 3.0 ppm MeHg via drinking 

water.

• NaB (0.6 g/kg) was administered for two weeks prior to behavioral testing.

• MeHg concentrated the effects of reinforcers on responding in adulthood.

• NaB concentrated the effects of reinforcers and did not prevent MeHg’s 

effects.

• MeHg reduced minimum response time in one of two experiments.
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Figure 1. 
The effects of changes in minimum response time (δ), specific activation (a), and saturation 

rate (λ) on the shape of the MPR function drawn by Eq. 1. The base function (solid line) in 

each panel is drawn with δ = .50, a = 300, and λ = .10. An increase in minimum response 

time to δ = .80 (left panel) is evident in a reduction in the maximum response rate (1/δ), 

which is the extrapolated Y-intercept of the descending limb of the function (dotted lines, 

left panel). A reduction in specific activation to a = 200 (middle panel) is reflected as a 

decrease in the X-intercept of the descending limb of the function. Finally, an increase in 

saturation rate to λ = .75 shifts the peak of the function to the left. The vertical dotted lines 

(right panel) indicate that an FR 54 maximizes response rates when λ = .10 whereas an FR 

12 maximizes response rates when λ = .75.
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Figure 2. 
Timeline of events for Experiment 1 and Experiment 2. Mice arrived at PND 21 (Experiment 

1) or PND 23 (Experiment 2) and were exposed to MeHg during adolescence for 39 days. In 

Experiment 2, sodium butyrate (NaB; 0.6 g/kg, i.p.) or saline vehicle were injected daily for 

two weeks prior to behavioral testing. Behavioral testing began in adulthood (PND 90 in 

Experiment 1, PND 100 in Experiment 2). MeHg = methylmercury, PND = postnatal day, 

NaB = sodium butyrate
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Figure 3. 
Left panel: Mean response rate as a function of fixed ratio for mice exposed to MeHg in 

adolescence. Lines represent mean predictions of Eq. 1. Right panel: Response rate 

(symbols) and predictions of Eq. 1 (lines) as a function of fixed ratio for individual mice. 

The left column shows data from mice with the best-fitting curves, and the right column 

shows data from mice with the worst-fitting curves. Note the Y-axis scaling in the lower-

right panel. MeHg = methylmercury
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Figure 4. 
Mean (±SD) parameter estimates from Eq. 1 as a function of dose of MeHg in adolescence. 

An outlier in the 3.0 ppm group is denoted as an open circle. MeHg = methylmercury *p < .

05 relative to control
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Figure 5. 
Mean (±SD) dose of MeHg as a function of postnatal day for each MeHg-exposure group in 

Experiment 2. Note the error bars may be obscured by the symbols in some cases. MeHg = 

methylmercury, NaB = sodium butyrate
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Figure 6. 
Mean response rate as a function of fixed ratio for mice exposed to 0 or 3 ppm MeHg in 

adolescence and treated with control (left panel), sodium butyrate (middle panel), or 

environmental enrichment (right panel) before behavioral testing. Lines represent mean 

predictions of Eq. 1. MeHg = methylmercury
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Figure 7. 
Mean (+SD) parameter estimates from Eq. 1 for each treatment group. MeHg = 

methylmercury, NaB = sodium butyrate. *p < .05
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Table 1.

Tone durations for the FR procedure.

FR Low/high tone durations (sec)

1 0.15/1.19

5 0.74/0.60

15 0.92/0.42

30 1.04/0.30

60 1.13/0.21

120 1.19/0.15

FR = fixed-ratio schedule of reinforcement
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