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Abstract

The gut microbiota is important for maintaining homeostasis of the host. Gut microbes represent
the initial site for toxicant processing following dietary exposures to environmental contaminants.
The diet is the primary route of exposure to polychlorinated biphenyls (PCBs), which are absorbed
via the gut, and subsequently interfere with neurodevelopment and behavior. Developmental
exposures to PCBs have been linked to increased risk of neurodevelopmental disorders (NDD),
including autism spectrum disorder (ASD), which are also associated with a high prevalence of
gastrointestinal (Gl) distress and intestinal dysbiosis. We hypothesized that developmental PCB
exposure impacts colonization of the gut microbiota, resulting in GI pathophysiology, in a
genetically susceptible host. Mouse dams expressing two heritable human mutations (double
mutants [DM]) that result in abnormal Ca?* dynamics and produce behavioral deficits (gain of
function mutation in the ryanodine receptor 1 [T48261-RYR1] and a human CGG repeat expansion
[170-200 CGG repeats] in the fragile X mental retardation gene 1 /FMR1 premutation]). DM and
congenic wild type (WT) controls were exposed to PCBs (0-6 mg/kg/d) in the diet starting 2
weeks before gestation and continuing through postnatal day 21 (P21). Intestinal physiology
(Ussing chambers), inflammation (gQPCR) and gut microbiome (16S sequencing) studies were
performed in offspring mice (P28-P30). Developmental exposure to PCBs in the maternal diet
caused significant mucosal barrier defects in ileum and colon (increased secretory state and tight
junction permeability) of juvenile DM mice. Furthermore, PCB exposure increased the intestinal
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inflammatory profile (//6, 1/1, and //22), and resulted in dysbiosis of the gut microbiota,
including altered B-diversity, in juvenile DM mice developmentally exposed to 1 mg/kg/d PCBs
when compared to WT controls. Collectively, these findings demonstrate a novel interaction
between PCB exposure and the gut microbiota in a genetically susceptible host that provide novel
insight into environmental risk factors for neurodevelopmental disorders.
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INTRODUCTION

Colonization of the gastrointestinal (GI) tract with microbes begins at birth, and the
composition of the microbiota is extremely plastic during early postnatal development. The
neonatal period is critical for proper establishment of the microbiota, with bacterial
communities undergoing dramatic changes in diversity prior to weaning (Chong et al.,
2018). Compared to adults, neonates are particularly sensitive to the effects of pathological
insults, such as stress (Pusceddu et al., 2015), bacterial infection (Owino et al., 2016),
antibiotic treatment (Leclercq et al., 2017) or neurotoxicant exposures (Bellinger et al.,
2016). This increased sensitivity is due in part to rapid development coupled with an
immature gut, altered immune response, and low diversity microbiota (Belkaid and Hand,
2014; Kundu et al., 2017) during the neonatal period.

Dysbiosis induced by pathological insults during early life can have long-term impacts on
the composition and diversity of the intestinal microbiota, which can have multiple
downstream consequences on the physiology, immunology, and neurobiology of various
organ systems, including the gut and the brain (Gareau et al., 2007). For example, in
addition to diagnostic behavioral impairments, children with autism spectrum disorders
(ASD) have a high risk for concurrent GI symptoms, including constipation and/or diarrhea
coupled with low digestive enzyme activity, impaired intestinal barrier function, and the
presence of circulating antibodies to dietary antigens (Sanctuary et al., 2018). It is widely
appreciated that gene by environment interactions influence individual risk for ASD (Bolte
et al., 2018); however, the mechanisms underlying these interactions remain largely
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unknown. Given the strong association between behavioral impairments and Gl
pathophysiology, the gut microbiota may represent an exciting new link between
environmental exposures, genetics, and behavioral outcomes in ASD. Therefore, studying Gl
physiology and the microbiota following developmental exposure to neurotoxic
environmental chemicals may provide novel insights regarding the influence of
environmental factors on the risk for neurodevelopmental disorders (NDD).

A ubiquitous environmental neurotoxicant of considerable interest to both gut and mental
health are the class of persistent organic pollutants, known as polychlorinated biphenyls
(PCBs). Early life exposures to PCBs are strongly correlated with neurological deficits in
children (Berghuis et al., 2015; Grandjean and Landrigan, 2006; Sagiv et al., 2012; Schantz
et al., 2003). Further, levels of PCB 95 were found to be higher in the brain of children
diagnosed with a genetic form of ASD compared to neurotypical controls (Mitchell et al.,
2012). Despite the ban on their production, PCBs remain prevalent in the environment,
released as unintentional byproducts of contemporary industrial processes and from old
buildings, equipment, and waste facilities (Fernandez-Gonzalez et al., 2011; Herrick et al.,
2007; Herrick et al., 2004; Robson et al., 2010). A primary route of exposure is via the Gl
tract through consumption of contaminated foods (Ampleman et al., 2015; Cimenci et al.,
2013); however, the impact of PCBs on the gut microbiota and potential impacts on
intestinal physiology are poorly understood (Norstrom et al., 2010). Recently, PCB 126
exposure in adult mice was found to induce intestinal dysbiosis and impair host metabolism,
including insulin levels, and caused increased Gl and systemic inflammation as seen by
elevated proinflammatory cytokines, including IFN-y (Petriello et al., 2018). Another study
involving adult mice exposed to the Fox River PCB mixture found that PCBs dose-
dependently impacted bile acids and this effect was mediated by the microbiota as
demonstrated using germ free mice (Cheng et al., 2018). While highly novel, these studies
did not assess developmental exposures, nor address the impacts of exposure on intestinal

physiology.

To better understand the influence of potential interactions between genetic substrate and
developmental PCB exposures on gut microbiome and function, we chose to use a mouse
model of NDD that expresses two clinically relevant mutations that contribute to abnormal
calcium signaling in neurons. These mutations are also of interest because they converge on
the same genes/signaling pathways implicated in the developmental neurotoxicity of PCBs
(Stamou et al., 2013). The first is a gain of function mutation in the ryanodine receptor
(RyR) that confers susceptibility to malignant hyperthermia in humans (Dlamini et al., 2013;
Pessah et al., 2010). Direct interaction of PCBs with RyR sensitize their activation to
endogenous RyR modulators, and PCBs have been demonstrated to activate Ca?* signaling
pathways that are critical for neurodevelopment, including dendritic growth and spine
formation (Lesiak et al., 2014; Wayman et al., 2012), which are known to be altered in many
neurodevelopmental disorders (Stamou et al., 2013). The second genetic hit of interest is a
CGG repeat expansion mutation in the fragile X mental retardation (FMR1) gene, which is
the most prevalent monogenic loci associated with increased NDD risk (Krueger and Bear,
2011; Leehey and Hagerman, 2012; Willemsen et al., 2003). In mice expressing FMR1 CGG
expansions <200 repeats (a model of FMR1 premutation) were shown to have chronically
elevated cytoplasmic resting Ca2* and p-calpain activity in premutation neurons (Robin et
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al., 2017). Co-expression of these two mutations has recently been found to confer social
behavioral deficits as well as increased hippocampal dendritic arborization in juvenile mice
compared to wild type congenic control mice (Keil et al., 2019).

It is becoming increasingly evident that individuals diagnosed with NDDs, like ASD,
display altered gut microbiome compositions compared to typically developing individuals
(De Angelis et al., 2013; Kang et al., 2018). Yet whether this dysbiosis is caused by genetic
or environmental stimuli, or both, remains unknown. Using a mixture of PCBs based on the
congener profile found in pregnant women at increased risk of having a child with a NDD
(Barkoski et al., 2018; Sethi et al., 2019), we asked whether developmental exposure to
PCBs impacts colonization of the gut microbiota, intestinal permeability, and the mucosal
immune response. Finally, we hypothesized that mice that express heritable mutations that
contribute to abnormal neuronal Ca2* dynamics and are associated with neurobehavioral
impairments would be more susceptible to PCB-induced gut effects than WT congenic mice.

MATERIALS AND METHODS

Mice

This study utilized mice expressing a human gain-of-function mutation in RyR1 (T48261-
RYRI) and a human CGG repeat expansion (170-200 CGG repeats) in the FMR1 gene
(premutation range), which are referred to as the double mutant [DM] mice, or congenic
wildtype (WT: 75% C57BL/6; 25% Sv129 as determined by SNP analysis) mice. The DM
mouse was previously described (Keil et al., 2019). CGG repeat lengths were confirmed
using Expanded High Fidelity Plus PCR System (Roche Diagnostics, Indianapolis, IN) as
described previously (Chen et al., 2010). Genotyping of T48261 was confirmed as described
previously (Barrientos et al., 2012). Briefly the PCR conditions for the mutant reaction
consisted of 0.5 uM of forward and reverse mutant primers, 1x GoTaq buffer, 2 mM MgCI2,
0.4 mM dNTP and 0.25 pl GoTaqg Polymerase. The reaction for the WT gene consisted of
0.53 uM forward wild type primer, 0.57 uM reverse wild type primer, 1x GoTaq buffer, 2
mM MgCl2, 0.4 mM dNTP, 0.25 ul GoTag Polymerase. PCR conditions were as follows.
Mutant; 95°C for 3 min, 40 cycles of 95°C for 30 sec, 60°C for 30 sec, 72°C for 30 sec and a
final extension of 72°C for 10 min. WT: 95°C for 3 min, 40 cycles of 95°C for 30 sec, 55°C
for 30 sec, 72°C for 30 se ¢ and a final extension of 72°C for 10 min. PCR product was run
on a 1.5% agarose gel at 125 V for 30 min; the expected size of mutant band was 100 bp,
and WT, 353 bp.

Mice were bred in-house in a specific pathogen-free vivarium and kept in clear plastic cages
containing corn cob bedding and maintained on a 12 h light and dark cycle at 22 + 2°C.
Food (Diet 5058, LabDiet, Saint Louis, MO) and water were available ad /ibitum. Mice were
euthanized by CO, asphyxiation followed by cervical dislocation. All procedures involving
animals were conducted in accordance with the NIH Guide for the Care and Use of
Laboratory Animals and were approved by the University of California Davis Animal Care
and Use Committee (IACUC #20584).
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The MARBLES (Markers of Autism Risk in Babies — Learning Early Signs) (Hertz-
Picciotto et al., 2018) PCB mixture corresponds to the relative proportion of the 12 most
abundant PCBs measured in serum from mothers at elevated risk for having a child with a
NDD in a UC Davis MIND institute study (Sethi et al., 2019). PCBs for this study were
synthesized by Dr. Hans Joachim Lehmler (University of lowa, lowa City, IA) and were >
99% pure as determined by 1H-NMR, 13C-NMR, and GC-MS, as previously described
(Sethi et al., 2019). The MARBLES mix includes the following PCBs listed by descending
proportion (%): PCB 28 (48.2), PCB 11 (24.3), PCB 118 (4.9), PCB 101 (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 mix was dissolved in organic peanut oil (Spectrum Organic
Products, LLC, Melville, NY) and provided to dams daily via organic peanut butter (Trader
Joe’s, Monrovia, CA).

Study Design

The experimental design is schematized in Figure 1. Adult primiparous female mice were
randomly assigned to a PCB dose group at the beginning of the study. Vehicle or the PCB
mixture (0.1, 1, or 6mg/kg/day; 8 litters per treatment) was administered daily in the dam’s
home cage beginning two weeks prior to mating and continued until weaning at postnatal
day 21 (P21). Tissues were collected from juvenile male and female mice at P28-P30 for
assessment of intestinal function, inflammation, and microbiota analysis. One male and one
female mouse per litter were used per experiment to avoid litter effects. No sex effects were
observed; therefore, all data are presented as combined males and females of equal
proportion.

Ussing chambers

Histology

Ussing chamber studies were performed to assess intestinal physiology (Clarke, 2009).
Briefly, a small piece of intestinal tissue (distal ileum and proximal colon) was collected
from individual animals, cut along the mesenteric border, and mounted on Ussing chambers
(Physiological Instruments, San Diego, CA), exposing 0.1 cm? of tissue area to circulating
oxygenated Ringer’s buffer maintained at 37°C. The Ringer’s buffer was made of (in mM):
115 NaCl, 1.25 CaCl,, 1.2 MgCls, 2.0 KH,PO,4 and 25 NaHCO3 at pH 7.35 £ 0.02. Glucose
(10 mM) was added to the serosal compartment as a source of energy, which was
osmotically balanced with mannitol (10 mM) in the mucosal compartment. lon transport and
permeability across the tissue layer were assessed in real time. Active ion transport was
measured by short-circuit current (Isc) at baseline, along with conductance (G) as a marker
of paracellular, tight junction permeability. Macromolecular permeability was assessed by
mucosal to serosal flux of FITC-labeled dextran (Sigma; 4 kDa), which was measured by
sampling every 30 min on the serosal side.

Ileal and colonic tissue segments were collected and drop fixed in 10% neutral buffered
formalin for 48h then transferred to 70% isopropyl alcohol for dehydration and processed
for paraffin embedding. Paraffin blocks were cut using a microtome (4 um sections) onto
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glass slides and processed for hematoxylin and eosin (H&E) staining. Briefly, slides were
de-paraffinized and re-hydrated followed by staining and subsequent dehydration. Tissue
was then cleared in histoclear and mounted with xylene based permount mounting media.
Images were taken at 20X on a Nikon Eclipse E600 microscope using a Nikon Digital Sight
DS-U3 camera to assess for damage and representative images are presented.

Gene expression by gPCR analysis was performed on colonic and ileal tissue samples.
Tissue was collected and stored in Trizol, and RNA was extracted as per the manufacturer’s
instructions (Life Technologies). mMRNA was transcribed into cDNA (Bio-Rad, iScript) and
amplified using SYBR green (Life Technologies). Pro-inflammatory cytokines, including
interleukin (7/)6, /112, and //13 and the regulatory cytokine //22were quantified. In addition,
pattern recognition receptors (PRR) important in innate immunity, including nucleotide
oligomerization domain (Mod)1 and NodZ, were quantified as was the anti-microbial peptide
Regllly. Primers were obtained from Primerbank and validated by standard curve (Table 1).

Microbiota analysis

Frozen fecal samples collected at euthanasia were processed by the UC Davis mouse
metabolic phenotyping core (MMPC; NIH funded) and Host Microbe Systems Biology Core
(HMSBC). Total bacterial DNA was extracted using the Mo-Bio (now Qiagen) PowerFecal
kit. Sample libraries were prepared and analyzed by bar coded amplicon sequencing. In
brief, the purified DNA was amplified on the V4 region of the 16S rRNA genes via PCR
using the following primers: F319 (5’-ACTCCTACGGGAGGCAGCAGT-3’) and R806 (5’-
GGACTACNVGGGTWTCTAAT-3’). High-throughput sequencing was performed with
Illumina MiSeq paired end 250-bp run. Sequencing was performed by the UC Davis
HSMBC and analysis by the MMPC. Raw sequences have been uploaded to the SRA
(Sequence Read Archive) under accession SRP151673.

The data derived from sequencing was processed using QIIME2 for 16S based microbiota
analyses (QIIME 2 Development Team (2017)). Demultiplexed paired end sequences that
already had barcodes and adapters removed were analyzed using QIIME2 version 2017.12.1.
For quality filtering and feature operational taxonomic unit (OTU) prediction, we used
DADAZ2 (Callahan et al., 2016). Upon reviewing the sequence quality data, we trimmed 0
nucleotides from the 5’ end of the forward and 0 nucleotides from the reverse reads. Forward
reads were truncated to 270 nucleotides and reverse reads to 220 nucleotides. Representative
sequences were aligned using MAFFT (Katoh and Standley, 2013). A phylogenetic tree of
the aligned sequences was made using FastTree 2 (Price et al., 2010). OTUs/features were
taxonomically classified using a pre-trained Naive Bayes taxonomy classifier. The classifier
was trained using the Silva 128 97% OTUs for the 319F-806R region (Quast et al., 2013).
Tables of taxonomic counts and percentage (relative frequency) were generated. Diversity
analyses were run on the resulting OTU/feature.biom tables to provide both phylogenetic
and non-phylogenetic metrics of alpha and beta diversity (Lozupone et al., 2011). Additional
data analysis, including the partial least squares - discriminant analysis (PLS-DA) and
statistics were performed with R.
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Data in all figures are presented as the mean + SEM. Statistical significance was determined
using the Student’s T-test or ANOVAs as appropriate followed by post-hoc analysis using
the Tukey’s test as indicated. Data was tested for normality and parametric versus non-
parametric analyses were performed as appropriate. All analyses were performed using
GraphPad Prism (San Diego, CA) and p values less than 0.05 were deemed significant.

Developmental PCB exposure increased gut permeability in juvenile DM mice in a dose-
dependent manner.

Since dietary consumption is a significant route of exposure to PCBs, Gl physiology was
characterized in juvenile mice following gestational and neonatal exposures via the maternal
diet. Small (ileum) and large (colon) bowel physiology was assessed for secretory state (Isc),
paracellular (G), and macromolecular (FITC-dextran flux) permeability using an Ussing
chamber system. In the colon, there was no influence of genotype on baseline Isc in the
absence of PCB exposure (Figure 2A). Baseline Isc was significantly increased in DM mice
exposed to 1, but not 0.1 or 6 mg/kg/d PCBs in the maternal diet (Figure 2A). Similarly,
tight junction permeability, as determined by measurement of conductance (G), was not
influenced by genotype in the absence of developmental PCB exposure but was significantly
increased in DM mice compared to WT mice exposed to PCBs at 1 but not 0.1 or 6 mg/kg/d
in the maternal diet (Figure 2B). Consistent with these findings, macromolecular
permeability, as indicated by increased mucosal to serosal transit of 4 KDa FITC-labeled
dextran, was increased at 0-30, 30-60 and 90-120 minutes in the 1 mg/kg/d DM mice versus
1 mg/kg/d WT group (Figure 2C) but not significantly altered from WT control animals in
the other experimental groups. Histology did not reveal the presence of any overt damage in
either group compared to WT controls as determined using the Wallace score (Reardon et
al., 2011) (Figure 2D).

In the ileum, genotype influenced baseline Isc, causing a significant increase in DM relative
to WT mice (Figure 3A). Developmental PCB exposure significantly increased baseline Isc
in WT mice in the 0.1 mg/kg/d dose group; however, no impact of PCB dose on Isc was
observed in DM mice (Figure 3A). In contrast, genotype and PCB effects on conductance in
the ileum were similar to observations in the colon. Conductance (G) was significantly
increased only in DM mice in the 1 mg/kg/d PCB dose group (Figure 3B), with no impact of
PCB exposure seen in WT mice. Macromolecular permeability (FITC-dextran flux; Figure
3C) showed a significant increase in DM mice following 6 mg/kg/d PCB exposure compared
to genotype-matched vehicle controls; and a significant increase in permeability was also
observed between WT and DM mice exposed to PCBs at 1 mg/kg/d but not at the other
exposure doses (Figure 3C). Similar to the colon, histological analysis did not reveal any
evidence of overt damage in either group (Figure 3D).
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Developmental PCB exposure altered cytokines levels and markers of immune protection
in both DM and WT juvenile mice.

Mucosal immunity was assessed by gPCR in both the colon and ileum from juvenile WT
and DM mice following developmental exposure to vehicle or PCBs at 1 mg/kg/d in the
maternal diet. In the colon, developmental PCB exposure increased //6, /16 and //22 mRNA
expression levels in both WT and DM mice compared to genotype-matched vehicle controls
with no change in //12expression (Figure 4A). Regllly, an antimicrobial lectin, was
increased in DM mice following PCB exposure (1 mg/kg/d). Finally, no differences between
groups were found in the expression of the bacterial PRRs AModI and Nod?2 (Figure 4A).

In the ileum, genotype alone more strongly influenced mucosal immunity, in contrast to the
colon. //6 expression was increased in WT mice exposed to PCB, similarly to that seen in
the colon. In DM mice, exposure to 1 mg/kg/d PCBs increased the expression of //6, /112,
and //22 compared to vehicle DM controls (Figure 4B). In contrast to colonic tissues, NodI
and Nod?2 expression were increased in the ileum of DM mice at both 0 and 1mg/kg/d
exposure to PCBs, with the exception of basal NodZ levels which were decreased compared
to WT mice (Figure 4B). Finally, 1112 and Reg///y were increased in DM mice vs WT mice
exposed to 1 mg/kg/d PCBs indicating the presence of a genotype plus exposure effect.

Developmental exposure to PCBs altered the composition of the microbiota in DM mice
versus WT controls.

To determine whether developmental PCB exposure alters the composition of the fecal
microbiota in offspring, we used an unbiased approach with 16S Illumina sequencing. Fecal
samples collected from juvenile mice developmentally exposed to PCBs via the maternal
diet revealed that a combination of genetic and environmental factors impact the
composition of the fecal microbiota. Beta diversity was measured using the Bray-Curtis
method, followed by statistical analysis using permutational multivariate analysis of
variance (PERMANOVA), and subsequently analysis of similarities (ANOSIM) and
pairwise comparisons of group mean dispersions (PERMDISP) (Paliy and Shankar, 2016).
PERMANOVA (Anderson, 2008) and ANOSIM (Clarke, 1993) revealed statistical
difference between vehicle treated WT vs DM mice (Figure 5A; Table 2). In contrast, no
difference was seen using PERMDISP. Exposure to 1 mg/Kg/d PCB led to a greater
difference in beta diversity, as demonstrated by significance seen by all three analysis
methods (Figure 6A; Table 2). Given the weaker factor effect, identified by lower pseudo-F
(PERMANOVA), and R values (ANOSIM), as well as no significant group dispersion
(PERMDISP) found in the vehicle WT vs DM comparison (Table 2), this suggests that
exposure to 1 mg/kg/d of PCBs further exacerbated the difference in beta diversity between
the microbiota in WT and DM mice (Figure 5A-6A).

Linear discriminant analysis effect size (LefSe) was used to identify the most differentially
abundant taxa between vehicle treated WT and DM mice (Figure 5B) and mice
developmentally exposed to PCBs at 1 mg/kg/d in the maternal diet (Figure 6B). A greater
abundance in the Deferribacteres and Proteobacteria phyla, including the
Epsilonproteobacteria class were identified in vehicle-treated DM mice compared to the WT
mice (Figure 5B). Similarly, a greater abundance of taxa within the Proteobacteria phyla,

Environ Pollut. Author manuscript; available in PMC 2020 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rude et al.

Page 9

specifically within the Deltaproteobacteria and Betaproteobacteria class, and a greater
abundance in the Deferribacteres phyla was identified in DM mice compared to the WT
mice following exposure to 1 mg/kg/d PCB dose group (Figure 6B). The cladogram depicts
phylum, class, order, family, and genus going from inner to outer rings (left panel) with
effect size represented by the linear discriminate analysis (LDA,; right panel) score plot.
Overall, the phylum level abundance also identified a lower percentage of Bacteroidetes
levels in DM mice exposed to either vehicle or 1 mg/kg/d PCBs compared to their respective
exposure-matched WT controls (Figure 7). Proteobacteria levels were increased in DM
vehicle control mice relative to WT vehicle control mice, and in both WT and DM mice
exposed to 1 mg/kg/d PCBs relative to their genotype-matched vehicle controls (Figure 7).

At the genus level, developmental exposure to PCBs at 1 mg/kg/d in the maternal diet
reduced the abundance of Bacteroidales S7-24 in both WT and DM mice (Figure 8A). In
contrast, there was an increase in relative abundance of Lactobacillus (Figure 8B) and
Lachnospiraceae (Figure 8C) in DM mice, both in vehicle and following exposure to
1mg/Kg/d, compared to WT controls. Finally, abundance of Alistipes was decreased in WT
mice following exposure to 1 mg/kg/d of PCBs and in DM vehicle controls compared to WT
vehicle controls (Figure 8C).

DISCUSSION

Detrimental impacts on Gl physiology in response to environmental toxin exposures are
frequently overlooked, even though the diet is a significant route of exposure. Since the
development of the Gl tract coincides with neural development (Borre et al., 2014), and
changes in GI physiology have been shown to alter neurodevelopmental outcomes (Bruce-
Keller et al., 2014), studying GI physiology following exposures to neurodevelopmental
toxicants is timely. Determining whether developmental exposure to PCBs modulates the
composition of the microbiota in offspring and whether this is impacted by genetic
predisposition to NDDs could yield important insight into mechanisms by which
environmental factors interact with genetic susceptibilities to influence NDD risk. Recent
evidence points to PCB exposure in adult mice detrimentally impacting the gut microbiota,
with decreased diversity demonstrated as measured by the Shannon diversity index (Chi et
al., 2018). A combination of dioxin-like (PCB 77 and 126) and non-dioxin like (PCB153)
PCBs administered to adult mice weekly for 6 weeks impacted the microbiota following
feeding of a high-fat diet (Chi et al., 2018). Similarly, PCB 126 exposure to adult mice
caused reductions in alpha diversity coupled with decreases in levels of the beneficial genera
Bifidobacteria and Lactobacillus (Petriello et al., 2018). Here we establish that
developmental exposure to an environmentally relevant mixture of PCBs via the maternal
diet results in intestinal dysbiosis and altered GI physiology in juvenile offspring that are
genetically susceptible to neurobehavioral impairments (Keil et al., 2019). Together, these
data demonstrate that in a mouse model expressing multiple mutations shown to produce
abnormal Ca2* dynamics in neurons, also exhibits GI pathophysiology and dysbiosis of the
GI microbiome, which is further impaired following developmental PCB exposure.

The Gl tract has numerous mechanisms in place to protect it against various noxious insults,
including production of anti-microbial peptides, mucus release, and maintenance of a tight
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epithelial barrier by modulation of tight junction and scaffolding proteins (Sharkey et al.,
2018). The commensal microbiota that reside within the outer mucus layer also play a
protective role in limiting access of potentially pathogenic organisms to the host epithelium
(Johansson et al., 2015). Therefore, exposures to environmental toxicants that impact the
composition of the microbiota could potentially create a more vulnerable host via
detrimentally impacting one or more of these protective barriers. Should these environmental
exposures occur either during development or early neonatal life when many of these
protective GI mechanisms are still developing, this can have long-lasting adverse
consequences for the host. Previous studies looking at GI physiology following oral
administration of a single bolus of PCBs to adult mice identified GI permeability deficits as
determined by increased serum FITC-labeled dextran levels (Choi et al., 2010). However, a
role for environmental neurotoxicants, including PCBs, in modulating the developing gut
remains unknown. In our current study, we identified pathophysiology of both the colon and
ileum in mice developmentally exposed to PCBs, which co-express two mutations in genes
implicated in NDDs. In juvenile mice (P28-30), developmental exposure to PCBs led to an
increased secretory state, increased tight junction permeability, and increased
macromolecular permeability in the genetically susceptible host that was not observed in
similarly exposed WT mice. This exposure was dose-dependent, with the 1 but not 0.1 or 6
mg/kg/d PCB dose significantly affecting colonic and intestinal physiology. While the
physiological reasons for this particular absence of response in intestinal physiology seen at
the higher 6 mg/kg/d dose remain unknown, similar non-monotonic dose-response
relationships have been previously reported for effects of developmental PCB exposure on
neurodevelopmental outcomes (Wayman et al., 2012; Yang et al., 2009). These findings
suggest that in a genetically susceptible host, developmental PCB exposures lead to a more
secretory and permeable Gl tract, which would make the host more vulnerable to exposure
to noxious antigens or pathogens, allowing increased systemic uptake. Patients with ASD
have been demonstrated to have increased levels of serum zonulin, which regulates epithelial
cell tight junction proteins and has been used as a surrogate marker for intestinal
permeability (Esnafoglu et al., 2017). Intestinal tissue samples from ASD patients were also
found to have decreased barrier forming tight junction proteins and increased pore forming
proteins supporting the presence of increased permeability (Fiorentino et al., 2016). Altered
intestinal barrier function, coupled with a leakier blood brain barrier and the presence of
neuroinflammation (Fiorentino et al., 2016) suggests pathologic uptake of luminal antigens
causing downstream effects negatively impacting the CNS.

The mucosal immune response in the gut is critical for regulating host-microbe interactions
and preventing overt immune responses to innocuous bacterial organisms (Sharkey et al.,
2018). The Gl epithelium is in close contact to a wide array of innate and adaptive immune
cells within the underlying lamina propria, which can respond to threats that breach the
protective mechanisms of the epithelial barrier (Sharkey et al., 2018). In this study, distinct
patterns of inflammatory responses were seen in the ileum and colon with pro-inflammatory
cytokines indicative of the presence of mild inflammation in both the small and large
intestine in DM mice and this effect of genotype was slightly compounded by PCB
exposure. Similarly, the PRRs Nod1 and Nod2 that bind to bacterial peptidoglycan to induce
an NF-xB dependent innate immune response (Mukherjee et al., 2018), were only impacted
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in the ileum but not the colon in DM mice at baseline, with exposure to PCBs compounding
this effect. In contrast, the antimicrobial peptide Reg///y demonstrated similar effects in
both the colon and ileum of DM mice, with increases in expression levels seen following
PCB exposure. Recent studies have determined that region-specific differences exist in the
microbiota composition and subsequent proteome analysis, which could contribute to
changes in host responses (Lichtman et al., 2016). Given the change observed in Reg//ly
expression, alterations in mucosa-associated bacteria would be of interest for future studies.
Overall, these findings suggest that while PCBs can impact the gut immune response, this
effect is enhanced in a genetically susceptible host.

Ryanodine receptors are expressed in the Gl tract and are associated with pace-making
functions of the interstitial cells of Cajal (ICC) by regulating release of intracellular calcium
(Baker et al., 2016; Zhu et al., 2015). ICC express multiple RyRs, with RyR2 being
predominant, which work together with inositol triphosphate receptors to mediate Ca2*
release (Baker et al., 2016). ICCs are important in coordinating propulsion along the gut,
with impairments in pace-making causing constipation or diarrhea. Non-CNS pathology,
including the Gl tract, have also been seen in fragile-X premutation carriers and in CGG
knock-in mice, with neuronal inclusions identified in enteric nerves (Hunsaker et al., 2011).
Taken together, these studies suggest that predisposition to altered intestinal physiology in
our DM mice may result from altered ENS signaling, which triggers pathophysiology
following PCB exposure and subsequent dysbiosis. The precise cellular mechanisms
involved within the GI tract that result in altered host-microbe interactions and subsequent
pathophysiology remain to be determined.

The gut microbiota is increasingly being associated with playing a critical role in
maintaining overall health and well-being, with dysbiosis seen in numerous disease states,
including many outside of the Gl tract, such as ASD (Rose et al., 2018), depression (Mayer
et al., 2014), diabetes (Knip and Siljander, 2016; Larsen et al., 2010), and multiple sclerosis
(Bhargava and Mowry, 2014). PCB exposure was previously found to alter the composition
and structure of the microbiota, with oral exposure of PCBs to adult mice decreasing the
levels of proteobacteria, which could be attenuated by beneficial behavioral factors such as
voluntary exercise (Choi et al., 2013). Despite these findings, it remains unknown whether
environmental neurotoxicant exposure during development leads to long-lasting dysbiosis.
In the current study, DM mice displayed differences in microbial abundances when
compared to WT vehicle-treated control mice, which were more pronounced following
exposure to PCBs. Moreover, an increase in abundance of bacterial species reported to be
associated with a state of inflammation was found at the phylum level (Rizzatti et al., 2017).
This was further enhanced by developmental exposure to PCBs, resulting in a microbiota
populated by some communities associated with increased inflammation, such as
Proteobacteria. This dysbiosis was accompanied by an increased secretory state and
increased permeability of the gut, which, coupled with the altered mucosal immune
response, would enhance the ability of neurotoxicants to cross the epithelium, and
subsequently increase their distribution throughout the body. While our study cannot directly
decipher whether the dysbiosis led to changes in gut physiology or vice-versa, based on the
existing literature (Cheng et al., 2018; Chi et al., 2018; Petriello et al., 2018), it would be
suspected that the PCBs could directly interact with gut microbes, leading to a shift in the
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composition of the microbiota, and a subsequent decrease in intestinal barrier function,
which would allow systemic entry of the PCBs in a genetically susceptible host.

The prevalence of NDDs, including ASD, attention deficit/hyperactivity disorder (ADHD)
and obsessive-compulsive disorders have been increasing in recent years with no clear
etiology (Antshel and Russo, 2019). These NDDs are increasingly being associated with the
presence of co-morbid GI symptoms and intestinal dysbiosis (Dinan and Cryan, 2017).
Highlighting this observation, the presence of a maternal microbiota that is skewed towards
induction of a T helper17-like immune response increases the likelihood of development of
NDDs in offspring in a mouse model of ASD involving maternal immune activation (MIA)
(Kim et al., 2017). Furthermore, the Gl tract is increasingly appreciated as a critical site of
uptake of numerous environmental neurotoxicants, including PCBs, which are plausible risk
factors for NDDs (Cheslack-Postava et al., 2013; Lyall et al., 2017; Sagiv et al., 2010).
Given that the gut is colonized by trillions of commensal microbes, and these microbes are
critical in maintaining host-microbe interactions, exposure to environmental neurotoxicants
via the gut has the potential to negatively impact these interactions. The gut and brain
communicate bi-directionally via the MGB axis (Dinan and Cryan, 2017; Pusceddu et al.,
2018), therefore, altered host-microbe interactions may serve as a novel mechanism through
which PCBs mediate their detrimental effects on the brain and potentially lead to the
development of NDDs.

In conclusion, our findings support a role for the Gl tract as a primary target site of PCB
exposure, which can detrimentally impact GI physiology and lead to changes in the
composition of the gut microbiota, and alter the mucosal immune response, with this effect
significantly enhanced in mice expressing NDD susceptibility genes. This study identifies a
novel mechanism of PCB developmental toxicity that may have long-term health
consequences on not only GI, but also neural function. These studies also describe a novel
model for studying mechanisms by which PCBs interact with genetic susceptibility factors
to influence individual risk for NDDs, and they identify the gut microbiome as a novel
therapeutic target for reducing the effects of developmental PCB exposure on human health.
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HIGHLIGHTS

1. Developmental PCBs cause intestinal pathophysiology, inflammation, and
dysbiosis of the microbiota in juvenile mice harboring mutations affecting
normal CaZ* signaling.

2. Intestinal pathophysiology is accompanied by changes in tissue cytokine
expression in both the ileum and colon in a tissue specific, dose specific, and
genotype specific manner.

3. Developmental PCBs in a genetically susceptible host causes intestinal
dysbiosis in juvenile mice characterized by altered diversity and colonization
of specific taxa.

Developmental PCBs cause intestinal pathophysiology, inflammation, and dysbiosis of
the microbiota in juvenile mice harboring mutations impairing Ca2* signaling.
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Dams administered MARBLES mix (0, 0.1, 1, 6mg/kg) in peanut butter

f€ >

Page 19

Ussing chamber studies

<>

-14days GO0 PO P21
birth weaning

*Colon/ileum tissues collected for qRT-PCR/histology
*Fecal pellets collected for 16S microbiota sequencing

G - gestational
P — postnatal

Figure 1. Study time course.

* P28 * P30

Exposure to PCBs commenced in mouse dams starting two weeks prior to gestation and
continued until weaning of the pups at postnatal day (P)21. Intestinal samples for Ussing

chamber studies and tissues (colon, ileum, feces) were collected at P28-P30.
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Figure 2. Colonic physiology is impaired following developmental PCB exposure in juvenile DM

mice.

(A) Secretory state (short-circuit current (Isc); and (B, C) permeability (conductance (G);
FITC dextran flux) were measured in the colon in both WT and DM juvenile mice
developmentally exposed to PCBs (0, 0.1, 1,6 mg/kg/d); the right FITC panel represents the
1mg/kg/d dose in WT (left) and DM (middle) panels for direct comparison. (N = 10-15 per
group) (D) Representative histological images (H&E stained; 20X magnification; N = 4
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taken per group). Data are presented as mean £ SEM; *P < 0.05; **P < 0.01, 2-way
ANOVA.
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Figure 3. lleal physiology is impaired following developmental PCB exposure in juvenile DM

mice.

(A) Secretory state (short-circuit current (Isc); and (B, C) permeability (conductance (G);
FITC dextran flux) were measured in the ileum in both WT and DM mice developmentally
exposed to PCBs (0, 0.1, 1,6 mg/kg/d); the right FITC panel represents the 1 mg/kg/d dose

in WT (left) and DM (middle) panels for direct comparison. (D) Representative histological

images (H&E stained; 20X magnification). Data are presented as mean + SEM; N = 10-15

per group. *P < 0.05; **P < 0.01, 2-way ANOVA.
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Figure 4. Expression of immune markers and cytokines is altered in the GI tract following PCB

exposure.

Samples from the (A) colon and (B) ileum were analyzed by qPCR for /16, 1/12, 1B, 1122,
Nod1, Nod2and Regllly. Data are presented as mean + SEM; N = 6-8 per group. *P < 0.05,

2-way ANOVA.
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Figure 5. Differences in the gut microbiota are observed in beta diversity in DM mice following

PCB exposure.
(A) Analysis for p-diversity was processed using the Bray-Curtis method with each panel

representing both WT vs DM mice at 0 and 1 mg/kg/d PCB exposure. (B) Linear
discriminant analysis effect size (LEfSe) was used to identify the most differentially
abundant taxa between vehicle-treated WT and DM mice as represented by a cladogram
(inner to outer rings: phylum, class, order, family, and genus), and their effect size (linear
discriminate analysis [LDA] score plot). N = 11 mice per group.
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Figure 6. Differences in the gut microbiota are observed in beta diversity in DM mice following
PCB exposure.
Linear discriminant analysis effect size (LEfSe) was used to identify the most differentially

abundant taxa between WT and DM mice exposed developmentally to PCBs at 1 mg/kg/d,
as represented by a cladogram (inner to outer rings: phylum, class, order, family, and genus),
and their effect size (linear discriminate analysis [LDA] score plot). N = 11 mice per group.
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Figure 7. Differences in microbiota abundance are observed at the phylum level in DM mice
following PCB exposure.

Representation of the relative abundance at the phylum level in WT vs DM mice exposed to
vehicle (0 mg/kg/d) or PCBs (1 mg/kg/d). Data are presented as mean + SEM; N = 6 mice
per group. *P < 0.05; **p<0.01, 2-way ANOVA.
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Figure 8. Changes in microbiota are observed in genus abundance following PCB exposure in
DM mice.

Representation of the relative abundance (%) at the genus level of Bacteroidales S7-24,
Lactobacillus, Lachnospiraceae and Alistipes between WT and DM mice following 0 or 1
mg/kg PCB exposure. Data are presented as mean £ SEM; N = 6 mice per group. *P < 0.05;
**P < 0.01; ***P < 0.001,2-way ANOVA.
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Table 1.
Primer sequences
Gene Forward (5" - 3") Reverse (5" -3")
Nod2? CACACATGGCCTTTGGTTCCAGT AAAGAGCTGCAGTTGAGGGAGGAA
Nodl TCCCTTGCCTGTGAGCAGAAAGTA GTGGGTATGTGCCATGCTTTGCTT
B-actin GGCTGTATTCCCCTCCATCG CCAGTTGGTAACAATGCCATGT
Regllly TTCCTGTCCTCCATGATCAAAA CATCCACCTCTGTTGGGTTCA
"z TGGTTTGCCATCGTTTTGCTG ACAGGTGAGGTTCACTGTTTCT
1zz ATGAGTTTTTCCCTTATGGGGAC GCTGGAAGTTGGACACCTCAA
16 TAGTCCTTCCTACCCCAATTTCC TTGGTCCTTAGCCACTCCTTC
1B CTGTGACTCATGGGATGATGATG CGGAGCCTGTAGTGCAGTTG
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TABLE 2 —

Statistical analysis for Bray-Curtis plot
PERMANOVA
Group 1 Group 2 | Sample Size | Permutations | pseudo-F | p-value | g-value
DM WT 24 999 | 5.171308 0.001 | 0.001556
DM1 WT1 24 999 | 12.53999 0.001 | 0.001556
ANOSIM
Group 1 Group2 | Sample Size | Permutations | R p-value | g-value
DM WT 24 999 | 0.501368 0.001 | 0.001474
DM1 WT1 24 999 | 0.925926 0.001 | 0.001474
PERMDISP
Group 1 Group 2 | Samplesize | Permutations | F-value p-value | g-value
DM WT 24 999 | 0.524636 0.465 | 0.765882
DM1 WT1 24 999 | 5.647727 0.002 0.014
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