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Abstract
Polychlorinated biphenyls (PCBs) are pervasive environmental pollutants. Despite
having been banned from production in 1979 by the USA and most parts of the world
since the early 2000s, PCBs continue to pose a significant risk to human health.
Humans are exposed via diet and inhalation to not only legacy PCBs from commercial
mixtures synthesized prior to the ban on PCB production, but also PCBs created as
inadvertent byproducts of contemporary manufacturing processes. A major target of
concern for PCBs is the developing brain; however, adverse effects on the adult and
aging brain have also been reported. In this chapter, we summarize epidemiological
and experimental animal studies of early-life and mid-life exposures to PCBs, focusing
on outcomes across domains related to cognition (e.g., IQ, language, memory,
learning), attention, behavioral regulation and executive function, and social behavior,
Advances in Neurotoxicology Copyright © 2023 Elsevier Inc.
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as well as traits related to attention deficit hyperactivity disorder (ADHD), autism
spectrum disorders (ASD), affective disorders, and neurodegenerative diseases.

1. Introduction

Epidemiologic (Berghuis et al., 2015; Boucher et al., 2009; Pessah
et al.,, 2019; Schantz et al., 2003) and experimental animal (Klocke and
Lein, 2020; Sable and Schantz, 2006; Ulbrich and Stahlmann, 2004)
studies have identified the brain as a vulnerable target of polychlorinated
biphenyls (PCBs). Much of the scientific literature on PCB neurotoxicity
describes the developmental neurotoxicity of PCBs (Fig. 1), which are
among the most extensively studied developmental neurotoxicants of the
nonmetallic persistent organic pollutants (POPs). Both human and
experimental animal studies of early-life exposures to PCBs have docu-
mented adverse neurodevelopmental outcomes across domains related to
cognition (e.g., 1Q, language, memory, learning), attention, behavioral
regulation and executive function, and social behavior, including traits
related to attention deficit hyperactivity disorder (ADHD) and autism
spectrum disorders (ASD) (Carlson et al., 2023). While our knowledge of
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Fig. 1 Distribution of literature assessing neurotoxic effects of PCB exposures in
humans and animal studies. The graph is organized by the magnitude of order of
number of publications as a function of the age of exposure. The majority of literature
is focused on PCB effects on the developing brain, with the number of publications
decreasing as the age at which neurotoxic outcomes are assessed.
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how early or mid-life exposures to PCBs influence the adult brain is not
as comprehensive, there is evidence linking PCBs to increased risk of
affective disorders and neurodegenerative outcomes, and this literature is
also addressed in this chapter.

PCBs are a class of synthetic halogenated organic compounds (HOC:s)
that were originally manufactured and marketed in the United States (U.S.)
from the late 1920s through the late 1970s under the product name
“Aroclor” and in Europe until the early 2000s under the trade name
“Clophen”. Because of their incredibly stable chemical properties and
ability to dissipate heat, PCBs were used as plasticizers, lubricants, and
coolants in many different products and applications, including electrical
equipment, hydraulic fluids, printing inks and dyes, building materials like
caulking compounds and paints, and fluorescent light ballasts.
Unfortunately, the chemical stability that made PCBs so useful also ren-
dered them resistant to environmental and metabolic degradation. These
properties underlie the ubiquitous environmental distribution and bioac-
cumulation of PCBs, which have raised global concerns about adverse
health consequences of widespread human exposures (Domingo and
Bocio, 2007; Faroon and Ruiz, 2016; Stahl et al., 2009). These concerns
led to restrictions on the production of PCBs imposed by many govern-
ments through the Stockholm Convention on POPs signed in 2001 and
appended in 2008 and 2014 to include the goal of eliminating the use of
existing PCB-containing equipment by 2025 (Guida et al., 2020). While
environmental levels of “legacy” PCBs have declined following these
regulatory efforts, legacy PCBs are still routinely detected in the envir-
onment and in human tissue (see Chapter 1 for additional details). In
addition, humans are exposed to PCBs that were not manufactured as
Aroclors, but rather are inadvertent byproducts of contemporary pigment
production processes (Hornbuckle, 2022).

PCBs are a complex mixture of congeners that differ in the number
and position of chlorine substituents on the biphenyl backbone (Fig. 2).
PCB congeners are categorically divided into either lower-chlorinated
PCBs (LC-PCBs) that have <4 chlorine substituents or higher-chlori-
nated PCBs (HC-PCBs) that contain > 4 chlorine substituents. LC-PCBs,
which are the predominant congener type produced inadvertently during
pigment production, are less stable, more volatile and more quickly meta-
bolized than HC-PCBs (Li et al., 2022). The structure of PCBs influences
their biological activity. PCBs with zero chlorines in the ortho position
assume a coplanar biphenyl orientation in solution, while PCBs with one to
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Fig. 2 General chemical structure, classifications, and examples of PCB congeners.
PCBs are a structurally related group of chemicals comprised of a biphenyl structure
with varying numbers of chlorine substitutions. There are 209 possible congeners that
can be categorized as either lower chlorinated (LC) or higher chlorinated (HC) PCBs
depending on the number of chlorine substituents. PCBs are also classified as dioxin-
like (DL) or non-dioxin-like (NDL) PCBs. DL PCBs, exemplified by PCB 77, assume a
coplanar conformation similar to dioxin and bind with relatively high affinity to the
aryl hydrocarbon receptor (AhR). In contrast, NDL PCBs, such as PCB 95, which typi-
cally have > 1 ortho-substituted chlorine, have a non-coplanar structure and low to
negligible AhR binding.

four chlorines in the ortho position assume increasing degrees of noncoplanar
ring orientation (Fig. 1). Coplanar congeners can bind to and activate the
aryl hydrocarbon receptor (AhR) to cause toxic effects similar to those
observed for dioxins; hence, coplanar congeners are known as “dioxin-like”
PCB congeners. Of the 209 possible PCB congeners, only 12 are classified as
dioxin-like. While low-level exposures to dioxin-like PCBs are associated
with a number of adverse outcomes in several organ systems, especially liver,
skin, and immune function (Bock, 2016; Mellor et al., 2016; Wheeler et al.,
2017), and are probable carcinogens (Lauby-Secretan et al., 2013), there is
less evidence from epidemiologic and experimental animal studies that they
are associated with neurotoxic outcomes (Pessah et al., 2019).

In contrast, non-coplanar PCBs have little to no AhR activity and are
thus “non-dioxin-like”. Historically, non-dioxin-like PCBs were considered
to be biologically inert. However, pioneering research by Richard Seegal of
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the New York State Department of Health (Seegal et al., 1990; Shain et al.,
1991) and Prasada Kodavanti and Hugh Tilson from the U.S. Environmental
Protection Agency (Kodavanti et al., 1993; Kodavanti et al,, 1996a;
Kodavanti et al., 1996b; Kodavanti and Tilson, 2000) revealed that non-
dioxin-like PCBs have considerable biological activity independent of the
AhR  (Panesar et al., 2022). Non-dioxin-like congeners make up most
contemporary human PCB exposures, and there is extensive scientific evi-
dence implicating these congeners as predominantly responsible for the
developmental neurotoxicity associated with PCB exposures (Klocke and
Lein, 2020; Montano et al., 2022). Additional details about the effects of
non-coplanar PCBs on neurotransmitters and calcium signaling can be found
in Chapters 4 and 7 of this book series.

Humans are exposed to PCBs via consumption of contaminated foods
and inhalation of contaminated air (Fig. 3), although exposure via dermal
absorption is also possible, particularly in occupational settings. While the
consumption of high-fat foods, predominantly meat, fish and dairy pro-
ducts, has long been considered the main route of human exposure to
PCBs, there is increasing appreciation of the importance of inhalation
(Grimm et al., 2015). Volatilization of PCBs from building materials such
as caulking, paints, and varnishes, as well as leaking of fluids from PCB-
containing fluorescent light ballasts, can result in significant indoor air
levels of PCBs (Hornbuckle, 2022). Air sampling from schools built or
remodeled prior to the PCB production ban has detected PCB levels far
exceeding those measured near some of the largest PCB-contaminated
Superfund sites in the U.S. (Hornbuckle, 2022). The recent AESOP
(Airborne Exposure to Semivolatile Organic Pollutants) study found that
indoor air PCB concentrations were the main factor affecting human
blood levels of PCBs, and modeling of dietary intake and inhalation
exposures relative to serum PCB levels revealed that for some children,
inhalation exposures were greater than their dietary exposure (Ampleman
etal., 2015). While dietary ingestion is thought to be the primary route of
exposure to HC-PCBs and inhalation the primary route of exposure to
the more volatile LC-PCB (Ampleman et al., 2015; Grimm et al., 2015),
recent data suggest this may be an oversimplification. The LC-PCB, PCB
11, was detected in commercial milk products in northern California, and
PCB 95, a HC-PCB, was the second most abundantly detected PCB
congener in school air samples within the U.S. (reviewed in Klocke and
Lein, 2020). Collectively, these observations suggest that human exposure
to HC- and LC-PCBs occurs through both diet and inhalation.
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Fig. 3 Developmental PCB neurotoxicity. There is documented widespread exposure
of pregnant and lactating women to PCBs via ingestion of contaminated foods and
inhalation of contaminated air. Sources of PCBs include indoor air, especially in
municipal buildings constructed prior to the ban on PCB production, such as public
schools, paints and caulking, fluorescent light ballasts, electrical transformers, and
fatty foods, particularly dairy products and fatty fish. Epidemiological and experi-
mental data suggest that exposure to PCBs during critical neurodevelopmental win-
dows may increase risk of neurodevelopmental disorders.

PCB:s are lipophilic and thus are readily transferred from mother to fetus
prenatally via the placenta (Fig. 3) and postnatally through breast milk.
According to the National Health and Nutrition Examination Survey
(NHANES), there is widespread exposure to HC- and LC-PCBs, with
U.S. women of child-bearing age having average total PCB blood levels in
the 30200 ng/g range (Panesar et al., 2020). Similar levels are reported in
other countries. A recent study investigating the age-, sex-, and brain
region-specific distribution of all 209 PCBs using gas chromatography-
tandem mass spectrometry (GC-MS/MS) in neonatal (N=7) and adult
(N =7) postmortem brain samples found that HC-PCBs were observed at
higher levels in samples from adult vs young donors, while LC-PCBs
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predominated in samples from young vs adult donors (Li et al., 2022).
Interestingly, this same study also detected hydroxylated PCB metabolites
in human brain samples. The AESOP study had previously detected 58
OH-PCB congeners in serum samples collected between 2010 and 2011
from adolescents and mothers and found that HC-OH-PCBs pre-
dominated while LC-OH-PCB congeners were rarely detected in the
serum samples (Marek et al., 2014). PCBs are hydroxylated by cytochrome
P450 monooxygenases. While some OH-PCBs are readily eliminated,
most undergo phase 2 metabolism (Grimm et al., 2015). Levels of
hydroxylated and sulfated PCBs found in human blood and tissues, like
placenta, can be quite high, and data from both human and experimental
models have implicated these metabolites in PCB neurotoxicity (Panesar
et al., 2022).

2. Human studies
2.1 Developmental neurotoxicity

The relationship between PCBs and neurodevelopment has been studied
extensively in many different populations around the world, including
Europe, Asia, and the U.S. (Table 1). Two accidental mass poisonings that
involved PCB-contaminated cooking oil, the first in Japan in 1968 and the
second in Yu-Cheng, Taiwan in 1979, provided the first human evidence
of PCB neurotoxicity (Masuda et al., 1985). In Japan, more than 1000
people became ill after ingesting rice oil contaminated with PCBs during
the manufacturing process. In Yu-Cheng, more than 2000 people became
ill from consuming PCB-contaminated rice oil. Children born to women
exposed through ingestion of PCB contaminated rice oil while pregnant
had an increased incidence and severity of cognitive and psychomotor
deficits (Rogan, 1982).

While the Yusho and Yu-Cheng incidents involved extremely high
PCB exposures, subsequent epidemiological studies have identified neu-
ropsychological deficits in populations exposed to much lower levels of
PCBs. These latter studies have mostly identified negative associations
between prenatal PCB exposure and measures of cognitive function,
learning, memory, and IQ (Berghuis et al., 2015; Boucher et al., 2009;
Pessah et al., 2019; Schantz et al., 2003). Deficits in these behavioral
domains are commonly observed in many neurodevelopmental disorders
(NDD), including autism spectrum disorder (ASD) and attention-deficit
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hyperactivity disorder (ADHD), and emerging evidence implicates PCBs as
environmental risk factors for NDDs (Eubig et al., 2010; Keil-Stietz and
Lein, 2023; Klocke and Lein, 2020).

Below we briefly summarize selected human studies on PCB devel-
opmental neurotoxicity published after 1990 that were chosen based on
their historical significance and/or rigorous study design with respect to
cohort size, PCB measures in relevant biological samples (maternal blood
collected during gestation, umbilical cord blood and/or placenta) and
assessment of neuropsychological function.

2.1.1 Yu-Cheng studies

Longitudinal studies of children aged 2—12 years old from the Taiwan
cohort employed the Bayley Scales of Infant Development-II (BSID-II)
to assess the level of cognition, language, and social development, as well
as both fine and gross motor function (Nellis and Gridley, 1994). The
Chinese version of the Stanford-Binet IQ Test, Raven’s Colored Pro-
gressive Matrices and Raven’s Standardized Progressive Matrices were
also utilized to assess cognitive development. Children of mothers with
PCB exposure had reduced scores on these scales compared to control
children (Lai et al., 2001), indicating developmental delay. The same
participants were followed up when they were aged 26-32 using the
Wechsler Adult Intelligence Scale [WAIS-III]. The WAIS-III consists of
13 subtests, four index scores, three IQ assessments and two additional
measures of incidental memory (Ryan and Lopez, 2001). Some additional
testing was done in conjunction with a functional MRI (fMRI),
including the n-back test and picture rotation test (Chu et al., 2019). No
differences in cognitive and behavioral testing were found between PCB
exposed participants and the control group at this more advanced age, but
the PCB exposed group had areas of increased cortical thickness and
showed altered task deactivation and activation signals in the fMRI.
These results suggest that the cognitive effects of developmental PCB
exposures may not persist later in life, and that brain plasticity may be
altered at later ages.

2.1.2 Michigan cohorts

The relationship between low-level maternal PCB exposure via dietary
intake of Lake Michigan fish and developmental outcomes in children
(Jacobson et al., 1984; Jacobson and Jacobson, 1997) was investigated in
two separate cohorts using a longitudinal study design. More than 8000
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women who delivered babies in western Michigan hospitals during
1980-1981 were interviewed on the day after delivery, and those who had
consumed 26 or more pounds of Lake Michigan fish during the preceding
6 years were asked to participate. Women who did not eat Lake Michigan
fish were randomly selected and invited to serve as controls. The PCB
burden in two birth cohorts was assessed from cord serum and from serum
collected from the children at 5 and 7 months and 4 and 11 years of age.
Both PCB-exposed cohorts had significant cognitive and psychological
deficits relative to control subjects.

2.1.3 Dutch cohort

After the World Health Organization (WHQO) announced that levels of
PCBs and dioxins found in breastmilk were higher in Europe than in
other parts of the world, the Dutch government responded by forming its
own longitudinal study to study adverse effects of PCB and dioxin
exposure during development (Vreugdenhil et al., 2002). This was the
first neurodevelopmental study to use congener-specific analysis to assess
PCB exposure. The study included approximately 400 healthy pregnant
women, half of whom breast-fed, while the other half formula-fed. The
cohort was also separated by geographic location, with half living in
Rotterdam, a heavily industrialized area, and the other half in Groningen,
a rural area in northern Netherlands. PCB exposure was measured in
maternal blood during the last month of pregnancy, in umbilical cord
serum, and in breast milk. Four non-dioxin-like PCB congeners, PCBs
118, 138, 153, and 180, were quantified in both maternal and cord serum.
The PCB levels in maternal serum were about 4-5 times higher than
those in cord serum. However, lipid composition difters greatly between
maternal and cord serum, and when expressed on a lipid basis, the PCB
levels were similar. YPCB levels were 2.21ng/g, 0.45ng/g, and
428.5 ng/g in maternal plasma, cord blood, and breast milk, respectively.
Neurodevelopment was assessed at 3, 7, 18, 42, and 84 months of age.
Many important developmental outcomes were found to be negatively
associated with pre- and postnatal exposure to PCBs, but because so many
different outcomes were assessed, the results were complex and incon-
sistent across age. The European Union (EU) funded an opportunity to
expand the Dutch cohort study into a transnational, multicenter study
that included a German cohort in Dusseldorf and another in the Faroe
Islands, which are described below.
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2.1.4 German studies

In 1993, 171 German mother—infant pairs were recruited to study PCB
exposure. PCBs 138, 153, and 180 were measured in cord serum and breast
milk, and neurodevelopment was assessed at 7, 18, 30 and 42 months of
age. Similar to findings from the Michigan and Dutch cohorts, a negative
association was found between prenatal PCB exposure and measures of
cognitive development. The German cohort study found significantly
increased omission errors in the computer-based test battery of attention
performance (KITAP) in 8.5-year-old boys and girls with high levels of
PCBs found in prenatal maternal blood (Neugebauer et al., 2015). How-
ever, this study also found a negative association between PCB exposures
and ADHD-related behaviors (—10%; 95%-CI: 0.82—0.99). Unlike similar
studies (e.g., Michigan, Dutch), the German study identified a relationship
between postnatal PCB exposure via breast-feeding and adverse neuro-
developmental outcomes.

2.1.5 Faroe Islands cohort

PCB exposure was assessed in two cohorts from the Faroe Islands, a ter-
ritory between Norway and Iceland, that originally were studied to eval-
uate the effects of methylmercury exposure on neurodevelopment. Whale
meat and blubber were a primary dietary source of methylmercury and
PCBs in both cohorts. The first cohort of 1022 singleton births was
recruited in 1986—-1987. PCBs were measured in samples of umbilical cord
from a subset of 443 children. The sum of three major congeners, PCB
138, 153, and 180, was used to estimate total PCB burden. Twelve ado-
lescent boys from this cohort underwent MR, and those with high levels
of PCB exposure had more activation across brain regions during both
visual and motor tasks than those with lower-level exposures. A second
cohort of 182 singleton infants born at term at the National Hospital in
Torshavn, Faroe Islands was recruited in 1994-1995 as part of the EU
multicenter study. PCB levels were measured in maternal serum, maternal
hair, breast milk, and cord blood. PCB levels within this cohort were
~3-fold higher than those in the Dutch cohort, yet PCB exposure had no
effect on neurological outcome measures. Interestingly, observations from
a rat model of developmental PCB exposure demonstrated a non-mono-
tonic dose—response relationship with deficits in spatial learning and
memory observed in weanling rats exposed to Aroclor 1254 in the
maternal diet at 1, but not 6, mg/kg/day (Yang et al., 2009).
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2.1.6 Oswego, New York cohort

The Owego Newborn and Infant Development Project was a longitudinal
study that took place in 1991 and initially started with 309 mom-—child pairs.
This was a follow up study to the Michigan cohort studies. Behavioral
assessments were done at birth, 6, 12, 36, and 54 months of age, then again
when subjects were 8 and 9.5 years old. The primary measure of exposure
was PCB levels in umbilical cord plasma at birth. The placenta was also
collected, and a small subset of women provided breast milk. The NES3
Extended Continuous Performance Tests (E-CPT) revealed that at 9.5 years
old, the children had increased impulsivity due to impaired inhibition
(executive functioning), but not impaired sustained attention, and these
impairments correlated with increased PCB levels (Stewart et al., 2005).

2.1.7 The New Bedford, Massachusetts studies

In 1982, the New Bedford harbor in southeastern Massachusetts was desig-
nated a Superfund site because of heavy PCB contamination of the sediment.
A prospective birth cohort study conducted near this site included 788
mother—infant pairs recruited from 1993 to 1998. Infants born by Cesarean
section or whose mothers did not speak English were excluded. Umbilical
cord serum and maternal milk were collected and analyzed for PCBs using a
congener-specific technique that quantified 51 individual PCB congeners.
The concentrations of key indicator congeners, PCBs 118, 138, 153, and 180,
were about one-half those reported in the Dutch cohort, but quite similar to
those reported in the Oswego, New York cohort. Attention was assessed
when the children were 8 years of age using the Continuous Performance test
(CPT) and Wechler Intelligence Scale for Children (WISC-III). Boys with
higher exposures to PCBs had more errors of omission, or the number of
nonresponses, in the CPT and slower processing speed in the WISC-III than
the control population, suggesting an attention deficit. Girls had a less errors of
omissions in the CPT than the males (Sagiv et al., 2012).

2.1.8 Inuit cohort

The Inuit people depend on sea mammals (seal, beluga whale, and walrus)
as the primary source of protein and fat in their diet. As a result, they have
unusually high body burdens of PCBs. In the early 1990s, PCB con-
centrations in breast milk samples collected from Inuit women were 7
times higher than the PCB concentrations in Caucasian women residing in
southern Quebec. Between September 2005 and February 2010, 294
children and their mothers participated in neurocognitive assessments in
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the three largest Nunavik villages in Canada. The concentrations of PCB
153 in this cohort were similar to those in the Dutch cohort and about
2-fold higher than those in the New Bedford cohort; however, there was
no clear evidence of adverse effects of PCB exposure on neurocognitive
measures in the Inuit children.

2.1.9 Flemish environmental health survey

Between 2002 and 2006, 206 mother—child pairs were recruited and levels
of PCBs 118 and 170 in addition to levels of “indicator” PCBs (138, 153,
and 180) were measured in cord blood. The children were assessed during
the first year of life for crawling and age at which they took their first steps,
and higher PCB exposure levels were associated with delayed activity. At 1
year of age, the children were assessed using the Infant Behavior
Questionnaire (IBQ), and at 36 months of age, they received the Reynell
Taal Ontwikkelings Schalen (RTOS) test for language development.
Increased PCB exposures were associated with slower development of
language, suggesting early-life PCB exposure reduced language capabilities.
The Snijders-Oomen non-verbal intelligence (SON) test, also taken at 36
months of age, showed PCB 118 exposure was associated with lower IQ in
males only, and that sum PCBs was associated with deficits in non-gender
specific play in both males and females. These data suggest lower-level
PCB exposures adversely affect the neurobehavioral development of young
children, especially boys (Vermeir et al., 2021).

2.1.10 Rhea study, Crete, Greece

This study included 689 mother—child pairs in which the pregnancy
occurred within one year of February 2007. PCBs 118, 138, 153, 156, 170,
and 180 were measured in maternal serum collected in the first trimester of
pregnancy, and neurodevelopment was assessed at 4 years. Concentrations of
various PCBs correlated with behavioral scores from the McCarthy Scales of
Children's Abilities (MSCA), which is a well validated test for assessing delays
in verbal information processing, perceptual information processing,
numerical abilities, general cognition, memory, and motor skills. Alternate
scales for executive function, working memory, memory span, and cognitive
functions were also included based on the underlying construct between
brain region and behavior (Julvez et al., 2007). High exposure to PCBs
during pregnancy (>90th percentile) was associated with deficits in a
working memory task and decreased scores in perceptual performance,
general cognitive, and executive function (Kyriklaki et al., 2016).
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2.1.11 Norwegian study

This study included 1024 children enrolled in a longitudinal prospective
study of ADHD with participants recruited from The Norwegian Mother
and Child Cohort Study (MoBa). Boys and girls aged 3.5 years participated
in extensive clinical assessments. Levels of dietary PCB 153 were used as a
measure of PCB exposure. Clinical assessments included the preschool
version of the Behavior Rating Inventory of Executive Function (BRIEF-P),
the Preschool Age Psychiatric Assessment interview (PAPA), Stanford-
Binet 5th revision (SB-5), Child Development Inventory (CDI), and
Behavior Rating Inventory of Executive Function. No associations were
found between low-level exposure to PCB 153 and ADHD-symptoms,
verbal/non-verbal 1Q, or executive functions, including working
memory, in preschoolers. However, the findings did show that maternal
dietary exposure to PCB 153 during pregnancy was significantly asso-
ciated with poorer expressive language skills in preschool girls (Caspersen
et al., 2016; Skogan et al., 2014). It should be noted that the study
population was designed to recruit adolescents with ADHD symptoms,
which may have skewed results.

2.1.12 The Collaborative Perinatal Project

The Collaborative Perinatal Project (CPP) was a prospective study
designed to identify determining factors of neurodevelopmental deficits
(Gray et al., 2005). More than 56,000 pregnant women were recruited
from 12 centers across the USA between 1959 and 1966 and followed
longitudinally through pregnancy and after birth. Serum was collected
during the third trimester and analyzed for 11 specific PCB congeners:
PCBs 28, 52, 74, 105, 118, 138, 153, 170, 180, 194, and 203. Cognitive
function was assessed when children were 7 years of age using the intel-
ligence quotient (IQ) scores on the Wechsler Intelligence Scale for Chil-
dren. In this study, in utero exposure to PCBs was not associated with lower
IQ at age 7 years.

2.2 PCBs as environmental risk factors for neurodevelopmental
disorders (NDDs)

Reviews of the human literature on PCB developmental neurotoxicity

have consistently concluded that the weight of evidence indicates that

PCBs are developmental neurotoxicants (Berghuis et al., 2015; Boucher

et al., 2009; Pessah et al., 2019; Schantz et al., 2003), but whether PCBs are

associated with an increased risk for specific NDDs is less clear. There has
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been significant interest in investigating PCBs as a risk factor for autism in
particular (Alampi et al., 2021; Bernardo et al., 2019; Lyall et al., 2017;
Mehri et al., 2021). Autism spectrum disorder (ASD) is a complex, mul-
tifactorial neurodevelopmental condition that is defined clinically by core
deficits in social reciprocity and communication, restrictive interests and
repetitive behaviors, although the severity and symptom profile vary
considerably between individuals. Research on ASD has focused primarily
on genetic factors, identifying a strong hereditary component and hundreds
of genes that influence autism risk; however, solely genetic causes account
for approximately 10-30% of all autism cases (Ansel et al., 2016; Lai et al.,
2014; Masini et al., 2020). It is now thought that gene—environment
interactions underlie most cases of ASD (Lein, 2015).

The MARBLES study, a longitudinal study that began in 2006, was
designed to identify possible pre- and postnatal biological and envir-
onmental risk factors that may contribute to the development of autism.
This study recruited pregnant women living in northern California who
already had a child with a NDD and, therefore, had an increased risk of
having a second child with an NDD (Hertz-Picciotto et al., 2018b).
A total of 104 mother—child pairs were included in a study to assess
association of PCBs with autism. Maternal serum was collected through
gestation and analyzed for PCB composition. Interestingly, of the 12
most abundant PCB congeners detected in these samples, LC-PCBs 11
and 28 constituted 70% of the total PCB burden (Sethi et al., 2019).
Multinomial logistic regression was used to assess the relative risk of a
clinical outcome classification of ASD and non-typical development
(Non-TD) compared to typically developing (TD) in the children at 3
years of age. There were no significant associations between these
outcome measures and total PCB levels; however, there were border-
line significant associations between DL-PCBs and decreased risk for
Non-TD outcome classification [adjusted OR: 0.41 (95% CI
0.15-1.14)] and between ryanodine receptor-activating PCBs and
increased risk for ASD outcome classification [adjusted OR: 2.63
(95% CI 0.87-7.97)]. While this study provided modest supporting evi-
dence that PCBs are risk factors for ASD or Non-TD, these analyses sug-
gested the need to investigate associations between neurodevelopmental
outcomes and specific PCB congeners based on their biological activities.

A subsequent study of the MARBLES cohort examined the association
between maternal PCB levels, placental DNA methylation patterns and
child neurodevelopmental outcomes (Mouat et al., 2023). A complete
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congener profile (all 209 PCB congeners) was assessed in 104 maternal
serum samples collected at delivery, and DNA methylation networks were
identified from 147 placenta samples. PCBs 153, 168, 170, 180, 187 and
193 were detected in over 50% of maternal serum samples and were highly
correlated with one another. Maternal age was the strongest predictor of
serum PCB levels, with PCB levels also influenced by calendar year in
which samples were collected (samples collected in earlier years had higher
PCB levels), pre-pregnancy BMI and polyunsaturated fatty acid levels.
Twenty-seven modules of placental DNA methylation were identified,
including five that significantly correlated with one or more PCBs, and
four that correlated with child neurodevelopment. Two modules associated
with both maternal PCB levels and child neurodevelopment mapped to
two genes, CSMD1 and AUTS2, implicated in ASD and identified as
differentially methylated regions in mouse brain and placenta following
gestational exposure to a “MARBLES” PCB mixture. These findings
suggest that at least some PCB congeners may be associated with altered
methylation patterns implicated in autism.

In 2019, a review of the literature (Pessah et al., 2019) identified
human studies of prenatal exposure to PCBs and neurodevelopmental
outcomes across domains related to cognition (e.g., 1Q, language,
memory, learning), attention, behavioral regulation, executive function,
and social behavior, including traits related to ADHD and ASD. The
authors were able to identify 29 papers that met their inclusion criteria,
which included: (1) a sample size of 100(+) subjects; (2) study design
that measured prenatal PCB exposure; (3) quantification of PCBs in
relevant biological matrices; and (4) subjects tested at 3 years of age or
older. Of these 29 papers, 12 focused on impacts of PCB exposure on
cognitive function in children aged 3-11, and most (8/12) found
associations of developmental exposure and cognitive deficits. Seven-
teen studies from 11 different cohorts examined associations of prenatal
PCBs with attention, behavioral regulation and social behavior among
3—12-year-old children. The majority (10 of 17) reported PCB-related
associations with impulse control, hyperactivity, and attention. Only 2
of the 17 studies examined PCBs in relation to social behavior and
autistic traits, with one study reporting that total PCB levels were
associated with fewer autistic traits, and the other reporting congener-
specific associations with autistic traits.

Overall, the authors (Pessah et al., 2019) concluded that most studies
found prenatal PCB exposures were associated with poorer cognitive
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function and/or increased risk of behavior problems (Pessah et al., 2019).
However, a significant limitation of the available data was that associa-
tions with specific PCB congeners or mechanism-based classes of con-
geners were not evaluated since most epidemiologic studies report total
sum PCB levels or levels of indicator PCBs. Moreover, the variety of
analytical techniques used to detect PCBs in human tissues and the dif-
fering PCB congener profiles analyzed across cohorts made it exceedingly
difficult to discern whether adverse neurodevelopmental outcomes were
predominantly associated with specific PCB congeners. The significance
of this limitation is underscored by a recent study suggesting that NDL
PCBs with activity at the ryanodine receptor, but not DL PCBs or total
PCBs, are weakly associated with ASD (Granillo et al., 2019). Another
complication is that the genetic substrate likely also influences the impact
of PCBs on NDD-relevant outcomes (Lein, 2015). This is illustrated by a
study not included in the Pessah et al. (2019) review that identified a
trend towards a positive association between PCB 153 levels and ASD in
individuals with a deletion mutation in the gene encoding glutathione-S-
transferase (GST) (Bach et al., 2020). A 2017 study not included in the
summary because it did not specify the age of the child at the time of ASD
diagnosis also found elevated ASD risk associated with specific PCB
congeners (Lyall et al., 2017). Specifically, the authors found increased
ASD risk for the highest vs. lowest quartile of PCB 138/158 and PCB
153 and for the highest deciles of other congeners examined in secondary
analyses. Finally, a 2019 study reported an association between plasma
PCB concentrations measured during pregnancy and increased incidence
of autistic behaviors in children aged 3—4 years old when the data were
analyzed using Bayesian predictive odds ratios (Bernardo et al. 2019).
When considering the additional studies that have examined the impact
of prenatal PCB on ASD phenotypes together with the two studies
included in the focused review, most (5 of 6) found that PCB exposures
are associated with increased expression of autistic traits. In line with this
simple review of the literature is the conclusion of a meta-analysis of
studies published through 2019 that reported odds ratios for PCB
exposure and autism from case—control or cross-sectional studies. The
authors used random-eftects models to examine the association among
five different studies representing five independent cohorts from across
North America and Finland using pooled odds ratios. A significant
association was found between PCB exposure during pregnancy and
autism risk (Mehri et al., 2021).
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2.3 Data gaps in the human literature on PCB developmental
neurotoxicity

While the majority of human studies suggest adverse eftects of PCBs on the
developing brain, the epidemiological data are variable, with a small
number of studies reporting no effects of PCBs on neuropsychological
outcomes, and an even smaller number reporting a positive association
between PCB exposure and behavioral outcomes (Klocke and Lein, 2020;
Pessah et al.,, 2019). These discrepancies across studies likely reflect dif-
ferences in study design, including outcome measures and how they were
assessed, the age at which the child is tested, and how PCB exposures were
determined, as well as differences between cohorts with respect to socio-
economic status or home environment of the child, co-exposures to other
neurotoxic compounds (e.g. methylmercury), genetic background and
PCB exposures (in terms of both levels and congener profiles). Epide-
miological studies of PCB eftects on NDD are further complicated by the
fact that many NDDs are phenotypically and genetically heterogeneous,
thus masking clear associations between diagnosis and exposure (Keil-Stietz
and Lein, 2023; Klocke and Lein, 2020; Lein, 2015).

In addition to the general limitation of publication bias (e.g., positive
findings are more likely to be reported than negative findings), a significant
challenge in human studies of PCB developmental neurotoxicity is that most
epidemiological studies still rely on total PCBs or levels of indicator PCBs
when assessing exposure. While this approach may provide reasonable
estimates of overall PCB exposure, it may obscure associations because the
influence of individual congeners or functional classes of PCBs on neuro-
toxic outcomes cannot be evaluated (Panesar et al., 2022; Schantz et al.,
2003). Another factor that complicates interpretation of the human literature
is the lack of uniformity in both outcome measures and in the tools used to
assess any specific outcome, which makes it difficult to compare epide-
miological studies. For example, some studies only tested visual-spatial
abilities, which have been shown to not be very sensitive to PCBs, where
other studies tested IQ or response inhibition, which appear to be more
sensitive to PCBs (Boucher et al., 2009). A review summarizing the neu-
ropsychological tests that have been used in human studies of PCB devel-
opmental neurotoxicity provides a detailed discussion of tests that may be the
most beneficial to perform and proposes standardization of test protocols
across studies with the goal of enabling more rigorous comparisons across
studies (Boucher et al., 2009). Populations and communities with lower
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socioeconomic status are more likely to be exposed to higher levels of
pollution, but less likely to be recruited or participate in studies looking at
population-level health outcomes. That this may be problematic in the PCB
literature is suggested by the observation that most of the participants in the
above-mentioned studies were middle-to-upper class Caucasian women
with unremarkable pregnancies and births (Hajat et al., 2021).

While discrepancies between human studies of PCB developmental
neurotoxicity with respect to the spectrum and persistence of adverse
neurobehavioral outcomes, confounding co-exposures and differences in
congener profiles that comprise the exposure have raised questions con-
cerning the causative role of PCBs in human developmental neurotoxicity
(Winneke, 2011), extensive experimental findings in non-human primate
and rodent models confirm that developmental PCB exposure causes
deficits in learning and memory (Klocke and Lein, 2020; Sable and
Schantz, 2006; Ulbrich and Stahlmann, 2004). These animal data are dis-
cussed below.

2.4 Neurotoxic outcomes in adults

PCB exposure has been associated with cognitive deficits, including those
in executive functioning, memory, language, and communication in a
variety of adult populations. Mohawk adults on the Akwesasne Reserve in
New York were observed for executive function after being exposed to
PCBs, along with dichlorodiphenyldichloroethylene (DDE), mirex, and
hexachlorobenzene (HCB) via consumption of local fish. Adults aged
17-79 years old were assessed for cognitive function measured with the
digit symbol substitution test. LC- and HC-PCB exposure was found to
increase cognitive and executive function decline in the adults aged 47-79
years old (Sasaki et al., 2023). The association of deficits with DDE and
HCB was much weaker, suggesting that PCBs had the greatest adverse
effect on executive function at older stages of life.

A limited number of studies have examined PCB effects on learning
and memory in adults. The neuropsychological function of Michigan
residents, 49- to 86-years old, who regularly ate fish caught from Lake
Michigan (>24 pounds eaten per year) was compared to that of residents
who ate less than 6 pounds of fish per year. The heavy fish consumers had
lower scores than the low fish consumers on the Wechsler Memory Scale
and the California Verbal Learning Test. Consistent with this observation,
performance scores were inversely associated with serum PCB levels
(Schantz et al., 2001).
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Language and communication skills may also be negatively affected by
PCB exposure in adulthood. A German health program surveillance was
done on transformer and capacitor recycling company workers who had
increased PCB burden (Rengelshausen et al., 2023). Workers with a PCB
burden in the 95-percentile rank or higher exhibited reduced verbal flu-
ency regarding letter and semantic word generation as well as word pro-
duction and fine motor function as shown by the Regensburg Word
Fluency Test RWT. More specifically, workers with an increased LC-PCB
burden showed a significantly longer duration in the word response task
than those with a smaller LC-PCB burden (Fimm et al., 2017). However,
additional neuropsychological and cognitive analyses done with this group
found no PCB eftects.

Epidemiological studies of PCB effects on affective disorders in adults
are relatively limited but include at least one report of a positive association
between PCB exposure and risk for bipolar disorder, as well as several other
studies linking adult exposure to higher rates of depression (Table 2).
A higher-than-average incidence of dementia as well as a significantly
higher rate of bipolar disorder diagnoses were observed in a sample of
Yusho poisoning survivors relative to healthy controls (Akahane et al.,
2018). A 1989 cohort study reported that firefighters who sustained acute,
high-level dermal and inhalation exposure to PCBs during a transformer
fire experienced more depressed moods several months after the fire than
firefighters not present at the fire (Kilburn et al., 1989). More recent
evidence of an association between PCB exposure and increased pre-
valence of depressive symptoms emerged from a large cohort study that
examined neuropsychological endpoints in adults living along a segment of
the Hudson River highly contaminated with PCBs (Fitzgerald et al., 2008).
These findings are consistent with those of a longitudinal study of the
German workers exposed to PCBs involved in recycling of transformers
and capacitors (Gaum et al., 2014). Participants underwent a psychological
screening questionnaire and had blood drawn at three separate timepoints
to determine plasma concentrations of individual PCB congeners. Relative
to the general German population, PCB-exposed workers had an increased
prevalence and severity of depressive symptoms that persisted over multiple
years and corresponded with elevated plasma concentrations of HC-, LC-,
and dioxin-like PCBs. A more recent study involving a separate cohort
occupationally exposed to PCBs also found a significant positive association
between depressive symptoms and plasma concentrations of HC-, LC-,
and dioxin-like PCBs (Gaum et al., 2017). This latter study also identified
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associations between PCB exposure and altered dopamine metabolism, as
well as between altered dopamine metabolism and depressive symptoms.
The authors proposed that PCB-mediated disruption of dopaminergic
signaling was the cause of PCB-associated depressive symptoms.

The epidemiological data relating PCB exposure to aftective disorders
in adults is challenging to interpret because of inconsistent findings, rela-
tively few studies, and the small sample sizes of many of the available
studies. Results may also be influenced by reliance on self-reporting and
questionnaires, which may be subject to bias. Furthermore, affective dis-
order presentation can vary widely between individuals, and symptoms are
often subjective and difficult to quantify. These characteristics may impose
an additional level of uncertainty and further complicate the gathering or
interpretation of epidemiological findings.

2.5 PCB effects on neurodegenerative diseases

PCBs have been identified as a potential environmental risk factor for
neurodegenerative diseases such as Parkinson’s disease (PD), amyotrophic
lateral sclerosis (ALS), and Alzheimer’s disease (AD), although there is only
moderate support from epidemiological studies (Table 3). Interestingly,
several studies report sex-specific effects of PCB exposure, with statistically
significant findings observed only in females. Two studies, in which brain
tissue was used to measure PCB exposure, reported significant associations
with PD. In one, subjects diagnosed with PD were found to have higher
concentrations of PCB 153 in the anterior caudate nucleus, a region that is
commonly implicated in PD pathophysiology (Corrigan et al., 1998). In
agreement with this finding, a case—control study reported higher con-
centrations of PCB congeners 153 and 180 in occipital cortex samples
obtained from PD patients (Hatcher-Martin et al., 2012). When stratified by
sex, their analysis revealed significant elevations in total PCBs and congeners
138, 153, and 180 in female PD patients only. Hatcher-Martin et al. also
examined substantia nigral tissue from a separate cohort of females who had
not displayed any observable clinical symptoms of PD. Higher concentra-
tions of total PCBs and of individual congeners 138, 170, and 180 were
detected in brains exhibiting greater reductions in neuromelanin pigmen-
tation in nigral neurons, a common neuropathological feature of PD.
Earlier findings of electrical capacitor manufacturing plant workers
employed between 1939 and 1977 similarly reported sex-specific effects of
PCBs. This study investigated the prevalence of neurodegenerative disease in
workers who had sustained varying degrees of occupational exposure to PCBs.
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Compared to the U.S. general population, female plant workers estimated to
have higher levels of PCB exposure also experienced higher rates of PD and
AD (Steenland et al., 20006).

In the Faroe Islands, whale meat constitutes a considerable portion of
the traditional Faroese diet and poses a relatively higher risk for dietary
PCB exposure due to the tendency PCBs to bioaccumulate in marine
mammals. Compared to healthy residents, Faroese adults who had been
diagnosed with PD reported higher lifetime consumptions of whale meat
and blubber (Petersen et al., 2008). In addition, quantification of serum
PCB concentrations in these individuals revealed a significant positive
association between PCB 101 exposure and PD risk.

There are also epidemiological data suggesting a link between exposure
to certain PCBs, especially PCB congener 151, and ALS. A case-control
study that screened blood samples for various POPs detected a significant
positive correlation between plasma levels of PCB 151 and risk of ALS
(Su et al., 2016). Consistent with these findings, a more recent study
sampled ALS patients and identified a significant association between ele-
vated plasma concentrations of PCB 151 and increased risk of earlier death
after adjusting for patient age at diagnosis (Goutman et al., 2019).

A small number of studies have identified PCB exposure as a possible
environmental risk factor for a general clinical diagnosis of dementia.
Approximately 40 years after the Yusho mass-poisoning in Japan, various
health outcomes were assessed in a sample of poisoning survivors (Akahane
et al., 2018). Results of this study indicated significantly higher rates of
dementia in Yusho survivors when compared to age-matched controls
with no history of Yusho poisoning. Further evidence linking dementia
with PCB exposure came from a prospective cohort study that took place
in a heavily PCB-contaminated town in Italy. Results indicated that the
risk of developing dementia was significantly higher for residents whose
blood serum contained higher total concentrations of PCBs at the time of
their enrollment in the study (Raffetti et al., 2020).

Despite the epidemiological evidence of PCB exposure as a potential
environmental risk factor for neurodegenerative diseases, the limited
number of studies and inconsistent findings remain a major shortfall of the
literature. Many studies fail to demonstrate an eftect. For instance, a 2000
study detected no notable differences in PCB tissue concentrations in brain
samples obtained from subjects diagnosed with PD or AD when compared
to controls (Corrigan et al., 2000). Inconsistent findings may be due to
relatively small sample sizes, differences in study design, including
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approaches for assessing PCB exposures. Furthermore, because epidemio-
logical studies of neurodegenerative diseases rely on older populations, it is
impossible to rule out survival-imposed selection bias. The higher rate of
prescription medication use in older adults presents another complicating
factor. The difterence in life expectancies for men and women should also
be considered, as this may contribute to sex-based difterences reported in
some studies.

A factor that remains largely unaccounted for in the literature pertains
to the question of whether calculated PCB body burden provides an
accurate representation of lifetime exposure. The majority of studies
incorporate only a single timepoint for biological sample collection and fail
to provide estimates of exposure duration or time of occurrence.
Furthermore, the effects of LC-PCBs may be under-accounted because
they tend to be metabolized faster than HC-PCBs. A small number of
longitudinal studies attempt to address this difference but are confounded
by few intermittent follow-up assessments and large participant drop-out.

3. Experimental animal studies

A large number of experimental animal studies of PCB neuro-
toxicity have been published in the peer-reviewed literature (reviewed in
Faroon and Ruiz, 2016; Klocke and Lein, 2020; Sable and Schantz, 2006;
Ulbrich and Stahlmann, 2004). These studies employed various individual
PCB congeners and mixtures, including the commercial legacy Aroclor
mixtures, to assess the impacts of PCB exposures, which have been
predominantly developmental exposures (Carlson et al., 2023), on
behavioral outcomes of translational relevance to humans. The tightly
controlled exposures that are feasible in experimental animal studies are
critically important for (1) corroborating human epidemiological data;
and (2) providing mechanistic insights, such as brain regions likely tar-
geted by PCBs and potential cellular and/or molecular mechanisms.
Several reviews of the animal literature on PCB neurotoxicity have
previously been published (Faroon and Ruiz, 2016; Klocke and Lein,
2020; Pessah et al., 2019). Here, we highlight selected studies published
after 2000 that address PCB-induced behavioral changes using rigorous
study designs, validated tests of behaviors relevant to human PCB neu-
rotoxicity and PCB exposures relevant to human exposures in terms of
both the congener profile and levels.
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3.1 Learning and memory

Learning and memory are complex behaviors that combine situational
paradigms with information encoding, storage, and retrieval. Memory is
further categorized as working memory, short-term memory, and long-
term memory (Crowder, 2019). Not only are learning and memory
critical for survival , but they are also important in establishing patterns of
neuronal connectivity in the developing brain via effects on dendritic
morphogenesis and formation/stabilization of synapses (Ma and Zuo,
2022). Learning and memory are behavioral outcomes with direct
translational relevance to behavioral deficits observed in human studies of
developmental PCB exposures.

A commonly used test to assess learning and memory in rodent models
is the novel object recognition (NOR) task, which engages the hippo-
campus (CA1 and CA3 regions), insular cortex (IC), perirhinal cortex
(PRh), and medial prefrontal cortex (mPFC). Thus, deficits in NOR
performance indicate perturbations in one or more of these brain regions
(Tanimizu et al., 2018). NOR has been used to assess PCB developmental
neurotoxicity in rodent models. For example, the performance of mouse
pups in the NOR task was assessed after lactational exposure to 0, 6 or
8 mg/kg/day of Aroclor 1254 (A1254) in the maternal diet from postnatal
day (PND) 7-21 and direct oral exposure from PND 22-42. Females, but
not males, had significant deficits in this task at PND 35-37, regardless of
Aroclor dose (Tian et al., 2011), suggesting that developmental exposure to
this PCB mixture causes sex-specific deficits in learning and/or memory in
mice. In a similar study, CYP transgenic mouse dams were exposed via oral
gavage to the non-dioxin-like PCB congeners 105, 118, 138, 153, and 180
and dioxin-like PCB congeners 77, 126, and 169 at gestational day 10.5
and PND 5. CYP1A2 knockout mice pups were significantly impaired in
the NOR task (Curran et al., 2011a).

Deficits in spatial learning and memory have also been measured in
rodent models of developmental PCB exposures. Oral gavage of pregnant
rats with A1254 at 5, 10, and 20 mg/kg body weight every three days
from gestational day 5 to PND 20 caused significant deficits in spatial
learning and memory in their pups as determined using the Morris water
maze (Liu et al., 2015). Pups exposed to 10 or 20 mg/kg/day in the
maternal diet had a significantly worse performance compared to controls
(0 mg/kg A1254). Impaired spatial learning was associated with increased
intracellular calcium concentrations and ultra-micro structural changes in
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the hippocampus (Liu et al., 2015). While the majority of studies have
examined learning and memory deficits in animals exposed to PCBs
during early life, at least one study examined impacts of PCBs on Morris
water maze performance following mid-life exposures. Adult female
Sprague-Dawley rats exposed as adults to a PCB mixture simulating the
PCB profile found in school air exhibited modest PCB-induced deficits
in spatial learning and memory (Wang et al., 2020). The majority of
studies have observed PCB-induced learning and memory deficits;
however, a limited number of studies have not observed significant
memory impairment as a consequence of developmental PCB exposure.
For example, following dietary exposure of Sprague-Dawley rat dams to
PCB 47 and 77 at 1.25 ppm, 12.5 ppm or 25.0 ppm (w/w) in rat chow
provided ad libitum, no eftects of PCBs were observed in either short-
term or long-term spatial memory as determined using Morris water maze
training in PND30 pups (Donahue et al.; 2004). The reason for these
discrepancies across studies are not clear, but may be due to differences in
species, behavioral testing paradigms, or the PCB dosing paradigm with
respect to PCB congener profiles or levels.

3.2 Motor function

Motor function is an umbrella term for locomotion, balance, coordina-
tion, limb movement, and other aspects of movement. Motor function
generally involves the cerebellum and the nigrostriatal pathways of the
brain (Salman and Tsai, 2016). Motor function can be readily tested in
animal models, and it is an important component of other behavioral
tests. For example, changes in motor function can alter performance in
cognitive tests that require movement, such as the y-maze and Morris
water maze. Thus, many behavioral tests assess motor function as a
control (Schonfeld et al., 2017).

PCBs have been shown to alter motor function in experimental animals
in a congener- and sex-specific manner. Sprague-Dawley rats at an age
corresponding to human puberty were given a diet augmented with PCB-
contaminated fish from the St. Lawrence River or Aroclor 1248 at a
concentration approximating that found in the contaminated fish. After
being exposed for 30-days, the rats received operant conditioning training
to assess activity level, impulsiveness, and visual discrimination. Both PCB-
exposed groups had significantly higher lever pressing rates than controls,
suggesting PCB induced hyperactivity (Berger et al., 2001). Similar results
were reported in Swiss albino mice exposed to 0, 1, 10, or 100 ng/kg of
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PCBs 28, 52, 101, 138, 153, and 180 dissolved in rapeseed oil and
administered daily by oral gavage from PND 0 until weaning at PND 21.
Females exposed to 100 ng/kg exhibited increased latency to turn in the
Negative Geotaxis (NG) test at PND 7 and 9 (Elnar et al., 2012). In
contrast, other studies have found little to no effect of PCBs on motor
behavior. For example, an ad libitum diet-based exposure to PCB 153
during gestation and lactation did not change motor function, including
grasping reflexes, righting reflexes, and forelimb in BALB/c mice when
tested from PND 5-15 (Haave et al., 2011). However, the amount of PCB
that animals received was not controlled in this study, and the dose was
lower than in the other two studies described here, suggesting PCB-
induced motor deficits exhibit a classic dose-response relationship with
deficits increasing as PCB dose increases.

3.3 Attention

Attention can be defined as behaviors related to obtaining and maintaining
the alert state, orienting to sensory stimuli, and resolving conflict among
competing responses (Petersen and Posner, 2012). Attentional deficits are a
primary component of NDDs, particularly ADHD. Attention is mediated
by two major networks: (1) the alerting network, which is modulated by
the brain’s norepinephrine system and involves major nodes in the frontal
and parietal cortex; and (2) the executive network, which resolves com-
peting actions during tasks with conflicting demands. This network
involves the anterior cingulate cortex, areas of the prefrontal cortex, and
the striatum (Soydaner, 2022).

Rodent models can be used to assess attention behavior following PCB
exposure. Spontaneously hypertensive rats (SHR/NCrl) were exposed to
1, 3, and 6 mg/kg of PCB 153 at PND 8, 14, and 20 using a gastric tube.
Compared to controls, the SHR/NCil rats demonstrated dose-dependent
differences in a lever pressing test of attention. Sustained attention was
significantly increased in the 1mg/kg dose group, but significantly
decreased in the 3 and 6 mg/kg dose group. The 6 mg/kg dose group also
had increased inter-response times (IRT), suggesting reduced attention in
the higher dose groups (Johansen et al., 2014). There is also evidence of
altered attention following inhalation exposure. Compared to control
animals, rats exposed to air-borne Aroclor 1248 or sediment vapor con-
taining PCBs showed significantly higher rates of bar pressing (indicating
hyperactivity and frustration) in a multiple fixed interval extinction operant
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behavior paradigm (Lombardo et al., 2015). These results support clinical
findings of attentional deficit in PCB-exposed humans.

3.4 Social behavior

Many NDDs are associated with PCB exposures, including ASD (Alampi
et al., 2021; Bernardo et al., 2019; Keil-Stietz and Lein, 2023; Lyall et al.,
2017; Mehri et al., 2021) and ADHD (Eubig et al., 2010). Impaired social
behavior, including poor social cue recognition, reduced social interaction
and communication are common to multiple NDDs (Baribeau et al., 2019;
Keil-Stietz and Lein, 2023). Behavioral tests, such as ultrasonic vocaliza-
tions and the social approach test (Rein et al., 2020), have been used to
assess social deficits in rodent models of autism, making them excellent
candidates for behavioral tests of PCB exposure.

Multiple studies have examined social behavior following develop-
mental exposure to PCBs (Klocke and Lein, 2020). As an example, one
study assessed social behavior in pups born to female mice exposed to 0,
0.1, 1, or 6 mg/kg/day of the MARBLES PCB mix during gestation and
lactation. The MARBLES PCB mix simulates the relative proportions of
the twelve most abundant PCB congeners found in the serum of pregnant
women enrolled in the MARBLES cohort who are at increased risk for
having a child with a NDD (Sethi et al., 2019). Ultrasonic vocalizations
were measured at PND 7 and social approach was tested at PND 32.
Exposure to the MARBLES PCB mix resulted in significantly less ultra-
sonic vocalizations in male and female pups in all dose groups. In contrast,
only the males in the 0.1 mg/kg dose exhibited decreased sociability in the
social approach task (Sethi et al., 2021). Similar results were observed in rat
pups exposed PCBs 47 and 77 at 12.5 mg/kg/day and 25 mg/kg/day in the
maternal diet during gestation and lactation (Jolous-Jamshidi et al., 2010).
PCB exposure significantly impaired social recognition in PND 21 males
(Jolous-Jamshidi et al., 2010). This same group of investigators assessed
adult male rats for social investigation behavior using the social port test
following exposure to the same doses of PCBs. The adult rats that were
isolation housed had decreased social investigation, which reflected the
developmental exposure results (Jolous-Jamshidi et al., 2010).

There are also data showing that PCBs affect sociosexual behavior in a
sex- and time-dependent manner. For example, Bell et al. (2016) exposed
Sprague-Dawley rats to Aroclor 1221 (A1221) prenatally through the dam,
who received i.p. injections of 0 or 1 mg/kg A1221 at embryonic day 16,
18, and 20, and/or via i.p. injections in the pups at PND 24, 26, and 28.
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Prenatal exposure resulted in more sociosexual behavioral changes than
juvenile exposure. Additionally, whereas female rats had significant deficits
in social behavior between PND 30 and 39 (juvenile age) following the
dual exposure paradigm and the juvenile only exposure, males showed
significant alterations in sociosexual choice assessed between PND 90
and 110 in adulthood following prenatal or juvenile, but not the combined
exposures (Bell et al., 2016).

3.5 Insights from behavioral studies of mechanisms of PCB
neurotoxicity

Behavioral studies can provide insights regarding mechanisms by which
PCBs cause neurotoxicity. One example is a study that investigated PCB
neurotoxicity in transgenic mouse lines expressing high levels of hepatic
cytochrome P450 (CYP) 1A2 vs. CYP 1A2 knockout, as well as lines with
variable levels of AhR affinity. Behavioral responses were assessed in these
mice following exposure to a PCB mixture of dioxin-like (PCBs 77, 126
and 169), and non-dioxin-like (PCBs 105, 118, 138, 153, and 180) con-
geners found in food, human tissue, and breast milk mixture. Mice were
exposed at gestational day 10 and PND 5 wvia oral gavage of the dam
(Curran et al., 2011b). The high-affinity AhR CYP1A2 knockout mice
had the greatest impairment in the NOR test and Morris water maze for
spatial learning (Curran et al., 2011a), suggesting that PCB neurotoxicity is
related to AhR affinity and that CYP1A2-mediated metabolism is neu-
roprotective. The assessment of motor behavior in these same mice by
rotarod, gait analysis, sticker removal, pole test, and challenging balance
beam, revealed that developmental PCB exposure significantly decreased
performance on the rotarod test and that the CYP knockout mice were less
impaired than the wildtype mice (Colter et al., 2018). Similar results were
seen with the gait analysis. In the challenging balance beam test, the high
affinity AhR genotypes exposed to PCBs showed significantly more slips
than the PCB-exposed wildtype controls. These findings suggest that CYP
metabolism of PCBs negatively affects motor behavior and AhR affinity
may influence the magnitude of the PCB effect.

§ 4, Conclusions

There is compelling evidence from human epidemiological and

experimental animal studies that PCBs are developmental neurotoxicants
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associated with a number of neurological deficits in early life. While there
are discrepancies across studies, the majority of human epidemiological
studies have found an association between exposure to PCBs and detri-
mental effects on the developing brain across diverse human populations in
multiple geographic locations. The developmental neurotoxicity of PCBs
has been largely corroborated in experimental animal models. Although less
well studied, the influence of PCB exposure on the risk, onset and severity
of affective disorders in adults and late-onset neurodegenerative disorders
are suggestive. A significant data gap, however, is the paucity of animal
studies to corroborate the human observations of PCB eftects on neuro-
logical outcomes in mid- and later life.

[t is important to note that the diversity of PCB chemistry (degree and
position of chlorination, chirality, and diverse metabolites) make the design
of animal and epidemiological studies challenging. This complication
underlies another key data gap in the field, which is a comprehensive
understanding of which of the 209 PCB congeners influence PCB neu-
rotoxicity, and how their metabolism alters neurotoxic outcomes.
Addressing this data gap is stymied by a general lack of understanding of the
predominant PCB congeners and metabolites present in human tissues, and
how this congener profile is impacted by population demographics (age,
sex, and socioeconomic status), specific life-stages of exposure and chan-
ging environmental PCB profiles.

Experiments designed to assess the consequences of PCB exposures on
complex neurological conditions present a unique set of challenges.
Gene—environment interactions are implicated in many neurodevelop-
mental disorders (Hertz-Picciotto et al., 2018a; Keil-Stietz and Lein, 2023;
Lein, 2015) and aging-related declines in cognitive capacity, clinical
dementia, and the major neurodegenerative disorders such as Parkinson’s
disease (PD), Alzheimer’s disease (AD) and amyotrophic lateral sclerosis
(ALS) have both genetic and environmental components that contribute to
temporal onset, progression and severity (Hersi et al., 2017; Martino et al.,
2017; Wang et al., 2017). A major challenge in the field is the identification
of specific genetic risk factors that influence neurotoxic responses to PCBs,
and the elucidation of the mechanisms by which genetic factors interact
with PCBs to determine individual risk for adverse neurological outcomes.
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