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Abstract 

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

developmental exposure to polychlorinated biphenyls (PCBs), a class of persistent organic 

pollutants, leads to deficits in cognitive functions such as cognitive flexibility and inhibitory 

control. These cognitive processes are mediated to a large extent by the prefrontal cortex (PFC). 

The dopamine (DA) system is a neurochemical system thought to play a critical role in 

modulating these cognitive functions, and the cognitive deficits seen with early PCB exposure 

may be mediated by DA dysfunction. Previous PCB studies have focused on the perinatal period 

as a critical period of exposure, and little or no research has examined the effects of exposure 

during another critical period of brain development – adolescence. During this period, the PFC 

and DA innervation of the PFC are undergoing marked maturation. Thus, executive functions 

mediated by the PFC, including cognitive flexibility and response inhibition, may be especially 

sensitive to disruption during adolescence. The goal of this research was to investigate the effects 

of adolescent PCB exposure on cognitive flexibility and response inhibition using parallel human 

and animal studies.  

In the animal study, the goal was to examine the long-term effects of adolescent PCB 

exposure on cognitive flexibility, using an operant set-shifting task, and response inhibition, 

using a differential reinforcement of low rates of responding (DRL) task. An additional goal was 

to determine whether exposure during this period would lead to long-lasting changes in 

dopamine transporter (DAT) expression that could underlie changes in cognitive performance 

that were observed. One male and one female pup from each of 14 litters were assigned to each 

of three treatment groups, 0, 3 or 6 mg/kg/day PCBs. Rats were orally dosed daily from postnatal 

day (PND) 27-50 to capture the whole period of adolescence in rats, and cognitive testing began 

at PND 90. In the set-shifting task, we saw a sex-specific effect of PCBs on the reversal phase 
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with PCB-exposed males performing better in this phase, possibly due to these rats employing a 

simpler, more “habit-based” response strategy rather than learning the actual response reversal 

relevant to the task. In the DRL task, we found no effect of PCB-exposure. The PCB-related 

effects in performance on these two cognitive tasks were not as robust as hypothesized, and, 

perhaps not-surprisingly then, there were no significant differences in DAT expression in the 

orbital frontal cortex - which is important for reversal learning - or the striatum.  

To explore effects of PCB exposure in human adolescents, data were collected from 115 

12-18 year old children of sport anglers in Green Bay, Wisconsin, where this population is 

exposed to PCBs through consumption of fish from contaminated waters. PCB concentrations 

were measured in the childrens’ serum and assessed in relation to performance on computerized 

tasks of cognitive flexibility, using the CANTAB Intradimensional/Extradimensional (ID/ED) 

set-shifting task, and response inhibition, using the Integrated Visual and Auditory (IVA) 

Continuous Performance Task. Behaviors associated with ADHD were assessed using the 

Conner-Wells’ Behavior Rating Scale Parent Report. PCB exposure was not associated with 

scores on the Conners’ scales, but higher PCB exposure was associated with more total trials to 

complete the ID/ED test in males. Higher PCB exposure, however, was not associated with a 

difference in performance on the response inhibition measure in boys or in girls. In summary, the 

results of these studies suggest there are subtle sex-specific disruptions in cognitive flexibility 

associated with PCB exposure during adolescence in both male rats and humans. 
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Chapter 1: Background and Significance 

 

Polychlorinated Biphenyls (PCBs) 

One recurring problem in our world is the issue of enduring human health consequences 

of chemical use in industry and consumer products. Polychlorinated biphenyls (PCBs) are one 

such chemical once used as a dielectric fluid in capacitors and transformers as well as in 

carbonless copy paper, fluorescent light ballasts and caulking material (Ross, 2004). PCBs were 

banned from production in the 1970s and yet are still persistent in our environment over 4 

decades later. Their lipophilicity, chemical stability and relatively long half-lives allow PCBs to 

biomagnify, and humans are exposed largely through consumption of contaminated fish and 

seafood (Crinnion, 2011). PCBs are also unintentionally produced as byproducts during pigment 

manufacture and are present in commercially available paint and dyed paper and plastics 

(Grossman, 2013). Furthermore, PCBs may be continuously re-introduced into the environment 

as edifices contaminated with PCB-containing building materials, such as caulking and 

fluorescent light ballasts, are being demolished (Hornbuckle & Robertson, 2010). It is not 

surprising then that despite the fact that their industrial use was discontinued in the 1970s, PCBs 

are still detectable in human serum (Sjodin et al, 2014). Furthermore, human populations that 

consume fish from contaminated waters such as the Great Lakes continue to show elevated PCB 

concentrations in blood relative to other populations (McGraw & Waller, 2009; Turyk et al, 

2006; reviewed in Turyk et al, 2012).  

The toxicity of PCBs became very well known when populations of individuals in Japan 

and Taiwan became overtly ill from consumption of rice oil that was contaminated with high 

levels of PCBs and polychlorinated dibenzofurans (Ross, 2004; Crinnion, 2011).  However, 
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because these high level chemical exposures rarely occur, public health concern has shifted to 

the effect of low-level dietary exposures to this ubiquitous environmental contaminant.  

The PCB molecule consists of two phenyl rings around which 1-10 chlorines can be 

substituted. Depending on the number and position of the chlorines around the phenyl rings, 

there can be 209 different PCB congeners with varying toxicities (Crinnion, 2011). PCB 

congeners can take on coplanar or non-coplanar configurations. Coplanar PCBs have two 

chlorines in the para-position, two or more chlorines in the meta-position and no chlorines in the 

ortho-position. Coplanar PCBs can activate the aryl-hydrocarbon receptor thereby exerting 

dioxin-like effects. Non-coplanar PCBs have one or more chlorines in the ortho-position, thus 

cannot assume a planar configuration. Because of this, non-coplanar PCBs have little or no 

affinity for the aryl hydrocarbon receptor. Non-coplanar PCBs can bind to the ryanodine 

receptor, a class of intracellular calcium channels found in muscle and brain tissue (Crinnion, 

2011).  

Individual PCB congeners are not found alone in the environment. In industrial use, 

PCBs were produced as commercial mixtures, known as Aroclors. These commercial 

formulations also do not represent the composition of environmental exposure sources due to the 

fact that many Aroclors were released into the environment concurrently, and that some PCB 

congeners break down more quickly in the environment than do others. Thus, although most 

studies focus on individual PCB congeners or specific Aroclor mixtures, it is most relevant to 

human health to study PCB toxicity in relation to actual environmental mixtures to which 

humans are exposed.  

PCBs have been associated with adverse immune, endocrine, neurologic and reproductive 

effects in humans and laboratory animals (Ross, 2004; Crinnion, 2011). PCBs can affect the 
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developing infant through placental or lactational transfer, and pregnant women may have a pre-

existing body burden as well as current exposure through fish consumption (Jacobson et al, 

1984). Not surprisingly, there is now a wealth of literature suggesting that the perinatal period is 

a critical period for PCB exposure and documenting adverse effects of early exposure to PCBs, 

including effects on birth weight (Ross et al, 2004) and cognition (Eubig et al, 2010). In 

particular, early PCB exposure has been associated with deficits in executive functions including 

working memory, cognitive flexibility and response inhibition (reviewed by Eubig et al., 2010; 

Sable et al., 2006), and these executive functions are aspects of cognition thought to be mediated 

largely by the prefrontal cortex (reviewed in Dalley et al, 2004). 

The Role of the PFC and DA in Cognition 

The hypothesis for our proposed studies relies on the body of literature suggesting a 

critical role of prefrontal cortex (PFC) dopamine (DA) in modulating cognitive functions 

documented to be affected by perinatal PCB exposure. A large number of studies have identified 

an important role for the PFC in mediating executive functions, including response inhibition and 

cognitive flexibility. For instance, electrolytic lesion to the PFC in rats leads to impaired 

performance on a Differential Reinforcement of Low Rates of Responding (DRL) task, an 

operant task of response inhibition (Neill, 1976). Studies have also shown that lesions to the PFC 

impair performance on 2 other tasks of response inhibition: the stop-signal task and the go/no-go 

task (reviewed in Eagle & Baunez, 2010). Although the orbital frontal cortex (OFC) has been 

implicated in mediating performance on these tasks as well, results have been inconsistent across 

studies (Eagle & Baunez, 2010). Along with its role in inhibitory control, the PFC is also 

involved in cognitive flexibility. Lesions to the dorsolateral PFC in humans and monkeys or the 

medial PFC in rats have been reported to lead to deficits on set-shifting (a task engaging 
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cognitive flexibility) (reviewed in Floresco & Magyar, 2006). Similarly, reversible inactivation 

of the medial PFC resulted in robust perseverative errors when rats were required to shift 

strategies (Ragozzino et al, 1999; Floresco et al, 2008). Reversal learning, another aspect of 

cognitive flexibility, is impaired when the OFC is lesioned in rats and monkeys (McAlonan & 

Brown, 2003; Dias et al, 1996; Ghods-Sharifi et al, 2008). The roles different subregions of the 

PFC play in cognition seem to be dissociable to some extent (reviewed in Dalley et al, 2004). 

Whereas lesions to the medial PFC lead to deficits in set-shifting, medial PFC lesions do not 

result in deficits in reversal learning (Floresco et al, 2008). Likewise, lesions to the OFC result in 

deficits in reversal learning but not set-shifting (McAlonan & Brown, 2003).  

As previously mentioned, research has suggested DA to be integral in mediating these 

cognitive functions. 6-hydroxydopamine (6-OHDA) lesions have been used extensively to study 

the impact of DA depletion in specific areas of the brain that receive DA input. For instance, one 

study found that 6-OHDA lesions to the PFC disrupt the ability of marmosets to perform a set-

shifting task (Crofts et al, 2001). Furthermore, increasing extracellular DA by inhibiting 

catechol-O-methyltransferase (COMT) in the medial PFC of rats enhanced performance on a set-

shifting task (Tunbridge et al, 2004). Another study assessed the effects of 6-OHDA lesions of 

the medial PFC on a DRL task (Sokolowski & Salamone, 1994). They found that lesioned rats 

responded more and received fewer reinforcers than controls, suggesting impaired response 

inhibition. Interestingly, humans with schizophrenia, childhood-onset psychosis or ADHD also 

show deficits in set-shifting (Hosenbocus & Chahal, 2012; Gualtieri & Johnson, 2008) and 

response inhibition (Ridderinkhof et al, 2004; Brodsky et al, 2014) among other cognitive 

impairments, and these deficits are thought to be due to DA system dysfunction in the frontal 

lobe. Furthermore, the study by Gualtieri & Johnson (2008) reported that pharmacological 
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treatments that increase mesocortical DA transmission (e.g., amphetamine and methylphenidate) 

were associated with improved performance on a set-shifting task in children with ADHD. These 

studies taken together indicate a critical role of mesocortical dopamine in modulating cognitive 

flexibility and response inhibition. Thus, exposure to environmental insults—particularly those 

that target the DA system—during critical periods of prefrontal cortical maturation could lead to 

impairments in these critical aspects of cognitive functioning. 

Critical Periods of Brain Development  

The complexity of brain development stems from dynamic interplays that are occurring 

between the developing brain and genetic and environmental influences. As such, there are 

critical windows of brain development and maturation during which an individual may be more 

sensitive to environmental exposures or conditions due to the plasticity of the nervous system, 

and these environmental contributions may support or disrupt development in a variety of ways. 

The prenatal and early postnatal period is a critical period during which rapid neurodevelopment 

is occurring. There is an extensive body of evidence suggesting that PCB exposure during this 

period can lead to long-lasting alterations in immune and endocrine system function as well as in 

neurodevelopmental and neurobehavioral trajectories (Crinnion, 2011). 

Adolescence is another critical developmental window during which the immature brain 

begins to adopt its more mature, adult form and function, but there is relatively little research on 

the impact of environmental exposures during this period. Adolescence is characterized by 

robust brain plasticity and frontal lobe maturation. During this period, the brain is gradually 

pruning synapses and strengthening those that are maintained, cortical and limbic structures are 

undergoing marked remodeling, and many neurochemical systems are beginning to reach 

maturation (reviewed in Lenroot et al, 2007; Marco et al, 2011; Selemon, 2013.). It is believed 
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that many hallmarks of adolescent behavior, including impulsive and risky behavior, increased 

exploration and novelty-seeking, can be attributed to the developmental changes occurring 

during this period. Although these transient changes may be adaptive in the sense that the brain 

is plastic to the environment in which the individual must thrive, the increased plasticity during 

this time could also be detrimental in that adverse environmental conditions may be more likely 

to disrupt brain function during this critical period of maturation.  

The prefrontal cortex during adolescence 

In humans, rodents and non-human primates, the PFC is prominently remodeled during 

adolescence. MRI studies in humans have found that the PFC undergoes late structural changes 

extending into adolescence (Giedd, 2004; Sowell et al, 1999). Similarly, studies have found that 

the volume of the PFC actually decreases during adolescence in humans and rats (reviewed in 

Tau & Peterson, 2010). This may be due in part to robust synapse elimination that is thought to 

be occurring during this period. In human PFC, synaptic related proteins peak in childhood and 

decline during adolescence suggesting a reduction in synaptic density occurring during this 

period (Glantz et al, 2007; reviewed in Blakemore & Choudhury, 2006); however, this has been 

challenged recently by a study that found increasing synaptic related proteins in the PFC during 

adolescence (Webster et al, 2011). Animal studies are consistent with the human studies that 

observed a decline in synaptic density, with synaptic density peaking around PND31 in the PFC 

and declining thereafter until young adulthood (PND 60) (Gourley et al, 2012). In addition, one 

study has found that in rats, males and females show a peak in dendritic spine density in the 

medial PFC in early adolescence, but a reduction in spine density to that of adult levels was only 

seen in females (Markham et al, 2013). This is not surprising as sex-differences in the maturing 

adolescent brain have previously been reported (reviewed in Lenroot et al, 2010 and Juraska et 
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al, 2013). Another study looking at dendritic spine density in the medial PFC reported a similar 

pattern of results, but the decline in spine density in this region from adolescence to adulthood 

was seen in both males and females (Koss et al, 2014). Given that there are sex differences in the 

adolescent brain, it is important to continue to investigate changes in brain physiology in both 

males and females in order to reconcile these conflicting findings. In addition to the changes in 

synaptic density in the PFC, dopaminergic input to this region is also changing during 

adolescence. In non-human primates, DA concentrations gradually shift from the posterior to the 

anterior portion of the brain from the juvenile period to adolescence with concentrations highest 

in the PFC during adolescence (Wahlstrom et al, 2010). Given the increase in DA concentration 

in the PFC, it is not surprising that DA afferents from the ventral tegmental area that project to 

the PFC also increase to adult levels during adolescence (Kalsbeek, 1988; Yetnikoff et al, 2014). 

Furthermore, DA receptor densities are also changing throughout adolescence. Previous studies 

have reported in both rodent and nonhuman primate models that DA receptor 1 and 2 density 

shared similar developmental trajectories, peaking during the early postnatal period and 

gradually declining to adult levels during adolescence (Andersen et al, 2002; Weickert et al, 

2007; Rothmund et al,  2012; reviewed in Wahlstrom et al, 2010). However, more research 

investigating age-related changes in DA receptor density across brain regions over the juvenile 

and adolescent periods is needed as studies have reported inconsistent results. Despite some 

remaining ambiguities, these studies suggest that the changes occurring during adolescence are 

dynamic and multifaceted, reflective of a system fine-tuning itself to reach its mature form.  

While dopaminergic input to the PFC is maturing during adolescence, there is concurrent 

maturation of cognitive functions mediated by dopaminergic input to the prefrontal cortex. In 

fact, studies done in humans have shown age-related improvements in executive functions 
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mediated by the PFC during adolescence. For instance, performance on tasks engaging executive 

functions such as cognitive flexibility and inhibitory control showed improvement from age 6 

(childhood) to age 14 (early adolescence) in a Brazilian cohort (Dias et al, 2013). Research has 

suggested that an integration of brain function during adolescence underlies this maturation of 

executive functions, that is, continued myelination during this period contributes to the ability of 

the PFC to influence the rest of the brain (Olesen et al, 2003; reviewed in Luna 2009). One 

method that has been used to investigate functional circuits involved in cognitive processing 

across the lifespan is neuroimaging.  fMRI studies have found that performance on tasks of 

response inhibition that engage the PFC is poor in childhood but steadily improves with age, 

reaching adult levels of performance in mid to late adolescence (Luna et al, 2010). Another study 

examined functional connectivity during a go/no-go task of response inhibition and found 

changes in the fronto-striatal-thalamic network activity from adolescence (age 11-17) to 

adulthood (age 18-37), and this was related to improvements in performance across these age 

groups (Stevens et al, 2007). Another study using a different neuroimaging technique, diffusion 

tensor imaging, found that as the cingulum, a white matter tract projecting from the cingulate 

gyrus to the entorhinal cortex, increases in fiber density and myelination from childhood to 

adulthood, performance on tasks of executive function improves (Peters et al, 2014). Taken 

together, research done in humans has shown not only that executive functioning is maturing 

throughout adolescence but also that functional connectivity of the frontal regions to other areas 

of the brain may be associated with these improvements in executive functioning.  

A maturation in executive control is also seen between adolescence and adulthood in 

animal models. Adolescent rats as compared to adult rats show poorer performance on tasks 

engaging the PFC, including tests of response inhibition (Andrezejewski et al, 2011) and 
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behavioral set-shifting (Newman & McGaughy, 2011). Like in humans, the volume of the rat 

PFC decreases during adolescence due to synaptic pruning and neuron loss (Markham et al, 

2007) while white matter volume in the frontal lobe is increasing due to increasing myelination 

in the cortex (Juraska & Markham, 2004). As described above, functional connectivity of 

relevant regions of cortex, including the PFC, plays a critical role in executive functioning. 

Taken together, these human and animal studies provide strong evidence that the frontal lobe is 

undergoing marked remodeling and maturation during adolescence, and these changes contribute 

to the differences in cognitive performance seen between adolescents and adults. Exposure to a 

neurotoxicant such as PCBs during this critical period may lead to disruption of prefrontal 

cortical maturation and DA system dysfunction, which may then alter cognitive and behavioral 

functioning later in life.  

Neurotoxicity of PCBs 

Animal studies of perinatal PCB exposure and cognition 

As discussed above, there are vulnerable developmental periods during which 

environmental influences can greatly impact brain development, behavior and cognition. 

Although the brain is robustly developing and maturing during both the perinatal period and the 

adolescent period, many studies that have assessed the neurotoxicity of PCBs have focused 

primarily on perinatal exposure because of the likelihood of maternal transfer of this chemical. 

The developing fetus may be exposed in utero via placental transfer, and the developing infant 

may be exposed postnatally to PCBs through breastmilk (Jacobson et al, 1984).  

Because there are many confounding factors in epidemiological studies, animal models 

have been essential for more directly examining neurobehavioral effects of developmental insults 

such as exposure to chemical contaminants. Some aspects of cognition that have been tested in 
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animal models include executive functions such as working memory, cognitive flexibility and 

response inhibition. Monkeys exposed to an experimental PCB mixture during the early 

postnatal period showed impaired acquisition of a delayed spatial alternation (DSA) task, 

responding repeatedly on a lever instead of alternating responses (Rice & Hayward, 1997). This 

perseverative responding on the DSA task has also been seen in another study in which monkeys 

were perinatally exposed to a commercial PCB mixture (Levin et al, 1988) as well as in a rat 

study in which adult offspring exposed gestationally and lactationally to a commercial PCB 

mixture were tested (Widholm et al, 2004). Perseverative responding in perinatally PCB-exposed 

rats has also been seen on a discrimination reversal learning task that assesses how quickly and 

effectively a subject can alter a response strategy when a response contingency changes 

(Widholm et al, 2001).  

Along with these impairments in cognitive flexibility, early PCB exposure also impairs 

response inhibition in rodents and monkeys. The studies further described employ the DRL task 

in which the subject must wait a fixed period of time before responding in order to gain a reward. 

Rice (1998) dosed monkeys postnatally with a PCB mixture representative of PCBs typically 

found in breast milk. The PCB exposed animals showed a reduced ratio of reinforced to 

nonreinforced responses on the DRL task as compared to controls, with PCB-exposed monkeys 

making a greater number of non-reinforced responses and thus earning fewer reinforcers. 

Similarly, adult rats perinatally exposed to an environmental PCB mixture showed a decrease in 

the ratio of reinforced to nonreinforced presses as compared to non-treated controls during the 

DRL task (Sable et al, 2009), although these findings were not consistent across all rodent 

studies looking at PCB exposure and DRL performance (e.g. Sable et al, 2006). Overall, these 

studies suggest that early PCB exposure impairs the animal’s ability to withhold responding for a 
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constant interval of time across test sessions. In summary, a number of studies in monkeys and 

rats have found that early developmental exposure to commercial mixtures of PCBs results in 

deficits in cognitive flexibility and response inhibition that last into adulthood and continue to be 

apparent well after exposure has ceased. 

Humans studies of perinatal PCB exposure and cognition 

Because humans are directly exposed to this environmental toxicant, many studies have 

evaluated the association between PCB exposure and neurodevelopmental outcomes. Although 

the human data are less definitive due to the many confounding variables present in our complex 

environment; much of the research does suggest an association between PCB exposure and 

neurodevelopmental deficits (Boucher et al., 2009; Eubig et al., 2010).  

In a Michigan birth cohort of children born to women who consumed PCB-contaminated 

fish from Lake Michigan, higher umbilical cord serum PCB levels were dose-dependently 

associated with poorer performance on Fagan’s test of visual recognition memory at 7 months of 

age and poorer verbal and quantitative short-term memory function at 4 years of age (Jacobson et 

al, 1985; Jacobson et al, 1990). Prenatal PCB exposure in this cohort was also associated with 

poorer concentration, greater impulsivity, poorer verbal, pictorial, and auditory working memory 

(Jacobson & Jacobson, 1996) as well as lower full-scale and verbal IQ scores with the strongest 

effects related to memory, cognitive flexibility and attention when the children were tested at 11 

year of age (Jacobson & Jacobson, 2003).  

An Oswego, New York birth cohort that included children born to women who consumed 

PCB-contaminated Lake Ontario fish found similar results. Prenatal PCB exposure, as measured 

in umbilical cord serum, was associated with poorer performance on the Fagan’s test of infant 

intelligence at 6 and 12 months of age (Darvill et al, 2000). Stewart and colleagues also 
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performed a series of cognitive tests on children of this cohort across different time points. They 

found cord serum PCB levels to be predictors of subtle deficits in performance on the McCarthy 

Scales of Children’s Abilities at 38 months of age (Stewart et al, 2003). They also found a dose-

dependent association between prenatal PCB exposure and excessive (impulsive) responding on 

a task of response inhibition at 4.5 years of age (Stewart et al, 2003). When tested at 8 and 9.5 

years of age, a similar association was seen between prenatal PCB exposure and poorer 

performance on a similar task of response inhibition (Stewart et al, 2005).   

Although many populations exposed to PCBs have been studied, the findings may be 

confounded by other variables such as multiple co-occurring toxicant exposures (Korrick & 

Sagiv, 2008). For instance, birth cohort studies in the Faroe Islands have been conducted 

evaluating the association between PCB and methylmercury (MeHg) exposure and 

neurodevelopment. The Faroe Islands are North Atlantic Danish islands where the traditional 

diet includes whale meat and blubber, leading to high levels of MeHg and PCB exposure, 

respectively (Grandjean et al, 2001). This co-occuring exposure can complicate interpretation of 

the results. For example, 7 year old children with higher prenatal PCB levels showed poorer 

performance on tests of attention and verbal ability, but the associations were no longer 

significant after adjustment for MeHg levels. Moreover, neuroprotective nutrients in fish and 

marine mammals such as selenium, docosahexaenoic acid (DHA) and omega-3 polyunsaturated 

fatty acids can further confound results. Much like the Faroe Island cohort, Inuit families living 

in Northern Quebec are exposed to both PCBs and MeHg through a diet that includes marine 

mammals. In one study conducted in infants prenatally exposed to these contaminants, 

significant associations were found between exposure and poorer cognitive functioning only 

when controlling for seafood nutrients measured in subjects’ blood samples (Boucher et al, 
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2014). All in all, although these studies suggest that PCB exposure from fish is associated with 

detrimental cognitive outcomes, the complexities of interpretation created by co-occuring 

contaminant exposures together with the potentially neuroprotective effects of nutrients in fish 

and marine mammals highlight the need for complementary, carefully controlled animal studies 

to support epidemiological evidence of PCB neurotoxicity.  

Effects of adolescent PCB exposure on cognition            

Based on the plasticity of the frontal lobe during adolescence, exposure to a 

neurotoxicant such as PCBs during this period may disrupt the maturation of neurochemical 

systems as well as the behaviors and cognitive functions mediated by them. Unfortunately, there 

is very limited research in humans or animals examining the relationship between adolescent 

PCB exposure and either cognition or neurochemistry. One epidemiological study assessed 

cognitive function in a cohort of Mohawk adolescents 10-17 years of age and found that recent 

environmental exposure to PCBs (e.g., through fish consumption) was associated with poorer 

scores on cognitive tests of delayed recall, long term retrieval and comprehension-knowledge 

(Newman et al, 2009). Although the aspects of cognitive function examined in the study were 

different from those addressed in our studies, the results do provide evidence that recent PCB 

exposure in adolescents may be associated with poorer performance on cognitive tasks. 

Surprisingly, almost no animal research assessing PCB exposure beyond early puberty 

exists in the literature. One study looked at the effects of exposure to an individual non-coplanar 

PCB congener (PCB 153) at three time points between birth and puberty and reported deficits in 

attention and impulsivity when rats were tested from mid-adolescence to adulthood on a variable 

interval operant task (Johansen et al, 2014). However, these data were significant only in the 

spontaneously hypertensive rat, a rat model bred for impulsive and inattentive behaviors, and not 
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in a normal outbred strain (Wistar Kyoto). Thus, it is possible that PCB exposure in this instance 

was exacerbating pre-existing cognitive deficits. Also, this study dosed at around postnatal days 

8, 14 and 20, so it does not provide any information on the effects of exposure during 

adolescence, per se.  

Effects of PCB Exposure on Neurochemistry 

Much research has focused on the neurochemical mechanisms that may underlie the 

cognitive and behavioral deficits seen with perinatal PCB exposure. This attention has focused 

primarily on the effects of PCBs on the dopamine (DA) system, and many in vivo and in vitro 

studies have reported reductions or alterations in brain DA function following exposure to PCBs. 

These studies all use commercial mixtures with mostly ortho-substituted non-coplanar PCBs or 

individual congeners, and thus, do not closely mimic typical human exposure.  

In vitro studies have found that Aroclor mixtures as well as individual non-coplanar PCB 

congeners induce decreases in DA release (Angus & Contreras, 1996) and synaptosomal DA 

content (Bemis & Seegal, 2004) in treated cells. Another study using organotypic co-cultures of 

rat striatum and ventral midbrain, regions that contain populations of DA neurons, reported an 

overall increase in neuronal death in both regions and a reduction in DA neurons in the ventral 

midbrain using an environmentally relevant “Fox River” PCB mixture that has been used 

extensively in our studies (Lyng et al, 2007). This suggests that a PCB-induced loss of DA 

neurons may contribute to decreased DA levels seen in other studies. 

Numerous in vivo studies have reported findings similar to those seen in in vitro studies. 

Lee and colleagues (2012) dosed adult rats for 4 weeks with a low-dose exposure to a 

commercial Aroclor mixture and saw an increase in oxidative stress in DA neurons and 

ultimately a loss of DA neurons in the substantia nigra and ventral tegmental area, regions of the 



15 
 

brain containing DA cell bodies, suggesting permanent DA cell loss due to PCB exposure. 

Reductions in DA concentrations have also been found in the striatum of rats (Seegal et al, 2002) 

and non-human primates (Seegal et al, 1991) following adult exposure to commercial Aroclor 

mixtures. DA decreases in the striatum have also been reported in weanling rats perinatally 

exposed to a non-coplanar PCB congener (Castoldi et al, 2006). More in line with deficits in 

executive functions seen in PCB-exposed humans and animals, one study found that rats 

perinatally exposed to a non-coplanar PCB congener showed a reduction in frontal cortical DA 

levels that persisted into adulthood (Seegal et al, 2005). This piece of evidence in combination 

with the PCB-induced reduction in the number of DA neurons in the ventral midbrain that 

project to the prefrontal cortex suggest that PCB exposure could lead to hypofunction of the DA 

system in the prefrontal cortex.  

The dopamine transporter (DAT), responsible for reuptake of DA into the presynaptic 

cell, and the vesicular monoamine transporter (VMAT2), responsible for repackaging cytosolic 

DA into vesicles for later release, are both thought to be inhibited by PCB exposure (Bemis & 

Seegal, 2004; Lyng et al, 2007). These results were found with commercial Aroclor mixtures 

(Bemis & Seegal, 2004), environmentally relevant mixtures (Lyng et al, 2007), and individual 

non-coplanar congeners (Bemis & Seegal, 2004). Both human (Seegal et al, 2010) and animal 

(Bemis & Seegal, 2004; Caudle et al, 2006; Fonnum et al, 2006; Lyng et al, 2007; Richardson & 

Miller, 2004) studies have reported a reduction in DAT and VMAT2 expression following PCB 

exposure. The effects of PCBs on DAT and VMAT2 likely reflect the reduction in DA levels 

reported in numerous studies. Exposures to PCB mixtures and noncoplanar congeners have also 

been found to alter concentrations of other neurochemicals such as norepinephrine, serotonin, 

glutamate, and GABA, but the effects on the DA system seem to be most consistently studied 
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and replicated (Mariussen & Fonnum, 2001; Seegal et al, 1985). Furthermore, it seems that the 

DA system is more sensitive to disruption by PCBs than the other neurotransmitter systems 

(Mariussen & Fonnum, 2001). In support of this, one study has shown that DA cells are more 

susceptible to oxidative injury due to exposure to a commercial PCB mixture than are non-

dopaminergic cells (Lee & Opanashuk, 2004). All in all, the evidence presented suggests that 

noncoplanar congeners and PCB mixtures induce DA dysfunction that may be an underlying 

mechanism contributing to the cognitive deficits reported with PCB-exposure.  

Conclusions  

Although there is a wealth of human and animal research studying the impact of perinatal 

PCB exposure on brain and behavior, there is very little research examining the impact of 

exposure during another critical period of brain development – adolescence. As reviewed above, 

executive functions, the PFC, and DA input to the PFC are maturing during this period. Perinatal 

PCB exposure has been shown to target both executive functions and the DA system. Thus, PCB 

exposure during adolescence may adversely affect mesocortical DA system development, 

resulting in deficits in executive functions mediated by the PFC. The findings from the studies 

outlined below will provide important evidence regarding the effects of adolescent PCB 

exposure on brain neurochemistry and cognition. More importantly, if consistent results are 

obtained in these parallel human and animal studies, this will provide stronger evidence that PCB 

exposure during adolescence is a human health risk than would either approach alone. 
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Chapter 2: Specific Aims 

As reviewed in Chapter 1, there is a large body of research describing polychlorinated 

biphenyls (PCBs) as ubiquitous environmental contaminants that are neurotoxic if exposure 

occurs perinatally – a critical period in brain development.  Both human and animal studies have 

suggested that PCBs are associated with deficits in executive functions such as response 

inhibition, working memory and cognitive flexibility (Crinnion, 2011; Eubig et al, 2010; Korrick 

& Sagiv, 2008). These deficits are thought to be mediated by dysfunction of neurochemical 

systems of the brain, notably the dopamine (DA) system (Eubig et al, 2010). Adolescence is 

another critical period of brain development in which the frontal lobes and neurochemical 

systems therein undergo prominent remodeling and maturation. More specifically, the prefrontal 

cortex (PFC) and dopaminergic innervation of the PFC are undergoing marked maturation during 

this time (reviewed in Spear, 2013 and Selemon, 2013). Thus, executive functions mediated by 

the PFC, including response inhibition and cognitive flexibility, may be especially sensitive to 

disruption during adolescence. Given that perinatal PCB exposure seems to target both executive 

functioning and dopamine neurochemistry, it is likely that PCB exposure during adolescence 

could adversely impact brain and behavior. However, little research has been done examining the 

potential for adverse effects of PCB exposure during this critical period of brain development. 

The goal of this research project is to fill this important gap in scientific research. Moreover, this 

research question will be addressed using parallel human and animal studies. The animal study 

was designed to closely model the cognitive endpoints tested in a cohort of adolescents exposed 

to PCBs through fish consumption. Human studies are, by necessity, correlational; thus, 

consistent findings in human epidemiological studies and carefully designed and controlled 

animal studies are important to increase certainty that effects observed in humans are the result 
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of the PCB exposure and not due to other uncontrolled variables. Because human populations are 

not exposed to individual PCB congeners in isolation, the animal study described herein used an 

environmentally relevant PCB mixture formulated to mimic the PCB congener profile found in 

walleye in the Fox River in northeastern WI, a body of water from which the human cohort 

consumed sport-caught fish. The animal study allows assessment of a potential mechanism 

underlying PCB-induced cognitive deficits: dopamine system dysfunction. Together, the results 

of the human and animal studies outlined in this proposal will provide valuable insight into the 

effects of adolescent exposure to PCBs on brain and behavior. 

Aim 1: Determine if exposure to PCBs during adolescence will alter performance on tasks 

of executive function that engage the PFC. Previous research in our lab has shown that early 

developmental exposure to PCBs can lead to deficits in higher-order cognitive functions in 

humans and animals. Executive functions such as cognitive flexibility, working memory, 

attention and response inhibition are sensitive to perinatal PCB exposure and mediated largely by 

the PFC. Therefore, the current studies examined the effects of PCB exposure during a period of 

robust prefrontal cortical development – adolescence. It was hypothesized that rats exposed to 

PCBs during adolescence would show impaired performance in adulthood on tasks of 

cognitive flexibility (set-shifting) and response inhibition (differential reinforcement of low 

rates of responding) as compared to non-exposed controls. To test this hypothesis, female 

Long-Evans rats were mated and pups weaned at PND 21. Three male and three female pups 

from each litter were then retained for dosing and subsequent cognitive testing. One male and 

one female pup from each litter were randomly assigned to one of three treatment groups: 0, 3 

and 6 mg PCB/kg/day of the Fox River PCB mixture. Dosing, via oral exposure, began at PND 

27 and continued daily through PND 50 to capture the whole period of adolescence in rats. At 
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around PND 90, rats began operant testing on a set-shifting task that assesses cognitive 

flexibility. Upon completion (around PND 110), these rats moved on to a differential 

reinforcement of low rates of responding (DRL) operant task used to assess response inhibition. 

Aim 2: Assess whether PCB exposure during adolescence alters levels of dopamine 

transporter expression using Western blot analysis. Both of the operant tasks described above 

have been shown to be sensitive to disruption of the mesocortical dopamine pathway, and 

evidence suggests that PCBs can lead to disruption of the brain DA system. Specifically, studies 

have found a PCB-induced reduction in dopamine transporter (DAT) expression in rat brain 

tissue that may be due in part to permanent DA cell loss in brain regions containing these cell 

populations. Thus, disrupted DA function may be the mechanism underlying cognitive deficits 

seen with early-life PCB exposure. There are no previous animal studies that have assessed long-

term changes in DAT expression after early PCB exposure, but long-lasting changes in DAT 

expression have been seen with exposure to other environmental influences such as atrazine (Li 

et al, 2014) and social stress (Novick et al, 2011) during critical periods of early development. 

Many studies have found the medial prefrontal cortex (mPFC) to be involved in response 

inhibition and cognitive set-shifting and the orbital frontal cortex (OFC) to be involved in 

reversal learning (another aspect of cognitive flexibility that was tested in our set shifting task). 

Thus, punches of the OFC and mPFC were collected for western blot analysis of DAT 

expression once these rats completed cognitive testing. Striatal punches were also collected 

because previous studies have found PCB-induced reduction in DAT expression in this brain 

region (Richardson & Miller, 2004; Caudle et al, 2006). It was hypothesized that rats exposed 

to PCBs during adolescence would show a reduction in DAT expression lasting into 

adulthood as compared to non-exposed controls.  
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Aim 3: Assess the association of PCB exposure with performance on tasks of cognitive 

flexibility and response inhibition in a cohort of adolescent children of sports anglers in 

Green Bay, Wisconsin. In this study, data were collected from a cohort of about 115 12-18 year 

old children of sports anglers in Green Bay, Wisconsin where the population is exposed to PCBs 

through fish consumption. Blood PCB levels were measured in subjects at the time of 

assessment. The Conners’ Parent Report was used as a measure of cognitive problems and 

inattention, oppositional behavior, hyperactivity and ADHD. The Cambridge 

Neuropsychological Test Automated Battery (CANTAB) Intradimensional/ Extradimensional 

Set-Shifting task (ID/ED) was used to look at cognitive flexibility in this cohort. Response 

inhibition was also assessed in these adolescents using the Integrated Visual and Auditory 

Continuous Performance Task (IVA). Health history and diet information were collected. It was 

hypothesized that higher blood PCB concentrations in these adolescents would be 

associated with higher (worse) scores in the Conners’ parent report subscales that measure 

cognitive problems/inattention and ADHD, poorer performance on the ID/ED set-shifting 

task and poorer performance on the IVA continuous performance task. 
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Chapter 3: Cognitive Set-Shifting and Response Inhibition in Adult Rats 

Exposed to an Environmental PCB Mixture during Adolescence 

Abstract 

Converging evidence from studies in 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. The study used operant set-shifting and 

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

and response inhibition, respectively. As PCBs have been shown previously to reduce dopamine 

transporter (DAT) expression, DAT expression was also quantified in relevant brain regions. 

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 

group differences in trials 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 3 and 6 

mg/kg males took significantly fewer trials to reach criterion than control males. 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 moved 

on to DRL in which they were required to withhold responding for a specified period of time (15 

seconds) in order to receive a reinforcer. There were no exposure-related group differences in 
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total presses or efficiency ratio in males or in females. Western blot analysis revealed no 

significant group differences in DAT protein expression in the orbital frontal cortex (OFC) or 

striatum in males or females. In summary, there were subtle sex-specific effects of adolescent 

PCB exposure on the reversal phase of the set-shifting task but no effects of exposure on 

performance on the DRL 15 task. DAT expression in relevant brain areas was not altered due to 

PCB exposure. 
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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 and thus 

continue to be found in commercially available products that ultimately terminate in landfills and 

adjacent ecosystems (Grossman, 2013). 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 continue to 

persist in our environment for the foreseeable future.  

PCBs can cross the placenta and can be released into breast milk during lactation 

(Jacobson et al, 1984), and 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.  

Research has shown that executive functions such as cognitive flexibility and response 

inhibition are mediated to a large extent by the prefrontal cortex (PFC) (reviewed in Dalley et al, 

2004). Experimental inactivation or ablation of areas of the PFC causes deficits in tasks engaging 

these aspects of executive function (Floresco et al, 2006; McAlonan & Brown, 2003), and 

dopamine (DA) depletion in the PFC leads to similar deficits (Roberts et al, 1994; Sokolowski & 
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Salamone, 1994), suggesting an important role for PFC DA in mediating cognitive flexibility and 

response inhibition.  

Both in vitro and in vivo studies have reported DA system dysfunction following PCB 

exposure. Studies have found reductions in DA concentrations in cell cultures as well as in the 

striatum of rats (Seegal et al, 2002) and non-human primates (Seegal et al, 1991) following 

exposure to PCBs. DA decreases in the striatum have also been reported in weanling rats 

perinatally exposed to PCBs (Castoldi et al, 2006). More in line with deficits in executive 

functions seen in PCB-exposed humans and animals, one study found that rats perinatally 

exposed to an ortho-substituted PCB congener showed a reduction in frontal cortical DA levels 

that persisted into adulthood (Seegal et al, 2005). Other studies have reported permanent 

reductions in DA neuron number due to adult exposure to PCBs in the substantia nigra and 

ventral midbrain, including the ventral tegmental area, the site of DA cell bodies that project to 

the prefrontal cortex (Lee et al, 2012; reviewed in Fonnum & Mariussen, 2009). This evidence in 

combination with the PCB-induced reduction in DA concentrations suggests that PCB exposure 

could lead to hypofunction of the DA system in the prefrontal cortex.  

Expression of both the dopamine transporter (DAT), responsible for reuptake of the DA 

in the synaptic cleft, and the vesicular monoamine transporter (VMAT2), responsible for 

repackaging cytosolic DA into vesicles for later release, is inhibited by PCB exposure (Seegal et 

al, 2010; Bemis & Seegal, 2004; Caudle et al, 2006; Fonnum et al, 2006; Lyng et al, 2007; 

Richardson & Miller, 2004). The effects of PCBs on DAT and VMAT2 expression likely 

contribute to the reduction in DA levels reported in numerous studies. PCB exposure has also 

been found to alter concentrations of other neurochemicals such as norepinephrine, serotonin, 

glutamate, and GABA, but the effects on the DA system have been the most consistently studied 
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and replicated (Mariussen & Fonnum, 2001; Seegal et al, 1985). Of note, our lab previously 

reported that perinatally PCB-exposed rats given amphetamine, a psychostimulant with known 

effects through DAT (reviewed in Gowrishankar et al, 2014), showed reduced locomotor 

sensitization to amphetamine (Poon et al, 2013) and less disrupted performance on differential 

reinforcement of low rates of responding (DRL) – an operant task of response inhibition (Sable 

et al, 2009). Taken together, these studies suggest that hypofunction of the DA system may 

underlie some of the deficits in cognitive function seen with early PCB exposure. 

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 another critical period of brain development: adolescence. 

During this period, the frontal lobes are undergoing marked plasticity and maturation. 

Specifically, a great deal of synaptic remodeling is occurring, and dopaminergic innervation of 

the PFC is being refined (reviewed in Lenroot et al, 2007; Marco et al, 2011; 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 (Newman & McGaughy, 2011). In 

humans, performance on tasks of response inhibition is poor in childhood but steadily improves 

with age, reaching adult levels of performance in mid to late adolescence (Luna et al, 2010). 

Thus, this critical period of frontal lobe development and maturation may be especially 

vulnerable to environmental influences, including exposure to environmental neurotoxicants.  

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 the further 
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development of these cognitive abilities that is occurring during adolescence, it was 

hypothesized that adolescence would be another 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 (DRL) were administered to adult rats exposed to an 

environmentally relevant PCB mixture throughout adolescence. Because decreased DAT 

expression and DA dysfunction associated with PCB exposure may underlie deficits in executive 

functions seen in exposed humans and animals (Eubig et al, 2010), we sought to determine 

whether adolescent PCB exposure led to changes in DAT expression in the brains of these 

animals in adulthood. There is evidence, albeit scarce, that exposure to environmental stressors 

imposed during critical periods of brain development (i.e., the prenatal, early postnatal and 

adolescent periods) can lead to long-lasting changes in DAT expression. For instance, rats 

perinatally exposed to atrazine, an herbicide and known neurotoxicant, led to a reduction in DAT 

expression in the substantia nigra 6 months after exposure (Li et al, 2014). Another study found 

that social stress during adolescence increased DAT density in the medial PFC of brains sampled 

several weeks after the stress ended (Novick et al, 2011).  

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 WI, a body of water from which the human cohort we have also 

studied consumed sport-caught fish (Kostyniak et al, 2005).  

Methods 

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

were purchased from Harlan (Madison, WI). 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 and the Guidelines for the Care and Use of 

Mammals in Neuroscience and Behavioral Research. 

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 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 
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ryanodine receptor (RyR) activity (Kostyniak et al, 2005). The chemicals were dissolved in corn 

oil to yield the dosing solutions.  

Dosing began at PND 27 and continued daily through PND 50 to capture the whole 

period of adolescence in both female and male rats. The doses were chosen based on previous 

work done with perinatal exposure to PCBs in our lab. Offspring of dams given these doses daily 

through gestation and lactation show deficits in inhibitory control (Sable et al, 2009). 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. Food restriction has been routinely used in our lab, and there is no evidence 

that it confounds PCB-mediated effects.  

Apparatus 

Behavioral testing was conducted in 24 automated operant chambers (Med Associates; 

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

chambers contained a stimulus cue lamp above each of the two retractable response levers, 

which were located symmetrically on both sides of the pellet trough 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). 

Procedure 

Set-Shifting 
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Programs described herein for the set-shifting task were modified from programs shared with us 

by Stan Floresco (Floresco et al, 2008; Butts et al, 2013). 

Pretraining 

          Rats were first trained to lever press using a fixed ratio (FR) 1 schedule of reinforcement 

in which a reward was delivered for each single lever press. During this pretraining phase, cue 

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, 

one of the two levers extended. The lever retracted once a response was made; 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”. 

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, stimulus lights above the levers were not illuminated, and both levers were inserted 

into the chamber. This phase of training started with both levers extended. A press on either of 

the levers resulted in the delivery of a food pellet and both levers retracting. Twenty seconds 

later, 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 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.  
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Visual Cue Discrimination 

After pretraining was completed, rats were trained on visual-cue discrimination where 

illumination of the stimulus light predicted reward. Each trial in this session was initiated with 

the illumination of one of the stimulus lights located above either the right or left lever. Then, the 

house light turned on, and both levers were extended into the chamber. The rat then had 10 

seconds to respond. 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 both levers retracted. 

Twenty seconds later the levers were again extended. This continued for 160 trials per session. 

To move on to the next phase, the rat had to reach a criterion of 65% correct in one session.  

Position discrimination (Set-shift)           

Once rats reached criterion in visual-cue discrimination, they began the strategy-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 now 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 was now 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 21
st
 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. Twenty seconds later the levers were re-

extended. This continued for 160 trials per session. Like the visual cue discrimination phase, 
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sessions continued until the rat reached a criterion of 65% correct in a session.  

Reversal Learning           

After they reached criterion on 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. Visual cues still served as 

distracters during this phase. After a response was made, the levers retracted. Twenty seconds 

later the levers were re-extended. This continued for 160 trials. Reversal learning was tested in 

only one session.  

Differential Reinforcement of Low Rates of Responding (DRL) training           

After rats completed the whole set-shifting battery, 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) (DRL 1) 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 (DRL 5) for 2 sessions and then 10 seconds (DRL 10) 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.  

DRL testing 

Following DRL training, rats were given 30 daily sessions that required a 15 second IRT 

in order to obtain a reinforcer (DRL 15). Similar to the training phases, the first response after 15 
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seconds had 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 DRL 15, rats 

moved on to DRL extinction for 3 days in which rats were no longer reinforced for lever presses. 

Each daily session terminated after 90 minutes. 

Western Blot Analysis 

Brain Dissection 

          Upon completion of operant testing, rats were sacrificed and brains collected for western 

blot analysis (~ PND150).  Slices were taken on a coronal plane from the anterior to posterior 

direction using a microtome with a frozen stage (-20°C). Slices were removed until Bregma 5.20 

mm was reached, at which point the sizes of the frontal cortices and the olfactory bulbs were 

approximately equal. Then a 1.75 mm (females) or 1.85 mm (males) thick coronal slice was cut. 

The slice was placed on a glass slide with the anterior side facing down. Bilateral punches of the 

orbital frontal cortex (OFC) were taken from these sections using a 2 mm biopsy punch (Harris 

Uni-Core; Ted Pella Inc, CA). Then, slices were removed until Bregma 1.70 mm was reached, at 

which point the two sides of the corpus callosum were < 1 mm apart. From this point, a 1.75 mm 

(females) or 2.0 mm slice (males) thick coronal slice was cut and placed on a glass slide with the 

posterior side facing down. Bilateral punches of the striatum were taken from these sections 

using the 2 mm biopsy punch.  

Protein Extraction and Quantitation 

Tissue punches were homogenized in a 375µL mixture of TPER Tissue Protein 

Extraction Reagent (Thermo Scientific) and Complete Mini Protease Inhibitor (PI) Cocktail 

Tablets (Roche). Homogenized samples were centrifuged at 10,000×g for 5 minutes, and the 
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supernatant was used in the Pierce bicinchoninic acid (BCA) protein assay (Thermo Scientific). 

Also at this time, an aliquot of the supernatant from each sample was diluted to 1:20 to be loaded 

onto NuPAGE Novex 4-12% Bis-Tris Gels for western blot analysis. The BCA protein assay 

was performed using the directions for the microplate procedure provided in the instructions of 

the Pierce BCA Protein Assay Kit. For each sample, 10μL of protein supernatant was diluted in 

15 μL of TPER-PI so that the measured protein amounts were within the range of the standard 

curve. The samples and standards were added to wells of a microplate and incubated at 37˚ C for 

30 minutes. The absorbance of the samples at 562 nm was then measured using a Multiskan 

Ascent microplate reader (Type 354; Thermo Scientific). Protein concentrations were calculated 

using Ascent Software (v. 2.6, Revision 3.1, Dec. 2003; Thermo Scientific).  

In order to compare protein expression across different gels, a protein standard was 

created by preparing tissue (using the procedure described above) from the mPFC, OFC and 

NAc from one non-exposed subject and combining the supernatant from the 3 samples. As with 

all of the other samples, a 1:20 dilution of the protein was used for western blot analysis, and the 

protein standard was loaded into one lane of each gel. For each sample, a volume equal to a 

target amount of 0.25 μg diluted protein was added to reducing agent, sample buffer, and T-

PER/PI to attain a sample volume of 15 μL. For the molecular weight ladder, 5 μL of marker was 

used in place of 0.25 μg protein. Samples were denatured by heating at 70˚ C for 10 minutes. 

Then the protein ladder, protein standard, and protein samples were loaded into the lanes of the 

gel. Each gel contained samples from one brain region and at least one male and one female 

sample from each treatment group. Once running buffer was added, gels were electrophoresed at 

150 volts for 1 hour. After electrophoresis, gels were then transferred onto Invitrolon PVDF 
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membranes (0.45 µM pore size) and electrophoresed in transfer buffer in a cold room at 30V for 

1.5 hours.  

Blocking and Probing 

Following gel transfer, PVDF membranes were incubated in Tris-buffered saline with 5% 

nonfat dry blocking milk for 1 hour. Then, the membranes were incubated overnight at 4ºC in an 

anti-dopamine transporter rabbit polyclonal antibody to the C-terminus of DAT (#AB2231; 

Millipore) at 1:2000 w/v in Tris-buffered saline with 5% nonfat dry milk. The following day, 

membranes were incubated in goat anti-rabbit secondary antibody (#12-348; Millipore) at 1:2000 

w/v in 1% nonfat dry milk for 1 hr. Membranes were then treated with LumiGLO reagent (Cell 

Signaling Technologies) for one minute, and chemiluminescence was captured using x-ray film. 

Membranes were then stripped for 20 min with Restore Plus Western Blot Stripping Buffer 

(Thermo Scientific) and incubated overnight at 4ºC with a rabbit monoclonal α-tubulin antibody 

(Abcam ab4074) at 1:10,000 w/v in Tris-buffered saline with 2% nonfat dry milk. α-Tubulin 

antibody binding was detected using goat anti-rabbit secondary antibody (Ab6721) at 1:2500 

w/v, and the film developing process was repeated. α-Tubulin blots were used to ensure equal 

protein loading across samples. Following probing for DAT, bands were detected between the 

76K and 102K molecular weight markers (at about 80 kDa), which was the anticipated location 

for DAT. Following probing for alpha tubulin, bands were detected above the 52K molecular 

weight marker (at about 55 kDa), which was the anticipated location for alpha tubulin. Films 

were then manually scanned into a computer and DAT and α-tubulin band densities measured 

using image J software (version 1.46r; http://imagej.nih.gov/ij). DAT and alpha tubulin band 

densities were determined and then standardized to the protein standard densities on each image 

http://imagej.nih.gov/ij
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to obtain relative densities for DAT and alpha tubulin. Adjusted densities for the samples were 

determined by dividing the relative density of each sample by the relative density of the standard. 

Statistical Analyses 

 Data are reported as 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. 

Because of previously reported sex differences in PCB-related effects on set-shifting (Widholm 

et al, 2001), and DRL (Sable et al., 2009) male and female data were analyzed separately. In the 

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

Additional post hoc analyses were conducted as appropriate to determine the nature of 

significant effects that were detected via the initial omnibus analyses.  

Visual Cue Discrimination, Shift to Position discrimination, Response Reversal 

Group differences in the number of trials to criterion on each measure were determined 

via univariate ANOVA with exposure (0, 3 or 6 mg/kg) as a between-subjects variable and litter 

as a covariate. 

DRL 

 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 and litter as 

a covariate. 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 and litter 

as a covariate. Each response made during DRL15 was also categorized into one of eight 2.5 
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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 and litter as a covariate. 

Western Blot Analysis 

Relative densities adjusted for the protein standard (as described above) were analyzed in 

the OFC and striatum. Adjusted DAT densities were analyzed separately for each of these 

regions using one-way ANOVAs with exposure as the between-subjects factor.  

Results 

Visual Cue Discrimination 

Mean trials to criterion for visual cue discrimination are represented in Figure 1. In 

males, there was no significant difference across exposures for trials to criterion although males 

in the 6 mg/kg PCB exposure group did appear to take more trials to reach criterion than the 

other two groups. There was also no significant difference in trials to criterion across exposures 

in females with females of all exposure groups performing similarly throughout this phase. Litter 

did not contribute significantly to the statistical model.  

Shift to Position discrimination 

Mean trials to criterion in the position discrimination phase are presented in Figure 2. 

There was no significant main effect of exposure in males in this phase with all exposure groups 

taking a similar number of trials to reach criterion. Similarly, there was no significant main effect 

of exposure in females in this phase with all exposure groups taking a similar number of trials to 

reach criterion. Litter did not contribute significantly to the statistical model.  

Response Reversal 
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Mean trials to criterion for the response reversal phase are presented in Figure 3. A 

significant effect of exposure was found in males [F(2,6.860), p=0.003]. Post-hoc analysis 

(Tukey HSD) revealed significant differences between males of the 0 mg/kg and 3 mg/kg groups 

(p=0.023) and also between males of the 0 mg/kg and 6 mg/kg groups (p=0.003), with males of 

the 0 mg/kg group taking more trials to reach criterion than males in both the 3 and 6 mg/kg 

groups. Males of the 3 mg/kg group and the 6 mg/kg group did not differ significantly from one 

another. No significant differences in performance were observed across exposures in the 

females.  

DRL 1, DRL5, DRL10 

For total presses in DRL 1 (data not shown), there were no significant main effects of 

exposure or session in males or in females nor was there a significant session by exposure 

interaction in males or females. Thus, performance did not differ across sessions, and there were 

no exposure-related differences in total presses across sessions. There were also no significant 

main effects of treatment or session in males or females in efficiency ratio in DRL 1. Similar to 

total presses, performance did not differ across sessions, and efficiency ratio was not affected by 

exposure. Litter did not contribute to the statistical model for total presses or efficiency ratio in 

DRL 1. 

For total presses in DRL 5 (data not shown), there was no significant main effect of 

exposure, but there were significant main effects of session in males [F(1, 12.230), p=0.001] and 

in females [F(1, 30.794), p<0.0001] which was expected as performance improved (i.e., total 

presses decreased) across sessions. There was no significant session by exposure interaction in 

males or females suggesting that there were no exposure-related differences in total presses 

across DRL 5 sessions. There was no significant main effect of exposure on efficiency ratio 
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during DRL 5, but again, there were significant main effects of session in males [F(1, 24.075), 

p<0.0001] and females [F(1, 26.174), p<0.0001] with the efficiency ratio improving (i.e., 

increasing) across sessions. There was no significant session by exposure interaction on 

efficiency ratio in males or in females indicating that performance across sessions did not differ 

due to exposure. Litter did not contribute to the statistical model for total presses or efficiency 

ratio in DRL 5.  

Total presses in DRL 10 for males and females are presented in Figure 4 (4A and 4B, 

respectively). There was no significant main effect of session or exposure in males, but there was 

a significant session x exposure interaction [F(2, 4.095), p=0.025]. Post-hoc analysis (Tukey 

HSD), revealed a significant difference in total presses across 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 across these 2 sessions was steeper than in the other two groups. The 0 mg/kg and 6 mg/kg 

males showed no significant difference in total presses across sessions. Litter did not contribute 

significantly to this model. Females showed a similar pattern of results for total presses in DRL 

10. There was no significant main effect of session or exposure in females, but there was a 

significant session x exposure interaction [F(2, 5.264), p=0.010]. However, unlike in the males, 

post-hoc analysis showed no significant differences between groups across sessions. Litter did 

contribute significantly to this model (p=0.026). Efficiency ratios for males and females are 

presented in Figure 4 (4C and 4D, 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 [F(2, 3.801), p=0.032].  However, as with total presses, post-hoc 
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analysis showed no significant differences between groups across. In females, litter contributed 

significantly to this model (p=0.028).  

DRL15 

Total presses in DRL 15 are represented in Figure 5A for males and females. There was 

no significant main effect of exposure on total presses in males or in females, but there was a 

significant effect of block on total presses in both males [F(5,4.862), p<0.0001] and females 

[F(5,19.955), p<0.0001]. This was expected, with all groups improving their performance across 

blocks. There was no significant block x exposure interaction. This was true in males and 

females. Litter did not contribute significantly to these models.  

Figure 5B presents the efficiency ratios (reinforced:non-reinforced) for males and 

females. There was no significant main effect of exposure on efficiency ratio in males or in 

females, but there was a significant effect of block on efficiency ratio in both males 

[F(5,11.801), p<0.0001] and females [F(5,15.543), p<0.0001]. Again, this was expected with all 

groups improving their performance across blocks. There was no significant block x exposure. 

Litter did not contribute significantly to these models.  

Figure 6 depicts IRT bins for males and females in Block 1 (Panels A and B) and Block 6 

(Panels C and D). Analysis of IRT bins in Block 1 (Days 1-5) revealed no significant exposure 

by bin interaction in males or females suggesting that response patterns across the 15 second 

interval were not different across the three exposure groups in either males or females. In block 

1, there was a significant effect of bin in males [F(7,3.672), p=0.001]  and in females 

[F(7,9.924), p<0.0001] which was expected as response patterns change across the 15 second 

interval (Figures 6A and 6B). In Block 6 (Days 26-30), there was no significant bin by exposure 

interaction in males or in females suggesting that the proportion of responses falling within each 
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bin were not different due to exposure. There was a significant effect of bin in males 

[F(7,10.068), p<0.0001] and in females [F(7,14.582), p<0.0001]. As expected, there was a 

bursting pattern of response in the first 2.5 seconds followed by a reduction in responses over the 

next bins, with responses gradually increasing over the rest of the interval (Figures 6C and 6D).  

DRL EXT  

 There was no significant main effect of exposure on total presses during DRL extinction 

(Figure 7). Performance was similar for the three exposure groups in both males and females. 

There was a significant effect of session that was expected as males [F(2, 38.459), p<0.0001] 

and females [F(2, 45.119), p<0.0001] of all exposure groups were making fewer presses across 

days on extinction. There was no significant session by exposure interaction suggesting that total 

presses did not differ across sessions due to exposure. Litter did not contribute significantly to 

the statistical model. 

Western Blot Analysis 

 Figure 8 represents an example of western blots for DAT expression in the OFC (Panel 

A) and striatum (Panel B). There was no significant main effect of exposure on DAT protein 

expression in the OFC of males or females (Figure 9A). Similarly, there was no significant main 

effect of exposure on DAT protein expression in the striatum of males or of females (Figure 9B).  

Discussion 

 In this study, we assessed cognitive flexibility, response inhibition and DAT expression 

in adult male and female rats exposed to PCBs during adolescence. In the set-shifting task, we 

saw a sex-specific effect of PCBs on reversal learning. In the DRL task, we saw a subtle effect of 

PCBs in both males and females during the last training phase of the task (DRL 10). The PCB-

related effects in performance on these two cognitive tasks were not as robust as hypothesized, 
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and, perhaps not surprisingly then, there were no significant differences in DAT expression in 

the OFC or the striatum. 

Set-shifting 

 The results on the set-shifting task were unexpected. Adolescent PCB exposure did not 

impair learning of the extra-dimensional shift as was hypothesized, and the PCB-exposed males 

actually acquired the position reversal more readily than controls. 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 recent study found a similar 

pattern of performance on the same operant set-shifting task in rats exposed to acute stress (Thai 

et al, 2013). In that study there was no significant difference 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. 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. The reversal learning phase of the task 

required the rats to press the lever that they previously demonstrated to be biased toward 

pressing during the earlier side preference test. 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 stressed (or PCB-exposed) rats 

may revert to an unextinguished habit over learning a new strategy. These results may indicate 

the possibility that our adolescent PCB-exposed rats did not form a response set to the spatial 



59 
 

strategy during the position discrimination phase and were able to more quickly revert to habit 

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

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 did report 

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

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

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

Furthermore, these studies used a DRL 30 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.  

 The lack of an effect of exposure on DRL 15 was not completely unexpected, however, 

because PCB-related deficits in performance have not been consistent across studies. In one 

study using DRL15, rats exposed perinatally to the Fox River mixture showed a lower ratio of 

reinforced to nonreinforced responses suggesting an impairment on this task (Sable et al, 2009). 

However, an earlier study found no significant effect of perinatal PCB treatment on DRL 15 

performance (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, whereas in the study that did not see an effect of 

exposure rats were tested on another operant task just prior to DRL testing. Thus, it is possible 

that a transfer of experience occurred such that rats exposed to another operant task prior to DRL 
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testing tend 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 made it harder to detect 

an effect on the DRL task. 

DAT Measures 

 Despite a male-specific exposure-related difference in performance on reversal learning, 

there was no significant difference in DAT expression in the OFC or the striatum across PCB 

exposure groups in either males or females (Figure 8).  Several studies have reported long-lasting 

changes in DAT expression due to environmental factors present during critical developmental 

windows (Novick et al, 2011; Li et al, 2014), thus we hypothesized that PCBs given throughout 

adolescence could lead to long lasting changes in DAT. In line with this hypothesis, a previous 

study did observe a decrease in PFC DA concentrations that persisted into adulthood following 

early PCB exposure (Seegal et al, 2005).  However, given that the results from our cognitive 

tasks were subtle and not in the direction we hypothesized, it is not surprising that we did not 

observe long-term changes in DAT expression due to chronic PCB exposure during adolescence.  

Conclusions 

 In this study we reported 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 or DAT expression in 

related brain regions. Although the findings of this study did not support our hypotheses as 

expected, there were some differences in cognition associated with adolescent PCB exposure that 

suggest there may be vulnerability to PCBs during this period. In the future, it would be useful to 

explore PCB-related effects on other executive functions mediated by the PFC, such as working 
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memory given that research has suggested PCB-related deficits on tasks of working memory in 

both humans and animals (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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Figures 

Figure 1: Visual  Cue Discrimination
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Figure 1: Effects of PCB exposure on trials to criterion in visual cue discrimination. There were no 

significant differences in performance across exposures in males or in females. 

 

Figure 2: Response Discrimination (Set-Shift)

T
ri

a
ls

 t
o

 C
ri

te
ri

o
n

 (
M

e
a
n


 S
E

M
)

Males Females
0

20

40

60
0 mg/kg/day

3 mg/kg/day

6 mg/kg/day

 
Figure 2: Effects of PCB exposure on trials to criterion in position discrimination. There were no 

significant differences in performance across exposures in males or in females. 
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Figure 3: Reversal
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Figure 3: Effects of PCB exposure on trials to criterion in the reversal phase. Males of the 0 mg/kg group 

took more trials to reach criterion than males of the 3 mg/kg group (p=0.023) and males of the 6 mg/kg 

group (p=0.003). No significant difference in performance was observed across groups in females. 

 

FIgure 4A: DRL10 Total Presses (Males)

T
o

ta
l 
P

re
s
s
e
s
 (

M
e
a
n


 S

E
M

)

Session 1 Session 2
700

800

900

1000

1100

1200
0 mg/kg

3 mg/kg

6 mg/kg

FIgure 4B: DRL10 Total Presses (Females)
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Figure 4C: DRL10 Efficiency Ratios (Males)
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Figure 4D: DRL10 Efficiency Ratios (Females)
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Figure 4: 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 across 

sessions in males of the 3 mg/kg group (p=0.021). 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 

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 



64 
 

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. 

 

Figure 5A: DRL15 Total Presses
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Figure 5B:  DRL15 Efficiency Ratio
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Figure 5: Effects of PCB exposure on total presses and efficiency ratio in DRL 15. There was no 

significant effect of exposure on total presses in males or in females (Panel A). There was no significant 

main effect of exposure on efficiency ratio in males or in females (Panel B). 
 

Figure 6A: Block 1 IRTs (Males)
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Figure 6B: Block 1 IRTs (Females)
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Figure 6C: Block 6 IRTs (Males)
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Figure 6D: Block 6 IRTs (Females)
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Figure 6: DRL 15 IRT bins. In block 1, there was no significant exposure by bin interaction in males 

(Panel A) or females (Panel B) suggesting that response patterns across the 15 second interval 

were not different across the three exposure groups in either sex. There was a significant effect of 
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bin in males (p=0.001) and in females (p<0.0001) as response patterns change across the 15 second 

interval. In block 6, there was no significant exposure by bin interaction in males (Panel C) or in females 

(Panel D) as response patterns across bins were not different across groups in either sex. There was a 

significant effect of bin in males (p<0.0001) and in females (p<0.0001) as expected with a bursting 

pattern of response in the first 2.5 seconds followed by a reduction in responses that gradually increase 

over the rest of the interval. 

Figure 7:  DRL EXT Total Presses
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Figure 7: Total lever presses across males and females during DRL extinction. There were no significant 

differences in mean lever presses across exposure groups in males or in females as all groups made fewer 

lever presses each day on extinction.  

 

 
 

Figure 8: Sample western blots for DAT expression in the OFC (Panel A) and the striatum (Panel B). 

DAT expression is detected around 80 kDa. Alpha-tubulin expression is detected around 55 kDa. DAT 

and alpha tubulin band densities were determined and then standardized to the protein standard densities 

on each image to obtain relative densities for DAT and alpha tubulin. 
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Figure 9A: DAT Expression in OFC
D

A
T

  
R

e
la

ti
v
e
 D

e
n

s
it

y
 (

%
)

Males Females
0.0

0.5

1.0

1.5
0 mg/kg

3 mg/kg

6 mg/kg

Figure 9B: DAT Expression in striatum
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Figure 9: DAT relative density in the OFC and striatum. There was no significant difference in DAT 

expression in the OFC across exposure groups in males or in females (Panel A). Similarly, there was no 

significant difference in DAT expression in the striatum across exposure groups in males or in females 

(Panel B). 
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Chapter 4: Adolescent Exposure to Polychlorinated Biphenyls, Behavior and 

Cognitive Functioning. 

Abstract 

 Polychlorinated biphenyls (PCBs) are ubiquitous environmental contaminants that are no 

longer used in industry but still exist in our environment due to their resistance to degradation. 

Converging human and animal data suggest that perinatal exposure to PCBs is associated with 

cognitive and behavioral deficits similar to those seen in attention deficit hyperactivity disorder 

(ADHD), including deficits in executive functions such as cognitive flexibility and response 

inhibition. Little is known about PCB exposure during another critical period of brain 

development: adolescence. During adolescence, the prefrontal cortex as well as executive 

functions and behaviors modulated by this area are maturing. To explore the potential impact of 

PCB exposure during adolescence on executive functions, data were collected from 115 12-18 

year old children of sport anglers in Green Bay, Wisconsin, who were exposed to PCBs through 

consumption of fish from contaminated waters. PCB concentrations were measured in serum by 

capillary column gas chromatography with electron capture detection (ECD). Cognitive 

flexibility was assessed using the CANTAB Intradimensional/Extradimensional (ID/ED) set-

shifting task, and response inhibition was tested using the Integrated Visual and Auditory (IVA) 

Continuous Performance Task. Behaviors associated with ADHD were assessed using the 

Conner-Wells’ Behavior Rating Scale—Parent Report.  PCB exposure was not associated with 

scores on any of the four Conners’ scales. In contrast, on the ID/ED set shifting task there was a 

sex specific association with PCB exposure. Males, but not females, with higher PCB exposure 

took a greater number of total trials to complete all phases of the task. On the IVA, PCB 

exposure was not associated with response inhibition in either sex. The results of this study 
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suggest a subtle deficit in cognitive flexibility associated with PCB exposure in adolescent boys. 

In contrast, exposure was not associated with a deficit in response inhibition in either girls or 

boys. 
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Introduction 

 Polychlorinated biphenyls (PCBs) are chemicals that were once used as dielectric fluids 

in capacitors and transformers as well as in carbonless copy paper, fluorescent light ballasts and 

caulking material (Ross, 2004). PCBs are also inadvertently produced as a byproduct of the 

manufacture of paint pigments and thus continue to be found in commercially available products 

that ultimately terminate in landfills and adjacent ecosystems (Grossman, 2013). 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). Despite being banned from production over 4 decades ago, PCBs are still persistent in our 

environment. In fact, multiple studies have shown that human populations that consume fish 

from contaminated waters such as the Great Lakes have elevated PCB concentrations in their 

blood relative to other populations (Schaeffer et al, 2006; Turyk et al, 2012).  

During the process of de-inking and recycling carbonless copy paper, a number of paper 

mills in northeastern Wisconsin released large amounts of PCBs into the Fox River. Despite the 

fact that production of PCBs was banned in the 1970s, PCB levels in the sediment and fish of the 

Fox River remain elevated to this day, and fishing advisories for the River have been in effect 

continuously since 1976 (Wisconsin Division of Natural Resources, 2014). Populations still 

consume fish from these contaminated waters and thus have elevated blood PCB levels. For 

instance, our group recently reported that Hmong adults fishing in waters of northeastern 

Wisconsin, including the Fox River, had elevated serum PCB concentrations that were directly 

correlated with sport-caught fish consumption (Schantz et al, 2010).  

Research in humans and animals has demonstrated that PCB exposure during early 

development is associated with cognitive deficits. In particular, converging evidence from both 

human and animal studies has suggested that executive functions such as response inhibition and 
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cognitive flexibility are particularly vulnerable to disruption by PCBs (reviewed in Eubig et al, 

2010). In a birth cohort of children born to women who consumed PCB-contaminated fish from 

Lake Michigan, higher umbilical cord serum PCB levels were dose-dependently associated with 

poorer performance on Fagan’s test of visual recognition memory at 7 months of age and poorer 

verbal and quantitative short-term memory function at 4 years of age (Jacobson et al, 1985; 

Jacobson et al, 1990). Prenatal PCB exposure in this cohort was also associated with poorer 

concentration, greater impulsivity, and poorer verbal, pictorial, and auditory working memory 

(Jacobson & Jacobson, 1996) as well as lower full-scale and verbal IQ scores, with the strongest 

effects related to memory, cognitive flexibility and response inhibition when children were tested 

at 11 year of age (Jacobson & Jacobson, 2003).  

Some of the most compelling results of this research were the correlations between PCB 

exposure and deficits in response inhibition and cognitive flexibility. To assess response 

inhibition the researchers used a continuous performance task (CPT) in which a child had to 

press a button only when a target appeared and inhibit responding if a non-target appeared. In 

this task, errors of commission are scored when the subject fails to inhibit responding to a non-

target (thus, assessing impulsivity/response inhibition). Errors of omission, on the other hand, are 

scored when the subject fails to press when the target appears (thus, measuring inattention).  In 

this task, the Jacobson study (2003) found that 11 year olds with higher prenatal PCB exposure 

made more errors of commission on the CPT, suggesting a deficit in response inhibition. 

The Wisconsin Card Sort Task (WCST) is a task commonly used to assess cognitive 

flexibility. Here, the child had to sort cards based on 3 dimensions (color, shape, number), and 

the ability to shift mental set, or set-shift, was assessed by changing the sorting criterion and 

measuring the number of errors the child made before accurately shifting responses to the correct 
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dimension. Along with the deficit in response inhibition, children in the Jacobson (2003) study 

with higher PCB levels also made more errors prior to reaching criterion performance after a set-

shift on the WCST, suggesting a deficit in cognitive flexibility. 

An Oswego, New York birth cohort study of children born to women who consumed 

PCB-contaminated Lake Ontario fish found similar results. Prenatal PCB exposure, as measured 

in umbilical cord serum, was associated with poorer performance on the Fagan test of infant 

intelligence at 6 and 12 months of age, suggesting a deficit in overall cognitive ability (Darvill et 

al, 2000). Stewart and colleagues also performed a series of cognitive tests using domain-

specific tasks of executive function on children of this cohort across different time points. When 

tested at 4.5 years of age, they found a dose-dependent association between cord serum PCB 

levels and errors of commission on a CPT in these children (Stewart et al, 2003). A similar 

association was seen between prenatal PCB exposure and increased errors of commission when 

the children of this cohort were tested again at 8 and 9.5 years of age (Stewart et al, 2005). 

Furthermore, on another task of response inhibition (Differential Reinforcement of Low Rates of 

Responding; DRL) they found an association between cord serum PCB levels and excessive 

(impulsive) responding and fewer reinforcers earned in these children at 9.5 years of age 

(Stewart et al, 2006).  Taken together, these results provide evidence that prenatal PCB exposure 

is associated with poorer performance on tasks engaging response inhibition, and this association 

remains present when children were tested at later time points during childhood. 

Although the cohorts described here were exposed to PCBs primarily through fish 

consumption, a number of other studies have shown similar cognitive deficits in children 

associated with pre- or perinatal PCB exposure from sources other than fish consumption 

(Boucher et al, 2009; Eubig et al, 2010). Furthermore, because PCB related deficits in response 
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inhibition, working memory and cognitive flexibility share many commonalities with the 

behavioral deficits seen in attention deficit hyperactivity disorder (ADHD) (Aguiar et al., 2010) 

behavioral rating scales have been employed in epidemiological studies to assess such aspects of 

behavior. For example, the Conners’ Rating Scale for teachers was used in a cohort of children 

aged 7-11 years to investigate the associate between prenatal PCB exposure and behaviors 

associated with ADHD (Sagiv et al, 2010). The researchers found a higher risk for ADHD-like 

behaviors associated with higher levels of prenatal PCB exposure. 

Interestingly, rats and monkeys perinatally exposed to PCBs show a similar pattern of 

deficits on DRL tasks and tasks of cognitive flexibility (set-shifting), indicating a convergence of 

evidence across human and animal studies of pre- or perinatal PCB exposure (reviewed in Sable 

& Schantz, 2006 and Eubig et al, 2010). All in all, these data suggest that PCB exposure during 

this critical period of early brain development may be related to adverse cognitive and behavioral 

outcomes lasting far beyond the exposure period. 

Despite the wealth of studies focusing on cognitive deficits related to PCB exposure 

during the prenatal and early postnatal period, and the evidence that executive functions are 

affected, very few studies have looked at the impact of PCB exposure during another critical 

period of brain development: adolescence. Adolescence represents the transition between 

childhood and adulthood and is broadly defined as the period between 12 to 18 years of age in 

humans (Brenhouse & Andersen, 2011). This period is characterized by certain hallmarks of 

behavior across species, including an increase in exploration, novelty seeking and risk taking as 

well as the refinement of many executive processes (reviewed in Crews & Hodge, 2007). 

Although executive functioning is present in early development, it undergoes marked refinement 

and maturation through childhood and especially during adolescence (Anderson et al, 2001; 
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Luna, 2009). In fact, studies done in humans have shown clear age-related improvements in 

executive function during adolescence. One study in children aged 9 to 18 years found that 

increasing age from preadolescence (ages 9-12) to early adolescence (ages 13-15) to late 

adolescence (ages 16-19) was significantly associated with better performance on measures of 

cognitive set-shifting and response inhibition (Rosso et al, 2004). Another study found age-

related improvements in performance on a stop signal task of response inhibition with 

adolescents (age 13-17) performing markedly better than children (age 6-12) (Bedard et al, 

2002). Another study found that adolescents (age 13-17) made more correct inhibitory responses 

than children (age 8-12) on a response inhibition task, but this performance did not reach that of 

adults (age 18-27) (Luna et al, 2010). These results illustrate that executive function is 

continuing to mature through late adolescence.  

Given the research on the maturation of executive function throughout adolescence, many 

studies have been done to explore changes in brain function that could underlie these 

developmental changes in executive control. Research has suggested that an integration of brain 

function throughout adolescence underlies the maturation of executive functions, namely 

continued myelination during this period contributes to a growing ability of the prefrontal cortex 

to influence the rest of the brain (Olesen et al, 2003; reviewed in Luna, 2009). One method that 

has been used to investigate functional circuits involved in cognitive processing across the 

lifespan is neuroimaging. Functional MRI (fMRI) studies that have looked at performance on 

tasks of response inhibition have found poorer performance in childhood that steadily improves 

with age, reaching adult levels of performance in mid to late adolescence (Luna et al, 2010). 

These studies also suggest that functional connectivity of the frontal regions to other areas of the 

brain is associated with these improvements in inhibitory control. For instance, a study done by 
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Stevens et al (2007) examined functional connectivity during a go/no-go task of response 

inhibition and found that changes in fronto-striatal-thalamic network activity from adolescence 

(age 11-17) to adulthood (age 18-37) were related to changes in performance across age. 

Furthermore, fMRI studies done by Huttenlocher (1990) found that the prefrontal cortex – a 

region of the frontal lobe of the brain thought to be crucial in proper executive functioning - 

undergoes late structural changes extending into mid-adolescence (around 16 years of age). All 

in all, these studies suggest that because the brain area critical to proper executive functioning is 

maturing during this period, adolescence may be a particularly sensitive period for PCB-related 

cognitive effects.  

 In one of the few published studies that has assessed the relationship between current 

PCB concentrations and cognitive function during adolescence, Newman et al (2006) found that 

serum PCB concentrations were associated with impaired performance on two measures of long-

term memory and a measure of reasoning ability in adolescent subjects of the Akwesasne 

Mohawk Nation. This cohort consisted of adolescents aged 10-17 exposed both prenatally and 

concurrently to PCBs through consumption of contaminated fish and wild game. The 

assessments done in this cohort of adolescents, however, focused primarily on memory 

functioning, processing speed, intellectual ability, reasoning ability and overall cognitive 

functioning (Newman et al, 2006; Newman et al, 2009) and did not directly assess executive 

functions that are maturing in concert with the prefrontal cortex during adolescence. One other 

study done in a cohort of adolescents found no significant association between PCB exposure 

and measures of sustained and selective attention (Vermeir et al, 2005); however, this is not 

surprising as attentional deficits have not generally been reported in association with prenatal 

exposure either (Eubig et al, 2010). Furthermore, this study only measured “dioxin-like” PCBs 
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which are not believed to contribute significantly to deficits in executive function seen with early 

PCB exposure (Newman et al, 2009; Sable & Schantz, 2006). All in all, the paucity of research 

on PCB exposure during adolescence highlights the need for additional studies that focus on the 

impact of exposure during this critical period of brain maturation.  

 Taken together, the evidence presented above led us to hypothesize that PCB exposure 

during adolescence would be associated with impairments in executive functioning. In the 

present study, we assessed neuropsychological function in adolescents 12-18 years of age at high 

risk for exposure to PCBs through consumption of fish from the Lower Fox River and other 

contaminated waters in northeastern Wisconsin. We measured blood PCB concentrations and 

assessed the association of PCB exposure to behavioral ratings on the Conners’ Parent Report, as 

well as performance on the Cambridge Neuropsychological Test Automated Batter (CANTAB) 

Intradimension/Extradimensional Set-Shifting Task (ID/ED) and the Integrated Visual and 

Auditory Continuous Performance Task (IVA), tasks assessing cognitive flexibility and response 

inhibition, respectively.  

Methods 

From 2007 to 2012, a sample of 12-18 year old children were recruited from households 

in the Green Bay, Wisconsin area identified through the Wisconsin Department of Natural 

Resources (WDNR) licensed angler database as having a valid Wisconsin fishing license during 

the 2006-2007 fishing season. All procedures were approved by the Institutional Review Boards 

(IRB) of the collaborating Universities, and all participants gave written informed consent.  

Wisconsin residents who purchased fishing licenses in 2006-2007 were asked to check a 

box giving permission for the release of their personal identifying information to outside parties, 

including biomedical researchers. From the 857,353 individuals in the database who gave this 
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permission, we established a sampling frame for our study by searching the database for licensed 

anglers between 32 and 65 years of age residing in 8 zip codes representing the greater Green 

Bay and De Pere metropolitan areas in northeastern Wisconsin. We chose this age range as 

individuals in this age range were most likely to have adolescent children in the household. Our 

final sample included 20,386 individuals meeting these age criteria. Phone numbers were 

obtained for 92% of the sample, or 18,720 individuals. We then matched people by address of 

residence, yielding 15,528 unique households with at least one licensed angler 32-65 years of 

age. For recruitment purposes, we selected a 10% random sample of angler households from 

each zip code and mailed information sheets describing the study in batches of 250. A few days 

later, we began trying to contact the homes by telephone to determine if there were eligible 

children (age 12-18) in the home and, if so, their willingness to participate. If a family with an 

eligible child agreed to participate, an appointment was scheduled for the child and a parent to 

visit our research office to complete the assessment battery and questionnaires.  The final sample 

for the study included 115 children from 102 households. 

Neuropsychological Testing 

Set-Shifting  

Subjects came to our field research office in Green Bay, WI for testing. They were 

administered the Intradimensional/Extradimensional (ID/ED) set-shifting task from the 

Cambridge Neuropsychological Test Automated Battery (CANTAB). The CANTAB contains a 

variety of tests that interrogate a wide range of cognitive domains including memory, attention 

and executive function (Fray & Robbins, 1996). The test was administered using a computer 

with a touch sensitive screen. The ID/ED set-shifting task took about 15 minutes to complete and 

assessed the ability of the subject to attend to a specific dimension of a compound stimulus and 
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then shift attention to the previously irrelevant dimension when required. The series began with a 

simple shape discrimination (simple discrimination; SD): 2 shapes were presented, one correct 

and the other incorrect.  Feedback taught the subject which shape was the correct choice. After 6 

consecutive correct responses (criterion), the rule changed and the previously incorrect shape 

became correct (simple reversal; SR). After criterion was met, another reversal was given, but 

this time irrelevant cues (white lines) were shown next to the shapes (compound discrimination 

1; CD1). In the next stage, the white lines were superimposed over the shapes, but shape was still 

the correct dimension (compound discrimination 2; CD2). After criterion was met, an 

intradimensional shift (IS) took place whereby new shapes and lines were presented, but shape 

was still the relevant dimension. After criterion was met, the same shapes and lines from the 

stage before were presented, but the opposite shape was now correct (intradimensional reversal; 

IR). After criterion was met, an extradimensional shift (ES) occurred in which the lines became 

the relevant stimulus dimension. In the final stage, the same shapes and lines from the stage 

before were presented, but the opposite line was now correct (extradimensional reversal; ER). 

Subjects progressed through the test by satisfying a set criterion of learning at each stage (6 

consecutive correct responses). If at any stage the subject failed to reach this criterion after 50 

trials, the test terminated. Data were analyzed as count variables. The dependent variables 

included trials to criterion at each stage and total trials to complete all stages of the task. 

The IVA 

 The Integrated Visual & Auditory Continuous Performance Test (IVA Plus; Sandford & 

Turner, 2009) is a computerized continuous performance test (CPT) that combines auditory and 

visual stimuli to measure attention, impulsivity and hyperactivity. The test presented 5 blocks of 

100 trials (totaling 500 trials) of “1”s and “2”s, shifting sets between the visual and auditory 
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modalities. The subject was required to click the mouse only when he/she saw or heard a 1 

(target stimulus) and to inhibit clicking when he/she saw or heard a 2 (non-target stimulus). The 

presentation frequency of the stimuli were varied during different portions of the test in order to 

assess both errors of commission (impulsivity) and omission (inattention). Specifically, during 

the first 50 trials of a 100-trial block, the target stimulus was presented on 42 of the trials and the 

non-target stimulus on 8 trials. Here, the 1’s are more common than the 2’s, creating a response 

set that invites errors of commission. In the second 50 trials of a 100-trial block, the target was 

presented on 8 of the trials and the non-target on 42 trials. Here, the 1’s occur rarely, inviting 

more errors of omission since the subject must remain vigilant for the target. The presentation of 

visual and auditory stimuli was equally balanced in each 100-trial block. The IVA lasted 

approximately 15 minutes. The IVA provides measures of inattention and impulsivity (response 

inhibition) based on reaction time and errors of omission or commission, respectively. An error 

of commission occurred when the subject clicked at a non-target (a “2”). Composite scores were 

calculated for auditory and visual stimuli separately. Composite percent raw scores for the 

response inhibition measure, based on errors of commission, were calculated as follows: 100 – 

((number of auditory errors/75)*100), and 100 – ((number of visual errors/65)*100).  

Inattention was assessed by errors of omission. An error of omission occurred when a 

subject failed to respond to a target (a “1”). Composite scores were calculated for auditory and 

visual stimuli separately.  Composite percent raw scores for the inattention measure, based on 

errors of omission, were determined as follows: 100 – ((number of auditory errors/45)*100) and 

100 – ((number of visual errors/45)*100).  

We also assessed sustained effort over time by measuring the mean reaction times (RTs) 

of correct responses to targets during the first 200 trials compared to those of the last 200 trials. 
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This measure assesses the difficulty the subject may have in maintaining speed of mental 

processing throughout the task. Scores were calculated for the auditory and visual modalities 

separately. Raw percent scores were calculated as follows: ((mean auditory RT of sets 1 + 

2)/(mean auditory RT of sets 4 + 5))*100 and ((mean visual RT of sets 1 + 2)/(mean visual RT of 

sets 4 + 5))*100. Data were analyzed as continuous variables for all three IVA measures. 

Conners’ Rating Scale-Revised 

 The Conners’ Parent Rating Scale-Revised (short form) (Conners, 2001) was used to 

assess ADHD and evaluate problem behavior in subjects. Items on the Conners’ parent and self-

report forms are divided into 4 behavioral scales: oppositional, cognitive problems/inattention, 

hyperactivity and the Conners’ ADHD index. Raw scores were calculated for each of the 4 scales 

on the parent rating form and were analyzed as count variables.  

Covariates 

Parent Questionnaires 

Information about possible confounders was gathered through interviews and 

questionnaires administered to subjects and their parents. When a child and family agreed to 

participate, a fish consumption questionnaire was mailed to the child’s parent to obtain historical 

and detailed information about current (over the previous 12 months) fish consumption. At the 

neuropsychological assessment, a parent completed an interview designed to obtain detailed 

information on family demographic characteristics, lifestyle factors (including maternal smoking 

and alcohol consumption during her pregnancy with the study child), and the child’s medical 

history. Questions about the child’s medical history included a broad range of health conditions 

that can affect neuropsychological testing including visual/hearing impairments, motor 
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conditions or injuries, head injury and attentional or behavioral diagnoses.  

Subject Tests and Questionnaires 

Subjects were also given an interview at the time of neuropsychological testing in order 

to collect more data on potential confounding variables that could influence performance on the 

outcome measures of interest. Information about the subject’s alcohol consumption and smoking, 

including length of time and frequency with which the subject has been drinking and/or smoking, 

was obtained. Number of hours since last cigarette was also ascertained. Use of prescription and 

over the counter medications prior to and on the day of testing was obtained. At the time of 

blood draw, subjects also completed a brief interview with questions regarding recent fish 

consumption and from where the fish came. The Wechsler Abbreviated Scale of Intelligence 

(WASI; Wechsler, 1999) was used to control for general intellectual functioning. Two subtests 

of the WASI were administered to the child: Vocabulary and Matrix Reasoning. When 

administered together, these subtests provide an estimate of overall intellectual functioning that 

is highly correlated with the WASI full scale IQ score (r=0.93-0.94).  

 Taken together, covariates that were evaluated as potential confounders in this study were 

categorized into 4 classes of variables: demographic variables, early-life variables, subject 

lifestyle variables and psychological variables (Table 1). Among the early-life variables, 

maternal alcohol consumption was measured by number of months drinking alcohol during 

pregnancy and frequency of consumption. Maternal cigarette smoking was assessed by number 

of months smoking cigarettes during pregnancy and number of cigarettes smoked per day on 

average. Parents were also asked whether the subject experienced any head injuries or near 

drowning experiences as well as whether the subject had any history of epilepsy/seizures, 

meningitis, encephalitis, other neurological disorders, high fever, asthma, allergies, frequent ear 



91 
 

infections, diabetes and/or exposure to lead or poisons. Among subject lifestyle variables, 

caffeine consumption was measured by soda, tea and coffee frequency. Cigarette smoking was 

measured by a yes/no question. Subjects were also asked when they last smoked a cigarette prior 

to neuropsychological testing. Alcohol consumption was measured by a yes/no question and 

frequency of consumption if “yes”.  

Blood PCB Concentrations 

A blood sample was collected from each study participant by a trained phlebotomist 

within two weeks after the neuropsychological assessment was completed. Samples were 

analyzed for PCBs and other contaminants in the lab of Dr. Paul Kostyniak at the State 

University of New York (Buffalo, NY) using a modification of the method described by 

Greizerstein et al (1997). PCB congeners were extracted from the serum using pressurized liquid 

(n-hexane) extraction. The serum sample was mixed with 4 g Hydromatix and then loaded into 

34 ml extraction cells containing 5 g of Florisil. The resulting mixture was then extracted with 

hexane using Accelerated Solven Extraction (Dionex; Sunnyvale, CA). The extract was 

evaporated using a Zymark TurbVap II Concentrator (Hopkinton, MA) to a volume of 1 ml. 

Further cleanup of the extract was performed by eluting through a 500 mg Florisil Sep-Pak 

(Waters Corp; Milford, MA) solid phase extraction (SPE) cartridge. The extract was evaporated 

to a final volume of 0.2 ml, and PCB congeners 30 and 204 were added as internal standards. 

The extract (1 ul) was then injected into an Agilent (Palo Alto, CA) 6890 N Gas Chromatograph, 

and individual PCB congeners were separated on a 60m x 0.25mm SPB-5 (Supelco, Inc.) fused 

silica capillary column with electron capture detection.  

The identification and quantitation of PCB congeners was accomplished by comparing 

the sample chromatogram peak areas and relative retention times to those of the PCB congener 
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calibration standards. Retention times were calculated relative to the internal standards (PCB 30 

and PCB 204). If the area for any congener exceeded the initial calibration range, the sample 

extract was diluted by the factor necessary to bring the response within the calibration range. 

Results were corrected (blank-subtracted) for the mean concentration of each congener 

determined in sheep serum blank samples containing very low background levels of PCBs. 

Results were also adjusted for the percent recovery of the surrogates (PCB 46 and PCB 142), 

which were added to each sample at the start of the analysis. Calibration curves (second order 

polynomial) were generated following analysis of AccuStandard PCB congener calibration mix 

standards (CS-01 and CS-05). The quality control program consisted of analysis of serum 

samples in batches of six to ten samples with the addition of four quality control samples. The 

quality control samples consisted of one reagent blank, one matrix (serum) blank, three quality 

control check samples and one randomly selected duplicate sample. The lowest calibration 

standard was at a concentration near, but above, the method limit of detection (LOD), and the 

other concentrations corresponded to the expected range of concentrations found in real samples. 

The LOD for each PCB congener was dependent on the level of interfering substances in the 

sample and laboratory background levels rather than instrumental limitations. The LOD of each 

congener was defined as the average background noise + 3 standard deviations for the given 

congener determined in serum blank samples. The LOD was typically in the low ng/g range (i.e., 

0.01 ng/g). Non-detectable values were given a value of 0, and the values for individual 

congeners were summed to attain a total PCB concentration for the serum sample. 

Total PCBs in serum were normalized for lipid content in sample matrices. In serum, 

total lipids (TL) were determined from total cholesterol (TC) and trigylcerides (TG) using the 

equation: TL =2.27 (TC) + (TG) + 0.623. TC and TG measurements were made on serum by 



93 
 

adaptation of the enzymatic colorimetric methods used in Wako lipid diagnostic kits to the 

semiautoanalyzer Cobas Fara II. Lipid calibration standards were used for calibration and 

quantitation. Two quality control samples (Wako) containing lipids spanning the range normally 

found in human serum for each analyte were used for each assay.  

Total PCBs (ng/g) in each sample were calculated by summing individual congener 

concentrations detected in the serum sample. Lipid-adjusted PCB values (ng/g) were obtained by 

dividing the total PCB concentration by the concentration of lipid in the serum. PCB 

concentrations in serum followed a log-normal distribution. Data were analyzed and reported 

here with both lipid adjusted and unadjusted values, as the use of lipid adjusted values only has 

recently been under review (Schisterman et al, 2005). 

Statistical Analyses 

 SAS software was used (SAS Institute Inc., Cary, NC) to perform all statistical analyses. 

Regression analyses were used to assess the relationship between performance on each outcome 

measure and total PCBs in serum (lipid adjusted and unadjusted). Because the distribution of 

PCB concentrations in our population was skewed, values of the exposure variable were log-

transformed for use in statistical analyses. Data were first analyzed using both adjusted and 

unadjusted PCB values, and the results did not differ. Here, we report analyses using lipid 

unadjusted total PCBs only. 

Potential confounders were simultaneously controlled for in our analyses.  A regression 

model was developed for each dependent variable that included all individual covariates 

identified through univariate analyses as being associated with the dependent variable. Critical 

covariates identified in univariate analyses were age, sex and the WAIS-R IQ score.  A sex by 

exposure interaction term was also included in the analyses to explore whether PCB exposure 
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impacted males and females differently. Family income and parental education were associated 

with some of the outcome variables (e.g., score on Conners’ hyperactivity scale, trials to criterion 

on some ID/ED stages, errors of commission in auditory modality of IVA), but when included in 

the models did not contribute significantly and, thus, these variables were not included in the 

final models. None of the other covariates were significantly associated with the outcome 

variables.   

Multiple linear regression was used for analysis of normally distributed continuous 

outcomes, including scores on the IVA measures of response inhibition, attention and sustained 

effort. For continuous variables, normal checks for outliers and influential observations were 

based on leverage statistics and standardized residuals (Cook & Weisberg, 1982). Collinearity 

was assessed by variance inflation factors and condition numbers (Cook & Weisberg, 1982). 

Negative binomial regression was used for counts variables, including scores on the Conners’ 

scales and total trials on the ID/ED task. Outcomes such as trials to criterion at each ID/ED stage 

with markedly skewed distributions were dichotomized and analyzed by logistic regression.  

Conners’ Parent Scale 

 Raw scores on each of the 4 Conners’ Parent Scales (oppositional, cognitive/inattention, 

hyperactivity, and ADHD index) were treated as count data and analyzed using a negative 

binomial regression model. The final multivariate model contained age, sex, the WAIS-R IQ 

score, PCB concentration and the PCB by sex interaction. 

ID/ED Shift Task 

 Trials to criterion at each stage of the ID/ED task were treated as count data. The 

majority of subjects completed each stage of the task within the first 10 trials while only a 

smaller subset took a larger number of trials to reach criterion. Due to this skewed distribution, 
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data for each stage were dichotomized at the lowest number of trials to complete that stage. The 

data were then analyzed by logistic regression. The total number of trials across all stages of the 

task was treated as a count variable and analyzed using a negative binomial regression. Age, sex, 

the WAIS-R IQ score, PCB concentration and the PCB by sex interaction were included in the 

multivariate models. 

IVA CPT Task 

 The three continuous outcome measures for the IVA CPT (inattention, response 

inhibition and sustained effort) were analyzed using multiple linear regression. The final 

multivariate model contained age, sex, the WAIS-R IQ score, PCB concentration and the  

PCB by sex interaction. 

Results 

Sample Characteristics and Serum PCB Concentrations 

The demographic characteristics of the sample are summarized in Tables 2 and 3. The 

children ranged in age from 12-18 years of age, and 76% of the children had consumed local 

sport-caught fish for an average of 11 years (Table 2). Nearly 100% of the children were white, 

and the households were predominantly middle class with over 70% having total household 

incomes above $60,000 (Table 3). Only 6% had a household income less than $40,000. Most 

households were two-income with 94% of fathers and 82% of mothers employed. Over 60% of 

mothers and fathers earned at least an Associate’s degree. Very few of the women reported 

consuming alcohol or smoking during their pregnancy with the child in the study.    

Table 2 shows the total PCB (ng/g lipid) in serum samples collected from the children. 

Children in this cohort had a mean serum total PCB concentration of 0.2 ng/g (lipid unadjusted) 

and a lipid adjusted mean concentration of 45.51 ng/g of serum lipid. 

Conners’ Parent Rating Scale Scores 
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 Estimates of effects analyzed by negative binomial regression for the Conners’ scales are 

listed in Table 4. PCB concentration was not significantly associated with scores on these four 

scales. IQ had a significant negative association with the raw scores of all four Conners’ Scales: 

oppositional (p=0.0156), cognitive/inattention (p=0.0004), hyperactivity (p=0.0096), and the 

ADHD index (p=0.0002). In other words, lower IQ scores are associated with higher (worse) 

scores on each of the Conners’ scales. The PCB by sex interaction was not significant for any of 

the Conners’ scales. 

ID/ED Shift Task Performance 

 Negative binomial regression for total trials to complete all nine stages of the task 

revealed a significant positive association of PCB exposure with total trials in males (p=0.0566; 

see Figure 10). In females, PCB exposure was not associated with total trials, but in males a 25% 

increase in PCB concentration was associated with a 6% increase in total trials. As expected, IQ 

was negatively associated with total trials on this measure (p=0.0076) with higher IQ being 

associated with fewer total trials to complete the ID/ED task. The results of logistic regressions 

for trials to criterion at each individual stage are represented as odds ratio estimates (Figure 11). 

PCB exposure was not significantly associated with trials to criterion on any of the individual 

stages of the ID/ED task. There was no significant interaction of PCB exposure by sex on trials 

to criterion at any of the individual stages.     IVA CPT Performance 

 Table 5 shows parameter estimates for two measures on the IVA CPT task: response 

inhibition and sustained effort. Scores for errors of omission, the measure of inattention in this 

task, did not show much variation, with many subjects scoring 100%. Thus, inattention scores 

were not statistically analyzed. PCB concentration was not associated with scores on the 

response inhibition measure in the auditory or visual modality. Age (p=0.0101), IQ (p=0.0087), 
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and sex (female) (p=0.0016) were positively associated with performance on this measure as 

percent raw scores were higher in females and increased with increasing age or increasing IQ. 

Multiple linear regression revealed a significant positive association between PCB concentration 

and sustained effort scores in the auditory modality (p=0.0285). In other words, higher PCB 

concentrations were associated with faster RTs for correct responses over the course of the task. 

PCB concentration was not significantly associated with sustained effort in the visual modality. 

The PCB by sex interaction was not significant for any outcome measures assessed in the IVA. 

Discussion 

In this study, higher PCB exposure was not associated with worse scores on the Conners’ 

behavioral rating scale or poorer response inhibition as measured on the IVA continuous 

performance task, but there was a sex-specific association between higher PCB exposure and 

total trials to criterion on the set-shifting task.  Boys with higher PCB exposure took a greater 

number of trials to complete the task. 

PCB Exposure 

The PCB concentrations in these adolescent fish consumers (0.2 ng/g lipid unadjusted; 

45.51 ng/g lipid adjusted) were significantly lower than those that have been reported in adult 

fish eating populations (Schantz et al, 2010), but this was expected given that these compounds 

are lipophilic and bioaccumulate gradually over the lifespan. Sparse data are available 

documenting adolescent PCB exposure. A cohort from the Akwesasne Mohawk nation is one of 

the only other groups of adolescents to date in which PCB exposure has been assessed. The 

levels observed in the children in our cohort are similar to those reported in the Akwesasne 

adolescents (mean = 0.7 ng/g; N=271) (Newman et al, 2006). Similar to the results of our study, 
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Newman et al (2006) also reported significant, but subtle, associations of adolescent PCB 

exposure with measures of cognitive function. 

ID/ED Shift Task 

In this study, adolescent males with higher PCB concentrations took more trials to 

complete the ID/ED task, but there were no significant associations of PCB exposure with trials 

to criterion on any of the individual stages of the task. One explanation for this finding may be 

that, while the trend was for PCB-exposed boys to take more trials to reach criterion at most of 

the stages (see Figure 10), the task may have not been challenging enough to detect statistically 

significant decrements in performance related to exposure at any individual stage. It was only 

when the trials were summed across all stages that this significant association between higher 

PCB concentrations and poorer performance was detected. Given that PCB exposure was related 

to an increase in total trials to complete the task, indicating a subtle overall decrement in 

performance, it is possible that adolescent PCB exposure may adversely impact cognitive 

flexibility to a greater extent than was obvious in this study. However, a more challenging task 

may be needed in order to reveal deficits at specific stages of the task such as the ED shift or 

reversals.  

 The effect of PCB exposure on cognitive flexibility was seen only in boys in our study. 

As PCBs are known endocrine disrupters (Crinnion, 2011), differential effects in males and 

females are not surprising. Most human studies in PCB-exposed cohorts have not described 

whether sex-specific effects on cognition were seen, but some studies have reported PCB-related 

effects on sexually dimorphic behaviors. For instance, one study reported that PCBs may modify 

sex differences in toy preference and play activities in perinatally-exposed children (Winneke et 

al, 2014). A study in a Dutch cohort reported similar findings in regards to play behavior in 
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school-aged children exposed perinatally to PCBs (Vreugdenhil et al, 2002). In this study, they 

found that higher PCB levels were associated with less masculinized play in boys and more 

masculinized play behavior in girls. In addition, some animal studies have reported sex-specific 

effects in rats exposed to PCBs. In fact, the animal study described in chapter 3 found an effect 

of adolescent-PCB exposure only in males on a set-shifting task engaging cognitive flexibility. 

Another study in rodents found that perinatal PCB exposure was associated with deficits in 

performance of a spatial reversal learning task, with exposed males and females showing 

different patterns of deficits (Widholm et al, 2001). Taken together, these studies, including our 

own, provide evidence that PCB-exposure may have differential effects on various aspects of 

behavior in males and females. 

IVA CPT 

Surprisingly, we found that higher PCB exposure was associated with better scores on the 

sustained effort measure from the IVA CPT, which assessed how well the subject was able to 

maintain speed of mental processing across time. Specifically, subjects with higher PCB 

exposure became quicker at making correct responses by the end of the IVA task; however, the 

association was present only in the auditory modality and the significance of this is unclear.  

Contrary to our hypothesis, we did not see PCB-related detriments in performance on the 

response inhibition measure of the IVA CPT. This was surprising as previous studies assessing 

prenatal exposure have consistently found an association between higher PCB concentrations 

and poorer performance on tasks of response inhibition, including CPTs (reviewed in Eubig et al, 

2010). Interestingly, CPTs have recently been criticized due to their insensitivity and 

inconsistency in detecting behavioral features of ADHD, especially in adolescents (Berger & 

Cassuto, 2014). If the IVA CPT does in fact lack sensitivity to consistently discriminate 
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sustained attention and response inhibition differences in adolescents with ADHD, it is unlikely 

that this task would detect potentially more subtle differences in performance due to PCB 

exposure. Furthermore, the fixed inter-stimulus interval in the IVA CPT may have made it easy 

for adolescents to reach ceiling performance once they figured out the timing of stimulus 

appearance. Thus, although the IVA CPT may be useful for detecting differences in performance 

in children, it may not sufficiently engage cognitive demands in adolescents such that subtle 

deficits in attention or response inhibition may be detected.  Future studies should employ CPTs 

that have been designed specifically for adolescents and adults to be more cognitively taxing and 

thus more likely to draw out even subtle deficits in response inhibition (Berger & Cassuto, 

2014). 

Conners’ Behavioral Rating Scale 

 With this scale, we sought to assess whether adolescent PCB exposure would be 

predictive of behavioral features associated with ADHD. We found that higher PCB 

concentrations were not associated with higher (worse) scores on the four scales of the Conners’ 

Parent Rating Form, which assess ADHD-related problem behavior in subjects. Newman et al 

(2014) reported a similar lack of association of PCB exposure with Conner’s scores in their 

adolescent cohort. These results are not surprising as previous research has indicated genetic as 

well as prenatal and early postnatal environmental influences as being risk factors for ADHD 

(reviewed in Yolton et al, 2014), whereas there is little evidence that adolescent exposures are 

risk factors.  Together, the results from the Newman et al (2014) study and the current study 

suggest that PCB exposure during adolescence may not be predictive of ADHD-like behavior 

problems.  

Conclusions 
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In this study we reported a sex-specific association of PCB exposure with trials to 

criterion on a computerized set-shifting task where higher PCB concentrations were related to a 

greater number of total trials to complete the ID/ED task in males, but we saw no effect of 

exposure on response inhibition on the IVA CPT. Although the findings of this study were 

subtle, there was a deficit in performance on the cognitive flexibility task associated with 

adolescent PCB exposure which suggests there may be vulnerability to PCBs during this period. 

However, because our subjects were children of sports anglers, it is important to note that serum 

PCB concentrations in a number of our subjects may reflect PCB exposure throughout the 

lifespan and not just exposure limited to adolescence. Thus, it is possible that early 

developmental exposure to PCBs may confound our results, making it difficult to associate these 

cognitive outcomes with PCB exposure that is limited to the adolescent period only. Another 

limitation of this study  was the small sample size, which limited our power to detect 

relationships between PCB exposure and cognitive outcome measures. By comparison, the study 

in Awkesasne Mohawk adolescents had about double the sample size of our study (n=271) 

(Newman et al, 2006). Because there are very few studies assessing the effects of PCB exposure 

in adolescents to date, and subtle PCB-related deficits have been found in our cohort as well as 

the Awkesasne cohort, it is necessary to further build on these studies using larger samples and 

more challenging cognitive tests. Furthermore, it is clear that PCBs will continue to persist in our 

environment as a result of various sources of exposure new and old (Grossman, 2013). This 

highlights the need for continued research on the effects of these environmental contaminants on 

the maturing, plastic, adolescent brain. 
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Figures and Tables 

Table 1: Summary of Covariates 

I. Demographic Variables 

Subjects’ age, sex, parental income, maternal education, paternal education 

II. Early-Life Variables 

Maternal alcohol consumption, maternal smoking, birth complications, subject injury, 

subject health problems 

III. Subject Lifestyle Variables 

Medications, attention problems, caffeine consumption, alcohol consumption, 

smoking, dominant hand, hours spent reading 

IV. Psychological Variables 

Overall intellectual function (WAIS-R IQ) 

 

Table 2: Characteristics of subject (n=115)* 

 

Characteristic N(%) Mean Median Range 

Sex (Male)   62(54) 

   Age (years) 

 

15.6 16.16 12.63-18.97 

Total PCBs (ng/g) - lipid unadjusted 

 

0.2 0.15 0.01-1.86 

Total PCBs (ng/g) - lipid adjusted 

 

45.51 33 2.56-389.10 

Years consuming sports-caught fish 

 Males 

Females 

 

10.7 

11.3 

11.5 

12.0 

2-18 

3-18 

Years consuming sports-caught fish 

(in overall study population)     

0 27(23.48) 

   1-5 9(7.83) 

   6-11 40(34.78) 

   12-18 35(30.43) 

   Missing 4(3.48) 

   * Reported values are for the sample of 115 adolescent participants who provided  

a blood sample. 

 

Table 3: Demographic Characteristics of Households* 

 

Characteristic Mother 

N (%) 

Father 

N (%) 

Race (White) 100 (99) 101 (98) 

Education (Associates or higher)   79 (68.1)   75 (63.79) 
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Mean age at child’s birth (years)   29.40   31.52 

Employment status (employed)   84 (82.4)   96 (94.1) 

Household income (>$60,000) 86 (74.14) 

*Reported values are for the sample of 102 households that  

had 1-3 adolescent participants (12 out of the 102 households  

had more than 1 child participating in the study);  

(n=113 for mothers; n=115 for fathers). 

 

Table 4: Parameter estimates for total PCBs on the Conners’ behavioral scales* 

 

Conners' Scale Measure Estimate 

Standard 

Error p-value 

Oppositional 0.135 0.173 0.437 

Cognitive 

Problems/Inattention -0.072 0.202 0.721 

Hyperactivity 0.047 0.217 0.829 

ADHD Index -0.043 0.129 0.741 

*(n=115) 

 

Table 5: Parameter estimate for total PCBs on IVA measures* 

 

Measure Estimate 

Standard 

Error t-value p-value 

Response Inhibition       

 Auditory -0.367 0.468 -0.790 0.434 

Visual 0.096 0.732 0.130 0.896 

Sustained Effort       

 Auditory 2.620 1.179 2.220 0.029 

Visual 0.935 1.020 0.920 0.361 

*(n=105) 
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Figure 10: Plot of relationship between PCB concentration and total trials in the ID/ED task 

computed at mean age=16.07 years and mean IQ=106.7 (with 95% confidence limits). Negative 

binomial regression for total trials across all nine stages of the task revealed a significant positive 

association between PCB concentration and total trials in males (p=0.036) (n=111). 

 
Figure 11: Odds ratios estimates (mean and 95% confidence intervals) for trials to criterion at 

each ID/ED stage. PCB exposure was not associated with trials to criterion on the ID/ED task at 
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any individual stage (n=103-111). Abbreviations: Simple Discrimination (SD); Simple Reversal 

(SR); Compound Discrimination 1 (CD1); Compound Discrimination 2 (CD2); Compound 

Reversal (CR); Intradimensional Shift (IS); Intradimensional Reversal (IR); Extradimensional 

Shift (ES); Extradimensional Reversal (ER). 
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Chapter 5: Overall Conclusions 

The overarching goal of this thesis was to investigate how PCB exposure during 

adolescence, a critical period of brain development, would affect cognition using both an animal 

model and a human epidemiological study. We hoped to generate convergent data in these 

parallel human and animal studies thus providing stronger evidence that PCB exposure during 

adolescence is a human health risk than would either approach alone. In the studies presented, 

we employed tasks engaging cognitive flexibility and response inhibition in both humans and 

animals exposed to PCBs throughout adolescence.  

Both studies found sex-specific effects of PCBs on cognitive flexibility that were present 

only in males, but the nature of the effect was different in rats and humans. PCB-exposed rats 

showed an apparent facilitation of learning on the last phase of a set-shifting task, which was a 

reversal of position. We speculated that this could be due to these rats employing a simpler, more 

“habit-based” response strategy rather than learning the actual position reversal relevant to the 

task. Specifically, the original position discrimination required rats to press the lever opposite 

their side bias. On the position reversal, PCB-exposed animals may have simply reverted to their 

previous side-bias rather than learning the new response strategy. In human adolescents, on the 

other hand, we found that boys with higher PCB exposure took significantly more trials to 

complete all stages of a set-shifting task, but there were no significant differences in trials to 

reach criterion on any of the individual stages in the series. We speculated that each individual 

stage of the task may not have been challenging enough to observe significant deficits while, 

when examined overall, an apparent deficit in performance was revealed.  

There were no PCB-related effects on response inhibition in the animal or human study. 

In the animal study, there were some subtle differences between groups during training on DRL, 
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but there were no group differences on performance on the DRL15 task itself. Specifically, PCB 

exposure did not affect total presses or the ratio of reinforced:non-reinforced responses in this 

task. Similarly, in the human cohort we found no differences in response inhibition, per se. 

However, we did find, unexpectedly, that PCB exposure was associated with a small but 

statistically significant improvement in sustained effort in the auditory modality only, as 

indicated by declining reaction times throughout the course of the task.  

In the animal study we looked at DAT expression as an underlying indicator of disrupted 

DA function that could contribute to differences in performance on the cognitive tasks, but we 

did not see exposure related differences in the expression of this protein in either the orbital 

frontal cortex or striatum. Given that the results from our cognitive tasks were subtle and not in 

the direction we hypothesized, it is not surprising that we did not observe long-term changes in 

DAT expression in these related brain regions. Taken together, these studies revealed some 

subtle, sex-specific associations of adolescent PCB exposure with performance on tests of 

cognitive flexibility that will be interesting to explore further. 

PCBs and Executive Functions 

 Both the human and the animal studies revealed PCB-related changes in cognitive 

flexibility (i.e., on the set-shifting task) that were present only in males. However, the pattern of 

effects on set-shifting differed in the human and animal studies. Although there were parallels 

between the tasks used in the two studies (i.e., shifting from one dimension to another), there 

were also some differences that could have contributed to the different pattern of effects we 

observed in rats and humans. In the animal study, rats were required to shift from a visual cue 

discrimination to a spatial position discrimination and then learn a reversal of spatial position. 

Because the position reversal involved responding to the position animals were shown to prefer 
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during side-bias testing, it may be that the PCB-exposed animals defaulted to an unextinguished 

side-bias rather than actually learning a new strategy. If this was the case, the animals were not 

necessarily engaging cognitive flexibility. To remove this potential for “habit-based” responding, 

in future studies a dimension other than lever position (e.g., odor) could be used such that rats 

must learn the new dimension and shift response strategy accordingly in order to earn a 

reinforcer. In this way, we would be able to more specifically engage strategy shifting and thus 

cognitive flexibility without confounding from habit-based responding. In the human study by 

contrast, there was no strategy that could be used other than to learn the new dimension 

presented at each stage. Thus, a decrement in performance would be reflected in trials to reach 

criterion at each individual stage or total trials to complete the task. The lack of a significant 

difference in performance at any of the individual stages suggests that the discrimination at each 

individual stage may not have been challenging enough to reveal an effect of PCB exposure. 

However, PCB exposure was still related to an increase in total trials to complete the task 

suggesting an overall decrement in performance. Thus, the results suggest that adolescent PCB 

exposure may adversely impact cognitive flexibility, but do not reveal whether specific aspects 

such as learning an intra-dimensional or extra-dimensional shift or a reversal were affected.  A 

more challenging task may be needed in order to determine whether there are deficits in these 

specific aspects of cognitive flexibility. In summary, PCB-exposure was related to male-specific 

differences in performance on set-shifting tasks in both rats and humans, and it would be 

interesting to explore these differences further using more difficult or multidimensional set-

shifting tasks to better understand the nature of the effects. 

The sex-specific effect of PCB exposure in these studies is not unexpected as PCBs are 

known endocrine disruptors (Crinnion, 2011). Most human studies in PCB-exposed cohorts have 
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not described whether sex-specific effects on cognition were seen, but some studies have 

reported PCB-related effects on sexually dimorphic behaviors (Winneke et al, 2014; Vreugdenhil 

et al, 2002). In addition, 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 due 

to 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 DA system in the PFC of the developing male rat 

(Stewart & Rajabi, 1994). Likewise, aromatization of testosterone into estradiol during 

adolescence seems to play a critical role in the emergence of adult-like male-specific behaviors 

(Kellogg & Lundin, 1999). Furthermore, testosterone has been implicated in modulating 

midbrain DA circuits during adolescence (Purves-Tyson et al, 2012). Thus, if PCBs are reducing 

aromatase activity during adolescence, this excess testosterone availability may be differentially 

influencing DA system function and DA-mediated behaviors in male rats. Data are not as clear in 

regards to the effects, if any, of PCB on aromatase in humans, although there is sparse evidence 

that suggests that aromatase may not be active in the male testes prior to puberty (Brodie et al, 

2001). One study done in Flemish adolescents living in areas with different pollutant exposures 

(e.g., organochlorines and metals in industrial areas, pesticides in rural areas) reported no 

significant difference in testosterone or aromatase levels compared to a reference mean in 

adolescents with the highest PCB exposures, but these results may be confounded by the 

multitude of other pollutants the subjects were exposed to (Schroijen et al, 2008; Croes et al, 

2009). Although the exact mechanism by which PCBs may be disrupting the endocrine system in 



118 
 

humans may be unknown, differential effects of exposure have been seen in our study as well as 

in other PCB-exposed cohorts which highlights the importance of further investigation in future 

studies. 

 We did not see PCB-related deficits in performance on response inhibition as 

hypothesized. We speculated that in both studies, subjects were performing the tasks to a degree 

of efficiency that may have not allowed us to detect any subtle differences in performance. Rats 

in our study were trained on the set-shifting task prior to DRL training, and we conjectured that 

the lack of an effect of PCB exposure on response inhibition on the DRL task may have been 

related to the fact that the rats had this prior experience. To avoid this potential transfer of 

learning issue, future studies should only test each rat on one task. In the human study, we 

speculate that the lack of an effect of exposure on the response inhibition measure of the IVA 

may be because the IVA did not sufficiently engage cognitive demands in adolescents such that 

subtle deficits on response inhibition could be detected. In fact, continuous performance tasks 

(CPTs) have recently been criticized due to their insensitivity and inconsistency in detecting 

behavioral features of ADHD, especially in adolescents (Berger & Cassuto, 2014). If the IVA 

CPT does in fact lack sensitivity to consistently discriminate response inhibition differences in 

adolescents with ADHD, it is unlikely that this task would detect potentially more subtle 

differences in performance due to PCB exposure. Whereas in animals the lack of effect may be 

due to transfer of learning, in humans the lack of an effect may be due to a CPT that lacked 

sensitivity. Future studies should use a CPT designed specifically for adolescents and adults that 

is more cognitively taxing and more likely to be sensitive to subtle deficits in response inhibition. 

Aside from maturation of executive functions such as cognitive flexibility and response 

inhibition during adolescence, another hallmark of this period is increased exploration and 
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novelty seeking in both humans and animals (reviewed in Crews & Hodge, 2007). In line with 

this, an important area of research is drug-seeking behavior and the effects of drug exposure 

during this period (reviewed in Bava & Tapert, 2010). Research in humans and animals has 

suggested that exposure to drugs such as alcohol or psychostimulants during this period could 

have cognitive and behavioral consequences lasting into adulthood (reviewed in Gulley & 

Juraska, 2013). For instance, Sherill et al (2013) found amphetamine-induced impairments on a 

working memory task. Another study found differential effects of amphetamine exposure on 

cognitive flexibility depending on age of exposure (adolescence versus adulthood) (Hankosky et 

al, 2013). Relevant to this are studies that have explored potential interactions between early 

PCB exposure and administration of psychostimulants on cognition and behavior and have found 

differential effects of drug treatment in PCB-exposed vs control animals (Sable et al, 2009; Sable 

et al, 2011; Poon et al, 2013). Thus, an important avenue of further research would be to 

investigate how drugs and chemicals, which adolescents may be exposed to concurrently, could 

be interacting to alter development of the plastic, maturing brain.  

PCB Exposure 

 The doses of PCBs that we used in our animal study were chosen based on perinatal 

studies in our lab that found PCB-related effects on response inhibition (Sable et al, 2009). 

Because this study was the first to assess adolescent exposure to PCBs, we explored this 

paradigm using the same doses that were previously shown in our lab to result in deficits in 

executive functions after perinatal exposure. The perinatal exposure paradigms used in our lab, 

however, establish a PCB body burden in dams that is ultimately passed on to the pup in utero 

and lactationally. PCBs that have bioaccumulated in the dam are very effectively transferred to 

pups via lactation (Lee et al, 2002), so the dose that the offspring is receiving may actually be 
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greater by this route. Due to the shorter exposure period (i.e., adolescence) and less dramatic 

brain development occurring during this period in comparison to the perinatal period, future 

studies may need to use higher doses to see long-term effects from adolescent exposure.  

The adolescents in our human cohort had PCB concentrations somewhat lower than those 

of the Akwesasne Mohawk adolescents, one of the only other adolescent cohorts in which PCB 

exposure has been studied (Newman et al, 2006). Newman and colleagues (2006) also reported 

significant, but subtle, associations of PCB exposure with measures of cognitive function. Both 

the Awkesasne adolescents and the adolescents in our study come from populations that were 

exposed to PCBs primarily through consumption of contaminated fish. As discussed in previous 

chapters, the human population is also exposed to airborne PCBs from a variety of sources (e.g., 

landfills, demolition of contaminated buildings, PCBs in caulking material and fluorescent light 

ballasts of older buildings including schools). The pattern of PCBs found in air is different from 

that found in contaminated fish in that it consists primarily of lightly chlorinated PCBs (Beyer & 

Bizuik, 2009), many of which are known to be neurotoxic (Simon et al, 2007). Thus, it would be 

interesting to study adolescent populations living near PCB-contaminated sites or attending 

PCB-contaminated schools to see how airborne PCB exposure in these adolescents may affect 

executive function. It would also be interesting to test a PCB mixture representative of that seen 

in air samples in animal studies.  In fact, one research group has generated PCB vapors from a 

“Chicago Air Mixture” that was developed to mimic the PCB congener profile in Chicago air 

and is currently using this in inhalation toxicology studies in rats (Zhao et al, 2010). Studies 

assessing the toxicological effects of inhalation exposure to this mixture have found specific 

patterns of sequestration of PCBs in tissue with minimal overt toxic effects (Hu et al, 2012); 

however, neurotoxic effects may still be present in the absence of any overt toxicity, so more 
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research is needed to evaluate this air mixture of PCBs. As for cognitive testing in these studies, 

it would be important to choose tasks that are both sensitive enough to detect even subtle 

differences in performance and that would yield findings that can be relatable across humans and 

animals. Then, if compelling cognitive effects are detected with either type of PCB mixture, it 

would be interesting to do a more thorough assessment of any related changes in the DA system 

in brain regions relevant to task performance. 

 Our animal study was the first to look at the long-term effects of adolescent PCB 

exposure on cognition and neurochemistry, and our human study is one of very few studies that 

have looked at adolescent PCB exposure and cognition. It is possible, however, that our cohort 

may have been exposed to PCBs throughout their lifespan, making it difficult to attribute the 

cognitive effects seen to exposure only during the adolescent period. This highlights the 

advantage of designing a parallel animal study in which confounding factors inherent in 

epidemiological studies, such as exposure history, can be carefully controlled for. Thus, together, 

the parallel human and animal studies presented here provide more compelling evidence - than 

would either study alone - of PCB-related effects, albeit subtle, on executive functioning.  

 Unfortunately, it is very clear that PCBs will continue to enter our environment, so 

continued research on the effects of these chemicals on the human population are necessary. 

Moreover, because research in adolescent exposure paradigms is still young, especially in 

neurotoxicology, much more research is needed in this arena in order to generate validated and 

replicable results. During this period of multidimensional growth, adolescents are exploring their 

environments more independently as the innumerable environmental influences they are being 

exposed to are shaping brain, cognition and behavior making research on the effects of 
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neurotoxicants and other environmental factors a valuable contribution to our understanding of 

this critical period of development. 
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