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While many neurodevelopmental disorders (NDDs) are thought to result from interactions
between environmental and genetic risk factors, the identification of specific gene-
environment interactions that influence NDD risk remains a critical data gap. We tested
the hypothesis that polychlorinated biphenyls (PCBs) interact with human mutations
that alter the fidelity of neuronal Ca®* signaling to confer NDD risk. To test this, we
used three transgenic mouse lines that expressed human mutations known to alter
Ca’*t signals in neurons: (1) gain-of-function mutation in ryanodine receptor-1 (T4826I-
RYR1); (2) CGG-repeat expansion in the 5’ non-coding portion of the fragile X mental
retardation gene 1 (FMR7); and (3) a double mutant (DM) that expressed both mutations.
Transgenic and wildtype (WT) mice were exposed throughout gestation and lactation to
the MARBLES PCB mix at 0.1, 1, or 6 mg/kg in the maternal diet. The MARBLES
mix simulates the relative proportions of the twelve most abundant PCB congeners
found in serum from pregnant women at increased risk for having a child with an
NDD. Using Golgi staining, the effect of developmental PCB exposure on dendritic
arborization of pyramidal neurons in the CA1 hippocampus and somatosensory cortex
of male and female WT mice was compared to pyramidal neurons from transgenic
mice. A multilevel linear mixed-effects model identified a main effect of dose driven
by increased dendritic arborization of cortical neurons in the 1 mg/kg PCB dose
group. Subsequent analyses with genotypes indicated that the MARBLES PCB mixture
had no effect on the dendritic arborization of hippocampal neurons in WT mice of
either sex, but significantly increased dendritic arborization of cortical neurons of WT
males in the 6 mg/kg PCB dose group. Transgene expression increased sensitivity
to the impact of developmental PCB exposure on dendritic arborization in a sex-,
and brain region-dependent manner. In conclusion, developmental exposure to PCBs
present in the gestational environment of at-risk humans interfered with normal dendritic
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morphogenesis in the developing mouse brain in a sex-, genotype- and brain region-
dependent manner. Overall, these observations provide proof-of-principle evidence that
PCBs interact with heritable mutations to modulate a neurodevelopmental outcome of

relevance to NDDs.

Keywords: FMR1 premutation, gene-environment interaction, Golgi stain, neurodevelopmental disorders,

ryanodine receptor, Sholl analysis

INTRODUCTION

Despite a worldwide ban on the production of polychlorinated
biphenyls (PCBs) since the early 2000’s, PCBs remain a significant
risk to the developing human brain. Pregnant women and
children continue to be exposed to not only legacy PCBs released
from hazardous waste sites and PCB-containing equipment and
materials manufactured prior to the PCB production ban, but
also contemporary PCBs produced as inadvertent byproducts of
contemporary pigment and dye production or via environmental
degradation of legacy PCBs (Koh et al., 2015; Granillo et al,
2019). Human (Schantz et al., 2003; Berghuis et al, 2015;
Pessah et al, 2019) and animal (Sable and Schantz, 2006;
Klocke and Lein, 2020) studies provide compelling evidence of
PCB developmental neurotoxicity, while recent epidemiologic
studies suggest that developmental PCB exposures confer risk for
NDDs, including autism spectrum disorder (ASD) and attention-
deficit/hyperactivity disorder (ADHD) (Lyall et al., 2017; Pessah
etal., 2019; Xi and Wu, 2021).

The size and shape of the neuronal dendritic arbor is a key
structural determinant of neuronal connectivity, and changes in
dendritic morphology (increased or decreased dendrite number,
branching and/or spine density) contribute to the altered patterns
of neuronal connectivity observed in many NDDs (Coskun et al.,
2013; Keown et al, 2013; Khan et al., 2015; Alaerts et al.,
2016; Cooper et al.,, 2017). The dynamic structural remodeling
of dendrites and synapses that occurs during development is
driven in large part by Ca?*-dependent signaling that mediates
the influence of neural activity and other environmental factors
on dendritic morphogenesis and plasticity (Cline, 2001; Konur
and Ghosh, 2005; Chen and Nedivi, 2010). Many NDD risk
genes encode proteins that regulate intracellular Ca®* signals,
are regulated by local fluctuations in Ca>* concentrations and/or
are involved in regulating dendritic growth and synaptogenesis
(Krey and Dolmetsch, 2007; Pessah et al., 2010; Grove et al,,
2019). Developmental exposure to Aroclor 1254, a commercial
mixture of legacy PCBs, or to PCB 95 has been demonstrated to
increase dendritic arborization in the hippocampus, cortex and
cerebellum of experimental animal models (Roegge et al., 20065
Lein et al., 2007; Yang et al., 2009; Wayman et al., 2012b). In vitro
studies have shown that the ryanodine receptor (RyR)-active PCB
congeners PCB 95 and PCB 136 (Wayman et al.,, 2012b; Yang
et al., 2014), and the lower chlorinated congener PCB 11 (Sethi
et al., 2018), promote dendritic growth in primary hippocampal
and cortical neurons via activation of Ca?>*-dependent signaling
pathways (Wayman et al., 2012a; Sethi et al., 2018) that map onto
Ca?*-dependent signaling pathways implicated in the etiology
of NDDs (Panesar et al., 2020). These observations suggest the

possibility that PCBs amplify the risk and/or severity of NDDs
by converging on signaling pathways altered by heritable defects
in Ca?T-dependent signaling pathways that regulate dendritic
arborization and/or plasticity.

To test this hypothesis, we compared the effect of
developmental exposure to a human-relevant PCB mixture
on the dendritic morphology of pyramidal neurons in the
hippocampus and somatosensory cortex of wildtype (WT) vs.
transgenic mice that expressed heritable human mutations that
modulate the fidelity of neuronal Ca?* signaling. Specifically, we
examined three transgenic lines: (1) mice that carried a human
RYRI gain-of-function mutation (T4826I-RYRI) (Barrientos
et al,, 2012; Yuen et al,, 2012); (2) mice that expressed a CGG
repeat expansion in the 5 non-coding region of the fragile X
mental retardation gene 1 (FMR1) in the premutation range (55-
200 repeats) (Willemsen et al., 2003); and (3) mice that expressed
both mutations (double mutant; DM) (Keil et al., 2019b). RyR
Ca’*t ion channels regulate intracellular Ca?* stores (Pessah
etal., 2010) and their activation is required for activity-dependent
dendritic growth and synaptogenesis (Wayman et al., 2012b;
Lesiak et al., 2014). A genome wide association study identified
RYRI and RYR2 as ASD candidate genes by using sex as an
additional risk factor (Lu and Cantor, 2012). FMRI premutation
is causally linked to fragile X-associated tremor/ataxia syndrome
(FXTAS) and is the most prevalent monogenic NDD risk factor
(Krueger and Bear, 2011; Chonchaiya et al.,, 2012; Leehey and
Hagerman, 2012). Unlike FMRI knockout models, these mice
exhibit reduced FMR1 protein (FMRP) expression and elevated
Fmrl mRNA (Berman et al., 2012; Robin et al., 2017). In a
study examining GWAS and genetic databases, approximately
10% of FMRP targets in the brain overlap with ASD candidate
genes, many of which regulate neuronal connectivity (Fernandez
et al.,, 2013). Studies of primary neurons derived from FMRI
premutation knockin mice (referred to hereafter as CGG mice)
demonstrate resting intracellular Ca?* concentrations threefold
higher than neurons derived from WT (Robin et al., 2017), and
abnormal patterns of intracellular Ca?™ oscillations including
increased number of spontaneous Ca’T burst activity (Cao
et al., 2012). iPSC-derived neurons from an FMRI premutation
carrier also exhibited enhanced Ca2™ transients (Liu et al., 2012).
Altered dendritic arborization and spine density are linked with
these changes in Ca?* dynamics in both primary neurons from
FMRI premutation mice (Chen et al., 2010), and iPSC-derived
neurons from humans with FMRI premutation (Liu et al., 2012).

In addition to the two transgenic lines expressing either
a RYRI gain-of-function mutation or FMRI premutation, we
examined a transgenic line (DM) that expressed both mutations
(Keil et al., 2019b). Expressed variants in RyR1 and FMRI1
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expansion repeats in the premutation range are relatively
common mutations in the human population. Approximately
15% of the human population is estimated to carry one or
more RYR1 genetic variants (Kim et al., 2013), whereas, the
estimated prevalence of the FMR1 premutation in the human
population is 1:209 in females and 1:430 in males (Tassone
et al., 2012). Both mutations are phenotypically silent until
triggered by halogenated anesthetics (RYR1 gain-of-function)
or advancing age (FMRI premutation). Thus, while we are
not aware of any clinical reports of human patients expressing
mutations at both loci, there is a reasonable likelihood that
there are individuals who carry both mutagens. Regardless, these
DM mice were not created to mimic a human disease, but
rather as an experimental model to investigate whether gene
dosage influences the effects of developmental PCB exposures.
In other words, is the phenotypic outcome amplified when two
mutations that converge on calcium signaling and regulation
of dendritic growth are expressed relative to expression of
either mutation alone. The RYRI mutation was chosen as a
direct target of PCBs (Ta and Pessah, 2007); whereas the FMR1
premutation was chosen because of its demonstrated role in
translational control of calcium regulating proteins (Robin et al.,
2017). Our earlier characterization of dendritic arborization in
juvenile male and female mice from these three transgenic
lines revealed significantly increased dendritic arborization of
pyramidal neurons in the CA1l hippocampus of male T4826I-
RYRI and, to a lesser extent, male CGG mice relative to
male congenic WT mice. Dendritic arborization of pyramidal
neurons in the somatosensory cortex was significantly enhanced
in male and female CGG and DM mice compared to WT
mice with the most pronounced differences seen in DM females
(Keil et al., 2019b).

In this study, we exposed WT, T48261, CGG and DM mice
to vehicle or the MARBLES PCB mixture (Sethi et al.,, 2019)
in the maternal diet throughout gestation and lactation. The
MARBLES PCB mixture proportionally mimics the top twelve
PCB congeners detected in the serum of pregnant women
enrolled in the MARBLES cohort (Granillo et al., 2019; Sethi
et al., 2019) who are at increased risk of having a child with an
NDD (Hertz-Picciotto et al., 2018). We previously demonstrated
that the MARBLES PCB mix has RyR activity in vitro at low
micromolar concentrations, reflecting the small percentage of
PCB congeners with potent RyR activity (Sethi et al., 2019). This
is consistent with epidemiological evidence that RyR-active PCBs
are associated with increased risk of ASD (Granillo et al., 2019).
Our findings indicate that expression of heritable mutations that
alter the fidelity of neuronal Ca®™ signals modulated the impact
of PCB exposure on several parameters of dendritic arborization
in a sex- and brain region-dependent manner.

MATERIALS AND METHODS

Materials

Organic unsalted peanut butter (Trader Joe’s, Monrovia, CA,
United States) and organic peanut oil (Spectrum Organic
Products, LLC, Melville, N, United States) were purchased from

Trader Joes (Davis, CA, United States). The individual PCB
congeners (PCB 11, 28, 52, 84, 95, 101, 118, 135, 138, 149, 153,
and 180) used to make the MARBLES PCB mix were synthesized
and authenticated as previously described (Li et al., 2018; Sethi
et al.,, 2019). The purity of all PCB congeners was > 99% pure
(Sethi et al., 2019).

Animals

All procedures involving animals were conducted in accordance
with the NIH Guide for the Care and Use of Laboratory Animals,
conformed to the ARRIVE guidelines (Kilkenny et al., 2010), and
were approved by the University of California, Davis Institutional
Animal Care and Use Committee. Male and female mice were
derived from transgenic mouse colonies maintained at UC
Davis (Keil et al, 2019b), which included transgenic strains:
(1) homozygous for the human gain-of-function mutation in
RYRI (T4826I-RYRI) referred to as T48261 mice, (2) homozygous
(female) or hemizygous (male) for the X-linked CGG repeat
expansion in FMRI in the permutation range (170-200 repeats;
referred to as CGG mice); and (3) DM mice that expressed
both mutations (Keil et al., 2019b). C57Bl/6] and SVJ129 WT
mice were purchased from Jackson Labs (Sacramento, CA,
United States) and crossed to generate a 75% C57Bl/6] / 25%
SVJ129 congenic WT line that matched the genetic background
of the T48261, CGG and DM animals as determined by single-
nucleotide polymorphism (SNP) analysis (Keil et al., 2019b).
Homo/hemizygous matings were used to generate the juvenile
mice used for Golgi analyses, and all animals used in this study
were genotyped as previously described (Keil et al., 2019b).

All animals were housed in clear plastic shoebox cages
containing corn cob bedding and maintained on a 12 h light
and dark cycle at 22 & 2°C with 40-50% humidity. Feed (Diet
5058, LabDiet, Saint Louis, MO, United States) and water were
available ad libitum. Two weeks prior to mating, nulliparous and
previously unmated dams (>6 weeks of age) were singly housed
and PCB dosing was initiated. Dams were placed with a genotype-
matched male overnight for mating. Males and females were
separated the next day and females were checked for the presence
of a copulatory plug, which was considered gestational day 0.
After mating, dams were housed singly prior to parturition and
with their pups after parturition. At postnatal day 2 (P2), pups
were culled or cross-fostered within genotype- and dose-matched
litters to ensure all litters consisted of 4-8 pups. After weaning
at P21, pups were group housed with same-sex littermates. Mice
underwent self-grooming and social approach behavioral testing
as part of a larger study, and then were euthanized on P27-31 to
collect brains for Golgi analyses.

This study is part of an overall study designed to assess the
effects of developmental exposure to the MARBLES PCB mixture
on multiple developmental outcomes, including NDD-relevant
behavioral phenotypes (data under review), the gut microbiome
and intestinal physiology (Rude et al., 2019) and cytokine levels
in the serum and hippocampus (Matelski et al., 2020). The data
described in this study were collected from animals used for
behavioral studies prior to being euthanized to harvest brains for
morphometric analyses of dendritic arborization. We previously
reported that developmental exposure to the MARBLES PCB
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mixture had no effect on the length of time from mating to
parturition and pregnancy rates across groups averaged 88%
(Matelski et al., 2020). While dam weight at weaning was not
altered by PCB exposure, there was a significant main effect
of genotype, with DM dams weighing significantly more than
WT dams, T48261 dams weighing significantly more than CGG
dams, and CGG dams weighing significantly less than DM dams
(Matelski et al., 2020). We also found that there were no effects
of developmental PCB exposure or genotype on litter size or sex
ratio within the litter (data under review).

Developmental Polychlorinated

Biphenyls Exposures

The MARBLES PCB mixture was prepared to proportionally
mimic the serum PCB congener profile of the twelve most
prevalent PCB congeners detected in serum of pregnant women
enrolled in the MARBLES human epidemiological cohort
(Granillo et al., 2019; Sethi et al., 2019). These women are at
increased risk for having a child with an NDD (Hertz-Picciotto
etal., 2018). The PCB congeners included in the MARBLES PCB
mixture and their final total percentage in the mixture was as
follows: PCB 28 (48.2%), PCB 11 (24.3%), PCB 118 (4.9%), PCB
101 (4.5%), PCB 52 (4.5%), PCB 153 (3.1%), PCB 180 (2.8%), PCB
149 (2.1%), PCB 138 (1.7%), PCB 84 (1.5%), PCB 135 (1.3%),
and PCB 95 (1.2%). The MARBLES PCB mix was solubilized
in peanut oil and homogenously mixed into peanut butter to
achieve concentrations of 0.025, 0.25, and 1.5 mg PCB/g peanut
butter. A vehicle control (0 mg/g) was similarly prepared by
mixing the equivalent amount of peanut oil needed to solubilize
the highest concentration of MARBLES mix into peanut butter.
Two weeks prior to mating, nulliparous dams (>6 weeks of
age) were randomized to dose groups and PCB exposures were
initiated. Dams were fed the MARBLES PCB mix in peanut
butter at doses of either 0, 0.1, 1 or 6 mg/kgpw/day daily until
pups were weaned at P21. Similar doses of Aroclor 1254 were
previously shown to result in PCB body burdens comparable to
those observed in human tissues (Yang et al., 2009). At each daily
dosing, dams were monitored to ensure complete ingestion of
each dose of peanut butter.

Golgi Staining

Golgi staining, image acquisition, and analysis were performed
as described previously (Keil et al., 2017, 2019b; Wilson et al.,
2017). Parameters used to assess Golgi staining and criteria
for selecting Golgi-stained neurons to trace were described
previously (Lein et al., 2007; Keil et al., 2017). Briefly, P27-
31 pups were euthanized with CO; Brains were carefully and
quickly extracted from the skulls and processed for Golgi staining
using the FD Rapid GolgiStain kit (FD NeuroTechnologies Inc.
Columbia, MD, United States) according to the manufacturer’s
instructions. Brightfield image stacks of pyramidal neurons in the
CA1 of the hippocampus and layers IV/V of the somatosensory
cortex were captured using an Olympus IX-81 inverted confocal
microscope (Olympus, Shinjuku, Japan) at 20X magnification
using MetaMorph Advanced image analysis software (version
7.1, Molecular Devices, Sunnyvale, CA, United States). These

brain regions were chosen because they contain easily identifiable
pyramidal neurons and are implicated in the pathogenesis of
neurodevelopmental disorders (Coskun et al., 2013; Khan et al.,
2015; Cooper et al., 2017). Neuronal basilar dendritic arbors
(N = 39-49 hippocampal neurons per group and N = 44-
48 cortical neurons per group derived from six mice per sex,
genotype, and exposure group) were hand-traced by a single
individual blinded to experimental group using Neurolucida
(version 11, MBF Bioscience, Williston, VT, United States).
Basilar dendritic arbors in these regions were chosen for analysis
because previous studies of PCB effects on dendritic arborization
demonstrated the developmental exposure to Aroclor 1254 or
PCB 95 altered basilar dendrites (Lein et al., 2007; Yang et al,,
2009; Wayman et al., 2012b). Dendritic arbor complexity was
quantified using automated Sholl (Neurolucida Explorer, version
11, MBF Bioscience) with 10-pm Sholl rings centered on the
neuronal soma. Neuron tracings are publicly available on the
NeuroMorpho.Org database’.

Statistical Analyses

Sholl curves for each neuron were assessed using a multilevel
linear mixed-effects model to determine effects of genotype, sex,
dose or interactions on dendritic arborization; these analyses
were conducted using SAS software (version 9.4, SAS Institute
Inc., Cary, NC, United States) as described previously (Keil
et al., 2017, 2019b; Wilson et al., 2017). In the multi-level linear
mixed-effects modeling, genotype, sex, and dose were treated
as fixed effects. A random intercept was included in the model
to control for clustering of observations within a neuron and
neurons within animals. Log transformation was applied when
necessary (as indicated in Tables 1, 2). Tables 1, 2 report tests
for fixed effects and differences of least squares means for any
fixed effects with p < 0.05 as well as for any fixed effects that
were approaching significance (p < 0.1) and also had significant
effects as identified in the differences of least squares means.
Supplementary Data Files report the SAS output, including the
solution for fixed effects, fixed effects, least squares means and
differences of least squares means. Area under the curve (AUC),
distance from soma of the peak dendritic intersections (Peak
X), and maximum number of dendritic intersections (Peak Y)
values were calculated for Sholl profiles using AUC analysis in
GraphPad Prism Software (version 6 and 7, San Diego, CA,
United States) for each neuron. To allow for comparisons to
earlier studies that did not use mixed-effects models (Roegge
et al,, 2006; Lein et al., 2007; Yang et al., 2009; Wayman et al.,
2012b), PCB-induced differences between neurons within sex
and genotypes were independently examined using GraphPad
Prism Software. These data were first assessed for normality using
the Shapiro-Wilks, KS and D’Agostino and Pearson omnibus
normality test, and homogeneity of variance using Bartlett’s test.
Within each sex and genotype, significant differences between
PCB dose groups were determined using one-way ANOVA
followed by Dunnetts or Tukeys multiple comparison test
for approximately normal data. If data were normal but had
unequal variance, group differences were determined using a
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TABLE 1 | Summary of mixed model effects in pyramidal CA1 hippocampal neurons.

Tests of fixed p-value Differences of least p-value
effects squares means
Sholl Profile Sex 0.5
Genotype 0.4
Dose 0.5
Peak X Sex 0.5 CGG > T48261 0.04
Genotype 0.08 CGG > WT 0.03
Dose 0.9
Peak Y Sex 0.9
Genotype 0.3 DM < WT 0.02
Dose 0.03 T48261 < WT 0.008
Total area under Sholl curve Sex 0.8
Genotype 0.4
Dose 0.5
Proximal area under Sholl curve Sex 0.9
Genotype 0.2
Dose 0.3
Distal area under Sholl curve (log) Sex 0.6
Genotype 0.4
Dose 0.8
Sex*Genotype 0.03 CGGF>DMF 0.04
CGGF > WTF 0.01
CGGF>CGGM 0.04
CGG F > 748261 M 0.01
DM M > T48261 M 0.03
DMM > WTF 0.05
Number of dendrites Sex 0.7
Genotype 0.004 CGG < WT 0.02
Dose 0.4 DM < WT 0.0009
T48261 < WT 0.003
Terminal dendritic tips Sex 0.8 T48261 < WT 0.05
Genotype 0.1
Dose 0.6
Sum dendritic length Sex 0.7
Genotype 0.3
Dose 0.5
Tips per dendrite Sex 0.8
Genotype 0.3
Dose 0.5
Mean dendritic length Sex 0.4
Genotype 0.2
Dose 0.4
Nodes Sex 0.9
Genotype 0.2
Dose 0.7
Soma area Sex 0.09
Genotype <0.0001 CGG > DM 0.003
CGG > T48261 0.002
CGG 0.1 <WTO <0.0001
DM < WT <0.0001
Dose 0.4
Genotype*Dose 0.03 T48261 < WT 0.01
(Continued)
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TABLE 1 | (Continued)

Tests of fixed p-value Differences of least p-value

effects squares means
CGG 0.1 > DM 1 0.03
CGG1>DM1 0.02
CGG1<WTO 0.01
CGG6>DMO 0.05
CGG 6 > DM 1 0.006
CGG 6 > T4826l1 1 0.04
CGG 6 > T48261 6 0.05
CGG6 <WTO 0.04
CGG0>DMO 0.02
CGG 0 > DMO.1 0.04
CGGO>DM1 0.002
CGG 0 > T48261 1 0.02
CGG 0 > T48261 6 0.02
DM 0.1 < WT 0.1 0.02
DM 0.1 < WT 1 0.01
DM 0.1 <WTO 0.0002
DM 1 <DM6 0.01
DM 1 < WT 0.1 0.001
DM1 <WT1 0.0004
DM1 <WTO <0.0001
DM 6 <WTO 0.03
DM O < WT 0.1 0.01
DMO <WT1 0.006
DMO <WTO <0.0001
T48261 0.1 < WT 0.1 0.04
T48261 0.1 < WT 1 0.02
T48261 0.1 < WT 0 0.0004
T48261 1 < WT 0.1 0.009
T48261 1 < WT 1 0.004
T48261 1 < WT 0 <0.0001
T48261 6 < WT 0.1 0.01
T48261 6 < WT 1 0.006
T48261 6 < WT 0 <0.0001
T48261 0 < WT 0.1 0.05
T48261 0 < WT 1 0.03
T48261 0 < WT 0 0.0007
WT 6 < WT 0.1 0.03
WT6 <WT1 0.02
WT6 <WTO 0.0004

Bold text indicates biologically relevant comparisons.

one-way ANOVA with Welch’s correction followed by Dunnett’s
T3 multiple comparisons test. For non-normal data, differences
were determined using a Kruskal-Wallis test followed by Dunn’s
multiple comparison test. We first focused on differences from
vehicle control, if there were no differences from vehicle
control then differences between PCB groups were examined.
P-values < 0.05 were considered statistically significant. In two
instances, the p value of the Kruskal-Wallis tests were 0.0591 and
0.0565, Dunn’s post hoc analysis revealed significant differences
(p = 0.04 and p = 0.03), so these were reported in Figures 2E,
3A respectively.

RESULTS

Pyramidal CA1 hippocampal neurons and layer IV/V pyramidal
somatosensory cortical neurons were examined in this
study because altered patterns of connectivity and dendritic
morphology have been reported in these brain regions in
individuals with ASD compared to neurotypical controls
(Coskun et al., 2013; Keown et al., 2013; Khan et al., 2015;
Cooper et al.,, 2017). Results from the multilevel, mixed-effects
statistical model, which includes interactions and allows for
the analysis of the Sholl plot as a whole, are summarized in
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TABLE 2 | Summary of mixed model effects in pyramidal cortical neurons.

Test of fixed p-value Differences of least p-value
effects squares means
Sholl profile Sex 0.6
Genotype 0.8
Dose 0.03 1 mg/kg > 6 mg/kg 0.004
1 mg/kg > 0 mg/kg 0.02
Genotype*Dose 0.01 CGG 6 <CGG 1 0.05
CGG6 <CGGO 0.003
CGG6 <WT6 0.05
CGG 6 < DM 1 0.0005
CGG 6 < 148261 0.1 0.04
CGG 6 < T4826! 1 0.02
CGGO>WTO 0.01
CGGO0>DMO 0.03
CGG 0 > DM 0.1 0.01
CGG 0 >DM6 0.01
CGG 0 > T48261 0 0.008
CGG 0 > T48261 6 0.03
DM 0.1 < T4826I 1 0.05
DM 1 > DM 0.1 0.002
DM1>DM6 0.002
DM1>DMO 0.008
DM 1 > WT 0.1 0.04
DM1 > WT 1 0.02
DM1>WTO 0.002
DM 1 > T48261 6 0.008
DM 1 > T48261 0 0.001
T48261 1 > T48261 0 0.03
T482611 > WT O 0.04
T48261 1 > DM 6 0.04
Peak X Sex 0.8
Genotype 0.5
Dose 0.6
Peak Y Sex 0.4
Genotype 0.6
Dose 0.02 1 mg/kg > 0.1 mg/kg 0.05
1 mg/kg > 6 mg/kg 0.002
1 mg/kg > 0 mg/kg 0.02
Total area under Sholl curve Sex 0.7
Genotype 0.8
Dose 0.02 1 mg/kg > 6 mg/kg 0.003
1 mg/kg > 0 mg/kg 0.02
Genotype*Dose 0.01 CGG6 <CGG 1 0.05
CGG6 <CGGO 0.004
CGG6 <WT6 0.05
CGG 6 < DM 1 0.0007
CGG 6 < T48261 0.1 0.05
CGG 6 < T4826! 1 0.02
CGGO0>WTO 0.01
CGGO0>DMO 0.03
CGG 0 > DM 0.1 0.01
CGG 0 >DM6 0.007
CGG 0 > T48261 0 0.009
CGG 0 > T48261 6 0.04
(Continued)
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TABLE 2 | (Continued)

Test of fixed p-value Differences of least p-value

effects squares means
DM 0.1 < T4826I 1 0.05
DM 1> DMO0.1 0.003
DM1>DM6 0.001
DM1 >DMO 0.007
DM 1 > WT 0.1 0.04
DM 1> WT1 0.02
DM1 > WTO 0.002
DM 1 > T4826I 6 0.009
DM 1 > T48261 0 0.002
T48261 1 > T48261 0 0.04
T482611 > WT O 0.04
T48261 1 > DM 6 0.03

Proximal area under Sholl curve Sex 0.4

Genotype 0.7

Dose 0.02 1 mg/kg > 0.1 mg/kg 0.05
1 mg/kg > 6 mg/kg 0.003
1 mg/kg > 0 mg/kg 0.03

Genotype*Dose 0.02 CGG 1> DM6 0.03
CGG 6 < CGG 1 0.03
CGG6 <CGGO 0.004
CGG 6 <WT6 0.03
CGG 6 < T48261 0.1 0.05
CGG 6 < 14826 1 0.009
CGG 6 <DM 1 0.002
CGGO0>WTO 0.01
CGGO0>DMO 0.04
CGG 0 > DM 0.1 0.02
CGGO>DM6 0.003
CGG 0 > T48261 0 0.02
CGG 0 > T4826l 6 0.05
DM 1> DMO.1 0.009
DM1>DM6 0.002
DM1>DMO 0.02
DM 1 > WT 0.1 0.05
DM 1> WT1 0.05
DM1>WTO 0.007
DM 1 > T48261 6 0.03
DM 1 > T48261 0 0.008
DM6 <WT6 0.03
DM 6 < T4826I 0.1 0.05
T48261 1 > T48261 0 0.03
T482611 > WT 0 0.03
T48261 1 > DM 0.1 0.04
T48261 1 > DM 6 0.008

Distal area under Sholl curve (log) Sex 0.3

Genotype 0.7

Dose 0.3

Genotype*Dose 0.06 CGG 6 <CGGO 0.03
CGG 6 <DM 1 0.01
CGG O > WT 1 0.03
CGGO0>DMO 0.05

(Continued)
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TABLE 2 | (Continued)

Test of fixed p-value Differences of least p-value
effects squares means
CGG 0> DMO0.1 0.05
CGG O >DM6 0.05
CGG 0 > T48261 0 0.03
CGGO0>WTO 0.03
DM 1 > DMO0.1 0.02
DM1>DM6 0.02
DM1>DMO 0.02
DM1>WT1 0.01
DM1>WTO 0.01
DM 1 > T48261 6 0.05
DM 1 > T48261 0 0.01
Number of dendrites Sex 0.7
Genotype 1
Dose 0.01 0.1 mg/kg < 1 mg/kg 0.05
1 mg/kg > 6 mg/kg 0.005
1 mg/kg > 0 mg/kg 0.003
Terminal dendritic tips Sex 0.2
Genotype 0.8
Dose 0.0007 0.1 mg/kg < 1 mg/kg 0.003
1 mg/kg > 6 mg/kg 0.0001
1 mg/kg > 0 mg/kg 0.003
Sum dendritic length Sex 0.6
Genotype 0.8
Dose 0.01 0.1 mg/kg < 1 mg/kg 0.05
1 mg/kg > 6 mg/kg 0.002
1 mg/kg > 0 mg/kg 0.01
Genotype*Dose 0.02 CGG 0.1 <DM1 0.05
CGG1>DM6 0.05
CGG6 <CGG 1 0.04
CGG6 <CGGO 0.006
CGG6 <DM 1 0.0006
CGG 6 < T4826I 1 0.02
CGGO0>WTO 0.01
CGGO0>DMO 0.04
CGG 0 > DM 0.1 0.02
CGG O >DM6 0.008
CGG 0 > T48261 0 0.008
CGG 0 > T48261 6 0.04
DM 0.1 < T4826l 1 0.05
DM 1> DMO0.1 0.002
DM 1> DM6 0.0009
DM1>DMO 0.006
DM 1 > WT 0.1 0.03
DM1 > WT1 0.02
DM1>WTO 0.002
DM 1 > T48261 0 0.001
DM 1 > T48261 6 0.007
DM 6 < T4826I 1 0.03
T48261 1 > T48261 0 0.03
T482611 > WT 0 0.04
(Continued)
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TABLE 2 | (Continued)

Test of fixed p-value Differences of least p-value
effects squares means
Tips per dendrite Sex 0.2
Genotype 0.3
Dose 0.1 0.1 mg/kg < 1 mg/kg 0.05
1 mg/kg > 6 mg/kg 0.03
Mean dendritic length Sex 0.7
Genotype 0.4
Dose 0.4
Nodes Sex 0.2
Genotype 0.6
Dose 0.002 0.1 mg/kg < 1 mg/kg 0.003
1 mg/kg > 6 mg/kg 0.0004
1 mg/kg > 0 mg/kg 0.02
Soma area Sex 0.7
Genotype 0.03 CGG > DM 0.04
CGG > T48261 0.01
T48261 < WT 0.03
Dose 0.05 0.1 mg/kg > 0 mg/kg 0.008
1 mg/kg > 0 mg/kg 0.04

Bold text indicates biologically relevant comparisons.

Tables 1, 2 with biologically relevant comparisons highlighted in
bold. Within each subsection of the Results below, these results
are discussed first. Subsequently, we describe PCB effects that
are significantly different from vehicle control within each sex
and genotype independently to allow for interpretation of PCB
effects alone and to allow for comparisons to published studies
that did not use mixed-effects models (Roegge et al., 2006; Lein
etal., 2007; Yang et al., 2009; Wayman et al., 2012b).

Morphometric Effects of Polychlorinated
Biphenyls and Genotype on Pyramidal
CA1 Hippocampal Neurons

Sholl plots and representative images of basilar dendritic arbors
of Golgi-stained pyramidal CA1l hippocampal neurons from
male and female WT, T4826I, CGG and DM mice at P27-
P31 are shown in Figure 1 (see also Supplementary Figures
1, 2; Neurolucida reconstructions are publicly available within
the neuromorpho.org database). While the Sholl profile analysis
revealed no significant effects (Table 1), other parameters
extracted from the Sholl profile revealed sex and genotype effects.
The distance from the soma of the maximum number of dendritic
intersections (Peak X) was significantly greater in CGG mice
than T48261 or WT mice (Table 1). There was an overall effect
of genotype on the maximum number of dendritic intersections
(Peak Y), with DM and T48261 mice exhibiting significantly fewer
intersections than WT mice (Table 1). While the total area under
the Sholl curve was not changed, there was a significant sex
by genotype interaction for the distal AUC with this parameter
being significantly greater in CGG female mice compared to
WT and DM females or CGG males (Table 1). Distal area
under the Sholl curve was also greater in DM males vs. T48261

males (Table 1). Overall, these results suggest pyramidal CAl
hippocampal neurons from CGG mice are more complex than
those of WT mice, while pyramidal CA1 hippocampal neurons
from T48261 and DM mice are less complex than their WT
counterparts, and hippocampal neurons of DM males are more
complex than T4826I males.

We next asked whether developmental PCB exposure alters
dendritic arborization by focusing on PCB dose-response
relationships within each sex and genotype independently
(Figure 2). We focused on difference from vehicle control; if
there were no difference from vehicle control then differences
between PCB groups were analyzed. There were no effects of
PCB exposure on distance from the soma of the maximum
number of dendritic intersections (Peak X) in male or female
hippocampal neurons of any genotype (Figures 2A,B). The
maximum number of dendritic intersections (Peak Y) was
increased in the 1 mg/kg PCB group vs. the 0.1 mg/kg PCB
group in male CGG hippocampal neurons (Figures 2C,D). Total
area under the Sholl curve was increased in the 6 mg/kg PCB
dose group vs. vehicle control in male DM hippocampal neurons
(Figures 2E,F). Differences in the proximal AUC of the Sholl plot
were limited to female hippocampal neurons with a significant
dose-dependent increase in DM female neurons in all PCB dose
groups compared to vehicle controls (Figure 2H). There were no
PCB effects in distal area under the Sholl curve for either sex in
any genotype (Figures 2L]). These results suggest that compared
to vehicle control, PCBs increase dendritic complexity in DM
mice only, an effect which is sex- and dose-dependent.

We also analyzed more detailed measures of dendritic
arborization (Keil et al., 2017) that have previously been shown
to be sensitive to PCBs (Lein et al, 2007; Yang et al., 2009;
Wayman et al, 2012b). Based on the mixed-effect model
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FIGURE 1 | Genotype influences the effect of PCBs on the dendritic morphology of pyramidal neurons in the CA1 hippocampus of juvenile mice. Sholl plots and
representative images of the basilar dendritic arbors of Golgi-stained pyramidal CA1 hippocampal neurons derived from P27-31 male and female (A,B) WT, (C,D)
T4826l, (E,F) CGG, or (G,H) DM mice exposed to the MARBLES PCB mixture in the maternal diet throughout gestation and lactation. N = 39-49 neurons from at
least six independent mice per sex per genotype per dose. Also see Supplementary Figure 1 for representative tracings of the basilar dendritic arbors of
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analysis, effects were limited to genotype for the total number
of basilar dendrites with pyramidal CA1 hippocampal neurons
of all transgenic mice having fewer dendrites compared to WT
(Table 1). Examining each sex and genotype independently,
there were no effects of developmental PCB exposure on the
number of primary dendrites, dendritic tips, or the number
of dendritic tips per primary dendrite (Supplementary Figures
3A-F). The sum length of all dendrites was increased in the
6 mg/kg male DM neurons vs. sex- and genotype-matched
vehicle control (Figures 3A,B). Mean dendritic length was
unchanged (Figures 3C,D). These results suggest that genotype
alone decreases dendrite number and PCBs only increase sum
dendritic length in DM males exposed to the highest PCB dose.

Soma area was the morphometric parameter most affected by
both genotype and developmental PCB exposure in pyramidal
CA1 hippocampal neurons. Table 1 illustrates the statistically
significant effect of genotype and significant genotype by dose
interactions, with DM and T4826I mice displaying a smaller soma
size than WT and CGG mice. Genotype by dose interactions were
seen in WT neurons, with soma size significantly decreased in the
6 mg/kg group vs. WT vehicle control and other PCB dose groups
(Table 1). T48261 and DM mice had smaller soma size than WT
controls regardless of exposure (Table 1). Additionally, in DM
mice, soma size was significantly decreased in the 1 mg/kg dose
group compared to the 6 mg/kg group (Table 1). Soma size of
CGG vehicle controls did not differ from WT vehicle controls, but
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FIGURE 2 | Double mutant mice are more sensitive to effects of PCBs on the dendritic morphology of pyramidal neurons in the CA1 hippocampus of juvenile mice.
Morphometric analyses of the basilar dendritic arbors of Golgi-stained pyramidal CA1 hippocampal neurons from P27-31 male and female WT, T4826l, CGG, or DM
mice exposed to the MARBLES PCB mixture in the maternal diet throughout gestation and lactation. (A,B) The distance from the soma to the maximum number of
dendritic intersections (Peak X). (C,D) The maximum number of dendritic intersections (Peak Y). (E,F) The total area under the curve of the Sholl plot (0-240 um
from the soma). (G,H) Proximal area under the curve of the Sholl plot (10-70 wm from the soma), and (I,J) distal area under the curve of the Sholl plot (80-140 um
from the soma). Data (N = 39-49 neurons from at least six independent mice per sex per genotype per dose) are presented as box plots, where the box indicates
the lower (25th) to upper (75th) quartiles, the “+” indicates the mean, whiskers indicate the 10-90th percentile, and dots represent values outside the upper or lower
fences. *Significantly different from control at p < 0.05 as determined by Kruskal-Wallis test followed by Dunn’s multiple comparisons test. Average values of vehicle
controls for WT, T4826l, CGG and DM, respectively, are (A) 46.9, 40.8, 47.9, 47.3 um; (B) 42.3, 44.9, 48.5, 46.4 pum; (C) 11.9, 10.8, 10.8, 10.4 intersections; (D)
10.8, 11.3, 11.2, 10.1 intersections; (E) 773.8, 698.2, 727.7, 713.8 um?; (F) 721.1, 787.2, 807.8, 715.1 um?; (G) 493.7, 454.1, 456.9, 450.5 um?; (H) 466.7,
497.2,492.1, 420.3 um?; (I) 192.2, 164.6, 188.6, 178.8 um?; and (J) 170.8, 197.4, 216.5, 202.6 pm?.
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FIGURE 3 | Polychlorinated biphenyls effects on dendritic sum length are observed in DM male but not female mice and both genotype and PCB exposure impact
soma area in both sexes. Dendritic morphology was assessed in basilar dendritic arbors of Golgi-stained pyramidal CA1 hippocampal neurons in P27-31 male and
female WT, T48261, CGG, or DM mice following gestational and lactational PCB exposure via the maternal diet. (A,B) Sum length of dendrites per neuron (um).
(C,D) Mean dendritic length per neuron (um). (E,F) Cell body area per neuron (um?). Data (N = 39-49 neurons from at least six independent mice per sex per
genotype per dose) are presented as box plots, where the box indicates the lower (25th) to upper (75th) quartiles, the “+” indicates the mean, whiskers indicate the
10-90th percentile, and dots represent values outside the upper or lower fences. Bar and asterisk indicate a significant difference between groups as determined by
Kruskal-Wallis test followed by Dunn’s multiple comparisons test, or (E-CGG) one-way ANOVA followed by Dunnett’s multiple comparisons test with p < 0.05
considered statistically significant. Average values of vehicle controls for WT, T4826l, CGG, and DM, respectively, are (A) 898.8, 804.8, 833.2, 815.2 um; (B) 833.1,
903.0, 909.5, 801.5 um; (C) 256.4, 215.7, 236.5, 228.3 pum; (D) 214.4, 244.9, 241.9, 245.9 pm; (E) 283.2, 246.3, 284.5, 230.2 um?; and (F) 305.9, 240.3, 253.5,
238.8 pm?2.

hippocampal neurons of CGG mice at all PCB concentrationshad  males, soma area was significantly reduced in the 6 mg/kg PCB
smaller soma size than WT vehicle controls (Table 1). Overall, dose group compared to WT male vehicle controls. In CCG
developmental PCB exposure or the T48261 and DM genotypes = males, soma area was significantly reduced in the 1 and 6 mg/kg
were associated with decreased hippocampal soma area. dose groups relative to CGG vehicle controls (Figure 3E). Soma

Examining PCB effects in each sex and genotype area was also significantly reduced in 1 mg/kg DM males in
independently, PCB exposure altered soma area in WT, contrast to DM vehicle control males (Figure 3E). While PCBs
CGG, and DM males, as well as in WT and DM females. In WT  generally decreased soma area in males across genotypes, this
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effect was genotype-dependent in females. Like males, soma
area of hippocampal neurons in WT females was significantly
reduced in the 6 mg/kg dose group compared to WT female
vehicle controls (Figure 3F). However, in DM females, soma area
was significantly increased in the 6 mg/kg dose group vs. DM
female vehicle controls (Figure 3F).

Morphometric Effects of Polychlorinated
Biphenyls and Genotypes on Layer IV/V
Pyramidal Somatosensory Cortical

Neurons

Polychlorinated biphenyl dose effects were more pronounced in
cortical neurons compared to hippocampal neurons. Figure 4
illustrates Sholl plots and representative images of Golgi-stained
pyramidal neurons in layer IV/V of the somatosensory cortical
neurons from male and female WT, T4826I, CGG, and DM
mice. There was a significant effect of dose on cortical Sholl
profiles, with the 1 mg/kg PCB group exhibiting greater dendritic
complexity than vehicle controls or the 6 mg/kg dose group
(Table 2). There was also a significant genotype by dose
interaction observed in the Sholl profiles (fully summarized
in Table 2), identified as: (1) CGG vehicle control neurons
were more complex than T4826I, DM, and WT vehicle control
neurons; (2) 6 mg/kg CGG neurons were less complex than CGG
vehicle control neurons; (3) 1 mg/kg T4826I neurons had greater
complexity compared to T48261 and WT vehicle control neurons;
and (4) 1 mg/kg DM neurons showed much greater complexity
than DM vehicle controls, 0.1, or 6 mg/kg DM neurons, as well
as increased complexity relative to WT vehicle controls, WT
1 mg/kg, or T4826I vehicle control groups. Distance from the
soma of maximum dendritic intersections (Peak X) did not differ
between dose groups, but there was a significant effect of dose
on the maximum number of dendritic intersections (Peak Y),
with the 1 mg/kg PCB dose group having increased intersections
relative to all other dose groups (Table 2). There was a significant
effect of dose on the total area under the Sholl curve, with 1 mg/kg
PCB dose groups having increased area vs. vehicle controls or the
6 mg/kg PCB dose group as well as a significant genotype by dose
effect driven by the same differences stated above for the Sholl
profile analysis model (Table 2). For proximal area under the
Sholl curve, there was a significant effect of dose with 1 mg/kg
dose groups having greater area than all other dose groups, as
well as a significant genotype by dose interaction driven by all
differences listed above for the Sholl profile analysis with the
addition of the DM 6 mg/kg PCB dose group having decreased
proximal area compared to the WT 6 mg/kg PCB dose group
(Table 2). In contrast, distal AUC showed fewer differences. CGG
vehicle controls had greater distal AUC than WT, T4826I, or
DM vehicle control neurons, and exposure to 6 mg/kg PCB
decreased distal AUC in CGG neurons relative to CGG vehicle
controls. The DM 1 mg/kg group showed greater distal AUC than
DM vehicle controls, all other DM PCB dose groups, 1 mg/kg
PCB WT mice, and vehicle controls from T48261 and WT
mice (Table 2). Together, these results indicate a non-monotonic
dose response, with exposure to the MARBLES PCB mix at
1 mg/kg promoting dendritic arborization, especially in T48261

and DM neurons. Vehicle-treated CGG animals have the greatest
dendritic complexity compared to the other genotypes, and the
highest PCB dose (6 mg/kg) decreased dendritic complexity
within CGG neurons.

We next examined the effects of PCBs on dendritic
growth when independently analyzed within sex and genotype
(Figure 5). In WT mice, the distance from the soma of the
maximum number of intersections (Peak X) was increased in the
6 mg/kg PCB dose group relative to vehicle controls in males,
but not females (Figures 5A,B). PCB effects on the maximum
number of dendritic intersections (Peak Y) were limited to female
animals, where they were decreased in 6 mg/kg CGG neurons
vs. CGG vehicle controls and in 6 mg/kg DM females relative
to 1 mg/kg DM females (Figure 5D). PCB effects on the area
under the Sholl curve were genotype- and sex-dependent. In
WT animals, the total AUC was increased in the male 6 mg/kg
dose group vs. WT male vehicle controls (Figure 5E). In T48261
animals, the total area under the Sholl curve was increased in
the male 1 mg/kg dose group vs. T48261 male vehicle control
(Figure 5E). Total area under the Sholl curve was also increased
in DM males in the 1 mg/kg dose group vs. the 0.1 or 6 mg/kg
dose group (Figure 5E). In contrast to males, total area under
the Sholl curve was unchanged in WT female mice and was
decreased in CGG 6 mg/kg females compared to CGG vehicle
control females (Figure 5F). Like males, total area under the Sholl
curve was greater in T48261 1 mg/kg females compared to T48261
vehicle control females (Figure 5F) and total area under the Sholl
curve was greater in DM 1 mg/kg females vs. the DM 6 mg/kg
females (Figure 5F). For both males and females, most of the
differences in AUC occurred in the proximal portion. Similar to
total area under the Sholl curve, proximal area under the Sholl
curve was increased in the 6 mg/kg dose group vs. vehicle control
in WT males, and increased in the 1 mg/kg PCB dose group
vs. vehicle control in T48261 and DM males (Figure 5G). In
CGG males and females, proximal area under the Sholl curve was
decreased in the 6 mg/kg PCB dose group vs. vehicle controls,
compared to an increase in DM 1 mg/kg females compared to
0.1 or 6 mg/kg DM females (Figure 5H). The only significant
difference in the distal area under the Sholl curve was found
in DM males, with a significant increase in the 1 mg/kg PCB
dose group relative to the 0.1 mg/kg group (Figures 5L]J). In
summary, these results indicate that developmental exposure
to the MARBLES PCB mixture increased dendritic complexity
in WT male cortical neurons at 6 mg/kg, an effect that was
influenced by genotype as T48261 and DM male cortical neurons
had indices of increased dendritic complexity at the 1 mg/kg dose.
In contrast, PCB exposure only affected female cortical neurons
from T48261 and CGG genotypes when compared to vehicle
controls, with increased complexity in T4826I cortical neurons
at the 1 mg/kg dose but decreased complexity in CGG cortical
neurons at the 6 mg/kg dose.

In other measures of dendritic arborization, effects were
driven by PCB dose for the total number of basilar dendrites,
terminal dendritic tips, dendritic length sum and the number
of nodes, with the 1 mg/kg PCB dose groups having greater
complexity than all other dose groups (Table 2). In addition, there
was a significant genotype by dose interaction for total dendritic
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FIGURE 4 | Genotype influences the effect of PCBs on the dendritic morphology of pyramidal neurons in the somatosensory cortex of juvenile mice. Sholl plots of
the basilar dendritic arbors of Golgi-stained layer IV/V pyramidal somatosensory cortical neurons in P27-31 male and female (A,B) WT, (C,D) T4826l, (E,F) CGG, or
(G,H) DM mice. Mice were exposed to the MARBLES PCB mix in the maternal diet throughout gestation and lactation. N = 44-48 neurons from at least six
independent mice per sex per genotype per dose. See also Supplementary Figure 2 for representative tracings of the basilar arbors of Golgi-stained layer IV/V
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length, which was largely driven by differences highlighted above
for the cortical Sholl profile analysis (Table 2). There was an
increase in the number of dendritic tips per dendrite in the
1 mg/kg PCB dose vs. the 0.1 mg/kg or 6 mg/kg PCB dose groups;
there were no effects of PCB exposure on mean dendritic length
(Table 2). Together, these results indicate a non-monotonic
dose response, with the 1 mg/kg PCB dose group having the
greatest response and an overall tendency to increased dendritic
complexity, especially in T4826I and DM neurons. In contrast,
vehicle-treated CGG neurons were more complex than the other
genotypes with the exception of the 6 mg/kg dose group, which
exhibited decreased CGG neuron complexity.

Examining PCB dose effects in each sex and genotype
independently, we observed differences in the number of primary

dendrites were limited to CGG females, with the number of
primary dendrites decreased in the 6 mg/kg dose group compared
to the 1 mg/kg dose group (Supplementary Figure 4A,B). Effects
of developmental PCB exposure on the number of dendritic
tips were seen in offspring of both sexes, but to a greater
extent in females. More specifically, the number of dendritic tips
was increased in DM 1 mg/kg males vs. DM vehicle control
males (Supplementary Figure 4C). However, in female neurons,
the number of dendritic tips was increased in the T4826I
1 mg/kg dose group vs. vehicle control, decreased in the CGG
6 mg/kg dose group vs. vehicle control, and decreased in the DM
6 mg/kg dose group vs. the 1 mg/kg dose group (Supplementary
Figure 4D). Dendritic tips in WT female neurons had a Kruskal-
Wallis p-value of 0.05 however no differences compared to

Frontiers in Neuroscience | www.frontiersin.org

December 2021 | Volume 15 | Article 766802


https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Keil Stietz et al.

PCB-Gene Interactions Influence Dendritic Arborization

Cortex
A _ Males B Females
=2
N§§3 EWT  39[T48261 31 OCGG 31 CIDM 3 mwr A [OT48261 3y [OCGG 3 ODM
o
£, 0 .
B0 |—F 8 .
cs S2 24 24 .. 2 2. . 21 21 21
5247 . s % m s R TP
oo 9 - - - - - o> on e m
=S . - o o
P}
[OXCRO)
L ot e A BN R L o SRR LT
288
825 s
SR s “ro s Ve s T s Yhaits “sams YwadE Yoot s
c _ [PCB mg/kg] D [PCB mg/kg]
@ £2.5- 2.5 2.5 2.5+ 2.54 2.54 2.5 2.5
Ss
8020{ | 2.0 2.0 20{ 2.0 2.0 204 __x 204 =
n O - . e . . 5 R
8515]. 154t iesds .15 L 1548 U3 . 15d-: 12 15, 154"
c o J s T .. - - - s - . .
-"c_ta‘:noiﬁ ﬁ1oéaa I é 1.0 i1o éél;lm EI :
kg0 0 1.0 émo- Ei A-|i o{HEIE @é Ejmo- @ é
E 50.5- T 05{" T05{T = v 05{" """ 059 "% o05{" 05{" 7 =os5{ %"
é;—; 0. 0 0 0 0 0
S 60116 00116 Gon T & 0011 & 0011 6 0011 6 bo 1 & Go11 6
E [PCB mg/kg] [PCB mg/kg]
28 4 4- 4+ 4+ 4+ 44 4+ 4+
35
=93 _« 3 3 3 3 3
o * % M &
U)b .7 I H . . *
eo24, 3. 2 2: 29" e 240 . 2q,
t’8 - HERN T 3 » Y s
R LR oty hads Besg
58 o fe2 ! I @ L
32 04— y — 04— 0b—=7r 0=
gu? 0011 6 @ 0011 & e 0011 6 0011 6 00116 0011 6
G [PCB mg/kg] [PCB mg/kg]
)
g2 259, 25 2.5- 2.5+ 2.5+ 2.5+ 2.5
o
86204 i 20{—— 20{_. 204 2.04 207 20{ *,
_=0.) . . H . >} . .
EES15], | 1i15{s 1% 15 15 $15Je . FE 15 1, 15{1 . %"
'?;_g LI § . . . 3
o8 1 ] $ 4
Eggmo-w i?mo- E 10@@@% 1.0 i 1.0 ééé 1.0 aééé 1.0 %éé
2E05{f T 05T T 05 ¢ 05 05{: . - o05{"?.% 053¢ ¥
OE
<2 o7+ 07+ 0l 71— 0
L 00.11 6 00116 0011 6 00.11 00116 00116
| ~ [PCB mg/kg] [PCB mg/kg]
gE12 12+ 12 12- 12- 12-
e
j=¥e}
o0
588 8- 8 8 8-
—_ >
TS0y .
L E% .
035 & . . * 2
S(é 490 P I 4'-: . 2 44 1 4
®© O s 3 .
OE
<2 o-%—é—é@o 0- 04
L 0.1 0.11 00.11 6 00.11 6 00116
[PCB mg/kg] [PCB mg/kg]

FIGURE 5 | Effects of PCBs on the dendritic morphology of pyramidal neurons in the somatosensory cortex of juvenile mice vary between genotypes and are dose
and sex dependent. Morphometric analyses of the basilar dendritic arbors of Golgi-stained pyramidal CA1 hippocampal neurons from P27-31 male and female WT,
T4826l1, CGG, or DM mice exposed to the MARBLES PCB mixture in the maternal diet throughout gestation and lactation. (A,B) The distance from the soma to the
maximum number of dendritic intersections (Peak X). (C,D) The maximum number of dendritic intersections (Peak Y). (E,F) The total area under the curve of the
Sholl plot (0-280 um from the soma). (G,H) Proximal area under the curve of the Sholl plot (10-70 wm from the soma). (I,J) Distal area under the curve of the Sholl
plot (80-140 wm from the soma). Data (N = 44-48 neurons from at least six independent mice per sex per genotype per dose) are presented as box plots, where the
box indicates the lower (25th) to upper (75th) quartiles, the “+” indicates the mean, whiskers indicate the 10-90th percentile, and dots represent values outside the
upper or lower fences. Bar and asterisk indicate a significant difference between groups as determined by Kruskal-Wallis test followed by Dunn’s multiple
comparisons test, or (E-T4826l, G-CGG) one-way ANOVA followed by Dunnett’s multiple comparisons test or (H-DM) Tukey’s multiple comparisons test with

p < 0.05 considered statistically significant. Average values of vehicle controls for WT, T48261, CGG and DM, respectively, are (A) 27.2, 27.1, 30.8, 30.2 pm; (B)
31.0,27.7,31.9, 27.1 um; (C) 10.1, 9.9, 11.0, 9.6 intersections; (D) 10.0, 9.9, 10.9, 10.5 intersections; (E) 504.0, 502.9, 603.5, 534.2 um?; (F) 522.7, 516.4,
642.1, 522.7 um?; (G) 403.8, 396.4, 466.4, 405.5 um?; (H) 407.9, 418.8, 477.8, 428.9 um?; (I) 52.7, 58.5, 81.4, 74.4 um?; and (J) 64.9, 52.8, 101.4, 47.2 um?.
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FIGURE 6 | Polychlorinated biphenyls effects on dendritic length and soma area are more prevalent in female vs. male pyramidal somatosensory cortical neurons.
Morphometric analyses of the basilar dendritic arbors of Golgi-stained pyramidal CA1 hippocampal neurons from P27-31 male and female WT, T4826l1, CGG, or DM
mice exposed to the MARBLES PCB mixture in the maternal diet throughout gestation and lactation. (A,B) Sum length of dendrites per neuron (wm). (C,D) Mean
dendritic length per neuron (um). (E,F) Cell body area (um?). Data (N = 44-48 neurons from at least six independent mice per sex per genotype per dose) are
presented as box plots, where the box indicates the lower (25th) to upper (75th) quartiles, the “+” indicates the mean, whiskers indicate the 10-90th percentile, and
dots represent values outside the upper or lower fences. Bar and asterisk indicate a significant difference between groups as determined by Kruskal-Wallis test
followed by Dunn’s multiple comparisons test, or (A-T4826l, E-WT, DM) one-way ANOVA followed by Dunnett’s multiple comparisons test or (E-CGG) one-way
ANOVA with Welch'’s correction followed by Dunnett’s T3 multiple comparison test with p < 0.05 considered statistically significant. Average values of vehicle
controls for WT, T4826l, CGG and DM, respectively, are (A) 582.2, 583.0, 699.4, 617.5 um; (B) 603.1, 591.4, 740.5, 612.1 um; (C) 94.7, 96.9, 113.8, 110.5 um;
(D) 108.6, 99.8, 123.7, 100.2 um; (E) 229.2, 228.0, 256.1, 235.1 pm?; and (F) 233.2, 224.6, 267.3, 222.9 pm?.

vehicle control were significantly different upon post hoc analysis
(Supplementary Figure 4D). There were no differences in
the number of dendritic tips normalized to primary dendrite
number (Supplementary Figures 4E,F). Total dendritic length
per neuron was increased in the 1 mg/kg dose group vs.

vehicle control in T48261 and DM males and in the 1mg/kg
and 0.1 mg/kg dose group in T4826] females (Figures 6A,B).
Additionally, the total dendritic length was decreased in the
female CGG 6 mg/kg dose group vs. vehicle control, and in
the female DM 6 mg/kg dose group vs. 1 mg/kg dose group
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(Figure 6B). Mean dendritic length per neuron was increased
in male DM in the 1 mg/kg PC dose group vs. the 0.1 mg/kg
dose group (Figure 6C), but was decreased in CGG females
in the 0.1 mg/kg and 6 mg/kg dose groups vs. vehicle control
(Figure 6D). In summary, PCBs at 1 mg/kg tended to increase
complexity within DM and T48261 males and T48261 females
vs. vehicle control, and PCBs at 6 mg/kg decreased dendritic
complexity in CGG females.

Similar to hippocampal neurons, soma area of cortical
neurons was significantly impacted by genotype and PCB
exposure. CGG neurons had greater soma area than T48261 and
DM neurons and T48261 neurons had reduced soma area relative
to WT neurons (Table 2). There was also a dose effect for soma
area, with the 0.1 mg/kg and 1 mg/kg PCB dose groups having
greater area than vehicle control neurons (Table 2). Examining
each sex and genotype independently, soma area was increased
in the 0.1 mg/kg PCB dose group vs. vehicle control in WT male
neurons (Figure 6E). There was also a decrease in soma area
in the 6 mg/kg PCB dose group vs. the 0.1 mg/kg PCB dose
group in male CGG neurons (Figure 6E). A greater number
of PCB effects were observed in female neurons. Unlike WT
hippocampal neurons, there was a significant increase in soma
area in the 0.1, 1, and 6 mg/kg PCB dose groups vs. vehicle
control in WT female neurons (Figure 6F). In CGG female
neurons, there was a significant decrease in soma area in the
Img/kg and 6 mg/kg dose group compared to vehicle control.
In contrast, in DM female neurons, there was a significant
increase in soma area in the 6 mg/kg PCB dose group vs. vehicle
control (Figure 6F). In summary, PCBs increased soma area
in WT cortical neurons in a sex- and dose-dependent manner,
and this effect was affected by genotype since CGG female
neurons had decreased soma area while DM female neurons had
increased soma area at the 6 mg/kg PCB dose group relative to
vehicle controls.

Table 3 summarizes data presented in Figures 2, 3, 5, 6 and
Supplementary Figures 3, 4, which are the PCB dose responses
(indicated by arrows) within each sex and genotype relative to the
vehicle control for each parameter of dendritic arborization that
was measured in this study.

DISCUSSION

We describe novel data demonstrating that developmental
exposure to a human-relevant PCB mixture alters dendritic
arborization in the juvenile mouse brain; however, the dendritic
outcome and dose-response relationship varied depending on
sex, genotype, and brain region. These findings support the
hypothesis that PCBs interact with heritable human mutations
that alter the fidelity of neuronal Ca?* signaling to confer
NDD risk. This conclusion is based on two lines of evidence.
First, dendritic arborization was significantly increased in cortical
neurons of WT males in the 6 mg/kg PCB dose group. By
comparison, the dendritic complexity of cortical neurons was
significantly increased in T4826I and DM males in the 1 mg/kg
PCB dose group, suggesting that expression of the T4826I-RYRI
mutation, either alone or in combination with CGG mutation,

increased sensitivity of male cortical neurons to the dendrite-
promoting effects of the MARBLES PCB mixture, evident as a
leftward shift of the dose-response relationship. This is consistent
with previous reports that RYRI gain-of-function mutations
confer heightened sensitivity to RyR-active PCBs in vitro (Ta
and Pessah, 2007). Second, while developmental exposure of WT
mice to the MARBLES PCB mixture had no significant effect
on the dendritic morphology of male or female hippocampal
neurons or female cortical neurons, it significantly altered the
dendritic arborization of these neuronal cell types in mice
that expressed one or more transgenes. Specifically, dendritic
arborization of hippocampal neurons was significantly increased
in DM males in the 6 mg/kg dose group and DM females in
the 0.1, 1, and 6 mg/kg dose groups. The dendritic arbors of
cortical neurons were more complex in T4826I females in the
1 mg/kg dose group, while dendritic arborization was decreased
in CGG females in the 6 mg/kg dose group. Overall, these
results add to a growing body of literature indicating that
the genetic substrate can modulate the response to neurotoxic
environmental chemicals.

Several interesting observations emerged from this study,
including: (1) cortical neurons were more sensitive than
hippocampal neurons to the dendritic effects of the MARBLES
PCB mix; and (2) sex strongly influenced dendritic responses to
PCB exposure. The observation of the differential sensitivity of
cortical and hippocampal neurons is consistent with our earlier
studies of dendritic arborization in the hippocampus and cortex
of juvenile rats developmentally exposed to the commercial PCB
mixture Aroclor 1254 (Lein et al., 2007; Yang et al., 2009). The
observation regarding the influence of sex is also consistent
with previous studies in which we demonstrated sex-dependent
effects of PCB 95 and PCB 11 on the dendritic arborization
of primary hippocampal and cortical neurons in vitro (Sethi
et al., 2017; Keil et al., 2019a). The in vivo sex differences we
observed in this study varied between genotypes. Specifically,
PCB effects on dendritic arborization of cortical neurons were
male-specific in WT and DM mice, but female-specific in CGG
mice. Moreover, the direction of the dendritic response of cortical
neurons to PCBs varied depending on sex, with male WT and
DM cortical neurons exhibiting increased dendritic arborization
and female CGG cortical neurons exhibiting decreased dendritic
arborization. More subtle sex differences were observed in DM
hippocampal neurons and T48261 cortical neurons: (1) female
and male DM hippocampal neurons responded similarly to PCBs
with increased dendritic arborization, but female neurons were
more sensitive, responding to the MARBLES PCB mixtures at
0.1, 1, and 6 mg/kg/d while male neurons were affected only by
the 6 mg/kg/d dose; and (2) while the direction of the dendritic
response in DM hippocampal neurons and T4826I cortical
neurons was similar between sexes, the specific parameters of
dendritic arborization that were altered by PCBs differed. While
it is widely posited that sex differences in dendritic arborization
and neuronal connectivity contribute to the sex bias in the
prevalence of a number of NDDs (Alaerts et al., 2016; McCarthy,
2016), our findings support an emerging literature suggesting that
sex differences in the response to environmental neurotoxicant
exposure may contribute to NDD sex bias.
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TABLE 3 | Summary of PCB effects on neuron morphology within each sex and genotype.

Response to PCBs Hippocampus Cortex
relative to
genotype vehicle
control
WT T48261 CGG DM WT T48261 CGG DM
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The biological basis for the differential susceptibility of
females vs. males and hippocampal vs. cortical neurons is not
known. One possibility is sex and regional differences in PCB
toxicokinetics. PCBs tend to be lipophilic and thus would be
predicted to be uniformly distributed throughout the brain in
both sexes; however, this has yet to be demonstrated. Moreover,
it is now appreciated that hydroxylated metabolites of PCBs
can have neurotoxic properties that differ from those of the
parent congener (Klocke and Lein, 2020), and expression of the
cytochrome P450 enzymes that metabolize PCBs differ by sex
and brain region (Stamou et al., 2014). Another non-mutually
exclusive possibility is that PCB toxicodynamics vary according
to sex and/or brain region. While addressing this possibility
will require identification of the mechanism(s) that mediate the
effects of the MARBLES PCB mixture on dendritic arborization,
if RyR activity is involved, there is significant evidence in the
literature that expression of RyRs and accessory proteins that
regulate its gating properties are developmentally regulated and
vary across brain regions (Pessah et al., 2010).

A novel observation of this study was the effect of the
MARBLES PCB mixture on soma size, with PCB effects on
this morphometric parameter observed in all but the T4826I

genotype. Generally, developmental PCB exposure decreased
hippocampal soma size but increased cortical soma size. The
two exceptions to this generalization were increased soma size
of female DM hippocampal neurons in the 6 mg/kg dose group
and decreased soma size of female CGG cortical neurons in
the 1 mg/kg and 6 mg/kg dose group. Interestingly, PCB effects
on soma size in hippocampal neurons were phenocopied in the
T48261 and DM genotypes, which had hippocampal neurons
with smaller soma sizes relative to WT controls. PCB effects
on soma size did not necessarily correlate with PCB effects
on dendritic complexity. For example, while developmental
exposure to the MARBLES PCB mix significantly decreased soma
size of hippocampal neurons in male and female WT mice,
male CGG mice, and male DM mice, dendritic arborization
in these neuronal cell types was either unaffected (male and
female WT mice and male CGG mice) or increased (male DM
mice) relative to sex- and genotype- matched control. Moreover,
PCBs significantly increased dendritic arborization of male and
female T4826I cortical neurons, but had no significant effect
on soma size in these neurons. These observations suggest
that different mechanisms mediate the morphometric effects
of PCBs on soma vs. dendrites, and that the PCB effects on

Frontiers in Neuroscience | www.frontiersin.org

December 2021 | Volume 15 | Article 766802


https://www.frontiersin.org/journals/neuroscience
https://www.frontiersin.org/
https://www.frontiersin.org/journals/neuroscience#articles

Keil Stietz et al.

PCB-Gene Interactions Influence Dendritic Arborization

either morphometric parameter do not simply reflect general
cellular hypertrophy.

Other environmental exposures have been reported to alter
soma size. For example, developmental exposure to morphine
was found to decrease or increase soma size of ventral tegmental
area dopaminergic neurons depending on the brain region to
which the neurons projected (Simmons et al., 2019). Soma size
has been linked to cognitive ability, with increased hippocampal
soma size in birds hypothesized to enhance spatial memory
and survival in changing climate conditions (Freas et al,
2013). In a rat model of autism-like behavior, soma size of
hippocampal CA1 pyramidal neurons was reduced in offspring
developmentally exposed to valproic acid (Hajisoltani et al.,
2019). The effects of reduced soma size on cognitive behavior
may extend to humans, as hippocampal soma size is reduced
in individuals with schizophrenia (Benes et al., 1991). Human
iPSC cells with a knockdown of SHANKS3, an autism-related
gene, or neurons derived from iPSC from patients with Rett
syndrome also exhibited reduced soma size (Marchetto et al,
2010; Huang et al,, 2019). Conversely, there is evidence that
increased soma size is associated with altered cognitive ability:
mice lacking the FMR protein had increased neuronal somata
(Selby et al, 2007). These observations suggest that either
abnormally enlarged or reduced neuronal soma size may be
detrimental to cognitive function, identifying another NDD-
relevant outcome influenced by interactions between PCBs
and human mutations associated with altered Ca?*-dependent
signaling and/or neuronal connectivity.

A question raised by this study is whether gene dosage
affected dendritic arborization in the absence or presence of
developmental PCB exposures. Gene dosage seemed to influence
dendritic outcome independent of developmental PCB exposure
as evidenced by the observation that male DM hippocampal
neurons had significantly more complex dendritic arbors than
male T4826I hippocampal neurons (assessed as distal area under
the Sholl curve, Table 1). Gene dosage also seemed to influence
sensitivity of hippocampal neurons to the dendritic effects of
the MARBLES PCB mixture since PCB effects on this neuronal
cell type were only observed in male and female DM mice.
Assessing the influence of gene dosage on the response of cortical
neurons to PCBs is more difficult because PCB effects on cortical
neurons were more complex. Nonetheless, male DM cortical
neurons were more sensitive to the dendrite-promoting activity
of PCBs than male WT and CCG neurons. Conversely, the
dendritic arborization of female DM cortical neurons was not
altered by developmental PCB exposure compared to vehicle
control, while female T48261 cortical neurons responded to
PCBs with more complex dendritic arbors and female CGG
cortical neurons responded with less complex dendritic arbors.
Based on these observations, it is difficult to determine whether
the T48261 and CGG genotypes contributed equally to the
DM phenotype. In male cortical neurons, developmental PCB
exposure increased the proximal area under the Sholl curve in
both T48261 and DM mice in the 1 mg/kg dose group, but had no
effect or reduced this parameter in male CGG cortical neurons,
suggesting this phenotype in DM males was driven largely by the
T48261-RYRI mutation. However, in male hippocampal neurons,

developmental PCB exposure decreased soma area in CGG and
DM neurons of mice in the 1 mg/kg dose group but not in T48261
neurons, suggesting this PCB response is largely influenced by
the CGG mutation. Yet in other cases, the DM response to PCBs
was not phenocopied by either the T48261 or CGG genotype.
For example, in hippocampal neurons, PCB responses were
only seen in DM mice and not mice of the other genotypes.
Additionally, in female cortical neurons, developmental PCB
exposure increased dendritic complexity in T4826I mice in the
Img/kg dose group, decreased dendritic arborization in CGG
mice in the 6 mg/kg dose group, and had no effect on dendritic
arborization in DM mice compared to vehicle controls. This
latter scenario may reflect an additive effect of both genotypes.
Collectively, these observations suggest that while the T4826I-
RYRI and CGG mutations both alter the fidelity of Ca** signaling
in neurons (Barrientos et al., 2012; Cao et al., 2012; Robin et al.,
2017), the interactions between these mutations in the DM mice
are complex, potentially reflecting mechanism(s) independent of
Ca’?* signaling.

Several potential mechanisms by which MARBLES PCBs
interact with the T4826I-RYRI and FMRI CGG repeat
expansion mutations to modulate dendritic arborization
include (1) PCB induced changes in the expression of RYRI
and FMR1/FMRP and/or (2) convergence on the same signaling
systems dysregulated by these genetic factors at critical times
during development. With respect to the former, we have
previously demonstrated that gestational and lactational
exposure to Aroclor 1254 in the maternal diet at 1 or 6 mg/kg/d
dose-dependently increased RyR expression in the cerebellum
of weanling pups (Yang et al., 2009). Whether the MARBLES
mix similarly increases RyR expression and whether any PCB(s)
increase expression of FMRP is not known, but should be
the focus of future investigations. Several lines of evidence
support a model in which PCBs and genetic factors converse on
Ca’*-dependent signaling pathways. First, the MARBLES PCB
mixture has RyR activity as determined by equilibrium binding
of [*H]ryanodine to RyRl-enriched microsomes (Sethi et al,
2019). Moreover, two of the MARBLES PCB congeners, PCB 95
and PCB 11, promote dendritic growth in primary hippocampal
and cortical neurons via activation of Ca?>*-dependent signaling
pathways involving CREB, Wnt, miR132, and/or mTOR (Yang
et al., 2009; Wayman et al., 2012a,b; Lesiak et al., 2014; Keil
et al., 2018; Sethi et al., 2018). The signaling pathways activated
by PCBs to increase dendritic arborization map onto Ca’™-
dependent signaling pathways altered in NDDs (Stamou et al.,
2013; Panesar et al, 2020). Second, both the T4826I-RYRI
gain of function mutation (Barrientos et al., 2012) and the
FMR1 CGG repeat expansion mutation (Cao et al., 2012; Robin
et al., 2017) have been shown to increase resting intracellular
Ca’t concentrations and spontaneous Ca?* oscillations in
neuronal cells. Increased intracellular Ca?* promotes dendritic
growth via a CaMK-CREB-Wnt signaling pathway (Wayman
et al., 2006) and dendritic spine formation via a CREB-miR132
pathway (Impey et al., 2010). Intracellular Ca?* also regulates
mTOR-dependent translational control of dendritic growth
(Kumar et al.,, 2005; Urbanska et al., 2012). The FMRI CGG
repeat expansion mutation results in decreased expression of
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the translational repressor FMRP (Hagerman and Hagerman,
2013), which effectively alters mTOR signaling (Wang et al.,
2012). FMRP also functions as a chaperone for miR132, but the
effects of decreased FMRP on miR132 signaling are not known.
Expression of either the RYRI gain of function mutation (Pessah,
personal communication) or the FMRI CGG repeat expansion
(Chen et al., 2010) have been shown to alter dendritic growth
in primary neurons. We propose that at least a subset of PCB
congeners in the MARBLES PCB mixture converge on these
signaling pathways to amplify the effects of these gene mutations
on dendritic arborization.

While further studies are required to confirm this model, it
does provide a potential explanation for the observation that in
contrast to previous studies of rats exposed developmentally to
PCB 95 (Wayman et al., 2012b) or Aroclor 1254 (Lein et al,
2007; Yang et al., 2009), the MARBLES mix did not promote
dendritic arborization in the CAl pyramidal neurons in the
hippocampus of WT mice. PCB 95 is among the most potent
congener with respect to RyR sensitization (Pessah et al., 2010),
and Aroclor 1254 contains a significant percentage of RyR-
active PCB congeners, including PCB 95 (Howard et al., 2003).
In contrast, PCB 95 comprised only 1.2% of the total mass
in the MARBLES mixture. Moreover, a comparative analysis
of the in vitro RyR potency of PCB 95 vs. the MARBLES
mix showed that the MARBLES mix activates the RyR at
micromolar concentrations with a maximal activation of 4-fold
while PCB 95 activated the RyR at nanomolar concentrations
and the maximal activation was 12-fold (Sethi et al., 2019). This
earlier in vitro study compared the RyR potency of each of the
individual PCB congeners in the MARBLES mix, and the results
indicate that the most potent RyR sensitizing congeners comprise
~9% of the MARBLES mix. Therefore, if RyR sensitization
is the predominant mechanism driving PCB-induced dendritic
arborization, it is perhaps not surprising that the MARBLES mix
did not promote dendritic arborization in hippocampal neurons
of WT animals. However, we did observe increased dendritic
arborization of cortical neurons in WT animals, suggesting that
the dose-dependency of PCB-induced dendritic growth varies
between brain regions.

A model in which PCBs and genetic factors interact
via convergence on Ca’T-dependent signaling pathways also
provides a potential explanation for the non-monotonic dose-
related effect of the MARBLES PCB mix on dendritic
arborization. Multilevel linear mixed-effects modeling identified
a main effect of dose on the dendritic complexity of cortical
neurons with the 1 mg/kg PCB dose group exhibiting
significantly increased dendritic arborization compared to
vehicle controls or the 0.1 and 6 mg/kg dose groups. A similar
non-monotonic dose-response relationship has been reported
in previous in vivo and in vitro studies of Aroclor 1254,
PCB 95 and PCB 136 (Yang et al., 2009, 2014; Wayman
et al., 2012b). The mechanism underlying this dose-response
relationship is not known, but a possibility is suggested by
in vitro studies demonstrating that moderate increases in Ca>*
promote dendritic growth whereas large increases cause dendritic
retraction (Segal et al., 2000; Lohmann and Wong, 2005). Thus,
if PCBs and the T4826I-RYRI and FMRI CGG repeat expansion

mutations are modulating dendritic growth via increased levels of
intracellular Ca ™, then higher PCB doses, increased gene dosage,
or the combination of PCBs and gene mutations may increase
intracellular Ca?* above concentrations that promote dendritic
growth to levels that trigger dendritic retraction, perhaps via
activation of calpain (Baudry et al, 2013) or preferential
activation of CaMKIV (Redmond et al., 2002). This mechanism
may also explain the observation that MARBLES PCBs decreased
dendritic complexity of female CGG cortical neurons. Testing
this hypothesis is an important area of future study, findings
from which will expand our understanding of how environmental
and genetic risk factors and potentially provide algorithms
for predicting specific gene-environment interactions likely to
increase the risk of adverse neurodevelopmental outcomes.

An outstanding question is whether effects of the MARBLES
PCB mixture on dendritic arborization are linked to changes
in behavior. The animals used in this study were assessed in
tasks that measured social communication, repetitive behavior
and sociability (data under review). While aberrant behavior
was observed in PCB-exposed animals, there was not a one-
to-one correlation between PCB effects on dendritic growth
and behavior in terms of dose-response relationships or
genotype effects. However, this does not negate the relevance
of the dendritic findings since we may not have captured the
neuroanatomic circuits that mediate the behaviors that were
assessed. We believe the dendritic findings are relevant to human
NDDs for several reasons. First, animals were exposed to a
human-relevant PCB mixture that reflected the PCB congener
profile in the gestational environment of at-risk individuals, and
the PCB concentrations measured in brain tissue of exposed
pups were within the range of PCB levels measured in human
brain tissue (Sethi et al., under review)?. Second, both increased
and decreased dendritic arborization are thought to contribute
to the clinical phenotypes associated with many NDDs (Coskun
et al,, 2013; Keown et al.,, 2013; Khan et al,, 2015; Alaerts et al,,
2016; Cooper et al., 2017). In summary, these studies add to the
growing body of literature implicating PCBs as NDD risk factors,
and identify genetic mutations that may amplify the effects of
neurotoxic PCBs on the developing brain.
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