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Abstract

We hypothesize that TCDD induced developmental neurotoxicity is modulated through an AhR
dependent interaction with key regulatory neuronal differentiation pathways during telencephalon
development. To test this hypothesis we examined global gene expression in both dorsal and ventral
telencephalon tissues in E13.5 AhR -/- and wildtype mice exposed to TCDD or vehicle. Consistent
with previous biochemical, pathological and behavioral studies, our results suggest TCDD initiated
changes in gene expression in the developing telencephalon are primarily AhR dependent, as no
statistically significant gene expression changes are evident after TCDD exposure in AhR -/- mice.
Based on a gene regulatory network for neuronal specification in the developing telencephalon, the
present analysis suggests differentiation of GABAergic neurons in the ventral telencephalon is
compromised in TCDD exposed and AhR-/- mice. In addition, our analysis suggests Sox11 may be
directly regulated by AhR based on gene expression and comparative genomics analyses. In
conclusion, this analysis supports the hypothesis that AhR has a specific role in the normal
development of the telencephalon and provides a mechanistic framework for neurodevelopmental
toxicity of chemicals that perturb AhR signaling.
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Introduction

Polychlorinated biphenyls (PCBs) and polychlorinated dibenzodioxins (PCDDs) are persistent
environmental contaminants that accumulate in fat and are transferred from mother to offspring
during gestation and lactation [1,2]. 2,3,7,8-Tetrachlorodibenzo-pdioxin (TCDD) is considered
the most toxic PCDD and exposure results in well studied adverse effects on the immune
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system, the lung, the liver, and the kidneys [3,4]. TCDD exposure affects brain development,
manifesting as long-term cognitive deficits in rodents [5,6] and monkeys [7,8]. Human
exposure to PCB mixtures is also correlated with adverse neurodevelopmental outcomes, such
as learning, memory, attention and 1Q deficits, in numerous studies [9-14].

Most of the known biological effects of TCDD, the PCDDs and some PCBs are mediated
through its binding to the aryl hydrocarbon receptor (AhR), a member of the PAS family of
bHLH transcription factors [15]. This step is crucial for developmental toxicity endpoints since
exposure to high levels of TCDD (40 ug/kg) does not cause any gross teratogenic response in
mice lacking the AhR [16]. A more recent study looking at subtle neurodevelopmental toxicity
endpoints such as spatial memory tasks in AhR -/-, AhR +/-, and AhR +/+ mice suggests these
endpoints are mediated through the AhR as well [17].

In vertebrates, the AhR is found in the cytosol in association with HSP90 chaperones, several
accessory proteins and immunophilin-like proteins (XAP2/ARA9/AIP and p23) [15]. Upon
ligand binding, the AhR translocates to the nucleus where it complexes with several co-factors
to stimulate transcription of Phase 1 detoxification genes, such as cytochrome P450 CYP1AL,
aswell as several Phase 11 detoxification genes [18]. This signaling pathway responds to several
exogenous compounds not limited to halogenated aromatic hydrocarbons, but also including
several classes of plant-derived chemicals [19]. Therefore, one hypothesis is that this
detoxification signaling system originally evolved to safely and efficiently metabolize
exogenous compounds found in our plant-based diet [19].

Activation of the AhR by a ligand results in the rapid transcriptional activation of a large
number of genes whose products control a broad spectrum of cellular functions seemingly
unrelated to detoxification pathways, most notably cell division and cell fate [20-24].
Furthermore, several studies have shown activation of mammalian AhR does not need
application of an exogenous ligand to be functional [25]. This has lead researchers to
hypothesize about the presence of an as yet unknown endogenous ligand for AhR [15,26-29].
Furthermore, recent studies in Caenorhabditis elegans have shown that the worm AhR protein
does not respond to activation by classical xenobiotic ligands of the vertebrate AhR, but that
this ancestral form functions to regulate neuronal differentiation, specifically by directing the
fate and gene expression phenotype of two of the worm's 26 GABAergic neurons [30-32].

These novel roles of AhR may have important implications for mechanisitic studies of PCB/
PCDD toxicity. Although induction of oxidative stress through the classic detoxification
pathways may be important for several PCB/PCDD associated toxicity endpoints [33], recent
research suggests other AhR-induced pathways may be responsible for other toxicity endpoints
including neurodevelopmental endpoints [34]. For example, a study in zebrafish using a
morpholino construct to block TCDD-induced Cyp1A expression suggests that TCDD-induced
developmental toxicity is not mediated by Cyp1A upregulation [35].

Several important developmentally regulated pathways have been implicated as possible
mediators of TCDD-induced developmental toxicity, such as TGF-B retinoic acid signaling,
and GABAergic neuronal fate differentiation programs [34]. Furthermore, two independent
studies have recently shown AhR-mediated induction of Hes-1, an important regulator of
neuronal differentiation via the Notch pathway in the developing telencephalon [36,37]. In
zebrafish, exposure to a relatively low level of TCDD (100 ppt) causes reduced transcription
of a key bHLH regulatory proneural differentiation gene, Ngn1 [38]. The products of the
proneural bHLH genes, including Ngnl, Ngn2, and Mash1, have been shown to be both
necessary and sufficient to direct the differentiation of glutamatergic and GABAergic
phenotypes in the dorsal and ventral telencephalon of the mouse [39,40]. Furthermore, AhR
mMRNA is colocalized with GADG67, an enzyme specific for the production of GABA, and a
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well known marker of GABAergic neurons, and TCDD exposure reduces Gad67 mRNA
expression in the mouse brain [41].

TCDD exposure also causes reduced expression of Sonic Hedgehog (Shh) in zebrafish [42],
an important extracellular morphogen that is key to the initiation of neuronal differentiation in
all vertebrates, including rodents and humans [43]. Other studies have shown increased
activation of Sp1, AP1 and NF-kB transcription factors in the developing brain after TCDD
exposure [44,45].

All in all, these studies suggest there is much to be discovered about the gene regulatory
pathways perturbed in TCDD-induced neurodevelopmental toxicity. In particular, is
GABAergic neuronal differentiation preferentially affected by AhR and/or TCDD in the
developing mammalian telencephalon, as has been implicated in lower vertebrate and
invertebrate species? If so, what are the potential genetic regulatory mechanisms behind this
impact? To answer this question, we undertook global gene expression analyses in TCDD-
exposed and AhR perturbed developing mouse dorsal and ventral telencephalon. These brain
regions are specifically analyzed during peak neurogenesis (E13.5), when GABAergic neurons
are being produced in the ventral telencephalon and glutamatergic neurons are being produced
in the dorsal telencephalon.

Seven adult AhR (+/-) male and female mice generated on 129 x C57BL/6 backgrounds, as
described in [46], were provided by Dr. Richard Peterson from the University of Wisconsin to
establish a breeding colony. AhR wild type C57BL/6 albino (C57BL/6J-Tyr®2J/J) animals
were also purchased from Jackson Laboratories (Bar Harbor, MA, USA) and mated to AhR
(-/-) animals from the initial mating of AhR (+/-) to supplement the original colony. Tail
samples were collected for genotyping.

Prior to mating, all animals were singly-housed in polycarbonate cages measuring 17 cm wide,
28 cm long (476 cm? area), and 13 cm height. When breeding, animals were housed in pairs
overnight, one male to one female. Females were singly housed during the day, after morning
plug check. All cages contained absorbent heat-treated hardwood bedding and cotton fiber
nestlet. The mice were provided Purina Pico Chow No. 5001 (Ralston Purina Co., St. Louis,
MO) ad libitum.

Breeding age AhR (+/-) male (N=6) and female mice (N=6) were time-mated and two AhR
(+/+) breeding pairs were time-mated.. Visual check for breeding plug occurred each morning
after overnight matings; plugged females were singly housed, with day of plug counted as day
0.5 of gestation. Body weights of mated females were recorded daily in order to determine
correct dosing.

On GD 11.5, three pregnant females were administered a dose of 5 micrograms/kg BW of
2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD), CAS No. 1746-01-6 (Battelle, Inc.) ina
solution of 95% corn 0il/5% acetone, 5 ml/kg BW orally by gavage. Five controls were
administered a solution of 95% corn 0il/5% acetone, 5 ml/kg BW orally by gavage. This dosing
regimen has been previously used to delineate AhR-mediated neurodevelopmental effects of
TCDD exposure [17,47]. Dosing occurred between the hours of 0830 and 1030.

Forty-eight hours after dosing (GD 13.5) all mice were euthanized by CO, inhalation and
exsanguinated by cardiac puncture. Under sterile conditions, the abdominal wall was opened
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and the uterine horn was removed intact and placed in cold (4°C) PBS. Using a stereoscope
and #5 ultra fine forceps, each embryo was dissected from the uterus and transferred with a
pipette to a small, clean Petri dish containing fresh, cold PBS where the yolk sac and umbilical
vessels, the amniotic sac, and the tail were removed. The tails were placed in a labeled cryovial
and stored at or below -70°C for genotyping. The embryos were decapitated at the neck and
the heads were embedded in Tissue-Tek O.C.T. (optimum cutting temperature) resin (Sakura
Finetek USA, Inc., Torrance, CA) with the superior aspect down, frozen in liquid nitrogen and
stored at or below -70°C.

Laser Microdissection (LM)

Transverse sections were acquired per the NIEHS Laser Microdissection (LM) protocol using
the Tissue Tek® system for frozen sections (Sakura, Torrance, CA). A total of 22 slides with
two serial sections per slide were cut for the purpose of tissue mapping and laser
microdissection from each embryo (N=3 per dose and genotype group). Slides numbered 1,
11 and 22 were cut at 6 um on positive-charged slides (Daigger, Vernon Hills, IL) and stained
with HemaCen® (American Master Tech Sci Inc., Lodi, CA) for tissue mapping. Slides
numbered 2-10 and 12-21 were cut at 8 um on PET foil slides (Molecular Machines and
Industries, Inc. Haslett, MI), and immediately placed in a sterile slide box partially buried in
dry ice to preserve RNA integrity and stored at -80°C for up to one week prior to LM. Following
identification of the target areas by the investigator from digital images of the HemaCen®-
stained map slides, frozen sections were pulled from the -80°C freezer, air dried for 30 seconds
and stained with 1% aqueous Cresyl Violet acetate (Sigma-Aldrich, St. Louis, MO). Laser
microdissection was completed within 20 minutes of cresyl violet staining on the UV laser
Cellcut® microscope instrument (Molecular Machines and Industries) using the following
instrument parameters. Laser speed and laser power ranged from 25-29% and 72-75%
respectively while the laser focus was set at 45%.

Dorsal areas were microdissected into a single tube at an average of 1.5 million um? for each
sample. Ventral areas were microdissected into a second tube at an average of 2.3 million
um? per sample. To confirm RNA integrity, the entire tissue section from slide 21was lysed
and placed into a third tube and designated as a whole lyse positive control. Detailed tissue
handling/collection, staining and laser microdissection protocols are available at the NIEHS
web site (http://www.niehs.nih.gov/research/atniehs/labs/lep/special/laser/index.cfm).

RNA Isolation and Microarray Hybridization

The PicoPure™ RNA Isolation Kit, Arcturus # KIT0202 / KIT0204 was used to lyse samples
and isolate RNA from dorsal and ventral telencephalon samples following manufacturer's
instructions. The quality of RNA samples was verified using the PicoChip for Agilent
BioAnalyzer. Gene expression analysis was conducted using Affymetrix Mouse Genome 2.0
GeneChip® arrays (Mouse 430 v2, Affymetrix, Santa Clara, CA). Total RNA (3-20 ng) was
amplified as directed in the Affymetrix Two-Cycle cDNA Synthesis protocol. Fifteen pg of
amplified biotin-cRNAs were fragmented and 10 ug hybridized to each array for 16 hours at
45°C in a rotating hybridization oven using the Affymetrix Eukaryotic Target Hybridization
Controls and protocol. Array slides were stained with streptavidin/phycoerythrin utilizing a
double-antibody staining procedure and then washed using the EukGE-WS2v5 protocol of the
Affymetrix Fluidics Station FS450 for antibody amplification. Arrays were scanned in an
Affymetrix Scanner 3000 and data was obtained using the GeneChip® Operating Software
(GCOS; Version 1.4.0.036).

Microarray Data Analysis

Initial data preprocessing, normalization, and Principal Component Analysis (PCA) was
performed on all 24 samples (N=3 for each dose and genotype group) and all probes to
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characterize the variability present in the data. This analysis was performed using the Rosetta
Resolver system (Version 7.0). Subsequent GC-RMA data normalization, t-test, and FDR
calculations were performed in R downloaded from Bioconductor on April 15, 2008.

Quantification of Gene Regulatory Network

The Gene Regulatory Network (GRN) of telencephalon neuronal specification is based on
work described in a previous publication [48]. Here, the present data is tested against this
network to delineate likely points at which AhR and/or TCDD may perturb this process using
the PathScope software originally described elsewhere [49]. Briefly, the strength of the
relationships in the GRN were quantified to calculate the posterior probability distribution for
the strength of the linkages based on the intensity values seen in the control, AhR -/-, or TCDD
treatment gene expression datasets. A log-linear function was used to describe relationships
between genes:

In (G,) =q;+ i Ij,',B ji ln(G,) +&;
j=Lj#i (1)

where o; is the level of gene expression independent of the network, 1j; is an indicator function
(0, 1, -1) if a linkage exists from gene j to gene i, Bj; is the degree to which change in gene j
will affect change in gene i, Gj is a variable associated with the relative expression level of
gene j compared with normal level j, g, is the random error in predicted value for gene i and
n is the number of genes in the network.

The posterior distributions for the linkages in each network were derived using Markov Chain
Monte Carlo (MCMC) sampling methods [49]. For the current analysis, o; are assumed to have
normal priors. The priors for the 8 are assumed normal with mean 0 and variance o = 1. Finally,
¢l is assumed to be normally distributed with mean 0 and variance o, where o5 is assumed to
have a uniform prior with support defined by the observed data. The MCMC maximum
sampling step sizes are 0.03 for the &, 0.08 for the 3, and 0.05 for the a, and 500,000 iterations
were performed with decimation of every 10th value. The last 50,000 iterations were used to
establish the mean value of B;; and the significance of this value. Statistical significance of the
parameter Bj; is defined by less than 5% of iterations with Bj; < 0. To determine the impact of
TCDD treatment and AhR knockout, the control, TCDD treated, and AhR KO datasets were
ran individually. The mean + STD ;i ranges were then compared across these three runs. A
difference was considered significant if the ranges of f;; estimates from the control versus
TCDD or AhR-/- did not overlap (corresponding roughly to a p<0.1).

Comparative Sequence Analysis

Results

The murine Sox11 gene (mm9 chr12:28018207-28027577) was uploaded into the ECR
Browser (www.dcode.org). The Mulan algorithm [50] was used to perform a multiple sequence
alignment across Sox 11 genes in human (hg 18 chr2:5749959-5758967), monkey (rheMac?2
chr13:5770499-5779504), dog (canFam2 chr17:6556513-6563934), opossum (monDom4
chr1:535907235-535917096), and chicken (galGal3 chr3:97427132-97434301). The MultiTF
algorithm [50]was then used to find AhR binding sites using the extended 19 bp long
TRANSFAC matrix VSAHRARNT_2 (GCGCTGGCATGCAAACTCT) as described in
[51].

As found in previous analyses of AhR -/- mice [46], no gross morphological changes in the
developing telencephalon were seen in the present study when compared with wildtype mice
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(Figure 1, A. and C.). In addition, a single dose of 5 ug/kg BW of 2,3,7,8-Tetrachlorodibenzo-
p-dioxin (TCDD) to pregnant females on GD 11.5 did not produce any gross morphological
changes in the developing telencephalon on GD 13.5 (Figure 1, B. and D.). Importantly, this
dosing regimen has been previously used to delineate AhR-mediated neurodevelopmental
effects of TCDD exposure as measured by behavioral test batteries [17,47] and careful
stereological analyses have found evidence of TCDD-induced changes in hippocampal cell
number at this dose level [17]. The goal of the present analysis is to determine gene expression
changes that may be responsible for these more subtle neurodevelopmental and
neurobehavioral impacts.

We analyzed global gene expression patterns in tissue obtained via laser capture
microdissection in the dorsal and ventral developing telencephalon (illustrated in Figure 1, D.)
from each treatment group. Between E11 and E15, these areas are undergoing rapid
neurogenesis, producing mainly excitatory glutamatergic neurons in the dorsal telencephalon
and mainly inhibitory GABAergic neurons in the ventral telencephalon [52]. This process is
dependent on precise spatial and temporal expression of several bHLH and Homeobox
transcription factors. Therefore our methodology was designed to determine specific AhR- and
TCDD- induced impacts in these developing regions.

An initial Principal Component Analysis (PCA) of all probes from each of the 24 samples
shows dorsal and ventral samples separate clearly from each other (Supplemental Figure 1).
Within ventral samples, genotype and treatment form distinct groups, whereas separation by
genotype and treatment are less distinct in dorsal samples (Supplemental Figure 2). This initial
global analysis of the dataset supports our hypothesis that AhR-mediated and TCDD- mediated
gene expression is preferentially affecting GABAergic inhibitory neuronal generation in the
developing ventral telencephalon.

We next determined which probesets showed differential expression according to treatment
and genotype within dorsal and ventral tissues. A Venn diagram gives a broad overview of the
results (Figure 2). In both dorsal and ventral tissues, TCDD treatment had little or no effect on
gene expression in the AhR KO, as only 55 and 29 probesets were considered differentially
expressed at a p-value cut-off of 0.01 (FDR = 99%) in either dorsal or ventral tissues,
respectively. This result corroborates a substantial body of evidence suggesting TCDD-induced
neurodevelopmental toxicity is AhR-dependent [16,35,53,54]. In addition, AhR status has a
far greater impact in ventral versus dorsal tissues (1210 versus 136 differentially expressed
probesets), suggesting a more prominent endogenous role for AhR in the development of
ventral telencephalic structures. Finally, treatment with TCDD produced significant gene
expression changes in both dorsal and ventral tissues, some of which are genes that are impacted
by AhR status alone. In this Venn diagram, we have highlighted the most likely target genes
of TCDD and/or AhR by identifying those genes that showed consistent differential expression
across tissue type or in both TCDD- treated and AhR -/- datasets. Full tables of differential
expression for each of these comparisons are provided in Supplementary Table 1.

Next, we analyzed the present global gene expression dataset in the context of a gene regulatory
network (GRN) describing initiation of neurogenesis in the murine dorsal and ventral
telencephalon. A previous study developed this GRN based on a robust body of research
describing the differentiation of glutamatergic neurons in the developing dorsal telencephalon
via the proneural bHLH transcription factor Ngn2 and differentiation of GABAergic neurons
in the developing ventral telencephalon via the proneural bHLH transcription factor Mash1
[48]. Using a previously developed algorithm for the quantification of a GRN [49], we tested
whether this GRN is perturbed by AhR status or TCDD exposure, by quantifying the network
separately based on either control, TCDD-treated, or AhR -/- datasets. Figure 3 depicts the
results of this analysis suggesting that both TCDD exposure and AhR removal results in
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increased strength of connections between the bHLH proneural proteins (Ngn2 and Mash1)
and the Notch signaling pathway (DII1). Activation of the Notch pathway leads to increased
expression of the Hes genes, which maintain the neural progenitor population through direct
binding to Ngn2 and Mash1 and inhibition of DNA binding [55]. Consistent with this model,
our analysis suggests reduced strength in connections promoting differentiation into neurons,
such as DIx1 to DIx5, in the TCDD exposed and AhR KO tissues. Overall, these results suggest
TCDD binding to AhR or AhR removal may reduce neurogenesis through prolonged Notch
activation such that progression of neurogenesis is inhibited. This result is consistent with two
other reports suggesting AhR activates Hes1, a downstream target of Notch signaling and a
negative regulator of neurogenesis [36,37].

Finally, we annotated the predicted novel target genes of AhR and TCDD identified in Figure
2 to delineate putative relationships with the known GRN described above (Table 1).
Corroborating our network analysis, several of the predicted target genes that are down-
regulated in AhR-/- or TCDD exposed tissues are markers of neuronal differentiation
(Ncam1, Gabbr1, Syp) or are known to play a critical role in neuronal differentiation (Sox11,
Mytll, Hbp1l). In particular, Sox11 is differentially expressed based on AhR status and TCDD
treatments in both dorsal and ventral tissues, making it a particularly compelling target gene.
Therefore, we performed a comparative genomics analysis of Sox11 to determine if conserved
binding sites for AhR are present in regions surrounding this gene. Figure 4 shows the results
of this analysis depicting a previously unidentified AhR/ARNT binding site (extended 19 bp
site developed by Sun et al. 2004) in the 5' untranslated region 400 bp upstream of the
transcription start site (TSS). This site is conserved across human, monkey, dog, opossum,
mouse, and chicken. Furthermore, we previously predicted Sox11 to be a key player in the
neuronal specification process based on network analysis of microarray datasets from gain and
loss of function studies for the proneural bHLH proteins [48]. In agreement with this
bioinformatics prediction, a recent study showed Sox11 is a direct target for the proneural
bHLH transcription factors and plays a critical role in supporting the differentiation cascade
into GABAergic neurons in the developing ventral cortex [56].

In addition, the putative targets that show increased expression in TCDD-exposed or AhR -/-
tissues have known functions in the negative regulation of neuronal differentiation (1d2) [57]
or the positive regulation of proliferation (Vps25, Map3k4, Top3b) [58-60]. In the case of
Map3k4 (often referred to as Mekk4 in the literature), recent studies show an important role in
the regulation of neuronal migration in the developing telencephalon [61].

Discussion

This project elucidates AhR and non-AhR mediated gene expression perturbations by TCDD
to key gene regulatory pathways during neurogenesis in the developing telencephalon.
Previously, we had analyzed several wildtype and transgenic microarray datasets from
developing telencephalon tissues [48], which offers a robust basis for analysis of results from
the current project. Specifically, the downstream targets of several key proneural bHLH (Ngn1,
Ngn2, Mash1) and Homeobox (DIx1 and DIx2) transcription factors are known to be critical
for the initiation of neuronal differentiation and for the proper maintenance of the neural
progenitor population through regulation of the Notch pathway. Precise balance of this
regulatory network defines progression of neuronal generation in the cerebral cortex [62]. In
fact, perturbation of this regulatory network has been implicated in the etiology of several
neuropsychiatric and neurodegenerative diseases such as Schizophrenia, Bipolar Disorder,
ADHD, Alzheimer's, and Parkinson's disease [63-67].

In short, our analysis determined AhR status and TCDD exposure preferentially impacted gene
expression in the developing ventral telencephalon. Further analysis suggested loss of AhR
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either through gene deletion or TCDD binding decreased or delayed progression of neuronal
differentiation in the ventral telencephalon, most likely through increased activation of the
Notch signaling pathway, which maintains the neural progenitor population through activation
of Hes1 and Hes5, both of which negatively regulate DNA binding of the proneural bHLH TFs
Ngn2 and Mash1. This finding is consistent with previous reports suggesting Hes1 as a direct
target of AhR [36,37]. Finally, we have identified Sox11, a key regulator of neuronal
differentiation in the telencephalon [56], as a novel putative target of AhR. Interestingly, our
finding that gene expression changes after TCDD exposure largely replicate gene expression
changes seen upon loss of AhR function suggests TCDD binding to the AhR may act as a
competitive inhibitor of an endogenous function for AhR.

From a broadened perspective, this analysis provides a mechanistic hypothesis relating AhR
perturbation to a specific neurodevelopmental gene regulatory program that could explain the
long-term behavioral and intelligence deficits characteristic of prenatal and perinatal PCDD
and coplanar PCB exposures [6,13,68,69]. Furthermore, this project has illustrated the utility
of a pathway quantification algorithm in identifying critical points at which a gene regulatory
network is perturbed by the experimental condition. Future use of such algorithms will greatly
increase the efficiency in interpretation of global gene expression datasets.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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A.WT Vehicle B. WT TCDD-treated

D. AhR KO TCDD-treated (dorsal and
ventral sections captured)

Figure 1. Frozen sections of developing telencephalon in AhR wild-type (A. and B.) and knockout
(C. and D.) E13.5 mouse exposed to vehicle (A. and C.) or TCDD (B. and D.)

A.-C. show sections cut at 6 um and stained with HemaCen® (American Master Tech Sci Inc.,
Lodi, CA) for tissue mapping. D. shows a section cut at 8 um and stained with 1% aqueous
Cresyl Violet acetate (Sigma-Aldrich, St. Louis, MO) and highlights the dorsal and ventral
regions removed using laser capture microdissection for further gene expression analysis.
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A. Dorsal Telencephalon B. Ventral Telencephalon

KO vs. WT Map3k4 Sox11 KO vs. WT
Ankrd47 Vps25
Ncam1 Top3b
Gabbr1 Cpt2
Inpp5f  Tmem33
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WTTR vs.C KO TR vs.C WTTR vs.C KOTRvs.C
C. AhRKO vs.WT D. TCDDTRvs.C
Ahr  HbpT g;‘;”
Id2 Mboat2 Gyg

Nt5c2 Sox11

Dorsal.ventral Dorsaﬂ Ventral

Figure 2. Venn diagram of global gene expression analysis results in dorsal (A.) and ventral (B.)
telencephalon

KO refers to AhR -/-, WT refers to wildtype (AhR +/+), TR refers to treatment of TCDD on
GD 11.5, and C refers to vehicle control group. Each circle reports the number of differentially
expressed genes (p value < 0.001 and fold change greater than 1.2) within each comparison
and the overlap between each comparison.

Reprod Toxicol. Author manuscript; available in PMC 2010 November 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duosnuely Joyiny vd-HIN

Gohlke et al.

Page 14
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Figure 3. Impact of TCDD exposure and AhR status on a Gene Regulatory Network (GRN) of
neurogenesis in the developing telencephalon

GRN is based on robust experimental evidence as detailed in [48]. Connection strengths were
tested using a network quantification algorithm described in detail previously [49]. Increased
thickness of an arrow identifies a significant increase (p< 0.10) in connection strengths when
the algorithm is run using TCDD-exposed or AhR-/- datasets. A dotted arrow identifies a
significant decrease (p< 0.10) in connection strength when the algorithm is run using TCDD-
exposed or AhR -/- datasets.
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Murine Sox 77 gene (mm9 chr12: 28018207-28027577)

TSS 5'UTR 3'UTR
|

400 bp

Exon

GCGCTGGCATGCAAACTCT
Conserved AhR/ARNT binding site

Figure 4. Comparative genomics analysis of the Sox11 gene

Using the ECRbrowser, Mulan, and MultiTF tools on the www.dcode.org site [70], an extended
AhR/ARNT binding site (GCGCTGGCATGCAAACTCT) as described in [51] was identified
in the 5" untranslated region (UTR) 400 bp upstream of the transcription start site (TSS). This
site is conserved across Sox 11 genes in human (hg 18 chr2:5749959-5758967), monkey
(rheMac2 chr13:5770499-5779504), dog (canFam2 chr17:6556513-6563934), opossum
(monDom4 chr1:535907235-535917096), and chicken (galGal3 chr3:97427132-97434301).
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