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Abstract

Converging evidence from studies with animal models and humans suggests that early 

developmental exposure to polychlorinated biphenyls (PCBs) leads to deficits in cognitive 

flexibility and inhibitory control. These processes are mediated to a large extent by the prefrontal 

cortex, thus we examined the effects of PCB exposure during adolescence—a period of robust 

prefrontal cortical development—on both processes. Specifically, we used operant set-shifting and 

differential reinforcement of low rates of responding (DRL) tasks to assess cognitive flexibility 

and response inhibition, respectively. One male and one female pup from each of 14 litters were 

assigned to each of three treatment groups: 0, 3 or 6 mg PCB/kg/day. Rats were dosed orally from 

postnatal day (PND) 27–50 to capture the whole period of adolescence in rats. At approximately 

PND 90, they began testing in the set-shifting task which included an initial visual cue 

discrimination, an extra-dimensional shift to a position discrimination and a reversal of the 

position discrimination. There were no statistically significant group differences in errors to 

criterion on visual cue discrimination or on the shift from visual to position discrimination in 

either males or females. During the position reversal, the 6 mg/kg PCB males made significantly 

fewer errors to reach criterion than control males. The 3 mg/kg PCB males showed a trend in the 

same direction, but this did not reach statistical significance. Interestingly, error analysis revealed 

that PCB-exposed males made significantly fewer perseverative errors than controls in this phase. 

No group differences were observed in females. These results suggest a male-specific effect of 

adolescent PCB-exposure on the reversal phase of the set-shifting task. Following set-shifting, rats 

progressed to the DRL task in which they were required to withhold responding for a specified 
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period of time (15 seconds) in order to receive a reinforcer. There were no exposure-related group 

differences in total presses or efficiency ratio in males or in females. In summary, there were 

subtle sex-specific effects of adolescent PCB exposure on the reversal phase of a set-shifting task, 

but no effects of exposure on performance on a DRL15 task, suggesting an effect on cognitive 

flexibility but not response inhibition.
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1. Introduction

Polychlorinated biphenyls (PCBs) are widespread environmental contaminants formerly 

used as lubricants and dielectric fluids in capacitors and transformers as well as in the 

production of carbonless copy paper, caulking material and fluorescent light ballasts (Ross, 

2004). PCBs are also inadvertently produced as a byproduct of the manufacture of paint 

pigments (Grossman, 2013). In this way, PCBs can contaminate, and have recently been 

detected in, indoor and outdoor air and sediment to which humans can be exposed (Koh et 
al, 2015). Furthermore, older buildings still containing PCBs in caulking and fluorescent 

light ballasts will continue to contribute PCBs to ecosystems as they are remediated or 

demolished (Hornbuckle & Robertson, 2010). Thus, PCBs are likely to remain persistent in 

our environment for the foreseeable future.

PCBs can cross the placenta and are released into breast milk during lactation (Jacobson et 
al, 1984). Because of this, the potential health effects of perinatal exposure to PCBs have 

been the topic of much research over the last four decades. Developmental PCB exposure 

has been associated with impairments of executive function in humans and animals 

(reviewed in Eubig et al, 2010). In particular, deficits in cognitive flexibility have been seen 

in rats and monkeys perinatally exposed to PCBs (reviewed in Sable & Schantz, 2006). 

Response inhibition is also disrupted in rats (Sable et al, 2009), monkeys (Rice & Hayward, 

1997; Rice, 1998) and children (Stewart et al, 2006) developmentally exposed to PCBs.

Although extensive research has been carried out evaluating the effects of perinatal PCB 

exposure on cognitive functioning in humans and animals, very little research has assessed 

the effects of PCB exposure during adolescence. During this period, the frontal lobes are 

undergoing marked plasticity and maturation. Specifically, there is marked synaptic 

remodeling occurring in this region (reviewed in Lenroot et al, 2007; Selemon, 2013). These 

changes likely underlie the cognitive improvements that emerge during or after adolescence 

(Brenhouse & Andersen, 2011). For instance, adult rats perform better than adolescent rats 

on tasks engaging the prefrontal cortex, including tests of response inhibition 

(Andrezejewski et al, 2011) and behavioral set-shifting, a task of cognitive flexibility 

(Newman & McGaughy, 2011). Similarly, studies in humans have shown age-related 

improvements in executive functioning. One study in children aged 9 to 18 years found that 

increasing age from preadolescence (ages 9–12) through early adolescence (ages 13–15) to 

late adolescence (ages 16–19) was significantly associated with better performance on 
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measures of strategy set-shifting and response inhibition (Rosso et al, 2004). Another study 

found that performance on tasks of response inhibition was poor in childhood but steadily 

improved with age, reaching adult levels of performance in mid to late adolescence (Luna et 
al, 2010). Thus, given the previous research indicating that perinatal PCB exposure results in 

deficits in response inhibition and cognitive flexibility (reviewed in Eubig et al, 2010) and 

that these cognitive abilities are further developing during adolescence, it was hypothesized 

that adolescence would be a critical period when PCB exposure could result in deficits in 

these aspects of executive function. To address this question, operant tests of set-shifting and 

response inhibition (differential reinforcement of low rates of responding, DRL) were 

administered to adult rats exposed to an environmentally-relevant PCB mixture throughout 

adolescence.

Most previous PCB studies have used individual PCB congeners or commercial PCB 

mixtures, but these approaches do not accurately represent what is in the environment and 

what human populations are exposed to. In this study, we used an experimental PCB mixture 

formulated to mimic the PCB congener profile found in walleye (a popular sport-caught 

fish) in the Fox River in northeastern Wisconsin (Kostyniak et al, 2005), a body of water 

from which the human cohort we have also studied consumed sport-caught fish (Monaikul et 
al, in preparation). Thus, this study was designed to address not only the paucity of research 

on the effects of adolescent PCB exposure on cognitive functioning in adulthood but also to 

use an environmentally relevant mixture that more accurately models the mixture of PCBs to 

which human populations are exposed.

2. Methods

2.1 Animals

Twenty-one nulliparous female and 21 male Long-Evans rats, approximately 70 days of age, 

were purchased from Harlan (Indianapolis, IN). Animals used in this study were maintained 

in facilities fully accredited by the Association for the Assessment and Accreditation of 

Laboratory Animal Care (AAALAC). Rats were individually housed in standard plastic 

shoebox cages with beta-chip (virgin hardwood) bedding, in a temperature- and humidity-

controlled room (22°C, 40–55% humidity) and were maintained on a 12-hour reverse light-

dark cycle (lights off at 0830 h). Standard rat chow and water were available ad libitum. All 

procedures were approved by the Institutional Animal Care and Use Committee (IACUC) at 

the University of Illinois at Urbana-Champaign and were in accordance with the guidelines 

of the Public Health Service Policy on Humane Care and Use of Laboratory Animals (2015) 

and the Guidelines for the Care and Use of Mammals in Neuroscience and Behavioral 
Research (2003).

2.2 Exposure

Male and female rats were individually paired for breeding for 8 days. Only litters with 7 

pups or greater were kept, and larger litters were culled to 8–10 pups per litter on postnatal 

day (PND) 2. At weaning (PND 21), 3 male and 3 female pups from each litter were 

retained for cognitive testing. One male and 1 female pup from each litter were randomly 

assigned to each of 3 treatment groups: 0, 3 and 6 mg/kg/day PCBs (n=14, n=13, and n=14 
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male-female littermate pairs, respectively). The PCB mixture used in this study was 

formulated to mimic the congener profile found in walleye taken from the Fox River in 

northeast Wisconsin, thereby closely mimicking human PCB exposure from fish 

consumption. The mixture consisted of 35% Aroclor 1242 (Monsanto Lot KB 05-415), 35% 

Aroclor 1248 (AccuStandards Lot F-110), 15% Aroclor 1254 (Monsanto Lot KB 05-612), 

and 15% Aroclor 1260 (AccuStandards Lot 021-020). The mixture was found to have 

relatively low aryl hydrocarbon receptor (AhR) activity, but high ryanodine receptor (RyR) 

activity (Kostyniak et al, 2005). The chemicals were dissolved in corn oil to yield the dosing 

solutions.

At the time this study was designed, few studies existed in the literature regarding adolescent 

PCB exposure, especially not using a mixture comparable to the PCB mixture used here. As 

such, doses were chosen based on previous perinatal studies conducted in our lab using 0, 3 

and 6 mg/kg/day of the Fox River PCB mixture that were shown to affect cognitive and 

behavioral function. These doses used in previous perinatal exposure studies were 

physiologically relevant because offspring born to dams given these doses appear 

phenotypically similar to children born to mothers with moderate to high PCB body burdens 

(Fein et al, 1984; Stewart et al, 2006). In particular, at these doses offspring have been 

shown to weigh less than control pups at birth and at weaning (Kostyniak et al, 2005) and 

have shown deficits in inhibitory control (Sable et al, 2009). Thus, as this study was the first 

to use this mixture in adolescent rats, we chose these dose levels that have had effects on 

cognition and behavior after perinatal exposure as a starting point to explore our hypotheses.

Dosing began at PND 27 and continued daily through PND 50. This age range was chosen 

initially based on reviews by Spear (2000; 2007) that describe age-specific behavioral 

“discontinuities” that are evident between younger and older animals. Overall, however, the 

literature is inconclusive in characterizing a definitive time frame for adolescence; thus, we 

chose a time frame (P27-P50) that captured a broad window of adolescence in both male and 

female rats. Pups were weighed daily through the dosing period, doses were adjusted daily 

to account for weight gain, and the appropriate amount of dosing solution was pipetted 

directly into the mouth of the pup. Beginning on PND 90, rats were weighed daily and 

access to food was restricted to 85% of the rats’ free-feeding weight in order to keep the 

animals motivated to work for food rewards in the operant chambers. Prior to food 

restriction, mean female weight (± SEM) was 226.8 ± 2.1g. On the first day of operant 

testing, mean female weight was 191.1 ± 1.9g. At the end of operant testing, mean female 

weight was 225.5 ± 1.9g. For males, mean weight (± SEM) was 360.8 ± 4.2g prior to food 

restriction. On the first day of operant testing, mean male weight was 319.1 ± 4.5g. At the 

end of operant testing, mean male weight was 328.9 ± 3.4g. Food restriction has been 

routinely used in our lab, and there is no evidence that it confounds PCB-mediated effects.

2.3 Apparatus

Behavioral testing was conducted in 24 automated operant conditioning chambers (Med 

Associates; St. Albans, VT) housed in sound attenuated cubicles, each ventilated by a fan. 

All operant chambers contained a stimulus cue light above each of the two retractable 

response levers, which were located symmetrically on both sides of the pellet trough 
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approximately 5.5 centimeters above the floor. A white-noise generator masked extraneous 

sounds, and a sonalert speaker was used to signal reinforcement. The experimental 

contingencies were programmed using Medstate Notation behavioral programming language 

(Med Associates; St. Albans, VT).

2.4 Procedure

2.4.1 Set-Shifting—Programs described herein for the set-shifting task were modified 

from a procedure initially described by Floresco and colleagues (Floresco et al, 2008; Butts 

et al, 2013).

2.4.1.1 Pretraining: Rats were first trained to lever press using a fixed ratio (FR) 1 schedule 

of reinforcement in which a reward (TestDiet AIN-76A 45 mg pellets; St. Louis, MO) was 

delivered for each single lever press. During this pretraining phase, the house light was 

illuminated, the stimulus lights above the levers were not illuminated and one lever was 

presented and remained extended during the entire session. The rat had to make 50 presses 

in a session in order to progress to the next phase. After the rat successfully completed the 

first phase of FR1, the next phase required the rat to make 50 presses in one session on the 

opposite lever. Once the rat successfully completed this phase, it moved on to retractable 

lever press training for 5 sessions. In this phase, trials began with the illumination of the 

house light and one of the two levers extended. The lever retracted once a response was 

made, and after a 20 second inter-trial interval, one of the two levers extended again. The rat 

had to press the lever within 10 seconds of its insertion; otherwise, the lever retracted and 

the trial was counted as an “omission”. The house light extinguished after a response or an 

omission was made and levers retracted. Rats received 90 such trials in a daily session. 

Immediately following the last session of retractable lever press training (in the same day), 

side bias was determined for each rat. In this short session, each trial began with the 

illumination of the house light, and both levers were inserted into the chamber. Stimulus 

lights above the levers were not illuminated. A press on either of the levers resulted in the 

delivery of a food pellet and both levers retracting. Twenty seconds later, the house light was 

illuminated and both levers were extended again; if the rat chose the same lever as before, 

the levers retracted without dispensing a pellet. This continued until the rat made a press on 

the opposite lever. Thus, the trial did not end until both levers were pressed. The house light 

extinguished after a lever press, regardless of which was pressed. The program continued 

until 7 trials were completed. The rat’s side preference was determined by where the 

majority of first lever choices (left or right lever) were made.

2.4.1.2 Visual Cue Discrimination: After pretraining was completed, rats were trained on 

visual-cue discrimination where illumination of the stimulus light predicted reward. Prior to 

this visual-cue discrimination phase, the stimulus lights had not been illuminated. At the 

beginning of each trial, one of the stimulus lights located above either the right or left lever 

was illuminated, then both levers were extended into the chamber and the house light was 

illuminated. Once the trial began, the rat had 10 seconds to respond on a lever followed by a 

10 second inter-trial interval. A press on the lever below the illuminated cue light resulted in 

the delivery of one reward pellet and retraction of both levers. If a rat failed to respond 

within 10 seconds or responded on the incorrect lever, no reward pellet was delivered and 
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both levers retracted. The house light extinguished once a response (or omission) was made 

and the levers retracted. Each trial was 20 seconds in length (10 second choice period 

followed by a 10 second inter-trial interval), regardless of outcome (i.e., correct, incorrect or 

omission). After each 20 second trial, a new trial was initiated with the levers again extended 

and the house light again illuminated. This continued for 160 trials per session. To proceed 

to the next phase, the rat had to perform at 65% correct or better in one session to ensure that 

rats were performing above chance in this phase before moving to the next testing phase. 

Data were analyzed for number of errors made to reach a criterion of 8 consecutive correct 

responses.

2.4.1.3 Position discrimination (Set-shift): Once rats performed at 65% or better in a 

session of visual-cue discrimination, they began the strategy-shift (set-shift) phase of the 

experiment where they had to disengage from the previously learned visual-cue strategy and 

shift to a new egocentric response strategy that predicted reward. A rat’s ability to shift from 

a previously relevant strategy to a new strategy is an index of its cognitive flexibility. The 

position discrimination strategy required the rat to press the lever opposite its side bias in 

order to obtain reward. The lit cue light no longer predicted reward and became an irrelevant 

dimension. To evaluate how well the rat remembered what it had learned previously, in the 

first 20 trials of this session rats continued to be reinforced for pressing the lever associated 

with the lit cue light. Beginning with the 21st trial, the lever opposite the rat’s side bias was 

reinforced, forcing the animal to shift to a new strategy in order to obtain a food reinforcer. 

After a response was made, the levers retracted. As in the visual cue discrimination phase, 

the house light illuminated when the levers extended at the beginning of each trial and 

extinguished when a response (or omission) was made and the levers retracted. Like the 

previous phase, each trial was 20 seconds in length (10 second choice period followed by 10 

second inter-trial interval) regardless of outcome. After a 20 second trial, the levers extended 

again. This continued for 160 trials per session. Like the visual cue discrimination phase, to 

ensure performance above chance, sessions continued until the rat performed at 65% correct 

or better in a session. Data were analyzed for number of errors made to reach a criterion of 8 

consecutive correct responses.

2.4.1.4 Reversal Learning: After they reached the 65% criterion in a session of position 

discrimination, rats moved on to the position reversal. In this phase, rats were required to 

respond on the lever opposite that rewarded during the initial position discrimination in 

order to earn a reinforcer. As in the position discrimination phase, the stimulus lights 

continued to illuminate individually above the levers in each trial but were an irrelevant cue. 

After a response was made, the levers retracted. Like in the previous phases, each trial was 

20 seconds in length (10 second choice period followed by 10 second inter-trial interval) 

regardless of outcome. After a 20 second trial, the levers extended again. This continued for 

160 trials. Reversal learning was tested in only one session, and data were analyzed for 

number of errors made to reach a criterion of 8 consecutive correct responses.

2.4.1.5 Error Analysis: We used an error analysis modified from the operant set-shifting 

paradigm in Floresco et al (2008) and Butts et al (2013). Errors committed during the 

position discrimination (i.e., the set-shift) phase were divided into three error subtypes: 

Monaikul et al. Page 6

Neurotoxicol Teratol. Author manuscript; available in PMC 2018 September 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



perseverative, regressive, and never-reinforced errors. During the position discrimination, a 

perseverative error was scored when a rat responded incorrectly by pressing the lever with 

the stimulus light illuminated above it, i.e., the rat was using the strategy that was correct in 

the previous visual cue discrimination when it should have been using position cues. Error 

data were analyzed in blocks of 16 trials; 8 out of these 16 trials had the old rule (press the 

lever below the light) and new rule (press a lever in one position) in conflict. Once a rat was 

using the original strategy less than 75% of the time in a block (i.e., rats made 4 or fewer 

perseverative-type errors in a block of 16 trials), all subsequent errors of this type were 

scored as regressive errors. Never-reinforced errors occurred during position discrimination 

when the cue light, though an irrelevant cue in this phase, happened to be lit above the 

correct lever position, but the rat pressed the opposite, incorrect lever. Hence, the rat made a 

response on a lever that would not have yielded a reward during either the visual cue 

discrimination or the position discrimination phases. Errors committed during the position 

reversal phase were divided into two error subtypes: perseverative errors and regressive 
errors. In the reversal phase, a perseverative error was scored during the early parts of the 

phase when the rat erroneously pressed the lever that was correct during the previous 

position discrimination phase. Regressive errors were scored when rats made 4 or fewer 

perseverative errors within a block of 16 trials in the reversal phase. Perseverative errors can 

be used as a measure of a rat’s ability to transition from the previously learned strategy. 

Regressive errors may be used as an index of a rat’s ability to maintain a new strategy after 

perseveration has ceased.

2.4.2 Differential Reinforcement of Low Rates of Responding (DRL)

2.4.2.1 DRL Training: After rats completed set-shifting and reversal learning testing, they 

were tested on a DRL schedule. During DRL testing, only the right lever was used, and it 

remained extended during the entire test session. During the first phase, a 1-second inter-

response time (IRT) (DRL1) was required in order to obtain a reinforcer. The first training 

phase lasted for 2 sessions regardless of performance. During the second and third phases, 

the IRT required for reinforcement was increased to 5 seconds (DRL5) for 2 sessions and 

then 10 seconds (DRL10) for 2 sessions. During each training phase, animals were rewarded 

for the first lever press occurring after the specified time interval had elapsed. Responses 

occurring before the required IRT had elapsed reset the timer, requiring the animal to wait 

another full interval before a response would result in reinforcement. All training sessions 

terminated after 200 reinforcers were delivered or 90 minutes had elapsed, whichever 

occurred first.

2.4.2.2 DRL Testing: Following DRL training, rats were given 30 daily sessions that 

required a 15-second IRT in order to obtain a reinforcer (DRL15). Similar to the training 

phases, the first response after 15 seconds elapsed resulted in a reinforcer. Responses made 

before the 15 seconds elapsed reset the timer and delayed reinforcement. Daily sessions 

terminated after 200 reinforcers were delivered or 90 min had elapsed, whichever occurred 

first. After 30 sessions on DRL15, the rats moved on to DRL extinction for 3 days in which 

they were no longer reinforced for lever presses. Each extinction session terminated after 90 

minutes.
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2.5 Statistical Analyses

2.5.1 General Statistical Method—Data are reported as the mean ± SEM. All statistical 

analyses were conducted using SPSS for MS Windows (version 22.0, SPSS Inc.; Chicago, 

IL) with statistical significance set at p<0.05. If sphericity assumptions were violated, a 

Greenhouse-Geisser correction was used to reduce the risk of a Type 1 error (Rogan et al, 
1979). Analyses requiring this correction are reported using the appropriately adjusted 

degrees of freedom rounded to the nearest integer. Because of previously reported sex 

differences in PCB-related effects on a set-shifting task (Widholm et al, 2001), male and 

female data were analyzed separately for the cognitive tasks in this study. In the interest of 

brevity, only significant exposure-related main effects and interactions are reported. 

Additional post-hoc analyses (Tukey’s honestly significant difference, HSD, test) were 

conducted as appropriate to determine the nature of significant effects that were detected via 

the initial omnibus analyses.

2.5.2 Set-Shifting Analysis—Group differences in response latencies, number of 

omissions, number of errors to reach criterion in each phase, and in the number of errors in 

the first 20 trials of position discrimination were determined using a one-way ANOVA with 

exposure (0, 3 or 6 mg/kg) as a between-subjects variable. For the position discrimination 

phase, group differences in perseverative, regressive and never-reinforced errors were 

analyzed using one-way ANOVAs with exposure (0, 3 or 6 mg/kg) as a between-subjects 

variable. For the reversal phase, group differences in perseverative and regressive errors were 

analyzed using one-way ANOVAs with exposure as a between-subjects variable.

2.5.3 DRL Analysis—Group differences in total number of lever presses and ratio of 

reinforced:non-reinforced responses from DRL1, DRL5 and DRL10 were analyzed in 3 

separate ANOVAs using 3 (exposure) x 2 (day) mixed ANOVAs with testing day as a 

repeated-measures factor. For DRL15, data were averaged across five-day blocks to yield 6 

testing blocks. The primary measures assessed were total presses and the ratio of 

reinforced:non-reinforced responses (efficiency ratio). These dependent measures were 

analyzed separately using a 3 (exposure) x 6 (block) mixed ANOVA with testing block as a 

repeated-measures factor. Each response made during DRL15 was also categorized into one 

of eight 2.5 second inter-response time (IRT) bins. The proportion of responses falling 

within each IRT bin was calculated and averaged across the 5 days in the first testing block 

(acquisition) and sixth testing block (steady state). Each of these was analyzed separately 

using a 3 (exposure) x 8 (bin) mixed ANOVA with IRT bin as a repeated-measures factor.

3. Results

3.1 Set-Shifting

Two rats did not complete or did not meet criteria on the set-shifting task and their data 

dropped from analyses. In the FR1 pretraining phase, rats took on average 3 to 4 sessions to 

complete this single lever-press training. The next pretraining phase, retractable lever-press 

training on both levers, took rats 5 sessions on average to complete. For each test phase 

(visual cue discrimination, position discrimination, position reversal), rats took 1 session on 
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average to complete each phase with no apparent diminution in performance across each 160 

trial session.

3.1.1. Omissions and Response Latencies—Mean trial omissions across all phases 

of the set-shifting task are presented in Table 1. During visual cue discrimination, the 

omission rates were very low, yet there was a significant effect of exposure on trial 

omissions in males [F(2, 38)=4.630, p=0.016]. Post-hoc analysis (Tukey’s HSD) revealed 

that males of the 6 mg/kg group had significantly more omissions than males of the 0 mg/kg 

(p=0.027) and 3 mg/kg (p=0.036) groups. There were no significant differences in omissions 

across exposures in males in the position discrimination or position reversal phases (all 

Fs<0.96, n.s.). There were also no significant differences in trial omissions across exposures 

in females in any of the phases of the set-shifting task (all Fs<1.36, n.s.) with all females 

making very few to no omissions.

In males, there was a significant main effect of exposure on lever press latency in the visual 

cue discrimination phase only [F(2, 38)=3.43, p=0.043] with males of the 6 mg/kg group 

appearing to take longer to initiate a response, though post-hoc analysis (Tukey’s HSD) 

revealed no significant difference between exposure groups. Average lever press latency in 

the visual cue discrimination phase of the set-shifting task is represented in Figure 1. There 

were no significant differences across exposures for lever-press latency in females (all 

Fs<0.45, n.s. data not shown) suggesting that females had similar response times in each 

phase

3.1.2 Visual Cue Discrimination—Mean errors to criterion for visual cue discrimination 

are represented in Figure 2A. There were no significant differences across exposures for 

errors to criterion in either males or females (all Fs<2.48, n.s.), although males in the 6 

mg/kg PCB exposure group did appear to make more errors to reach criterion than the other 

two groups.

3.1.3 Shift to Position Discrimination—There were no significant main effects of 

exposure in number of errors in males or females in the first 20 trials of this phase with all 

exposure groups performing similarly (all Fs<2.17, n.s.; data not shown). Mean errors to 

criterion in the position discrimination (set-shift) phase are presented in Figure 2B. There 

were no significant main effects of exposure in males or females in this phase with all 

exposure groups making a similar number of errors to reach criterion (all Fs<1.85, n.s.).

3.1.4 Response Reversal—Mean errors to criterion for the response reversal phase are 

presented in Figure 2C. A significant effect of exposure was found in males [F(2, 38) = 4.76; 

p=0.014]. Post-hoc analysis (Tukey’s HSD) revealed that males of the 6 mg/kg group made 

significantly fewer errors to reach criterion than males in the control group (p=0.017). A 

similar pattern of performance was seen with males of the 3 mg/kg group making fewer 

errors to reach criterion than males of the 0 mg/kg group, but this did not reach statistical 

significance (p=0.062). Males of the 3 mg/kg group and the 6 mg/kg group did not differ 

significantly from one another. In contrast, no significant differences in performance were 

observed across exposures in females with females of all groups making a similar number of 

errors to reach criterion (F<0.55, n.s.).
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3.1.5 Error Analysis—Analysis of error subtypes during the position discrimination phase 

is depicted in Figure 3. There was no significant main effect of exposure in males or in 

females on number of perseverative errors, regressive errors or never-reinforced errors (all 

Fs<2.654, n.s) in this phase. Analysis of error subtypes during the position reversal phase is 

depicted in Figure 4. In this phase, the effects of the treatment in males appeared to be 

driven by a reduction in the number of perseverative errors [F(2, 38)=5.040, p=0.011], with 

post-hoc analysis (Tukey HSD) revealing that males of the 3 and 6 mg/kg group made 

significantly fewer perseverative errors than controls (ps=0.038 and 0.017, respectively; 

Figure 4A). On the other hand, there were no differences between exposure groups in the 

number of perseverative errors made during the reversal phase in female rats, nor any 

differences in number of regressive errors in either males or females (all Fs<2.546, n.s.; 

Figures 4A and 4B, respectively)

3.2 DRL

3.2.1 Training Sessions—For the first training phase, DRL1 (data not shown), there 

were no significant main effects of exposure or session on total presses or efficiency ratio in 

males or in females, nor were there significant session by exposure interactions in males or 

females (all Fs<3.393, n.s.). This indicates that performance did not improve across the two 

sessions, and that there were no exposure-related differences in performance across sessions.

For both total presses and efficiency ratio in DRL5 (data not shown), there were no 

significant main effects of exposure (all Fs<0.888, n.s.), but there were significant main 

effects of session for both measures in males and in females (all Fs ≥ 12.230, all p<0.001) 

with performance improving across sessions. There were no significant session by exposure 

interactions in males or females (all Fs<1.195, n.s.) suggesting that there were no exposure-

related differences in performance across DRL5 sessions.

Total presses in DRL10 for males and females are presented in Figure 5 (5A and 5B, 

respectively). There was no significant main effect of session or exposure in males (all 

Fs<3.859, n.s.), but there was a significant session x exposure interaction [F(2, 38) = 4.095; 

p=0.025]. Post-hoc analysis (Tukey’s HSD) revealed a significant difference in total presses 

between sessions in males of the 3 mg/kg group (p=0.021). This effect resulted from the fact 

that the decline in total presses in the 3 mg/kg males between these 2 sessions was steeper 

than in the other two groups. More specifically, males of the 3 mg/kg group lever pressed 

more in the first session but were similar to other groups by the second session. The 0 mg/kg 

and 6 mg/kg males showed no significant difference in total presses across sessions. Females 

showed a similar pattern of results for total presses in DRL10. There was no significant main 

effect of session or exposure in females, but there was a significant session x exposure 

interaction [F(2, 38) = 5.264; p=0.010]. However, unlike in the males, post-hoc analysis 

showed no significant differences within groups across sessions.

Efficiency ratios for males and females are presented in Figure 5 (5C and 5D, respectively). 

There was no significant main effect of session or exposure in males, and there was no 

significant session x exposure interaction. Thus, males of all groups were performing with a 

similar pattern of efficiency across sessions. In females, there was no significant main effect 

of exposure, but, as with total presses, there was a significant session x exposure interaction 
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[F(2, 38) = 3.801; p=0.032]. However, post-hoc analysis showed no significant differences 

within groups across sessions.

3.2.2 DRL15 Testing—Despite subtle differences during the DRL10 training phase, there 

were no significant exposure related effects or block x exposure interactions on either total 

presses or efficiency ratio (reinforced:non-reinforced presses) in males or females during the 

5-session blocks of DRL15 testing (data not shown). All groups improved their performance 

across blocks of testing as indicated by decreases in total presses [F(2, 85) = 32.666, 

p<0.0001 in males; F(2, 78) =33.065, p<0.0001 in females] and increases in efficiency ratios 

[F(3, 117) = 62.636, p<0.0001 in males; [F(3, 116) = 41.938, p<0.0001 in females].

Responses were also analyzed in 2.5 second IRT bins across the 15 second period at the 

beginning of training (first block of sessions) and at the end of training (last block of 

sessions). There were no significant differences between groups at either time point. All 

groups shifted their pattern of responding to make fewer responses in the earlier IRT bins 

and more responses in the later bins, another indication that they learned the contingencies 

of the task.

3.2.3 DRL Extinction—There was no significant main effect of exposure and no exposure 

by session interaction for males or females (all Fs<1.743, n.s.). All groups decreased their 

responding across sessions at equivalent rates.

4. Discussion

In this study, we assessed cognitive flexibility and response inhibition in adult male and 

female rats exposed to PCBs during adolescence. In the set-shifting task, we saw a sex-

specific effect of PCBs. Males, but not females, exposed to PCBs during adolescence made 

more omissions and had longer latencies to respond on the initial visual cue discrimination, 

but later made fewer errors on the reversal of a position discrimination. While there were 

subtle differences during the training phase of the DRL task, there were no effects of PCB 

exposure during adolescence on the actual DRL15 task.

4.1 Set-Shifting

The results on the set-shifting task were not exactly as hypothesized, but the data did reveal 

interesting PCB-related effects on performance in exposed males. Males of the 6 mg/kg 

group showed a marked increase in errors in the visual cue discrimination phase, though this 

effect was highly variable and thus did not reach statistical significance. This difference in 

performance may have been related to the longer response latencies and greater number of 

omissions observed in males of this group. Taken together, these findings suggest a 

disruption in performance in the 6 mg/kg males in learning the initial visual cue 

discrimination.

Adolescent PCB exposure did not impair learning of the set-shift (position discrimination), 

contrary to our hypothesis, and the PCB-exposed males in both dose groups actually seemed 

to acquire the position reversal more readily than controls. This apparent facilitation of 

reversal learning may have been due to PCB-exposed males making significantly fewer 
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perseverative errors than the control males, suggesting perhaps that the PCB-exposed males 

may have not formed a response bias to the previously learned strategy, thus allowing these 

animals to acquire the position reversal more easily. Although these results were contrary to 

our hypothesis, they do suggest that adolescent PCB exposure may be disrupting the 

cognitive processes involved in reversal learning. Interestingly, a study performed by Thai 

and colleagues (2013) found a similar pattern of performance on the same operant set-

shifting task in rats exposed to acute stress. In that study there were no significant 

differences in performance due to stress on the visual cue discrimination or the position 

discrimination. In the position reversal phase, however, stressed rats took fewer trials to 

reach criterion than controls and made fewer perseverative errors than controls. Thus, as was 

seen in our study, acute stress seemed to facilitate performance on reversal learning. The 

authors conjectured that acute stress may have biased the rats toward a strategy other than 

the spatial strategy that should have been acquired in the position discrimination phase.

Our approach to compensating for lever bias in the set-shifting task may also have 

contributed to the seemingly improved performance of the PCB-exposed males on the 

reversal phase. In our task, prior to the testing phases, all rats received a session in which 

side bias was determined. We then chose the lever opposite to each rat’s side bias as the 

lever that would be reinforced in the position discrimination (set-shift) phase. In the position 

reversal phase that followed the set-shift, the correct lever was the lever opposite to the lever 

reinforced in the previous phase, and was the lever for which the rat demonstrated a side 

bias. Learning the position discrimination and the reversal would normally engage spatial 

response learning (i.e., learning that the lever located in one position in the operant box was 

associated with the reward), but because the reversal phase involved pressing on an already 

favored-lever, it is possible that PCB-exposed rats may have reverted to an unextinguished 

habit over learning a new strategy. These results may indicate the possibility that learning of 

the position discrimination during the set shift was less stable in adolescent PCB-exposed 

rats relative to controls, and these PCB-exposed rats were thus able to more quickly revert to 

habit (i.e., their lever bias) to perform the reversal in fewer trials than the controls.

Because the operant set-shifting task, as many other operant tasks, can be adapted in 

different ways for individual studies, there are certain aspects of each iteration of the task to 

consider. For instance, the order of the test sessions may affect performance on the set-

shifting task. In our study, after pre-training, during which the rats learned to respond to a 

single lever at a time, the first phase was visual cue discrimination in which both levers were 

presented at the same time, and rats were introduced to the illuminated cue light for the first 

time. This was followed by position discrimination in the next phase (both levers presented 

but cue lights become irrelevant). However, the opposite shift could have also been tested 

instead such that animals perform the position discrimination first followed by the visual cue 

discrimination. A study done by Floresco et al (2008) compared performance and phase 

order of visual cue discrimination and position discrimination and found that control rats 

took a greater number of trials (~80) to shift from visual cue to the position strategy than the 

opposite shift (position strategy to visual cue, ~40 trials). Thus, we chose to run all animals 

on the visual cue-to-position shift as it would be more likely than the opposite shift to pull 

out subtle differences in performance in our rats. Another aspect of our set-shifting task that 

could affect performance is the criteria used to proceed from one session to the next. Rats 
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had to perform at 65% correct or better across a 160 trial session, and data were analyzed for 

trials to reach a criterion of 8 consecutive correct in a session. We performed a pilot study 

with this task which revealed that individual differences in trials to criterion between rats 

became much more pronounced as the criterion became more rigorous. We ultimately chose 

to try to strike a balance between making the criteria rigorous enough to be able to detect a 

difference between groups and reducing the interindividual differences within groups, as 

interindividual differences could obscure differences between groups. All in all, though there 

are several ways to customize this operant task, the adaptations made for the present study 

were chosen to optimize the detection of even subtle differences between groups.

A sex difference in performance on operant set-shifting has been reported previously in a 

study assessing the effect of gestational exposure to a viral mimetic on cognition in young 

adulthood (Zhang et al, 2012). In this study, performance on the task was disrupted in treated 

males and not females, though the authors reported that females did have longer response 

latencies than males on average throughout the task. Similarly, in our study, PCB exposure 

disrupted performance on the operant set-shifting task in males and not females. 

Furthermore, the sex-specific effect of PCB exposure is not unexpected as PCBs are known 

endocrine disruptors (Crinnion, 2011). Some animal studies have reported sex-specific 

effects in rats exposed to PCBs. For instance, a previous study done in our lab found deficits 

on DRL15 performance in response to amphetamine following perinatal PCB exposure, and 

this effect seemed to be driven by poorer performance in males (Sable et al, 2009). The 

authors hypothesized that this sex difference may be due to PCB-induced reductions in 

aromatase activity (Hany et al, 1999), an enzyme responsible for the conversion of 

testosterone to estradiol, which may influence proper sexual differentiation of the brain as 

well as the proper development of the dopaminergic system in the prefrontal cortex of the 

developing male rat (Stewart & Rajabi, 1994). Taken together, if these PCB-induced changes 

occurred in our animals, they may have contributed to sex-specific differences in 

performance seen in our study, but this warrants further investigation in future studies.

4.2 DRL

In the DRL task, we saw no significant effect of PCB exposure on performance on DRL15, 

contrary to our hypothesis. These DRL findings are inconsistent with what has been found 

with early postnatal PCB exposure in monkeys. Although the monkey studies reported 

deficits on DRL performance associated with PCB exposure (Rice 1998; Rice 1999), these 

studies used a PCB mixture with a different congener profile than the Fox River PCB 

mixture used here. The monkeys were also exposed in the early postnatal period and not as 

adolescents. Furthermore, these studies used a DRL30 in which monkeys had to withhold 

responses for 30 seconds in order to earn a reinforcer. It is possible that deficits in DRL 

performance would emerge in the PCB-exposed rats in our study if they were required to 

withhold responding for a longer period of time. Alternatively, our findings may be an 

indication that adolescence is not a sensitive period for the effects of PCB exposure on DRL 

performance.

The lack of an effect of exposure on DRL15 was not completely unexpected, however, 

because PCB-related deficits in performance have been somewhat inconsistent across 
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studies. In one study using DRL15, rats exposed perinatally to the Fox River PCB mixture 

showed a lower ratio of reinforced to non-reinforced responses suggesting an impairment on 

this task (Sable et al, 2009). However, an earlier study found no significant effect of 

perinatal PCB treatment on DRL15 performance, although PCB-exposed rats did not 

extinguish lever pressing as readily as controls when tested on an extinction phase (Sable et 
al, 2006). These studies used the same PCB mixture and doses; however, an important 

difference between these two studies was that the rats that showed a deficit in performance 

were only tested on the DRL task (Sable et al, 2009), whereas in the study that did not see an 

effect of exposure rats were tested on a different operant task prior to DRL testing (Sable et 
al, 2006). Thus, it is possible that a transfer of experience occurred such that rats exposed to 

another operant task prior to DRL testing tended to perform the task more efficiently than 

rats for which the DRL task was their first exposure to operant training. In the current study, 

our rats were tested on another operant task (set-shifting) prior to DRL testing, and this prior 

experience could have moderated PCB-related effects on the DRL task.

4.3 Conclusions

We report a sex-specific effect of PCB exposure on an operant set-shifting task where 

exposed males showed better performance on reversal learning compared to controls, but we 

saw no effect of exposure on a DRL task of response inhibition. Our data suggest that there 

were some differences in cognition associated with adolescent PCB exposure. In the future, 

it would be useful to explore PCB-related effects on other executive functions mediated by 

the PFC, such as working memory, given that research has suggested PCB-related deficits 

exist on tasks of working memory in both humans and animals exposed perinatally 

(reviewed in Eubig et al, 2010). Adolescence is a period of multidimensional growth and 

maturation. As individuals are exploring their environments more independently, 

innumerable environmental influences are shaping brain, cognition, and behavior, thus 

making research on the effects of neurotoxicants such as PCBs and other environmental 

factors a valuable contribution to our understanding of this critical period of development.
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Highlights

• Potential effects of adolescent exposure to an environmentally relevant PCB 

mixture on cognitive function in adulthood were tested; the executive 

functions tested (i.e., cognitive flexibility and response inhibition) are among 

those thought to be maturing during adolescence.

• There was a subtle sex-specific effects of adolescent PCB exposure on the 

reversal phase of the operant set-shifting task.

• There we no effects of exposure on performance on the DRL15 task.

• Our results suggest an effect of adolescent PCB-exposure on cognitive 

flexibility but not response inhibition in adulthood.
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Figure 1. 
Effects of PCB exposure on average lever press latency of males and females during the 

visual cue discrimination phase of the set-shifting task. In this phase, there was a significant 

difference (p=0.043) in lever press latency across exposure groups in males, but not females, 

with males of the 6 mg/kg group appearing to take longer to initiate a response. Results are 

reported as mean ± SEM for all measures.
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Figure 2. 
Effects of PCB exposure on errors to criterion (8 consecutive correct responses) during the 

set-shifting task. During visual cue discrimination, there were no significant differences in 

performance across exposure groups in males or in females (Panel A). In the set-shift to 

position discrimination, there were no significant differences in performance across 

exposure groups in males or in females (Panel B). During the position reversal phase, males 

of the 6 mg/kg group made fewer errors before reaching criterion than males of the 0 mg/kg 

group (p=0.017). No significant difference in performance was observed across groups in 

females (Panel C). Results are reported as mean ± SEM for all measures. [“*” denotes a 

significant p-value of p<0.05]
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Figure 3. 
Effects of PCB exposure on types of errors made during the position discrimination phase of 

the set-shifting task. In this phase, there was no significant effect of exposure in males or in 

females on number of perseverative errors (Panel A), regressive errors (Panel B) or never-
reinforced errors (Panel C). Results are reported as mean ± SEM for all measures.
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Figure 4. 
Effects of PCB exposure on types of errors made during the reversal phase of the set-shifting 

task. In this phase, there was a significant effect of exposure in males, but not in females, on 

number of perseverative errors (p=0.011) with males of the 3 mg/kg and 6 mg/kg groups 

making fewer perseverative errors than males of the 0 mg/kg group (Panel A). There was no 

significant effect of exposure in males or in females on number of regressive errors (Panel 

B). Results are reported as mean ± SEM for all measures. [“*” denotes a significant p-value 

of p<0.05]
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Figure 5. 
Effects of PCB exposure on DRL10 total presses and efficiency ratio. For total presses, there 

was no significant main effect of exposure in males (Panel A), but there was a significant 

session x exposure interaction (p=0.025). Post-hoc analysis revealed a significant difference 

in total presses between sessions in males of the 3 mg/kg group (p=0.021) only. Females 

showed a similar pattern of results for total presses in DRL 10 (Panel B). There was no 

significant main effect of exposure in females. There was a significant session x exposure 

interaction (p=0.010), but the post-hoc analyses were not significant. For efficiency ratio, 

there was no significant main effect of exposure or a significant session x exposure 

interaction in males (Panel C). In females, there was no significant main effect of exposure. 

There was a significant session x exposure interaction (p=0.032) (Panel D), but the post-hoc 

analyses were not significant. Results are reported as mean ± SEM for all measures.
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Table 1

Average trial omissions in set-shifting task

Visual Cue Discrimination Position Discrimination Position Reversal

Males

0 mg/kg/day 0.143±0.097 0.143±0.143 0.071±0.071

3 mg/kg/day 0.167±0.103 0.083±0.077 0.000±0.000

6 mg/kg/day *1.083±0.399 0.167±0.142 0.000±0.000

Females

0 mg/kg/day 0.429±0.291 0.214±0.114 0.071±0.071

3 mg/kg/day 0.333±0.142 0.250±0.179 0.417±0.229

6 mg/kg/day 0.000±0.000 0.000±0.000 0.538±0.291

Effects of PCB exposure on trial omissions in the set-shifting task. There was a significant difference in omissions in males during visual cue 
discrimination (p=0.016) with males of the 6 mg/kg group having significantly more omissions than males of the 0 mg/kg (p=0.027) and 3 mg/kg 
(p=0.036) groups. Females did not differ significantly in trial omissions across any of the phases of the set-shifting task. Results are reported as 
mean ± SEM for all measures.

“*” denotes statistical significance (p<0.05)
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