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Abstract

Adolescence is associated with the continued maturation of dopamine neurotransmission and is 

implicated in the etiology of many psychiatric illnesses. Adolescent exposure to neurotoxicants 

that distort dopamine neurotransmission, such as methylmercury (MeHg), may modify the effects 

of chronic d-amphetamine (d-AMP) administration on reversal learning and attentional-set 

shifting. Male C57Bl/6n mice were randomly assigned to two MeHg-exposure groups (0 ppm and 

3 ppm) and two d-AMP-exposure groups (saline and 1 mg/kg/day), producing four treatment 

groups (n = 10–12/group): Control, MeHg, d-AMP, and MeHg + d-AMP. MeHg exposure (via 

drinking water) spanned postnatal day 21–59 (the murine adolescent period), and once daily i.p. 

injections of d-AMP or saline spanned postnatal day 28–42. As adults, mice were trained on a 

spatial-discrimination-reversal (SDR) task in which the spatial location of a lever press predicted 

reinforcement. Following two SDRs, a visual-discrimination task (extradimensional shift) was 

instated in which the presence of a stimulus light above a lever predicted reinforcement. 

Responding was modeled using a logistic function, which estimated the rate (slope) of a 

behavioral transition and trials required to complete half a transition (half-max). MeHg, d-AMP, 

and MeHg + d-AMP exposure increased estimates of half-max on the second reversal. MeHg 

exposure increased half-max and decreased the slope term following the extradimensional shift, 

but these effects did not occur following MeHg + d-AMP exposure. MeHg + d-AMP exposure 

produced more perseverative errors and omissions following a reversal. Adolescent exposure to 

MeHg can modify the behavioral effects of chronic d-AMP administration.
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The adolescent period is a time of dynamic psychobiological maturation (Spear, 2000) and is 

implicated in the development of a variety of psychiatric illnesses (Costello, Mustillo, 

Erkanli, Keeler, & Angold, 2003), such as schizophrenia, attention deficit hyperactivity 
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disorder (ADHD), and substance-abuse disorders. In rodent models, the adolescent period 

has been defined as broadly ranging from postnatal day (PND) 21 to 60 (Spear, 2000), 

though more nuanced definitions exist (Laviola, Macrì, Morley-Fletcher, & Adriani, 2003).

Neurochemical signaling, particularly dopamine (DA) neurotransmission, undergoes 

dramatic region-specific changes during adolescence in both humans and nonhumans 

(Andersen, 2003). DA-receptor expression in the rat prefrontal cortex (Andersen, Thompson, 

Rutstein, Hostetter, & Teicher, 2000; Tarazi & Baldessarini, 2000) and striatum (Andersen, 

Rutstein, Benzo, Hostetter, & Teicher, 1997; Teicher, Andersen, & Hostetter, 1995) peaks 

around PND 40 and decreases into adulthood. By comparison, caudate volume in humans 

peaks around 10 to 14 years of age for females and males, respectively (Lenroot et al., 

2007). Adolescent-onset changes in DA signaling co-occur with distortions in behavior that 

is critically dependent on prefrontal-cortex function, such as choice and decision-making 

(Dalley, Cardinal, & Robbins, 2004). For example, adolescent humans and nonhumans 

display increased impulsive choices (Green, Fry, & Myerson, 1994; Pinkston & Lamb, 

2011), perseverative errors on reversal-learning and attentional-set shifting tasks (Newman 

& McGaughy, 2011; Overman, 2004), and a higher likelihood of using and abusing 

stimulant drugs (Johnston, O’Malley, Miech, Bachman, & Schlenberg, 2014) compared to 

adults. Disturbing DA signaling during adolescence could give rise to enduring 

psychological dysfunction later in life. One way DA signaling can be altered is through 

exposure to environmental neurotoxicants that directly interfere with DA signaling and 

enhance sensitivity to DAergic drugs (Jones & Miller, 2008), but the long-term impact of 

contaminant exposure during adolescence and its potential to cause behavior disorders is 

woefully understudied.

Methylmercury (MeHg) is a ubiquitous environmental neurotoxicant that can have long-

lasting neurobehavioral effects when exposure occurs in utero (Newland, Reed, & 

Rasmussen, 2015). However, the long-term behavioral consequences of adolescent MeHg 

exposure have not been explored until recently (Boomhower & Newland, 2016). Adolescent 

MeHg exposure is especially concerning for a number of reasons. First, relative to other age 

groups, human adolescents consume more fish (Nielsen, Aoki, Kit, & Ogden, 2015), such as 

tuna, that can have high mercury concentrations (Tran, Barraj, Smith, Javier, & Burke, 2004; 

Wang et al., 2013). Second, adolescents are encouraged to consume even more fish for 

health reasons (Gidding et al., 2005). Third, the consumption of high-mercury seafood is 

related to blood mercury levels in adolescents (Nielsen et al., 2015). Finally, adolescents use 

DAergic drugs, such as d-amphetamine (d-AMP), more frequently relative to other age 

groups (Johnston et al., 2014). Determining whether exposure to MeHg during adolescence 

disturbs later neurobehavioral functioning, and whether MeHg’s effects are modified by 

concurrent exposure to d-AMP would have significant implications for public health.

In nonhuman models, gestational MeHg exposure slows the acquisition of choice (Newland, 

Reile, & Langston, 2004) and increases perseverative errors following spatial- and visual-

discrimination reversals (Paletz, Day, Craig-Schmidt, & Newland, 2007; Reed, Paletz, & 

Newland, 2006) while leaving errors on a spatial-to-visual discrimination task (i.e., 

extradimensional shift) unaffected in adulthood (Paletz et al., 2007). MeHg-induced 

disruptions in choice co-occur with increased sensitivity to dopamine transporter (DAT) 
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blockers, such as d-amphetamine (Rasmussen & Newland, 2001) and cocaine (Reed & 

Newland, 2009). Further, MeHg inhibits DAT (Dreiem, Shan, Okoniewski, Sanchez-

Morrissey, & Seegal, 2009) and stimulates DA efflux both in vitro (Tiernan, Edwin, 

Goudreau, Atchison, & Lookingland, 2013) and in vivo (Faro, Do Nascimento, San José, 

Alfonso, & Durán, 2000).

As developmental MeHg exposure distorts DA neurotransmission and choice behavior, 

reversal learning and attentional-set shifting, both critically dependent on proper DA 

signaling (Kehagia, Murray, & Robbins, 2010), could be especially sensitive to adolescent 

MeHg and d-AMP exposure. Impairments in reversal learning and attentional-set shifting 

are associated with a variety of psychiatric illnesses (Arnsten & Rubia, 2012; Wegbreit et al., 

2016). The effects of adolescent MeHg exposure on reversal learning and attentional-set 

shifting remain unexplored, whereas the literature on the effects of adolescent d-AMP 

exposure on reversal learning and attentional set shifting is mixed. Some investigations 

report no impairments on either task following exposure to a dl-AMP mixture in adolescent 

monkeys (Soto et al., 2012) and humans (Ersche, Roiser, Robbins, & Sahakian, 2008), and 

others report both impaired and improved reversal learning in rats (Hankosky, Kofsky, & 

Gulley, 2013). Adolescent exposure to cocaine, a stimulant that also blocks DAT, results in 

enhanced perseverative errors following a reversal (Kantak, Barlow, Tassin, Brisotti, & 

Jordan, 2014; Pope, Boomhower, Hutsell, Teixeira, & Newland, 2016). Using nonhuman 

models to determine whether environmental neurotoxicants produce deficits in reversal 

learning and attentional-set shifting, and whether chronic psychostimulant administration 

exacerbates these deficits enhances understanding of the variables that may contribute to 

human psychiatric illness.

The present study was designed to determine the extent to which d-AMP administration and 

MeHg exposure during adolescence affected reversal learning and attentional-set shifting in 

a mouse model. To assess reversal learning, we employed a spatial-discrimination-reversal 

(SDR) procedure (Pope et al., 2016) in which the spatial location of a lever (e.g., left or 

right) predicted reinforcement. Attentional-set shifting (i.e., an extradimensional shift) was 

assessed using a spatial-to-visual discrimination procedure (Paletz et al., 2007) in which the 

spatial location of a lever no longer predicted reinforcement and instead an illuminated 

stimulus light above a lever did.

Method

Subjects and exposures

Forty-eight male C57BL6 mice (12 litters, each producing 4 littermates) were ordered from 

a commercial vendor (Envigo, Indianapolis, IN) and arrived on postnatal day (PND) 21. The 

mice were housed in a humidity- and temperature-regulated, AAALAC-accredited animal 

facility under a 12-h light/dark cycle (lights on at 6:00 AM). Mice were provided ad libitum 
access to food and water and were randomly assigned to two methylmercury (MeHg) 

exposure groups (n = 24 in each): 0 ppm (control) and 3 ppm MeHg (calculated as Hg). 

MeHg was delivered as methylmercuric chloride (Sigma) dissolved in drinking water. 

Exposure lasted from PND 21 through PND 59 (see Figure 1). A dose of 3 ppm MeHg was 

used because the daily dosing that it produces in mice results in permanent behavioral 
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impairment without overt signs of toxicity in rats exposed during gestation (Paletz et al., 

2007; Reed et al., 2006) or mice exposed during adolescence (Boomhower & Newland, 

2016).

Within each MeHg exposure group, half the mice were given injections of saline or 1.0 

mg/kg d-AMP sulfate (calculated as the salt), which resulted in a 2 (MeHg) x 2 (d-AMP) 

full-factorial design and produced four treatment groups (n = 12 per cell): Control, MeHg, d-

AMP, and MeHg + d-AMP. Littermates were divided equally among treatment groups so 

each group had only one representative from a litter, making litter the statistical unit as 

recommended for developmental studies (Maurissen, 2010). D-amphetamine sulfate (Sigma) 

was dissolved in 0.9% saline. Acute i.p. injections of d-AMP or saline were given once daily 

at 5:00 PM from PND 28 through PND 42 (Figure 1), which is similar to past studies 

employing chronic stimulant exposures in adolescent rodents (Hankosky et al., 2013; Pope 

et al., 2016). Further, this d-AMP dosing regimen encompasses the time in which DA-

receptor expression in the rodent prefrontal cortex (Andersen et al., 2000; Brenhouse, 

Sonntag, & Andersen, 2008; Tarazi & Baldessarini, 2000) and striatum (Andersen et al., 

1997; Gelbard, Teicher, Faedda, & Baldessarini, 2000; Teicher et al., 1995) peaks in 

adolescence. Two weeks prior to and throughout behavioral testing, mice were maintained at 

a body mass of 26 (±1) g by restricting food intake to approximately 2.4 (±1) g chow daily. 

During behavioral testing, mice were fed after sessions. Three mice died before behavioral 

testing (two from the d-AMP only group and one from the Control group) because of 

reasons unrelated to the experiment. All procedures were approved by the Auburn University 

Institutional Animal Care and Use Committee.

Apparatus

Experiments were conducted in ten operant chambers (Med Associates Inc., St. Albans, VT) 

enclosed in sound-attenuating cabinets. A non-retractable lever was mounted on the rear 

wall. Two retractable levers were mounted on the front wall with stimulus lights (LEDs) 

above each. An alcove was centered between the two front levers where a dipper delivered 5 

sec of .01-cc droplets of a 3:1 solution of water and sweetened-condensed milk. Two 

Sonalert® tone generators were mounted at the top of the front wall. In an adjacent room, a 

computer with Med Associates IV programming recorded and controlled all experimental 

events with a .01-s resolution.

Procedure

Autoshaping and chain training—On PND 90, lever pressing was trained using an 

autoshaping procedure similar to Pope et al. (2016). Autoshaping began on either the front-

left or front-right lever, counterbalanced across mice. Responses were reinforced on a fixed-

ratio (FR) 1 schedule of reinforcement. Following 40 reinforced responses on each lever 

(i.e., left, right, and back), response-chain training began. Each trial began with a pulsating 

tone, and a back-lever response within 5 min caused one of the front levers to extend into the 

chamber. A response on the front lever within 5 min was reinforced followed by a 10-sec 

intertrial interval (ITI). Whether the left or right lever was extended following a back-lever 

response was pseudorandomly determined such that an equal number of back-left and back-
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right response chains were reinforced during a session. Chain training was considered 

complete following 50 reinforced response chains within 60 min.

Spatial discrimination reversal (SDR)—The SDR procedure (Pope et al., 2016) 

proceeded in three phases: original discrimination (OD), first reversal (R1), and second 

reversal (R2). In the OD, sessions comprised 60 trials separated by a 10-sec ITI. A trial 

began with a pulsating tone, and a back-lever (trial-initiation) response within 15 sec 

extended both front levers and illuminated both stimulus lights. Here, the spatial location 

(left or right) of the front lever served as the discriminative stimulus. A response within 15 

sec on the “correct” lever (e.g., right) resulted in 5-sec access to milk, and an “error” (e.g., 

left-lever press) resulted in termination of the trial and the 10-sec ITI. Whether a left- or 

right-lever press was reinforced throughout the OD was counterbalanced across mice. A trial 

was considered an omission if either a trial-initiation response or a front-lever press did not 

occur within the 15 sec limited holds. After three consecutive OD sessions with ≥51 correct 

responses, the first reversal (R1) was imposed by switching the location of the correct lever 

(e.g., left to right or right to left). Following three consecutive R1 sessions with ≥51 correct 

responses, the R2 phase was imposed by switching again the location of the correct lever. In 

some cases the ≥51 correct response criterion was not reached within 20 sessions due to trial 

omissions (i.e., ≥10 trials were repeatedly omitted in a session). In these scenarios, the next 

phase was imposed following the completion of three consecutive sessions at ≥85% 

accuracy (i.e., ≥85% correct responses of all responses produced), provided at least 30 

responses occurred.

Visual discrimination (extradimensional shift, EDS)—Following completion of the 

OD, R1, and R2 phases of the SDR procedure, a visual discrimination (Paletz et al., 2007) 

was implemented to assess an extradimensional shift (EDS). Here, the presence of an 

illuminated stimulus light over a lever served as the discriminative stimulus, and the spatial 

location of the lever was irrelevant. The visual discrimination proceeded in an identical 

manner as the SDR procedure. Following a trial-initiation response, both levers were 

extended and one stimulus light was illuminated. A lever press under the illuminated lever 

was correct, and a response on the unilluminated lever was an error. The location (left or 

right) of the illuminated stimulus light was randomly determined each trial. If a trial did not 

result in reinforcement, a correction trial commenced in which the position of the stimulus 

light was unchanged until a response was reinforced. Correction trials were necessary 

because, without them, a mouse that exclusively responded on one lever (e.g., right) could 

earn half a session’s reinforcers (this was not a concern in the SDR phase). The visual 

discrimination proceeded until three consecutive sessions with ≥51 correct responses were 

made.

Data analysis

The primary dependent variables were the outcomes of a trial in each phase: correct, error, 

and omission. The change in responding following a reversal and extradimensional shift can 

be conceptualized as a behavioral transition (Newland & Reile, 1999; Pope et al., 2016), in 

which the probability of a correct response plummets after a change in reinforcement 

contingencies and gradually increases throughout the new phase (e.g., from OD to R1). To 
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quantify the behavioral transition, we used Equation 1, a three-term logistic (S-shaped) 

function that has been successful in past work describing the effects of neurotoxicants on 

behavior in transition because the free parameters are easily interpretable (Newland et al., 

2004).

(1)

Here, the probability of a correct response [p(correct)] is a function of trial (X). This 

probability corresponds to the proportion correct as determined experimentally. X0 is the 

trial at which half the transition is complete (termed “half-maximum”), k is the maximum 

slope of the transition after it begins, and Ym is the maximum asymptote after a transition. 

The value 1/k is the number of trials required to get from 1/e to 2/e of the transition, where e 
is the natural logarithm (approximately 2.72). Thus, Eq. 1 provides important information 

concerning the trial at which a transition is centered (X0), how quickly a transition proceeds 

(k), and the final degree of accuracy once a transition is complete (Ym). These free 

parameters described differences in responding following a spatial-discrimination reversal in 

mice exposed to cocaine in adolescence (Pope et al., 2016).

Eq. 1 was fit to response data from R1, R2, and EDS using least-squares regression 

(Microsoft Excel® Solver, v14.6.9, Microsoft Corporation, USA). A correct (or reinforced) 

response was coded as 1, an error was coded as 0, and omitted trials were not coded. 

Performance in the last three sessions of the prior phase was included in the analyses to 

establish a baseline of responding. Free-parameter estimates were compared across groups 

using 20% Winsorized means and variance, which decreases the influence of outliers and 

stabilizes variability without reducing sample size (for details, see Wilcox & Keselman, 

2003; Wilcox, 1998, 2012). Eq. 1 was not fit to responding across the OD, which was 

different from the R1, R2, and EDS in that responding was acquired rapidly by all mice and 

did not undergo a transition from a low-to-high probability of being correct in the OD. The 

restricted range of the probability of a correct response (0.5 to 1.0) in the OD coupled with 

the rapid acquisition made it difficult to estimate parameters of the logistic function using 

nonlinear least-squares regression.

Both errors and omissions to criterion were also compared across groups for OD, R1, R2, 

and EDS, as both measures revealed neurotoxicant- and drug-induced impairment following 

the first reversal in past work (Paletz et al., 2007; Pope et al., 2016; Reed et al., 2006). To 

determine the obtained dose of MeHg across adolescence, water consumption and body 

mass were measured. Because mice were pair-housed, water consumption was estimated for 

an individual mouse after controlling for spillage, identical to Boomhower and Newland 

(2016).

All dependent measures were analyzed using a linear mixed effects (LME) model with 

group (Control, MeHg, d-AMP, and MeHg + d-AMP) and phase (OD, R1, R2, and EDS) or 

postnatal day (for water-consumption and body-mass measures) as within-subjects fixed 

effects and litter as a random effect (Systat Software Inc., Richmond, CA, USA). LME was 

Boomhower and Newland Page 6

Exp Clin Psychopharmacol. Author manuscript; available in PMC 2018 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



chosen because it is able to model incomplete repeated-measures data more effectively than 

traditional repeated-measures ANOVA.

Results

Figure 2 shows mean estimated water consumption, body mass, and MeHg dose as a 

function of postnatal day for mice exposed to MeHg and MeHg + d-AMP during 

adolescence. Water consumption and body mass for the Control group are shown also for 

reference. All treatment groups consumed a similar amount of water and displayed similar 

body growth across adolescence. For both groups, MeHg dose was highest at the beginning 

of exposure, and then stabilized at about 400 µg/kg/day at the end of exposure. The dose of 

MeHg was similar for both the MeHg and MeHg + d-AMP groups.

There were no group differences in completing autoshaping, chain training, and the original 

discrimination (OD). In the original discrimination, approximately 3–4 mice in each 

exposure group did not achieve the ≥51 correct response criterion before the twentieth 

session; thus, the more lenient ≥85% accuracy criterion for three consecutive sessions was 

imposed. Cases in which the more lenient criterion was used were entirely confined to the 

OD, as no mice required more than 20 sessions to complete the first reversal, second 

reversal, and extradimensional shift.

Figure 3 shows representative responding across the first and second reversals and 

extradimensional shift for four mice. Each row of panels shows data from a single mouse. 

Each panel is divided into the best-fit predictions of Eq. 1, shown as a solid line representing 

the probability of a correct response as a function of trial for an entire phase. Trial-by-trial 

outcomes are displayed just below the abscissa of each panel. A correct response was coded 

as 1 and an error was coded as 0. Thus, data in Figure 3 show a response on the right lever as 

correct in the first reversal, a response on the left lever as correct in the second reversal, and 

a response below a cue light (“Light”) as correct in the extradimensional shift. For example, 

for the top left panel, a long run of Left presses changes to a mix of Left and Right responses 

at about trial 90 and then is followed by a long run of Right presses. The center panel shows 

responding transition from the right lever to the left lever, and the right panel shows the 

extradimensional shift to a light/no-light discrimination. The first correct lever (left or right) 

experienced was counterbalanced, but data are presented as if all subjects experienced the 

same lever first. In both reversals, responding that was maintained on one lever (e.g., left) 

transitioned to responding on the correct lever (e.g., right). This behavioral transition is 

reflected in near exclusive responding on one lever in the last three sessions of the previous 

phase and, following a reversal, perseverative responding on that lever until switching to the 

opposite lever. For the EDS, responses were classified as occurring on a lever with either a 

light illuminated above it (“Light”) or no light illuminated (“No light”).

Figure 4 shows the probability of a correct response as a function of trial using mean 

parameter estimates for each treatment group (top row) and Winsorized mean parameter 

estimates from Eq. 1 (bottom row) across each phase. For trials to half-max (X0), a main 

effect of phase, F(2, 120) = 65.12, p < .001, indicated that trials to half-max decreased from 

R1 to the EDS, which can be visualized as a leftward shift of each function. A main effect of 
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exposure, F(3, 120) = 3.52, p = .01, revealed that mice exposed to MeHg and d-AMP (both 

alone and in combination) on average required more trials for the probability of a correct 

response to reach half its maximum. Post-hoc contrasts revealed that MeHg, d-AMP, and 

MeHg + d-AMP mice had higher X0 estimates than controls following the second reversal, p 
< .05, which can be visualized as a rightward shift in the curves relative to the Control curve. 

MeHg-exposed mice in the EDS also had higher X0 estimates than Control, p < .05. For the 

maximum asymptote (Ym), there was a main effect of phase, F(2, 120) = 56.12, p < .001, 

and a significant exposure*phase interaction, F(6, 120) = 5.20, p < .001. Post-hoc contrasts 

revealed the MeHg + d-AMP group had lower Ym estimates relative to control in R2, and 

both d-AMP and MeHg + d-AMP mice had higher Ym estimates relative to control in the 

EDS, all p’s < .05. Differences in Ym estimates can be visualized as differing heights of the 

curves. For the slope of the transition (k), there was a main effect of phase, F(2, 120) = 

16.42, p < .001, in that transitions proceeded more quickly in the second reversal. Post-hoc 

contrasts revealed that MeHg-exposed mice had lower k estimates relative to controls in the 

EDS, which can be visualized as a shallower ascending limb of the function for the MeHg 

group relative to Control.

Figure 5 shows mean errors (left) and omissions (right) to criterion at the end of each 

experimental phase. For errors to criterion, a main effect of phase indicated that more errors 

on average occurred following a reversal and extradimensional shift, F(3, 153) = 15.33, p < .

001. Post-hoc contrasts revealed that mice exposed to MeHg + d-AMP made more errors 

following the second reversal relative to controls, p < .05. For omissions to criterion, a main 

effect of phase, F(3, 153) = 45.75, p < .001, indicated that omissions decreased substantially 

from original discrimination to the extra dimensional shift. The MeHg + d-AMP mice 

omitted more trials but especially after a reversal, as evidenced in a main effect of exposure, 

F(3, 153) = 4.00, p < .01.

Discussion

The present study compared performance on a spatial-discrimination reversal (SDR) and 

then an extradimensional shift to a visual discrimination among mice exposed to MeHg and 

d-AMP, both alone and concurrently, during adolescence. In both MeHg-exposure groups, 

the dose of MeHg was higher at the beginning of adolescence, and then tapered off to about 

400 µg/kg/day. The pattern of dosing observed here is most likely due to a rapid rise in body 

mass coupled with a relatively stable level of water consumption throughout the adolescent 

period (Adriani, Macrì, Pacifici, & Laviola, 2002; Boomhower & Newland, 2016). 

Administration of d-AMP for two weeks (PND 28–42) during adolescence did not alter the 

dose of MeHg consumed relative to the MeHg-only group.

Responding in reversal-learning and attentional-set shifting procedures is disrupted by 

damage to specific regions of the prefrontal cortex and can be conceptualized as behavior in 

transition, which is particularly sensitive to developmental neurotoxicant or psychostimulant 

exposure (Newland & Reile, 1999; Newland, Yezhou, Logdberg, & Berlin, 1994; Pope et al., 

2016). Reversal learning is impaired by orbitofrontal lesions (Bissonette et al., 2008; 

McAlonan & Brown, 2003) whereas infralimbic cortical lesions disrupt extradimensional 

shifts (Birrell & Brown, 2000; Bissonette et al., 2008; Chudasama & Robbins, 2003; Dalley 
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et al., 2004). Determining the extent to which exposure to neurotoxicants and 

psychostimulants, either alone or in combination, impair reversal learning and attentional-set 

shifting enhances understanding of the factors that may influence behavior implicated in 

psychiatric illness. To describe performance throughout two spatial discrimination reversals 

and an extradimensional shift, we used a logistic function (Newland et al., 2004, 1994). 

Asymptotic accuracy (Ym) was maintained above 0.85 in all phases reflecting the ≥85% 

accuracy criterion. Overall, performance improved from the first to the second reversal as 

evidenced by a reduction in the number of trials required to complete half a transition (X0) 

and a decrease in perseverative errors and omissions in some groups from R1 to R2. The 

overall improvement in performance from the first to second reversal noted in the present 

study is consistent with previous work employing similar procedures and analyses (Paletz et 

al., 2007; Pope et al., 2016; Reed et al., 2006). The slope (k) was generally steep for R2, 

reflecting a rapid transition for that reversal, but shallow for both R1 and the transition to 

EDS. Enhanced perseverative errors following an EDS is traditionally indicative of an 

attentional-set shift, but we did not observe a significant increase in errors to criterion or 

trials to complete half a transition from R2 to the EDS. Though the spatial-to-visual 

procedure we employ to assess an EDS is identical to past work with rodents (Paletz et al., 

2007), it could be that more experience with the SDR procedure was necessary to produce 

greater errors in the EDS. For example, Paletz et al. (2007) imposed seven spatial-

discrimination reversals before introducing the EDS, whereas we imposed only two 

reversals. Regardless, we did observe a decrease in the asymptotic accuracy as well as the 

slope from R2 to the EDS, which indicates a decrement in performance.

Mice exposed to MeHg, d-AMP, and MeHg + d-AMP all required more trials to achieve half 

a transition (i.e., higher X0 estimates) relative to controls on the second reversal. 

Interestingly, the combination of MeHg and d-AMP did not have a greater effect than either 

treatment alone, suggesting that they do not interact or combine additively on this measure 

in mice. Control animals required about 50 trials to complete half a transition in the second 

reversal, while exposed animals required about 70–80 trials. Though neither MeHg nor d-

AMP alone reduced asymptotic accuracy (Ym), the combination of MeHg + d-AMP 

exposure did reduce Ym estimates in the second reversal. The combined treatment also 

increased the number of perseverative errors and omissions relative to control in the second 

reversal. MeHg and d-AMP alone produced intermediate changes on errors to criterion, 

placing these groups between the controls and the mice exposed to the joint treatment. While 

the MeHg and d-AMP alone groups were not statistically distinguishable from controls, they 

were also not distinct from the combined treatment, so it is possible that MeHg and d-AMP 

alone produced subtle changes on errors to criterion that were difficult to distinguish from 

background variability. The logistic analysis, which revealed that both the MeHg and d-

AMP groups had higher X0 estimates than controls, was more sensitive than errors and 

omissions to criterion in capturing impairment following a reversal.

Previous reports have shown that gestational MeHg exposure impairs performance on both 

spatial- (Paletz et al., 2007; Reed et al., 2006) and visual-discrimination reversals (Paletz et 

al., 2007) in rats by increasing perseverative errors and omissions primarily in the first 

reversal. Chronic d-AMP administration in adolescence has been associated with increased 

perseverative errors following a reversal in rats, but these effects were dependent on the 
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methodological arrangement of the reversals (Hankosky et al., 2013). That is, adolescent d-

AMP exposure increased perseverative digging errors in an odor-discrimination-reversal 

procedure but did not affect perseverative lever-press errors in a spatial-discrimination-

reversal task (Hankosky et al., 2013). It is unclear why the second reversal in the present 

study was more sensitive to MeHg-and d-AMP-induced impairment relative to the first 

reversal, though this is not the only case in which subsequent reversals resulted in greater 

impairment than the first reversal (Clarke, Dalley, Crofts, Robbins, & Roberts, 2004).

A visual-discrimination procedure in which a light above a lever predicted reinforcement 

was imposed to assess an extradimensional shift, or a change in the modality of a stimulus 

(e.g., space to visual cue) to predict reinforcement. Asymptotic accuracy (Ym) in the 

extradimensional shift was lower than Ym estimates in the first two reversals in all groups, 

but administration of d-AMP buffered this effect. That is, the d-AMP only and MeHg + d-

AMP groups had significantly greater Ym estimates relative to controls. Adolescent MeHg 

exposure impaired the extradimensional shift by increasing the trials required to complete 

half the transition (X0) and decreasing the speed of the transition (k). Both of these effects 

were due to an increase in errors to criterion following adolescent MeHg exposure relative to 

controls. Though the increase in errors to criterion did not reach statistical significance, the 

MeHg group displayed on average the highest number of errors during the extradimensional 

shift than any other group. Thus, the logistic analysis of the transition was more sensitive in 

revealing MeHg-induced impairment following an extradimensional shift than other 

conventional measures of task performance, such as omissions or errors to criterion. The 

improved sensitivity of the logistic analysis could reflect its ability to integrate the 

contributions of behavior that slowed the transition, such as errors and omissions, and of 

behavior that facilitated the acquisition, such as the appearance of correct responses. 

Administration of d-AMP eliminated the effects of MeHg exposure alone on the 

extradimensional shift, as the MeHg + d-AMP group had similar X0 and k estimates relative 

to controls. This protective effect of d-AMP was confined to the extradimensional shift, 

whereas d-AMP and MeHg exposure acted additively to impair the second reversal.

Past work has demonstrated that gestational MeHg exposure selectively increases 

perseverative errors following a reversal and not an extradimensional shift in rats (Paletz et 

al., 2007). In the present study, the logistic analysis revealed subtle MeHg-induced deficits 

in the absence of enhanced perseverative errors following an extradimensional shift. Paletz 

et al. (2007) did not employ a logistic analysis, which could explain why they did not report 

impaired performance on an extradimensional shift following MeHg exposure in rats. This 

seems unlikely, however, since the performance of the different groups was nearly identical 

in Paletz et al. (2007). Alternatively, adolescent MeHg exposure may produce a different 

pattern of behavioral effects compared to gestational MeHg exposure, perhaps due to 

different vulnerable neurobiological substrates—especially the orbitofrontal and infralimbic 

cortices (Birrell & Brown, 2000; Bissonette et al., 2008; Chudasama & Robbins, 2003; 

Dalley et al., 2004). Adolescent rats require more trials to acquire a reversal and an 

extradimensional shift relative to adults (Newman & McGaughy, 2011), suggesting the 

neurocircuitry that supports these behaviors is still immature. Sex differences in the 

development of DA neurotransmission (Andersen et al., 1997) also may play a role in 

behavioral vulnerability to adolescent MeHg and d-AMP exposure. Comparing reversal and 
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extradimensional-shift performance of male and female mice will be necessary to determine 

whether females display a similar sensitivity to the adolescent exposures we employ in the 

present study. Regardless, the finding that adolescent d-AMP administration did not affect 

trials to half-max or perseverative errors following an extradimensional shift is consistent 

with past work in monkeys (Soto et al., 2012) and rats to an extent (Hankosky et al., 2013).

The present study demonstrated that the behavioral effects of adolescent MeHg exposure can 

be enhanced or eliminated by d-AMP administration depending on the behavioral task. 

MeHg and d-AMP concomitantly impaired reversal learning to a greater extent than 

exposure to either chemical alone. Conversely, d-AMP administration prevented MeHg-

induced deficits on the extradimensional shift. It is well established that MeHg exerts its 

neurotoxicity in part by distorting dopamine (DA) neurotransmission (Newland et al., 2015; 

Tiernan et al., 2015). MeHg inhibits DA uptake via DAT (Dreiem et al., 2009; Faro, do 

Nascimento, Alfonso, & Durán, 2002) and stimulates presynaptic DA efflux in vitro 
(Kalisch & Racz, 1996; Tiernan et al., 2013). Similarly, gestational MeHg exposure 

increases sensitivity of response rates to d-AMP (Rasmussen & Newland, 2001) and cocaine 

(Reed & Newland, 2009) in adult rats. Gestational MeHg exposure seems to alter the 

behavioral effects of DAT-inhibiting drugs selectively, as MeHg-exposed rats had similar 

dose-response curves to unexposed animals for other non-dopaminergic drugs and for 

selective D1 and D2 agonists (Rasmussen & Newland, 2001; Reed & Newland, 2009). In the 

present study, the effects of d-AMP administration on MeHg-induced behavioral impairment 

depended on the procedure—that is, whether a reversal or an extradimensional shift was in 

effect—and may be the result of brain-region-specific neurotoxicity. Performance during a 

reversal and extradimensional shift relies on different regions of the prefrontal cortex (Birrell 

& Brown, 2000; Bissonette et al., 2008; Chudasama & Robbins, 2003; Dalley et al., 2004), 

which may explain the opposing behavioral effects of combined exposure to MeHg and d-

AMP following a reversal and extradimensional shift.

The present study demonstrated that adolescent exposure to MeHg and d-AMP, both alone 

and in combination, affected reversal learning and attentional-set shifting in adulthood. The 

combination of adolescent MeHg + d-AMP exposure impaired the second reversal to a 

greater extent than exposure to either substance alone. Further, d-AMP administration 

reversed MeHg-induced deficits on the extradimensional shift. The present study provides 

support for the notion that adolescence is a developmental period that is susceptible to the 

behavioral effects of psychostimulant and neurotoxicant exposure, whose effects can be 

modified when exposure occurs concomitantly. Determining the extent to which 

psychopharmaceuticals interact with environmental contaminants to exacerbate behavior 

related to psychiatric illness is crucial to future public health.
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Public Significance Statement

This study suggests that the adolescent period is vulnerable to neurobehavioral effects of 

neurotoxic and psychoactive chemicals, specifically, methylmercury and d-amphetamine. 

When administered together, the extent to which methylmercury and d-amphetamine 

impaired behavior in male mice depended on the behavioral task. This study 

demonstrates that adolescent exposure to methylmercury and d-amphetamine can interact 

to change behavior later in life.
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Figure 1. 
Mice were given tap water (control) or water containing 3 ppm methylmercury (MeHg) from 

postnatal day (PND) 21 through 59. Within these groups, mice received acute i.p. injections 

of saline or d-amphetamine (d-AMP; 1.0 mg/kg/day) from PND 28 through 42.
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Figure 2. 
Left panel: Mean (±SD) estimated water consumption (triangles, left axis) and body mass 

(circles, right axis) for mice exposed to MeHg alone and MeHg + d-AMP during 

adolescence. Mean water consumption and body mass for Control are shown also for 

comparison. Right panel: Mean estimated dose of MeHg for mice exposed to MeHg alone 

and MeHg + d-AMP during adolescence. Note all error bars represent one standard 

deviation.
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Figure 3. 
Representative data from four mice for the first reversal (left column), second reversal 

(middle column) and extradimensional shift (right column). Each row of panels presents 

data from an individual mouse in Control (Mouse 101), MeHg (Mouse 309), d-AMP (Mouse 

201), and MeHg + d-AMP (Mouse 410). The best fit of Eq. 1, showing the probability of a 

correct response [p(correct)] as a function of trial, is shown as the solid line with its 

corresponding parameter estimates. Trial-by-trial responses are shown as vertical dashes at 

the bottom of each panel, classified as left and right responses (for the reversals) or light and 
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no-light responses (for the extradimensional shift). Trial 0 indicates when a reversal or 

extradimensional shift was imposed, and data from trials before Trial 0 show performance in 

the last three sessions of the previous experimental phase. The first correct lever (left or 

right) experienced was counterbalanced, but data are presented as if all subjects experienced 

the same lever first. Note the X-axis for Mouse 309 in the extradimensional shift had to be 

expanded to incorporate his entire data set.
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Figure 4. 
Top row: Probability of a correct response [p (correct)] as a function of trial across each 

experimental phase for the four treatment groups. Lines were generated using mean 

parameter estimates from Eq. 1.

Bottom row: Parameter estimates (+SEM) derived from Eq. 1 of trials to half-max (left), 

asymptotic accuracy (middle), and slope of the transition (right) for the first reversal (R1), 

second reversal (R2), and extradimensional shift (EDS). *p < .05 relative to Control
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Figure 5. 
Mean (+SEM) errors (left) and omissions (right) to criterion for mice exposed to MeHg, d-

AMP, MeHg + d-AMP, and controls during adolescence. The original discrimination (OD), 

first reversal (R1), and second reversal (R2) of the spatial discrimination as well as the 

extradimensional shift (EDS) to a visual discrimination are shown. *p < .05 relative to 

Control
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