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Polychlorinated biphenyls (PCBs) are pervasive environmental contaminants implicated as risk factors for
neurodevelopmental disorders (NDDs). Immune dysregulation is another NDD risk factor, and developmental PCB ex-
posures are associated with early life immune dysregulation. Studies of the immunomodulatory effects of PCBs have
focused on the higher-chlorinated congeners found in legacy commercial mixtures. Comparatively little is known
about the immune effects of contemporary, lower-chlorinated PCBs. This is a critical data gap given recent reports
that lower-chlorinated congeners comprise >70% of the total PCB burden in serum of pregnant women enrolled in
the MARBLES study who are at increased risk for having a child with an NDD. To examine the influence of PCBs,
sex, and genotype on cytokine levels, mice were exposed throughout gestation and lactation to a PCB mixture in the
maternal diet, which was based on the 12 most abundant PCBs in sera from MARBLES subjects. Using multiplex
array, cytokines were quantified in the serum and hippocampus of weanling mice expressing either a human gain-
of-functionmutation in ryanodine receptor 1 (T4826Imice), a human CGGpremutation repeat expansion in the fragile
X mental retardation gene 1 (CGG mice), or both mutations (DM mice). Congenic wildtype (WT) mice were used as
controls. There were dose-dependent effects of PCB exposure on cytokine concentrations in the serum but not hippo-
campus. Differential effects of genotype were observed in the serum and hippocampus. Hippocampal cytokines were
consistently elevated in T4826Imice and also inWT animals for some cytokines compared to CGG and DMmice, while
serum cytokines were usually elevated in the mutant genotypes compared to theWT group. Males had elevated levels
of 19 cytokines in the serum and 4 in the hippocampus compared to females, but there were also interactions between
sex and genotype for 7 hippocampal cytokines. Only the chemokine CCL5 in the serum showed an interaction between
PCB dose, genotype, and sex. Collectively, these findings indicate differential influences of PCB exposure and genotype
on cytokine levels in serum and hippocampal tissue of weanling mice. These results suggest that developmental PCB
exposure has chronic effects on baseline serum, but not hippocampal, cytokine levels in juvenile mice.
© 2020 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

A number of environmental toxicants have been identified as risk factors
for neurodevelopmental disorders (NDDs), including autism spectrum disor-
der (ASD) (Bölte et al., 2019; Kalkbrenner et al., 2014; Carter and Blizard,
2016; Ye et al., 2017; Rossignol et al., 2014). Polychlorinated biphenyls
(PCBs) are of particular concern because these compoundsmodulate signaling
ciences, University of California,
ine Drive, Davis, CA 95616, USA.

er B.V. This is an open access article
pathways and neurodevelopmental processes implicated in the etiology of
ASD and other NDDs (Stamou et al., 2013; Pessah et al., 2019; Klocke and
Lein, 2020). PCBs are ubiquitous persistent organic pollutants that were
widely used in many industrial applications, including as plasticizers in paints
and rubber products and as insulating fluids in electrical equipment, due to
their high chemical and thermal stability (Faroon and Ruiz, 2016). There are
209 PCB congeners with different chemical structures and properties based
on the number and position of chlorine atoms around the biphenyl rings.
PCBs were originally synthesized and sold as commercial mixtures, such as
Aroclor 1248 and 1254, that vary in specific congener profile but contain
more stable, higher-chlorinated PCB congeners (Kodavanti et al., 2001;
under the CCBY-NC-ND license(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Klocke et al., 2020). While levels of these “legacy” PCBs have generally de-
creased in human biological samples since their global production ban in
2001, they are still pervasive in human tissues, including in pregnant andnurs-
ing women (Rawn et al., 2017; Mannetje et al., 2013; Focant et al., 2013). A
study of human post-mortem brain tissue found higher concentrations of
PCB 95 in samples from patients with genetic NDDs associated with ASD as
compared to neurotypical controls (Mitchell et al., 2012). Contemporary
human exposures occur predominantly through inhalation and diet
(Ravenscroft and Schell, 2018; Basra et al., 2018; Ampleman et al., 2015;
Malisch and Kotz, 2014; Cimenci et al., 2013; Marin et al., 2011; Voorspoels
et al., 2008; Baars et al., 2004), and PCBs readily cross the placenta and trans-
fer into breast milk (Needham et al., 2011).

Epidemiological studies indicate that prenatal PCB exposure impacts
early-life immune function (Dietert, 2014). Within a Norwegian mother
and child cohort study, maternal dietary exposure to PCBs has been associ-
ated with congener- and sex-specific changes in gene expression of
immune-related processes in cord blood samples from newborns
(Hochstenbach et al., 2012), and with more frequent respiratory tract infec-
tions and reduced antibody response to a measles vaccine in children
(Stølevik et al., 2013). Increased susceptibility to respiratory tract infections
following prenatal PCB exposure has also been observed in Swedish (Glynn
et al., 2008) and Inuit (Dallaire et al., 2004) infants. In Dutch children, prena-
tal PCB exposure was associated with lower antibody response to measles
vaccine, while current PCB body burden was associated with a higher preva-
lence of chicken pox and recurrent middle-ear infections (Weisglas-Kuperus
et al., 2000). Reduced antibody responses to vaccines, suggestive of de-
pressed adaptive immune responses, were associated with PCB exposure in
children from the Faroe Islands (Heilmann et al., 2006; Heilmann et al.,
2010). Finally, secretion of the cytokine tumor necrosis factor-alpha (TNF-
α) was negatively correlated with plasma lipid concentrations of PCBs in
stimulated cord blood mononuclear cells from newborns in a remote Cana-
dian coastal region (Bilrha et al., 2003). Together these studies identify the
immune system as a likely target of developmental PCB exposure.

Rodent models of PCB exposure demonstrate altered cytokines in ma-
ternal serum (Xu et al., 2019) as well as fetal brain tissue and serum follow-
ing gestational exposure to legacy PCB congeners or mixtures. Increased
concentrations of inflammatory cytokines TNF-α, interleukin-1β (IL-1β),
and interferon-gamma (IFN-γ) were observed in fetal serum following de-
velopmental exposure of rats to the coplanar (dioxin-like) congener PCB
126 (Ahmed et al., 2018). Following gestational exposure to a mixture of
Aroclors 1242, 1248, and 1254 at 20 μg/kg in the maternal diet, sex-
specific differences in hypothalamic cytokine expression were observed in
postnatal day (P) 1 rats (Bell et al., 2018). Further, developmental exposure
to an environmentally relevant mixture of Aroclors (Kostyniak et al., 2005)
at 18 mg/kg through maternal diet was shown to increase serum IL-6 in
male, but not female, rat offspring at P14 (Miller et al., 2010).

Collectively, this evidence indicates early and persistent PCB-induced
cytokine dysregulation in multiple tissues as well as sex differences in re-
sponse to PCB exposure. Even small fluctuations in cytokines may impact
neurodevelopment, as these signaling molecules have essential roles in
the development and function of the nervous system (Guidolin et al.,
2018; Borsini et al., 2015; Yirmiya and Goshen, 2011) and are expressed
in the brain in an age- and region-specific manner (Garay et al., 2013;
Pousset, 1994). Furthermore, altered immune function is frequently ob-
served in children with ASD (Meltzer and Van De Water, 2017), including
cytokine dysregulation (Goines and Ashwood, 2013; Masi et al., 2015),
and may be contributing factors in the pathogenesis of these disorders,
which exhibit a strong sex bias (Hughes et al., 2018; Gładysz et al., 2018).

Previous studies of the immunomodulatory effects of PCBs have focused
on the higher-chlorinated congeners found in legacy commercial mixtures.
The immune effects of developmental exposure to contemporary, lower-
chlorinated PCBs have not been previously characterized. This is a critical
data gap given recent reports that the lower-chlorinated congeners PCB
28 and PCB 11 comprise >70% of the total PCB burden in serum of preg-
nant women at increased risk for having a child with an NDD (Sethi et al.,
2019). To address this data gap, we used a mouse model of developmental
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PCB exposure to assess the immune effects of a mixture of PCBs based on
the 12 most abundant PCB congeners identified in the serum of pregnant
women (Sethi et al., 2019) enrolled in the MARBLES (Markers of Autism
Risk in Babies - Learning Early Signs) study, who have had one child diag-
nosed with ASD and thus are at higher risk for their next child being diag-
nosed with an NDD (Hertz-Picciotto et al., 2018). This MARBLES PCB
mix contains legacy higher-chlorinated congeners, such as PCBs 138, 153,
and 180, as well as contemporary lower-chlorinated congeners, in the
same relative proportion found in the MARBLES subjects. The contempo-
rary congener PCB 11 was not found in the commercial Aroclor mixtures
(Kodavanti et al., 2001); rather, it is an inadvertent byproduct of current
pigment production processes (Hu and Hornbuckle, 2010; Guo et al.,
2014; Shang et al., 2014) that has been widely documented in air (Hu
et al., 2008; Choi et al., 2008; Heo et al., 2014) and other environmental
samples (Bartlett et al., 2019), serum (Sethi et al., 2017) and commercial
milk samples (Chen et al., 2017) from dairy cows, as well as serum samples
from children and their mothers (Marek et al., 2013; Koh et al., 2015).

NDD risk and severity are widely posited to be determined by gene× en-
vironment interactions (Stamou et al., 2013; Schaafsma et al., 2017), there-
fore, we also investigated how genotype influences the cytokine response to
developmental PCB exposure. Aberrant calcium homeostasis has been impli-
cated in the pathophysiology of ASD (Krey and Dolmetsch, 2007; Palmieri
et al., 2010) and other NDDs (Martins-de-Souza et al., 2009; Mizoguchi and
Monji, 2017), and PCBs are known to alter calcium homeostasis in neurons
(Pessah et al., 2019). Therefore, we focused on NDD-linked genotypes that
dysregulate calcium signaling in neurons. Specifically, we leveraged mouse
models engineered to express a human gain-of-function mutation in the
RYR1 gene (T4826I-RYR1; T4826I mice) (Yuen et al., 2012) or a human
CGG repeat expansion in the premutation range in the 5′ non-coding region
of the fragile X mental retardation gene 1 (FMR1; CGG mice) (Berman
et al., 2014). Ryanodine receptors (RyRs) are intracellular calcium channels
involved in many critical functions in immune and neural cells including T
cell activation (Wolf et al., 2015) and synaptic plasticity (Abu-Omar et al.,
2018).Mutations in RYR1 and FMR1 are both linked to dysregulated calcium
signaling and confer heightened sensitivity to environmental stressors inmul-
tiple cell types frommice (Barrientos et al., 2012; Cao et al., 2012; Cao et al.,
2013) and affect immune function in humans and mice (Vukcevic et al.,
2013; Careaga et al., 2014; Marek et al., 2012). To assess the effect of not
only PCB dose, but also gene dose on immune response, we additionally stud-
ied a double mutant (DM) mouse (Keil et al., 2019) that expressed both of
these prevalent but clinically subtle mutations in the human population
(Robinson et al., 2006; Kim et al., 2013; Hagerman et al., 2011; Hagerman
and Hagerman, 2013). Expression of these mutations, singly or in combina-
tion, has previously been shown to interfere with endpoints of relevance to
NDDs in juvenilemice, including social behavior and alter dendritic arboriza-
tion in hippocampal and cortical neurons (Keil et al., 2019).

In summary, cytokines influence social behavior (Eisenberger et al.,
2017) and neuronal development (Sarder et al., 1996; Neumann et al.,
2002; Chisholm et al., 2012), therefore, altered cytokine levels as a conse-
quence of genetic factors and/or toxicant exposure may contribute to the
effects of genetic and environmental factors on neurodevelopment
(Dietert and Dietert, 2008). Understanding how genetic and environmental
risk factors for NDDs affect cytokine and chemokine levels will provide in-
sight regarding the complex relationships between etiological factors con-
tributing to these disorders. Thus, in the current study, we tested the
hypothesis that sex, genotype, and PCB dose interact to alter cytokine and
chemokine profiles in serum and hippocampal tissue from mice develop-
mentally exposed to amixture of PCBsmodeled after PCB congener profiles
in the serum of pregnant women at risk for having a child with an NDD.

2. Material and methods

2.1. Animals

All procedures involving animals were conducted in accordance with
the NIH Guide for the Care and Use of Laboratory Animals and were
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approved by the University of California Davis Animal Care and Use Com-
mittee. All mice were housed in clear plastic shoebox cages with corn cob
bedding and maintained on a 12 h light and dark cycle at 22 ± 2 °C with
feed (Diet 5058, LabDiet, Saint Louis, MO) and water available ad libitum.
Male and female mice of four different genotypes were investigated (Keil
et al., 2019): (a) homozygous mice, which express a human gain-of-
function mutation in RYR1 (T4826I-RYR1), referred to herein as T4826I
mice; (b) female homozygous and male hemizygous FMR1 premutation
mice that express the human X-linked CGG repeat expansion in the FMR1
gene in the range of 170–200 repeats, referred to as CGGmice; (c) mice ex-
pressing both the RYR1 and FMR1 mutations, referred to as double muta-
tion (DM) mice; and (d) wildtype (WT) mice on a genetic background
matching the mutant genotypes (75% C57BL/6J and 25% SVJ129), as de-
termined by SNP analysis (Keil et al., 2019). To generate the WT control
mice, C57BL/6J and SVJ129 WT mice were purchased from Jackson Labs
(JAX, Sacramento, CA) and crossed to generate congenic WT mice.
Genotyping of all animals was performed as previously described (Keil
et al., 2019). The animals reported here are a subset of animals evaluated
as part of a larger overall study designed to evaluate neurodevelopmental
outcomes (Keil-Steitz and Lein, under review) in addition to effects on the
gut microbiome and intestinal physiology (Rude et al., 2019) and cytokine
levels (data reported here). For the cytokine analyses, 192 animals from
113 dams were included in the hippocampal tissue analysis and 176 ani-
mals from 101 dams were included in the serum analysis, with 92 animals
from 72 dams overlapping between the two sets. Further details about the
animals used in this study are provided in Supplementary Table 1.

2.2. Developmental PCB exposure

The MARBLES PCB mix (Sethi et al., 2019) used for dosing dams was
composed of congeners (% of total mass) 28 (48.2%), 11 (24.3%), 118
(4.9%), 101 (4.5%), 52 (4.5%), 153 (3.1%), 180 (2.8%), 149 (2%), 138
(1.7%), 84 (1.5%), 135 (1.3%), and 95 (1.2%). Purified PCB congeners
were synthesized by Dr. Hans-Joachim Lehmler (The University of Iowa,
Iowa City, IA) and confirmed by gas chromatography to be >99% pure
(Sethi et al., 2019). PCB congeners were suspended in organic peanut oil
(Spectrum Organic Products, LLC, Melville, NY) and homogenously added
to organic peanut butter (Trader Joe's, Monrovia, CA). Dams were dosed
with peanut butter stocks at 0, 0.1, 1, or 6mg/kg/day. Vehicle (0mg/kg/day)
was peanut oil added to peanut butter. The dose of 6 mg/kg/d, the highest
dose tested in this study, was chosen because this dose of Aroclor 1254 in
the maternal diet has been shown to result in levels of PCBs in the weanling
rodent brain that are similar to those documented in human brain tissue
(Yang et al., 2009).

Humans are exposed to the higher-chlorinated PCBs predominantly via
the diet (Hu and Hornbuckle, 2010), while human exposure to the lower-
chlorinated PCBs occurs via several routes, including direct contact with
PCB-containing consumer products (Hu and Hornbuckle, 2010; Anezaki
and Nakano, 2014); inhalation of PCBs in the air (Ampleman et al.,
2015); and dietary ingestion, for example, of commercial milk products
(Ampleman et al., 2015; Chen et al., 2017). Therefore, as the MARBLES
mix included both higher- and lower-chlorinated congeners, we exposed
dams to PCBs via the diet. All mice were habituated to the peanut butter
mix for 3–5 days prior to the start of dosing by placing each mouse individ-
ually into a clean cage without bedding and presenting them with 0.1 g of
the vehicle peanut butter mixture on a small disposable weigh boat. Mice
that did not consume the peanut butter within 15–20 min by the fifth day
were not advanced further in the study (this represented<2% of animals).
Dosing began two weeks prior to mating to achieve steady state levels of
PCBs in the dam prior to conception. Dosing continued throughout gesta-
tion and lactation up to P21. This timeframe corresponds to human brain
development throughout gestation, e.g., rodent brain development during
the first three weeks after birth corresponds to human brain development
during the third trimester (Semple et al., 2013; Rice and Barone, 2000).
Each damwasweighed prior to being transferred to a clean cage for dosing,
and the amount of PCB mixture was adjusted for body weight to ensure the
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appropriate dose was consumed. Dams were not returned to their home
cage until they had consumed all the peanut butter, which typically oc-
curred within 15–20 min.

Dams were placed with stud males (two females per male) after two
weeks of dosing. There was no determination of where females were in the
ovarian cycle prior to mating. Within each cohort across the larger study, if
no discernable plugwas detected and/or a significant increase in bodyweight
was not observed by the time other dams in the cohort had litters, the dam
was marked in the database as not becoming pregnant and was removed
from the study. For dams that gave birth, litters were culled to 8 pups at
P2. Pups were weaned at P21, which terminated their PCB exposure. Wean-
lings were group housed with same genotype, same dose, same sex litter-
mates until euthanized for sample collection. A subset of animals tested for
social behavior as part of the larger overall study were singly housed for 2–
3 days prior to euthanasia for sample collection. The behavioral status of
the animals used for cytokine analysis is noted in Supplementary Table 1;
only 39 animals (20% of hippocampal samples) used in this study underwent
behavioral testing prior to collection of samples for cytokine analysis. The age
at which samples were collected from pups ranged from P27-P32; however,
the majority of samples (approximately 87% of serum samples and 85% of
hippocampal samples) were collected at P28–30, with the mean age being
P29 for all groups (Supplementary Fig. 1). The ages were balanced across
groups and were within a tight range.

Immediately after euthanasia, blood was collected by cardiac puncture,
allowed to clot and then centrifuged at 7000 rpm for 10 min. Serum was
collected and frozen at−80 °C until further analysis. Brains were harvested
immediately after blood was collected and microdissected on ice to obtain
the hippocampus, which was snap-frozen in liquid nitrogen then stored at
−80 °C until further analysis. Matched brain and serum from the same an-
imal were not obtained from all animals; however, there were 92 animals
from 72 dams from which both types of samples were collected.

2.3. Tissue processing

Proteins were isolated from hippocampal tissues using the Bio-Plex®
cell lysis kit (Bio-Rad, Hercules, CA). Lysing solution was prepared using
Bio-Plex cell lysis buffer and factors 1 and 2 from the kit and cOmplete™
cocktail protease inhibitors (Millipore Sigma, Burlington, MA). All samples
and solutions were kept at 4 °C throughout processing. Hippocampal tissues
were kept frozen until rinsing with Bio-Plex cell wash buffer from the kit,
followed by homogenization in 200 μl of lysing solution using a probe
sonicator (7–10 pulses of 1 s per sample at setting 5 on a VirSonic ultrasonic
cell disruptor 100, VirTis, Gardiner, NY). Homogenized samples were fro-
zen on dry ice for at least 10 min, then thawed, sonicated for 3 min, and
centrifuged at 4500 rcf for 4 min at 4 °C. Supernatant was removed, and
protein concentration was determined with the Pierce BCA assay (Thermo
Fisher), according to manufacturer's instructions using lysing solution as
the diluent for standards and blank. Samples were run in duplicate and ab-
sorption at 562 nm was read on a BioTek Synergy H1 hybrid microplate
reader (Winooski, VT).

2.4. Cytokine and chemokine measurement

Cytokines and chemokines were measured in a multiplex analysis using
Bio-Plex Pro™Mouse 23-plex kits (Bio-Rad). The kit included the following
analytes: IL-1α, IL-1β, IL-2, IL-3, IL-4, IL-5, IL-6, IL-9, IL-10, IL-12p40, IL-
12p70, IL-13, IL-17A, IFN-γ, TNF-α, G-CSF (granulocyte colony-
stimulating factor), GM-CSF (granulocyte-macrophage colony-stimulating
factor), CXCL1 (C-X-C motif ligand 1)/KC (keratinocyte chemoattractant),
CCL2 (C-C motif ligand 2)/MCP-1 (monocyte chemoattractant protein 1),
CCL3/MIP-1α (macrophage inflammatory protein-1 alpha), CCL4/MIP-
1β, CCL5/RANTES (regulated upon activation, normal T cells, expressed
and secreted), and CCL11/Eotaxin. The working concentration range and
limit of detection for each cytokine kit is noted in Supplementary Table 2.
Samples were stored at −80 °C prior to analysis and prepared according
to manufacturer's recommendations. Serum samples were centrifuged



Table 1
Summary of litter and animal numbers for each treatment group included in cyto-
kine analysis. The numbers of dams/litters and (animals) used in this study are
shown for serum (top) and hippocampal (bottom) samples. As an additional note,
someMand Fwithin genotypes and dose groups are from the same litter (not shown
in this table).

Serum: litter and (animal) numbers

0 mg/kg/d 0.1 mg/kg/d 1 mg/kg/d 6 mg/kg/d

M F M F M F M F

WT 4 (5) 5 (5) 5 (5) 4 (6) 4 (6) 5 (5) 4 (5) 5 (6)
CGG 5 (5) 5 (6) 4 (5) 4 (6) 5 (5) 5 (8) 5 (7) 5 (7)
DM 5 (5) 4 (5) 5 (5) 5 (6) 4 (6) 4 (5) 5 (5) 4 (5)
T4826I 5 (5) 5 (5) 5 (6) 5 (5) 5 (5) 5 (6) 5 (5) 5 (5)

Hippocampal tissue: litter and (animal) numbers

0 mg/kg/d 0.1 mg/kg/d 1 mg/kg/d 6 mg/kg/d

M F M F M F M F

WT 5 (6) 6 (6) 5 (7) 4 (6) 4 (5) 6 (6) 6 (6) 5 (6)
CGG 6 (6) 5 (6) 5 (5) 5 (6) 6 (7) 5 (6) 5 (7) 5 (6)
DM 6 (6) 4 (6) 4 (5) 5 (6) 4 (6) 4 (6) 6 (6) 5 (6)
T4826I 6 (6) 6 (6) 5 (6) 5 (6) 6 (6) 6 (6) 5 (6) 5 (6)
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then diluted 1:4 in Bio-Plex sample diluent, and standards were prepared
using standard diluent provided with kits. Hippocampal samples were cen-
trifuged andfirst diluted to 2.5 μg/μl using lysing solution to normalize pro-
tein content. Samples were then combined 1:1with Bio-Plex sample diluent
to a final concentration of 1.25 μg/μl. Hippocampal blank and standards
were prepared using the samematrix as samples (1:1 lysing solution:sample
diluent). Assays were performed per manufacturer's instructions, and wash
steps were carried out using a Bio-Plex Pro Wash Station (Bio-Rad). Sam-
ples were run in duplicate and evenly divided between plates so that one
of each experimental group was represented on each plate. Plates were
read on a Bio-Plex 200 System (Bio-Rad), and standard curves were opti-
mized automatically in the Bio-Plex Manager software (version 6.1.1, Bio-
Rad, RRID:SCR_014330). Cytokine concentrations were extrapolated from
the standard curves. Overall, cytokine concentrations in samples were
skewed to the lower end of detection. If concentrations fell below the low-
est standard, values that could be extrapolated were used but concentra-
tions that could not be extrapolated were assigned a value of half the
limit of detection [LOD/2] for that plate. For hippocampal samples, stan-
dard curves for some cytokines were imported from other plates to normal-
ize variability between plates due to low cytokine concentrations. All values
for G-CSF in hippocampal samples fell below the lowest standard so this an-
alyte was not included in the final results of hippocampal cytokines.

2.5. Statistical analysis

Generalized linear models were used to evaluate the effect of genotype,
dose and sex on mean differences in each analyte (cytokine). For all
analytes, a full model consisting of all main effects (genotype, sex, dose)
with all 2- and 3-way interactions was fit first. Then, non-significant inter-
actions were dropped to yield a final model fit consisting of all main effects
and any significant interactions. To account for variation between plates,
plate number was included as a main effect (p-values listed in Supplemen-
tary Table 2). The litter was the unit of analysis with pups considered re-
peated measures on the litter (Table 1). Generalized estimating equations
were used to estimate model parameters, and a robust covariance estimate
was used to account for correlation among littermates. Serum cytokine and
chemokine concentrations were natural log (ln)-transformed tomeetmodel
assumptions of normality and homogeneity of variances. Significant tests
for main effects or interactions were followed with post hoc analyses of
all pairwise comparisons using Tukey's Honestly Significant Difference pro-
cedure. All statistical tests were two-sided and evaluated at a significance
level of 0.05. Data analyses were performed using the Statistical Analysis
System software (SAS, RRID:SCR_008567). GraphPad Prism 8 software
(RRID:SCR_002798) was used for data visualization.

All other analyses not related to the cytokines (e.g., dammass, pup mass,
anogenital distance) were conducted in Prism using 2-way ANOVAwith post
hoc Tukey's test to determine significant differences between groups.

3. Results

3.1. Effects of developmental PCB exposure on reproductive success and estrogen-
sensitive developmental endpoints

Across all groups the pregnancy ratewas 88% (Supplementary Table 3).
The overall average among all groups for days from mating to litter date of
birth was 26.6 ± 2 days, and there were no significant differences in the
days from start of first mating to litter date of birth among any of the groups
(Supplementary Fig. 2A). Dammass at weaning was not altered by PCB ex-
posure, but there was a significant main effect of genotype (Supplementary
Fig. 2B).

To examine potential estrogenic effects of the PCB exposure, we evalu-
ated anogenital distance, a parameter that can be altered by estrogenic
compounds, in male and female mice at P7 (Supplementary Fig. 3). As ex-
pected, males had a greater anogenital distance than females across all ge-
notypes (Supplementary Fig. 3A–D); however, there were effects of PCB
dose and genotype on this parameter. In WT males, PCB exposure
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decreased anogenital distance at all doses (Supplementary Fig. 3A, E).
There was a main effect of dose within the T4826I genotype, with the
0.1 mg/kg dose having decreased anogenital distance compared to vehicle
or 1 mg/kg PCB dose groups (Supplementary Fig. 3B). Among the vehicle
control groups, DMmalemice had decreased anogenital distance compared
to WT and T4826I male mice (Supplementary Fig. 3E). Main effects of ge-
notype and PCB dose were also observed in female mice, with CGG females
having greater anogenital distance than DM females and the PCB dose
0.1 mg/kg decreasing anogenital distance compared to the 1 mg/kg dose
group (Supplementary Fig. 3F). These data indicate that PCBsmay have es-
trogenic activity in WT male mice at P7 and in males the DM genotype
phenocopies this effect.

Similarly, body weights of juvenile males were greater than females
within each genotype (Supplementary Fig. 4A–D). An interaction between
sex and dose was observed for the WT group, with WT males in the
1 mg/kg dose group exhibiting decreased body mass compared to WT
males in the 0.1 mg/kg PCB dose group. Within the T4826I and CGG
groups, there was a main effect of PCB dosewith the 1mg/kg dose decreas-
ing bodymass relative to the control in the CGG group, but increasing body
mass relative to the vehicle and 0.1 mg/kg dose group in the T4826I mice.
Withinmales, an interaction between dose and genotypewas observed, and
among the vehicle control groups, CGG and T4826I males had decreased
body mass compared to WT males (Supplementary Fig. 4E). Within fe-
males, the 2-way interaction between dose and genotypewas almost signif-
icant (p = 0.051), and there was a main effect of genotype, with CGG
females having decreased body mass relative to all other genotypes and
WT females showing increased body mass relative to T4826I females (Sup-
plementary Fig. 4F). These results demonstrate that there are sex, genotype,
and PCB dose effects and interactions for the bodymass of juvenile animals.

3.2. There are significant effects of PCB dose, genotype and/or sex on a majority
of cytokines in serum and hippocampal tissue

Circulating peripheral cytokines can provide important insight into biolog-
ical processes and disease pathogenesis (Aziz, 2015). Cytokines also regulate
many aspects of neurodevelopment (Guidolin et al., 2018; Yirmiya and
Goshen, 2011) that may impact hippocampal neuronal connectivity and func-
tion (Wei et al., 2012; Petitto et al., 1999; Williamson and Bilbo, 2013). The
hippocampus is critical for learning andmemory (Albani et al., 2014), and re-
cent evidence also indicates a role for this brain region in social behaviors
(Montagrin et al., 2018; Phillips et al., 2019). Hippocampal alterations, such
as changes in functional connectivity, have been noted in patients with ASD
(Cooper et al., 2017; Raymond et al., 1995) and in preclinical models of
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Fig. 1. Summary ofmain effects on serum cytokines and chemokines in juvenilemice. Peripheral cytokines for which the final statisticalmodels were reduced tomain effects,
categorized by primary immune function. Listed p-values are based on the Chi-Square distributions for each effect in the model with shaded boxes representing significant
main effects (p < 0.05). PCB effects were observed for many cytokines, especially those associated with TH cells. Genotype effects were more limited and involved TH1
cytokines as well as innate inflammatory cytokines and chemokines. Differences due to sex were observed in numerous cytokines from many functional categories, but
particularly for innate inflammatory cytokines and chemokines as well as cytokines functioning as growth and differentiation factors.
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NDDs (Bergdolt and Dunaevsky, 2019). Therefore, the effects of PCB dose, ge-
notype, and sex, as well as the two-way and three-way interactions among
these factors were examined for influences on baseline concentrations of 23
cytokines from serum and hippocampal tissue of juvenile mice developmen-
tally exposed to the MARBLES PCB mixture. Significant interactions were
only observed for 1 cytokine in the serumand for 7 cytokines in the hippocam-
pus and will be described after discussing main effects.

Almost all of the serum cytokines, which are broadly categorized accord-
ing tomajor immune function, displayed amain effect of PCB dose, sex, and/
or genotype (Fig. 1). Cytokines that showed a significant main effect of all
three factors include IL-1α, IFN-γ, IL-12p40, and CXCL1 (Fig. 1). In contrast,
only main effects of genotype and sex were significant for the majority (14
89
out of 22) of hippocampal cytokines, which are broadly grouped according
to neurodevelopmental function (Fig. 2). Genotype influences dominated in
the hippocampus as indicted by the observation that 21 out of 22 hippocam-
pal cytokines had a main effect or interaction involving genotype. Collec-
tively, these observations highlight the differential influences of these
factors on cytokine levels in serum vs. hippocampal tissue.

3.3. Cytokine levels are increased in the serum, but not hippocampus, of juvenile
mice following developmental PCB exposure

In the serum, PCB dose effects (Fig. 3) were found for a number of T cell
cytokines and innate inflammatory cytokines and chemokines. Most



Fig. 2. Summary of main effects on hippocampal cytokines and chemokines in juvenile mice. Hippocampal cytokines for which the final statistical models were reduced to
main effects, categorized by function during neurodevelopment, although many of these cytokines can play multiple pleiotropic roles during different phases of brain
development. Listed p-values are based on the Chi-Square distributions for each effect in the model with shaded boxes representing significant main effects (p < 0.05).
Genotype was highly influential on hippocampal cytokine concentrations with sex showing a more modest influence. However, we did not find evidence that
developmental PCB exposure altered hippocampal cytokine levels in juvenile mice.
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differences were observed between the vehicle and 6 mg/kg groups (IL-1α,
GM-CSF, IL-10, IL-4, IL-9, IL-13, IL-17, IFN-γ, IL-12p70, CCL3) and the
0.1 mg/kg and 6 mg/kg groups (IL-1α, TNF-α, GM-CSF, IL-10, IL-4, IL-9,
IL-17, IFN-γ, IL-12p40, CXCL1), with the 6 mg/kg PCB exposure increasing
cytokine concentrations (Fig. 3). The 1mg/kg PCBdose increased serum IL-
13 and CCL3 relative to vehicle animals. In contrast, no main effect of PCB
dose or interactions involving PCB dose were observed for any hippocam-
pal cytokines or chemokines (Fig. 2).

3.4. Genotype has differential effects on serum and hippocampal cytokines

Genotype strongly influenced a large number of hippocampal cytokines,
with CGG and DM animals showing decreased concentrations of IL-5, IL-9,
IL-17, IL-12, IFN-γ, TNF-α, and IL-6 compared to T4826I and WT animals
(Fig. 4). T4826I mice had elevated levels of IL-10, IL-4, CCL2, CCL4, and
CCL11 compared to every other genotype (Fig. 4). Genotype affected rela-
tively fewer cytokines in the serum (Fig. 5) than in the hippocampus, and
these were limited to TH1 subsets and innate inflammatory cytokines and
chemokines. Of the 6 cytokines altered by genotype in the serum, 4 of
these (IL-1α, IFN-γ, IL-12p40, and CCL11) were also altered by genotype
in the hippocampus, although the cytokine patterns and significant compar-
isons were different in each tissue. For example, DM animals had higher
serum IL-1α than WT animals but lower hippocampal IL-1α than the
T4826I group. Unlike in the hippocampus, all of the mutant genotypes gen-
erally had increased serum cytokine concentrations relative to WT
(Fig. 5G), with the notable exception of CCL11, which was decreased in
DM mice relative to WT and CGG mice. Most peripheral cytokine differ-
ences were observed between WT mice and the mutant genotypes. How-
ever, within the TH1 cytokines, CGG mice had the lowest concentrations
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of IFN-γ but the highest IL-12p40 levels, driving differences between the
CGG group and the T4826I and DMgroups. These patterns suggest differen-
tial influences of the genetic mutations between serum and hippocampal
cytokine levels.

3.5. Juvenile males have increased peripheral and hippocampal cytokine levels
compared to females

Sex influenced the concentrations of 19 cytokines in the serum (Fig. 6),
withmalemice showing increased levels of many cytokines from numerous
functional classes, including innate inflammatory cytokines and
chemokines, T cell cytokines, and cytokines that stimulate growth and dif-
ferentiation. Cytokineswith p<0.001 include IL-1β, IL-10, IL-17, GM-CSF,
IL-4, TNF-α, IFN-γ, CCL4, and CXCL1 (Fig. 6). Sex effects on hippocampal
cytokines were limited to IL-1α, IL-6, IL-12p40, and CCL11 (Fig. 7), with
male mice showing increased concentrations relative to female mice, as
was observed in the serum. Notably, all 4 of the cytokines affected by sex
in the hippocampus also showed a main effect of sex in the serum.

3.6. A 3-way interaction was observed for CCL5 in the serum, and interactions
between genotype and sex were found for seven hippocampal cytokines

The only cytokine showing a significant 3-way interaction between ge-
notype, sex, and PCB dose was CCL5 in the serum (Fig. 8 with significant
pairwise comparisons listed in Supplementary Table 4). Groups driving
the majority of these differences include: WT males in the 0 and 1 mg/kg
PCB dose groups, DM females in the 0 and 6 mg/kg dose groups, and DM
males in the 0.1 and 1 mg/kg dose groups (Fig. 8B and Supplementary
Table 4). While no evidence of PCB dose effects was found within a



Fig. 3.Dose-dependent effects of developmental PCB exposure on peripheral cytokines and chemokines in juvenilemice. PCB dose had a significantmain effect on the level of
innate inflammatory cytokines IL-1α (A), TNF-α (B), and GM-CSF (C); regulatory cytokine IL-10 (D); TH2 cytokines IL-4 (E), IL-9 (F), and IL-13 (G); TH17 cytokine IL-17 (H);
TH1 cytokines IFN-γ (I), IL-12p40 (J), and IL-12p70 (K); and inflammatory chemokines CXCL1/KC (L) and CCL3/MIP-1α (M) in serum. In A–M, data are collapsed across
genotypes and sexes, and each data point represents 1 animal (0 mg/kg: 41 animals from n = 26 litters; 0.1 mg/kg: 44 animals from n = 26 litters; 1 mg/kg: 46 animals
from n = 24 litters; 6 mg/kg: 45 animals from n = 25 litters). Whiskers on box plots depict minimum and maximum values and p-values are indicated between groups
as determined by the differences of least squares means with post hoc Tukey-Kramer adjustment for multiple comparisons.
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Fig. 4.Genotype strongly influences cytokine and chemokine concentrations in hippocampal tissue from juvenilemice. Genotype had a significantmain effect on: IL-5 (A), IL-
9 (B), IL-1α (C), IL-17 (D), IL-12p40 (E), IL-12p70 (F), IFN-γ (G), IL-10 (H), IL-4 (I), TNF-α (J), IL-6 (K), CCL2/MCP-1 (L), CCL4/MIP-1β (M), and CCL11/Eotaxin (N)
concentrations in the hippocampus. Heat map (O) depicting fold-changes in cytokine concentrations in different genotypes relative to WT (black, set to 1), with lower
concentrations shown in purple (CGG and DM) and higher concentrations shown in yellow (T4826I). In A–N, data are collapsed across PCB dose groups and sexes, and
each data point represents 1 animal (WT: 48 animals from n = 31 litters; CGG: 49 animals from n = 28 litters; DM: 47 animals from n = 26 litters; T4826I: 48 animals
from n = 28 litters). Whiskers on box plots depict minimum and maximum values and p-values are indicated between groups as determined by the differences of least
squares means with post hoc Tukey-Kramer adjustment for multiple comparisons.
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Fig. 5. Genotype influences peripheral cytokine and chemokine levels in juvenile mice. Genotype had a significant main effect on the concentration of innate inflammatory
cytokines IL-1α (A) and G-CSF (B); TH1 cytokines IFN-γ (C) and IL-12p40 (D); and inflammatory chemokines CXCL1/KC (E) and CCL11/Eotaxin (F) in serum. Heat map
(G) depicting fold-changes in cytokine concentrations in different genotypes relative to WT (black, set at 1.0), with lower concentrations shown in purple and higher
concentrations shown in yellow (*p < 0.05 versus WT mice and #p < 0.05 versus CGG mice). In A–F, data are collapsed across PCB dose groups and sexes, and each
data point represents 1 animal (WT: 43 animals from n = 28 litters; CGG: 49 animals from n = 26 litters; DM: 42 animals from n = 25 litters; T4826I: 42 animals from
n = 23 litters). Whiskers on box plots depict minimum and maximum values and p-values are indicated between groups as determined by the differences of least squares
means with post hoc Tukey-Kramer adjustment for multiple comparisons.
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particular sex/genotype combination, there were notable differences be-
tween sexes and genotypes at baseline and for a given PCB dose. For exam-
ple, in both the vehicle and 1 mg/kg dose groups, CGG, T4826I, and DM
male and female mice all had significantly higher levels of serum CCL5
than WT males, similar to the pattern observed for other serum cytokines.
At the 6 mg/kg dose, DM female mice had elevated concentrations of
CCL5 compared to WT and CGG males and females. Within the T4826I ge-
notype, females had higher CCL5 levels than males at 6 mg/kg, which was
different from the pattern observed for other cytokines. These results
93
indicate a sex effect of PCB exposure on CCL5 production for some dose
groups and genotypes.

Several hippocampal cytokines had an interaction between genotype
and sex, including CCL5, IL-2, CXCL1, IL-1β, IL-3, CCL3, and GM-CSF
(Fig. 9 with significant pairwise comparisons listed in Supplementary
Table 5). Within the DM group, sex differences were observed for CCL5,
IL-2, and IL-1β, with female mice having lower levels than males. WT fe-
male mice had lower levels of CCL3 and GM-CSF than their male counter-
parts. T4826I mice of both sexes had elevated levels of CCL3 and GM-CSF
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Fig. 7.Hippocampal cytokine levels are increased in juvenile malemice compared to age-matched females. Sex had a significant main effect on: IL-1α (A), IL-6 (B), IL-12p40
(C), and CCL11/Eotaxin (D) concentrations in hippocampal tissue. In A–D, data are collapsed across genotypes and PCB dose groups, and each data point represents 1 animal
(96 animals from n=84 (M) and n=81 (F) independent litters).Whiskers on box plots depictminimum andmaximum values for cytokineswith p<0.05 as determined by
Chi-Square analysis.
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compared to CGG and DM males and females, and other differences be-
tween the T4826I and CGG/DM groups were found for IL-2, IL-1β,
CXCL1, and IL-3, as was observed for other cytokines with a main effect
of genotype in the hippocampus.
3.7. The influence of PCB dose, genotype, and sex on the correlation between se-
rum and hippocampal cytokine levels

It is possible that one or more of the factors examined in this study alter
the relationship between brain and serum cytokines. To explore this possi-
bility, we used a linear regression model to ask if there was any correlation
between serum and hippocampal cytokines and if this was altered by PCB
dose, genotype, or sex in the subset of animals from which both types of
samples were collected (Supplementary Table 6). For IL-1α, there was an
interaction with PCB dose, with the slopes of the lines for PCB doses 1
and 6 mg/kg being significantly greater than control. IL-10 and CCL2
showed a relationship between serum and hippocampal cytokines and
Fig. 6. Male juvenile mice have increased peripheral cytokine and chemokine concen
concentration of serum cytokines from many functional categories, including early in
differentiation factors IL-2 (E), IL-3 (F), G-CSF (G), and GM-CSF (H); regulatory cytoki
chemokines CXCL1/KC (M), CCL2/MCP-1 (N), CCL3/MIP-1α (O), and CCL4/MIP-1β (P
data are collapsed across genotypes and PCB dose groups, and each data point represe
box plots depict minimum and maximum values for cytokines with p < 0.05 as determ
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both had an interactionwith genotype. IL-9 also had an interactionwith ge-
notype, while IL-1β, GM-CSF, and CCL3 showed interactions with sex.

4. Discussion

This study examined the effects of PCB dose, genotype, and sex on basal
levels of 23 cytokines and chemokines in serum and hippocampal tissue
from juvenile mice exposed throughout gestation and lactation to amixture
of PCBsmodeled after the congener profile found in the serumofmothers at
risk for having a childwith anNDD (Sethi et al., 2019; Hertz-Picciotto et al.,
2018). We hypothesized interactions between these factors would influ-
ence cytokine production and that the mutant genotypes, particularly the
DM animals, would be more susceptible to the effects of developmental
PCB exposure. Contrary to our prediction, this was not observed for most
cytokines, which were reduced to main effects models, and only serum
CCL5 showed a significant interaction involving PCB dose (Fig. 10). In
the serum, sex influenced the greatest number of cytokines, followed by
PCB dose, and then genotype. In contrast, genotype was highly influential
trations relative to age-matched females. Sex had a significant main effect on the
flammatory cytokines IL-1α (A), IL-1β (B), IL-6 (C), and TNF-α (D); growth and
ne IL-10 (I); TH2 factors IL-4 (J), IL-13 (K), and CCL11/Eotaxin (L); inflammatory
); TH1 cytokines IFN-γ (Q) and IL-12p40 (R); and TH17 cytokine IL-17 (S). In A–S,
nts 1 animal (85 M and 91 F from n = 75 independent litters each). Whiskers on
ined by Chi-Square analysis.



Fig. 8. Serum concentrations of the chemokine CCL5/RANTES show a
genotype*sex*dose interaction. A full statistical model was fit for the chemokine
CCL5/RANTES in the serum of juvenile mice (A) with significant
genotype*sex*dose pairwise comparisons (as determined by Tukey-Kramer post
hoc test) listed in Supplementary Table 4. Whiskers on box plots depict minimum
and maximum values, and each data point represents 1 animal (5–8 animals from
n = 4–5 independent litters per group as detailed in Table 1). Listed p-values for
interactions and main effects are based on the limiting Chi-Square distributions
for each effect in the model. Heat map (B) of average CCL5/RANTES ln-
transformed concentrations, with lower concentrations shown in purple and
higher concentrations shown in yellow. Numbers indicate the count of significant
(p < 0.05) pairwise comparisons against that group (Supplementary Table 4).
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on hippocampal cytokine profile with sex having a more moderate effect
and several cytokines showing an interaction between sex and genotype.
Surprisingly, we did not find evidence that developmental PCB exposure af-
fected cytokine levels in hippocampal tissue, which may reflect differential
susceptibilities and/or recovery rates of cytokine-producing cells in the hip-
pocampus as compared to the periphery at this age.

A main effect of PCB exposure was observed for serum cytokines and
chemokines, with dose-dependent effects noted for 13 cytokines, sugges-
tive of developmental immunotoxicity (Dietert, 2014). The MARBLES
PCB mix contains both lower-chlorinated congeners such as PCBs 11, 28,
52 (sum is 77% of mix) as well as higher-chlorinated, legacy congeners
such as PCBs 138, 153, 180 (sum is 7.6% of mix), and there is previous ev-
idence of immunomodulatory effects from exposure to both congener sub-
classes in various immune cells. Studies of human PBMCs demonstrate
congener-specific gene expression patterns following ex vivo exposure to
PCBs 138 and 153 (Ghosh et al., 2011), with sex affecting PBMC response
to PCBs 52, 138, and 180 (Wens et al., 2011). Congener-specific gene regu-
lation was also observed in human male PMBCs exposed to PCBs 28, 138,
153, and 180, with PCB 180 increasing expression of IL-6 and IL-1β after
24 h exposure (Leijs et al., 2019). In a comparative study, PCB 52 induced
a higher production of reactive oxygen species from human neutrophil
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granules than PCBs 153 and 180 (Berntsen et al., 2016). Additionally,
PCB 118, but not PCB 153, increased the percentage of CD4+ T cells that
produce interleukin-4 (IL-4), suggestive of enhanced TH 2 differentiation
(Gaspar-Ramírez et al., 2012). Exposure to PCBs 138, 153, and 180 reduced
the phagocytic activity of human monocytes and neutrophils (Levin et al.,
2005), and exposure of human mast cells to PCB 153 activated NF-κB sig-
naling and induced expression of inflammatory cytokines IL-6, IL-1β, and
TNF-α (Kwon et al., 2002). A study using adult male C57BL/6mice treated
with PCBs by oral gavage for 24 h found increased plasma IL-6, TNF-α, and
CCL2 from PCB 118, increased plasma IL-6 from PCB 153, and no changes
from PCB 126 (Choi et al., 2012). Collectively, this evidence indicates cell-
and congener-specific responses to PCBs and suggests that both lower- and
higher-chlorinated congeners contribute to PCB effects on serum cytokines
observed in mice exposed developmentally to the MARBLES PCB mix.

Based on the observed serum cytokine profile, the peripheral immune
cell populations dysregulated by developmental exposure to the
MARBLES PCB mix likely include T cells and macrophages/monocytes
(Tayal and Kalra, 2008). Prenatal PCB/dioxin exposure has been associated
with changes in populations of T cells, monocytes, and granulocytes in
blood from Dutch infants (Weisglas-Kuperus et al., 1995), and a follow-up
study observed increases in overall T cell numbers and various T cell subsets
in childhood (Weisglas-Kuperus et al., 2000). Further, Swedish infants with
the highest prenatal exposure to PCBs 28, 52, and 101 had increased mean
counts of lymphocytes and monocytes (Glynn et al., 2008), and children
from a PCB-contaminated area in Slovakia demonstrated altered lympho-
cyte profiles (Horváthová et al., 2011). It is important to note that circulat-
ing cytokines may also be produced by nonimmune cells such as epithelial,
endothelial, and adipose cells, all of which have shown relevant effects
from PCB exposure, including increased transcription of inflammatory cy-
tokines following exposure to legacy congeners in human endothelial
cells (Liu et al., 2015) and adipose cells (Kim et al., 2012) and increased
production of reactive oxygen species and cytotoxicity in human prostate
epithelial cells exposed to a hydroxylated metabolite of PCB 11 (Zhu
et al., 2013). Developmental exposure to the MARBLES PCB mix in mice
also increased Il6, Il1β, Il12, and Il22 transcript levels in the gastrointestinal
tract of juvenile male and female WT and DM offspring (Rude et al., 2019).
These coincide with IL-12 increases in the serum ofMARBLES PCB-exposed
animals (in all 4 genotypes), although IL-22 was not measured in our sam-
ples. Overall, these findings suggest that PCBs increase baseline inflamma-
tory markers in an age-, cell-, and congener-dependent manner, whichmay
impair or alter immune responses to inflammatory challenges (Bell et al.,
2018; Badry et al., 2020).

In contrast to observations of PCB effects on serum cytokines, no
changes were found in cytokine levels in hippocampal tissue following de-
velopmental exposure to the MARBLES PCB mix. The lack of PCB effect on
hippocampal cytokines was not because PCBs did not distribute to the de-
veloping brain. Analysis of PCB levels in brain tissue of littermates of the
mice used in this study revealed dose-dependent PCB levels in the hippo-
campus of juvenile mice exposed to the MARBLES mix through the mater-
nal diet that were not influenced by sex or genotype (Sethi et al., under
review). Other studies have reported evidence of PCB distribution to
brain tissue in offspring following developmental exposure (Kania-Korwel
et al., 2017), with no effect of sex on brain levels of PCBs (Miller et al.,
2010). There is also evidence of congener-specific tissue distribution fol-
lowing dietary exposure to PCBs (Kania-Korwel et al., 2017; Sipka et al.,
2008), which may contribute to the observed differences in PCB effects
on cytokine levels in serum versus the hippocampus. Previously, elevated
levels of mcp1/ccl2mRNA were found in the brains of adult male mice 24
and 48 h after oral administration of PCBs 77 and 104, but not after PCB
153, even though PCB 153 accumulated in the brain to a greater extent
than the other two congeners (Sipka et al., 2008). Another study using a
mouse model of developmental PCB exposure to compare disposition of
PCBs 95 and 136 and their hydroxylated metabolites demonstrated gener-
ally higher levels of parent compounds in the brain than in the blood but
higher levels of the sum of hydroxylated metabolites in whole blood of
pups at P21 (Kania-Korwel et al., 2017), which might further contribute



Fig. 9. Interactions between multiple factors influence hippocampal cytokines from juvenile mice. A significant genotype*sex interaction was found for hippocampal
concentrations of CCL5/RANTES (A), IL-2 (B), CXCL1 (C), IL-1β (D), IL-3 (E), CCL3/MIP-1α (F), and GM-CSF (G), with significant multiple comparisons (as determined
by Tukey-Kramer post hoc test) listed in Supplementary Table 5. In A–G, data are collapsed across PCB dose groups. Whiskers on box plots depict minimum and
maximum values, and each data point represents 1 animal (WT: 24 animals from n = 20 litters (M), 24 animals from n = 21 litters (F); CGG: 25 animals from n = 22
litters (M), 24 animals from n = 20 litters (F); DM: 23 animals from n = 20 litters (M), 24 animals from n = 18 litters (F); T4826I: 24 animals from n = 22 litters (M),
24 animals from n = 22 litters (F)). Significant (p < 0.05) and trending (p < 0.1) p-values are listed for interactions and main effects as based on the Chi-Square
distributions for each effect in the model.
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to the differential effects of PCB exposure on cytokine levels in the
hippocampus and periphery. Furthermore, there is evidence to suggest
long-term effects of PCB exposure on peripheral cytokine levels in
humans, as victims of an accidental PCB poisoning through ingestion of
contaminated rice bran oil showed higher serum levels of IL-17, IL-1β,
TNF-α, and IL-23 than controls >40 years after the incident (Kuwatsuka
et al., 2014). This suggests the possibility that developmental PCB exposure
could create chronic changes in serum cytokines of offspring.

In the brain, cytokines are likely produced locally by glial cells (Lee
et al., 2002; Hanisch, 2002; Choi et al., 2014; Dong and Benveniste,
2001), which may not be as susceptible to chronic effects of developmental
PCB exposures. In addition, there are resident immune cell populations ca-
pable of cytokine production in the developing brain, such as mast cells in
the hippocampus of P0 rats (Joshi et al., 2019), with unique functions as
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compared to their peripheral counterparts (Arcuri et al., 2019) that may
also alter their response to PCBs. However, our results do not rule out the
possibility of changes in highly localized cytokine concentrations in hippo-
campal tissue or in other brain regions due to PCBs. IL-6 was increased in
the hypothalamus of adult female offspring (P145-147 rats) following de-
velopmental exposure through diet to a PCB mixture based on blood pro-
files of Inuit mothers in Arctic Canada that included PCB congeners 28,
52, 101, 118, 138, 153, and 180 in common with the MARBLES mix
(Hayley et al., 2011). Other studies have found changes in brain cytokine
transcripts following exposure to legacy mixtures of PCBs. This includes a
study using adult male rats dosed intraperitoneally (2 mg/kg) with Aroclor
1254 that found increased Tnfα and Il6 transcript levels in brain tissue fol-
lowing 30 days of exposure (Sumathi et al., 2016). In a preclinical model
of gestational PCB exposure through diet, a mixture of Aroclors increased



Fig. 10. Summary offinal models for cytokines from juvenile mice developmentally
exposed to PCBs. Venn diagrams represent the main effects of sex, genotype, and
PCB dose in the serum and sex and genotype in the hippocampus, summarizing
cytokines and chemokines with significant p-values (p < 0.05) in each category.
Consistent group trends within main effect categories are indicated by arrows.
Cytokines for which the final statistical models included significant interactions
are listed below the Venn diagrams.
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mRNA expression of Tnfα inmale hypothalamus and exerted sex-dependent
effects on LPS challenge but had no main effect on serum cytokines in P1
rats (Bell et al., 2018).Whether these transcriptional changes are predictive
of changes at the protein level has yet to be determined. Overall, these re-
sults are contrary to our findings but may reflect differences in age
(Kania-Korwel et al., 2017), species, brain region, and/or the PCB exposure
paradigm (congener profile or dose).

Genotype had a significant effect on basal cytokine levels in hippocam-
pal tissue that was not further altered by PCB exposure. The T4826I geno-
type was associated with increased hippocampal cytokine levels relative
to the CGG and DM genotypes, and in some cases, relative to WT as well.
It is quite interesting that the DM animals were more similar to CGG ani-
mals in terms of hippocampal cytokine concentrations, particularly because
they were more similar to T4826I animals with respect to serum cytokines,
especially those of the TH1 category (IFN-γ, IL-12p40). This suggests differ-
ential effects of these genetic mutations on peripheral immune cells
(Careaga et al., 2014; Bracci et al., 2007; Guse and Wolf, 2016) versus
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cytokine-producing cells in the hippocampus (Hodges et al., 2017; Reyes
and Parpura, 2009; Klegeris et al., 2007). Furthermore, the lack of PCB ef-
fect on hippocampal cytokines, particularly in WT animals, is even more
surprising given the large influence of the RYR1mutation on hippocampal
cytokine levels. Calcium released from internal stores via RyR activity is
critical for cell signaling and function in neurons (Abu-Omar et al., 2018;
Brini et al., 2014; Mellentin et al., 2007), glia (Reyes and Parpura, 2009;
Klegeris et al., 2007), and immune (Wolf et al., 2015; Bracci et al., 2007;
Trebak and Kinet, 2019) cells, including IL-2 production by T cells
(Dadsetan et al., 2008). While the PCB mixture used in this study has
been shown to increase RyR1 activity by 4-fold in WT, RyR1-enriched mi-
crosomal preparations from rabbit skeletal muscle (Sethi et al., 2019),
this may not be enough to cause the calcium dysregulation needed to
alter cytokine production as compared to homozygous mutations in
RYR1. In skeletal muscle preparations from adult homozygous T4826I
mice, the RyR1 channel open probability is increased 15-fold and resting
cytoplasmic calcium levels are chronically elevated compared with WT
(Barrientos et al., 2012). The FMR1 premutation also increases resting in-
tracellular calcium concentrations and alters patterns of spontaneous cal-
cium oscillations in hippocampal neurons (Cao et al., 2012) and cortical
astrocytes (Cao et al., 2013) from mice, suggesting that calcium signaling
may be too impaired in the mutant genotypes to be further altered by
PCBs. It is also possible that PCBs may be acting primarily through path-
ways such as nuclear factor-kappa B (NF-κB) to modulate peripheral im-
mune function (Kwon et al., 2002; Santoro et al., 2015; Wu et al., 2017).

Although we observedmore variable effects of genotype on serum cyto-
kine levels, other studies of RYR1 gain-of-function mutations and FMR1
premutation on immune function are consistent with our findings in hippo-
campal tissue. A different gain-of-function mutation in RYR1 (HET
RYR1Y522S) resulted in a more active immune system in 8–10 week-old
mice, including increased antibody levels and more efficient antigen pre-
sentation by dendritic cells (Vukcevic et al., 2013). Similarly, peripheral
blood mononuclear cells (PBMCs) from patients with the malignant
hyperthermia-linked gain-of-function V2168M RYR1 mutation have in-
creased IL-1β production when stimulated with RyR agonists (Girard
et al., 2001). In human female FMR1 premutation carriers, increased CGG
repeat length is associated with decreased cytokine production at both
baseline and following stimulation of monocytes and leukocytes (Careaga
et al., 2014). This negative association is also observed in stimulated
splenocytes from both sexes of 6-month-old CGG knock-in mice (Careaga
et al., 2014). However, in PBMCs from humanmale FMR1 premutation car-
riers, increased secretion of the immunosuppressive cytokine IL-10 (but not
inflammatory IL-6 or IL-8) is correlated with number of CGG repeats
(Marek et al., 2012). Finally, adultmale Fmr1 knock-outmice show reduced
baseline expression of Il 6 and Tnf α in hippocampal tissue but transcript
levels of Il 1β, Ifn γ, Il 10, and Mcp 1 are not different (Hodges et al.,
2017). Collectively, these data indicate that CGG repeat expansions in
FMR1 depress immune function and gain-of-functionmutations inRYR1 in-
crease immune function in both males and females of multiple species, al-
though the exact nature of these changes vary between studies, likely
owing to a wide range of ages and outcomes examined. This may also ex-
plain the lack of an additive effect of bothmutations on cytokine concentra-
tions in the DM group, as the FMR1 and RYR1 mutations had opposite
effects on IFN-γ and IL-12p40 levels in the serum and for 13 of the 14 cyto-
kines with genotype differences in the hippocampus.

It is well established that there are inherent sex differences in the rate of
mouse brainmaturation (McCarthy et al., 2018), and the neuroimmune sys-
tem has been implicated in the regulation of this process (Nelson and Lenz,
2017; Lenz et al., 2018). In addition, the female brain remains responsive to
the programming effects of steroid hormones after birth (McCarthy et al.,
2018), which is significant as birth represents a shift in PCB exposure
from gestational to lactational. How PCBs influence the sexual differentia-
tion of the brain and whether these effects occur during specific develop-
mental windows remains to be determined. Overall, differences in sexual
differentiation of the brain could contribute to the sex and PCB effects on
cytokine levels and other endpoints observed here. Sexual dimorphisms
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in immunity have also been widely observed, with both hormones and ge-
netic factors associated with sex chromosomes contributing to these differ-
ences (Jaillon et al., 2019). Evidence indicates that estrogens and
androgens influence the differentiation, lifespan, and effector functions of
immune cells, often with opposing roles during immune system develop-
ment and activation (Jørgensen, 2015; Kovats, 2015; Trigunaite et al.,
2015). PCBs have also been shown to act as endocrine disruptors with
some exhibiting estrogenic activity (Jansen et al., 1993). In our study, dif-
ferences due to sex were observed in the anogenital distance of P7 animals
and in body weights and cytokine levels of juvenile animals. However, in
contrast to the findings for the vast majority of cytokines, interactions
with PCB dose were observed for both P7 anogenital distance and juvenile
body mass. These results raise the possibility that PCB-induced changes in
estrogen signaling may contribute to the changes in body mass or the pro-
file of cytokines analyzed here, a possibility to be examined in future
studies.

Juvenile male mice had increased levels of 19 cytokines in the serum
that overlapped with 4 cytokines (IL-1α, IL-6, IL-12p40, and CCL11) in
the hippocampus. Our findings of elevated basal levels of cytokines in juve-
nile male mice compared to females are consistent with previous descrip-
tions of human males producing stronger inflammatory responses than
females prior to puberty (Klein and Flanagan, 2016), althoughmost studies
have examined sex differences in the context of an immune challenge. In
whole blood samples from healthy prepubescent children, males have in-
creased production of IL-1 and IL-6 relative to females following stimula-
tion with a mitogen for monocytes (Casimir et al., 2010). In a study
examining the effects of neonatal (P4) E. coli infection on subsequent lipo-
polysaccharide (LPS) challenge in juvenile (P24) rats, sex differences
were observed in cytokine expression from prefrontal cortex, but not from
hippocampus or spleen at 4 h post-challenge, and baseline sex differences
in uninfected control animals were not noted in any tissue (Osborne
et al., 2017). As immune challenge leads to a massive induction of cytokine
production, it is possible that baseline differences are comparatively too
subtle to detect. However, a recent report details sex and strain differences
seen prior to an immune challenge in serum and brain tissue from P12-15
rats (Bruce et al., 2019), including increased cortical IL-1β, IL-17, IL-4,
and IL-10, increased hippocampal IFN-γ and IL-1β, and increased serum
MCP-1 in males. In that study (Bruce et al., 2019), more sex differences
were observed in brain cytokines than serum, but this could be due to age
(Garay et al., 2013) and species differences as compared with our mouse
model. The elevated immune activity in males as compared to females
early in life is hypothesized to contribute to male bias and sex differences
observed in ASD (Kopec et al., 2018; McCarthy, 2019).

A question to be explored in future studies is the functional conse-
quences of these baseline cytokines changes. Human epidemiological stud-
ies suggest functional immune changes in infancy and childhood as a result
of prenatal PCB exposure, such as reduced antibody responses to vaccines
and increased susceptibility to respiratory tract infections (Stølevik et al.,
2013; Glynn et al., 2008; Dallaire et al., 2004; Weisglas-Kuperus et al.,
2000), although cytokine differences were not examined in these studies.
Altered baseline cytokinesmay shift important regulatory balances through
influences on immune cells such as macrophages and T helper cell popula-
tions, thus altering the response to an immune challenge. There is also evi-
dence that cytokines can alter blood brain barrier permeability (Almutairi
et al., 2016), disruptions of which have been implicated in a number of neu-
rological conditions (Moretti et al., 2015). It is further possible that PCB ex-
posure, genotype, or sex may alter the relationship between serum and
hippocampal cytokines. The results of our exploratory regression analysis
suggest that PCB exposure may change the correlation of IL-1α between
the brain and periphery, although these relationships and their significance
will also need to be evaluated further in future studies.

The hippocampus is an important brain region for learning andmemory
(Albani et al., 2014), and hippocampal-dependent contextual learning is
thought to begin around P24 (juvenile stage) in rodents (Schiffino et al.,
2011). Cytokines impact the development of rodent hippocampal neurons
at multiple stages, with effects on cell survival (Araujo and Cotman,
99
1993), differentiation (Mehler et al., 1993; Green et al., 2012), neurite out-
growth and morphology (Sarder et al., 1996; Neumann et al., 2002; Shen
et al., 2010), and synapse formation and plasticity (Vikman et al., 2001;
Vereyken et al., 2007;Maggio and Vlachos, 2018). Cytokines also influence
behavior (Wei et al., 2012; Petitto et al., 1999; Nelson and Lenz, 2017;
Kelley et al., 2003), and cytokine dysregulation in both the brain and pe-
riphery is noted frequently in ASD (Saghazadeh et al., 2019; Gładysz
et al., 2018). Cytokines may be involved in the pathogenesis of NDDs,
and their usefulness as biomarkers in ASD is being explored (Ashwood
et al., 2011; Masi et al., 2017; Xu et al., 2015; Jones et al., 2017;
Krakowiak et al., 2017). It seems unlikely that PCB-mediated developmen-
tal neurotoxicity is occurring through cytokine dysregulation in the juve-
nile hippocampus; however, PCB-induced cytokine alterations at other
ages or in different brain regions cannot be ruled out. In addition, the rele-
vance of PCB-induced peripheral cytokine alterations on brain develop-
ment, behavior, and immune responses will need to be further explored.

5. Conclusions

Serumcytokines and chemokines in juvenilemicewere influenced by sex,
PCB dose, and genotype, while hippocampal cytokines and chemokines were
influenced by genotype and sex but not developmental PCB exposure. Con-
trary to our expectations, themutant genotypeswere notmore affected by de-
velopmental PCB exposure than theWT animals in terms of cytokine changes
for themajority of those examined in this study. The differential influences of
PCB dose, sex, and genotype imply different mechanisms regulating cytokine
production between the brain andperiphery and also demonstrate that the in-
fluences of these factors on cytokines in the serum and brain are not necessar-
ily correlated. The biological significance and functional consequences of
these changes will need to be explored in future studies. These results suggest
that developmental PCB exposure has lasting effects on baseline peripheral,
but not hippocampal, cytokine levels in juvenile mice.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.crtox.2020.09.001.
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