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Abstract

The aryl hydrocarbon receptor (AhR) is a ligand-activated transcription factor that mediates the
toxicity of dioxin and serves multiple developmental roles. In the adult brain, while we now
localize AhR mRNA to nestin-expressing neural progenitor cells in the dentate gyrus (DG) of the
hippocampus, its function is unknown. This study tested the hypothesis that AhR participates in
hippocampal neurogenesis and associated functions. AhR deletion and activation by the potent
environmental toxicant, 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), adversely impacted
neurogenesis and cognition. Adult AhR-deficient mice exhibited impaired hippocampal-dependent
contextual fear memory while hippocampal-independent memory remained intact. AhR-deficient
mice displayed reduced cell birth, decreased cell survival, and diminished neuronal differentiation
in the DG. Following TCDD exposure, wild-type mice exhibited impaired hippocampal-dependent
contextual memory, decreased cell birth, reduced neuronal differentiation, and fewer mature
neurons in the DG. Glial differentiation and apoptosis were not altered in either TCDD-exposed or
AhR-deficient mice. Finally, defects observed in TCDD-exposed mice were dependent on AhR, as
TCDD had no negative effects in AhR-deficient mice. Our findings suggest that AhR should be
further evaluated as a potential transcriptional regulator of hippocampal neurogenesis and
function, though other sites of action may also warrant consideration. Moreover, TCDD exposure
should be considered as an environmental risk factor that disrupts adult neurogenesis and
potentially related memory processes.
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Introduction

2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD; Dioxin) is a ubiquitous environmental
chemical that has been linked to immune dysfunction, reproductive defects, and cancer
(White and Birnbaum, 2009). Developmental TCDD exposures have also been reported to
produce cognitive deficits (Haijima et al., 2010). However, whether adult TCDD exposure
affects brain structure and function is unknown. TCDD exerts its toxicity by binding to the
aryl hydrocarbon receptor (AhR), a ligand-activated basic Helix-Loop-Helix/Per-Arnt-Sim
(bHLH/PAS) protein that regulates the expression of growth regulatory genes (Bock and
Kohle, 2006). While the normal physiological functions of AhR are unresolved, previous
reports indicate AhR regulates neurogenesis in invertebrate systems (Qin and Powell-
Coffman, 2004; Kim et al., 2006). We recently identified AhR expression in neural
progenitor cells (NPCs) in the mouse cerebellum and prenatal forebrain and discovered that
TCDD exposure interfered with developmental neurogenesis (Williamson et al., 2005;
Collins et al., 2008; Latchney et al., 2011). Additionally, cerebellar neurogenesis was
abnormal in AhR-deficient mice (Collins et al., 2008). Because the AhR is expressed in the
adult hippocampus, including granule cells of the neurogenic dentate gyrus (Petersen et al.,
2000), we hypothesize that the AhR regulates neurogenesis and associated functions, and
that these processes will be disrupted by TCDD exposure.

Hippocampal NPCs proliferate in the subgranular zone (SGZ) and then differentiate into
mature dentate granule neurons between 1-4 weeks after birth (van Praag et al., 2002).
Newly generated cells subsequently integrate into hippocampal networks encoding spatial
memory (Kee et al., 2007) and, after a period of maturation, become physiologically
indistinguishable from existing granule neurons (van Praag et al., 2002). Although the
functional role of adult neurogenesis is uncertain, it is proposed that new neurons contribute
to learning and memory (Inokuchi, 2011). For example, associative learning has been
connected to the survival of newborn hippocampal cells (Anderson et al., 2011). Conversely,
learning and memory deficits result when adult neurogenesis is ablated (Jessberger et al.,
2009). While most evidence for the relationship between adult neurogenesis and cognitive
processing has been correlative, the continuous incorporation of newborn neurons into the
hippocampal network appears to be optimized according to cognitive demands (Zhao et al.,
2008). Although the intrinsic molecular signals that orchestrate SGZ neurogenesis and
function are complex, there is evidence that bHLH/PAS transcription factors participate in
regulating neurogenesis (Pleasure et al., 2000).

To examine the role of the AhR in adult hippocampal neurogenesis and function, we first
demonstrated the presence of AhR mRNA in nestin-expressing NPCs in the SGZ of the
adult dentate gyrus. We next evaluated NPC birth, death, and differentiation in AhR-
deficient and age-matched wild-type mice. We also examined the effect of TCDD on NPC
maturation. Learning and memory were assessed by a contextual and auditory fear-
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conditioning paradigm in both AhR-deficient and TCDD-exposed mice. We demonstrate
that both AhR-deficient and TCDD exposed wild-type mice exhibited compromised
hippocampal-dependent contextual memory, reduced NPC birth, and diminished neuronal
differentiation. Moreover, AhR was required to mediate the adverse effects of TCDD.
Although additional studies are necessary, our findings are consistent with the possibility
that AhR participates in the molecular signaling cascade that controls adult hippocampal
neurogenesis, revealing a novel target for TCDD neurotoxicity.

Experimental Animals

For studies in wild-type mice, male and female C57BL/6J mice were purchased from
Taconic Farms at 10 weeks of age. Upon arrival, mice were allowed to acclimate to their
home cage for 2 weeks prior to initiation of experiments. All mice used for our experiments
were from the same generation. Breeding pairs of AhR”~ mice were provided by Dr. Paige
Lawrence (University of Rochester). In order to maintain fertility, AhR”- mice modified at
exon 1 (Lahvis and Bradfield, 1998) were regularly backcrossed onto wild-type C57BL
background for at least 10 generations and a knockout colony was established. All mice
were genotyped prior to being used for experiments. Homozygous AhR knockout mice
(AhR™") from the same generation were used for the AhR™~ study. AhR"" mice were
observed daily in the mornings and afternoons during routine colony maintenance. AhR™-
mice do not exhibit overt behavioral differences such as seizure activity or abnormal
grooming, compared to wild-types. The body weights of AhR”- mice were not significantly
different from wild-type mice across all experiments including those related to proliferation
(KO=22.9+1.1, WT=25.7+£0.89, mean weight (g) + SEM, n=10, p=0.073) and cell survival
(KO=22.6+1.0, WT=24.3+1.3, n=5, p=0.36). Breeding pairs of nestin-CFPnuc mice were
provided by Dr. Grigori Enikolopov (Cold Spring Harbor Laboratory) and a colony was
established. Nestin-CFPnuc mice constitutively express cyan fluorescent protein in the
nucleus (CFPnuc) of nestin-positive neural progenitor cells. Mice were housed five/cage in
standard, ventilated mouse cages in a temperature- and humidity-controlled environment and
maintained on a 12h light/dark cycle with food and water provided ad libitum. All housing
conditions and procedures were kept in accordance with the guidelines set by the University
of Rochester University Committee on Animal Resources and the American Association for
Laboratory Animal Science. Investigators took all steps to reduce the number of mice used,
and to minimize animal suffering.

Immunoblot Analysis

Protein lysates were harvested in ice cold phosphate buffered saline (PBS) containing 0.1%
Triton X-100, 1% PMSF, 1% EDTA, and 1% antiprotease cocktail (all from Sigma, St.
Louis, MO). Total protein concentrations were determined by the BCA protein assay kit
(Pierce, Rockford, IL). Proteins (10 pg) were fractionated on 10% polyacrylamide gels and
transferred to polyvinylidene difluoride (PVDF) membranes (BioRad, Hercules, CA).
Membrane was blocked with 5% powdered milk containing 0.2% Tween-20 and probed for
AhR (1:1000, Biomol, Plymouth Meeting, PA) and B-actin (1:5000, Sigma) overnight at
4°C. Membrane was then probed with a horseradish peroxidase-conjugated secondary
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antibody (Jackson Immunoresearch Laboratories, West Grove, PA) for 1 h at room
temperature. Proteins were visualized with LumiGLO chemiluminescent substrate reagent
(Kirkegaard & Perry Laboratories, Gaithersburg, MD).

Flow Cytometry

Hippocampii from 12-week old nestin-CFPnuc mice were regionally dissected and
dissociated to a single-cell suspension by enzymatic degradation using a neural tissue
dissociation kit from Miltenyi Biotec (Auburn, CA) according to the manufacturer's protocol
(# 130-092-628). For each of the 3 independent cell sorting preparations, hippocampii were
dissected from the brains of 2 nestin-CFPnuc mice, for a total of 6 mice. Cells were then
immediately sorted for CFP fluorescence using the BD FACSAria Il cell sorter (BD
Biosciences). Approximately 2.0 x 10° events were gated from the original parent
population. Approximately 2% of the gated population was sorted as CFP-positive. All of
the CFP-positive cells that were recovered were used for subsequent mMRNA analysis. Wild-
type mice were used to establish a non-fluorescent baseline.

RNA Isolation, Reverse Transcription, and Real Time Polymerase Chain Reaction

RNA was isolated from nestin-CPFnuc sorted cells using the Qiagen RNeasy Mini Kit as
per the manufacturer's instructions. Samples were quantified by spectroscopy and
resuspended in DEPC (0.1% diethylpyrocarbonate)-treated water. First strand cDNA was
synthesized from 1 ug RNA using the SuperScript 111 First Strand cDNA Synthesis Kit
(Invitrogen). Standard PCR was accomplished with PCR primers and the SuperScript One-
Step RT-PCR kit (Invitrogen) according to the manufacturer's protocol. Intron spanning
primers with the following sequences were designed using Primer Express Software to
reduce genomic amplification. AhR: (F) CGGCTGAACACAGAGTTAGACC; (R)
CTGACGCTGAGCCTAAGAACAG. Resulting PCR products were revealed by agarose
gel electrophoresis. Non-reverse transcribed mRNA served as a negative control. mRNA
isolated from C17.2 neural progenitor cells, in which we previously demonstrated to express
AhR (Latchney et al., 2011) served as a positive control.

In vivo TCDD exposure and BrdU administration

For cell proliferation studies, male and female C57BL/6J mice (12 weeks of age) were
gavaged with a single dose of 0.5ug/kg TCDD (Cambridge Isotopes, Cambridge, MA)
dissolved in olive oil (vehicle) or with vehicle alone at 8:00a.m. and maintained for 8h, 24h,
6 weeks, or 8 weeks. During the last 8h of the exposure period, mice received 4 (50 mg/kg
body weight; Sigma) intraperitoneal (i.p.) injections of 5-bromo-2-deoxyuridine (BrdU,
Sigma) at 2h intervals. Mice were sacrificed 2h after the last BrdU injection. For cell
survival and differentiation studies, 12-week old male C57BL/6J mice received 4 i.p.
injections of BrdU at 2h intervals, starting at 8:00a.m. Two hours after the last BrdU
injection (4:00p.m.), mice were gavaged with 0.5ug/kg TCDD or with vehicle alone and
maintained for 4 weeks. For studies involving AhR”- mice, 12-week old male and female
C57BL/6J wild-type and AhR™~ mice received 4 i.p. injections of BrdU at 2h intervals,
starting at 8:00a.m., and sacrificed 2h or 4 weeks after the last BrdU injection.
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Fear Conditioning

Mice underwent contextual and auditory fear conditioning to assess hippocampal-dependent
and -independent memory processes as previously published (Hein et al., 2010; Matousek et
al., 2010). The fear conditioning chamber is equipped with a fan and house light controller
that is set at 24VDC (Volt Direct Current, Coulbourn FreezeFrame Fan/House light
controller, model ACT-130). The house light provided modest lighting to allow
experimenters to view the freezing behavior of the mice. For 3 days before fear
conditioning, mice were transported from the colony room to the testing room, handled for 2
min each, and returned to the colony room to acclimate them to experimenter manipulation.
At 9:00a.m. on conditioning day, mice were individually allowed to explore the conditioning
context, which consisted of a Plexiglas chamber and metal floor grid (model H10-11 M;
Coulbourn Instruments, Whitehall, PA). After 3 min, 15s of white noise (80 dB) was
presented co-terminating with a 2 s 0.75 mA foot shock. This noise-shock pairing was
repeated twice for a total of 3 shocks with an interval of 30s between shocks. 24h later, mice
were re-exposed to the conditioning chamber for 5 min each to test contextual fear memory.
Mice were then tested for freezing to a novel context and the auditory stimulus. Mice were
placed in a novel context consisting of a 15cm open-topped plastic cylinder with bedding on
the floor for 3 min followed by re-exposure to the white noise for 3 min. All data were video
recorded using FreezeFrame Video-Based Conditioned Fear System and analyzed by
Actimetrics Software (Coulbourn Instruments) in a blinded fashion.

Immunohistochemistry

All mice were anesthetized with sodium pentobarbital and perfused transcardially with 0.1M
phosphate buffer (PB) containing 2 1U/mL heparin and 0.5% w/v sodium nitrite followed by
4% paraformaldehyde in 0.1M PB. Brains were removed, post-fixed in 4%
paraformaldehyde overnight, and transferred to 30% sucrose until equilibrated. The entire
hippocampus (-0.82 to -4.24 mm Bregma) was sectioned on a freezing, sliding microtome
into 30um coronal sections and stored in cryoprotectant at -20°C. Immunohistochemistry
was performed on free-floating sections as previously described (Collins et al., 2008).
Sections were washed in 0.1M PB to remove cryoprotectant, followed by permeabilization
in phosphate buffered saline containing 0.3% triton X-100 (PBST). Heat-induced antigen
retrieval was performed by microwave heating to 90°C in 0.1 M sodium citrate buffer (pH
9.0). Sections were then incubated with 2N HCI for 60 min to denature DNA, rinsed,
incubated with 3% hydrogen peroxide for 30 min to quench endogenous peroxidases, and
rinsed again. Tissue was then blocked in 10% normal goat serum in PBST for 1h, and
incubated with rat monoclonal antibody against BrdU (1:800; Accurate Chemical,
Westbury, NY) in 0.3% PBST with 1% normal goat serum overnight at 4°C. After rinsing,
sections were incubated with biotinylated goat anti-rat IgG (1:350, Vector Laboratories,
Burlingame, CA) antibody in 0.3% PBST and 1% normal goat serum for 2h at room
temperature. After rinsing, sections were incubated in an avidin-biotin-horseradish
peroxidase solution (Vector Laboratories) for 1h at room temperature, then incubated in a
3,3’ -diaminobenzidine (DAB) fast-tab solution (Sigma). Sections were rinsed in PB and
mounted onto Superfrost Plus slides (VWR, West Chester, PA), dried, and coverslipped
with Clarion mounting media (Sigma). Positive staining was not seen in mice that did not
receive BrdU or in sections in which the primary antibody was omitted.
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For immunofluorescent staining, sections were processed for double labeling of BrdU with
various neurogenesis markers simultaneously. Free-floating sections were pre-treated with
2N HCI as above and incubated overnight 4°C with rat monoclonal anti-BrdU (1:800;
Accurate Chemical, Westbury, NY) along with rabbit polyclonal anti-cleaved caspase-3
(1:500, Cell Signaling Technology, Danvers, MA), guinea pig polyclonal anti-doublecortin
(1:2000, Millipore, Temecula, CA), biotinylated mouse anti-NeuN (1:1000, Millipore),
rabbit polyclonal anti-GFAP (1:1000, Millipore), or rabbit polyclonal anti-Ki67 (1:500,
Vector Laboratories) in 0.3% PBST with 1% normal goat serum. After rinsing, sections
were incubated with the appropriate Alexa Fluor secondary antibody (Molecular Probes,
Eugene, OR) in 0.3% PBST and 1% normal goat serum for 2h at room temperature.
Hippocampal sections from nestin-CFPnuc were stained with a rabbit anti-GFP antibody
conjugated to Alexa Fluor 488 (1:400, Molecular Probes). DAPI was used as a fluorescent
counterstain. Sections were rinsed of excess secondary antibody prior to mounting onto
Superfrost Plus slides, dried, and coverslipped with Fluoromount aqueous mounting media
(Sigma). Omission of the primary antibody resulted in a lack of specific staining, thus
serving as a negative control.

Image Analysis

Following immunohistochemistry, brightfield or fluorescent staining of positive cells from
every eighth coronal section containing the dentate gyrus were visualized and quantified on
a Nikon Eclipse 80i microscope (Nikon Instruments, Tokyo, Japan). Staining was quantified
throughout the entire hippocampus (-0.82 to -4.24 mm Bregma). In sections processed for
BrdU alone using DAB, exhaustive counting of BrdU-positive cells from all sections
consisting of the dentate gyrus (including the GCL, SGZ, and hilus) were quantified in a
manner similar to the optical fractionator method (Mandyam et al., 2004; 2007). Cells were
visualized and quantified at 400x (0.63 NA) with continual adjustment throughout the z-
plane to capture all positive cells throughout the thickness of the section. The total number
of BrdU-positive cells were summed for each mouse and multiplied by 8 to obtain an
estimate of the total number of BrdU-positive cells per dentate gyrus as previously described
(Mandyam et al., 2004; 2007). This quantification method was also used to obtain an
estimate of the total number of Ki67- and DCX-positive cells per dentate gyrus. All image
capturing and quantification was performed in a blinded fashion. Initial data analysis from
the AhR”- and TCDD-exposure studies did not reveal any significant gender differences.
Thus, male and female mice were combined for final data analysis.

In sections processed for double fluorescence immunohistochemistry, BrdU-, cleaved
caspase-3, NeuN-, and GFAP-positive cells were subjected to phenotypic analysis using
either a Nikon Eclipse 80i microscope under 400x with continual adjustment throughout the
z-plane or with an Olympus FVV1000 laser scanning confocal microscope under 60x
objective with a 2x virtual zoom. This analysis was used to calculate the ratio of single-
positive (BrdU) or double-positive (BrdU/CC3, BrdU/NeuN, BrdU/GFAP) cells in relation
to the total number of BrdU-positive cells from each mouse. For confocal images, images
were taken with Olympus FVV1000 software. Scanning and optical sectioning in the Z-plane
was carried out using multitrack scanning with 0.5um optical section thickness. Stacks of Z-
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images were reconstructed into a final 3D image. All fluorescent image capturing and
quantification was performed in a blinded fashion.

Statistical Analyses

Results

Data are expressed as means = S.E.M. Sample sizes are indicated in the figure legends. Data
was analyzed in Prism (GraphPad Software 5.0, San Diego, CA) using 2-way ANOVA or
Student's t-test where appropriate. The type of statistical test performed is indicated in the
figure legends. Analyses were considered significant when p < 0.05. Bonferroni post-hoc
tests further analyzed significant ANOVAs.

Nestin-positive neural progenitor cells in the adult dentate gyrus express AhR

With immunoblotting, we first verified the absence of AhR expression in the AhR knockout
mice (Fig 1a). Although it has previously been shown that AhR is expressed in the adult
dentate gyrus (Petersen et al., 2000), the specific cell types in which AhR is present remains
unidentified. To determine if proliferating NPCs in the adult dentate gyrus express AhR, we
took advantage of a transgenic mouse line in which nestin-positive progenitor cells
constitutively express cyan fluorescent protein in the nucleus (CFPnuc). As expected, CFP
expression was restricted to the SGZ of the dentate gyrus, where proliferating NPCs
normally reside (Fig 1b). These CFP-positive cells were then isolated via flow cytometry
and the sorted CFP cells were subsequently used for RT-PCR analysis. RT-PCR results from
3 independent preparations of CFP sorted cells confirm the presence of AhR in nestin-
positive NPCs of the adult dentate gyrus (Fig 1c). Since NPCs are key participants for
ongoing hippocampal neurogenesis and associated functions, it is plausible that abnormal
AR function, via deletion or activation by TCDD, could impair NPC maturation and
potentially related cognitive functions.

AhR-deficient mice exhibit hippocampal-dependent memory impairment

To determine the influence of AhR on hippocampal-dependent memory processes, twelve-
week old AhR”~ and wild-type mice underwent contextual fear conditioning to evaluate
hippocampal-dependent and hippocampal-independent memory processes. No significant
differences in freezing behavior between wild-type and AhR™~ mice were found during the 3
min acclimation period prior to shock presentation (Fig 2a). Following the acclimation
period, mice were presented with a white noise co-terminating with a foot shock. This noise-
shock pairing was repeated twice for a total of 3 shocks with an interval of 30s between
shocks. Freezing during the intervals following shock presentation increased across trials
(F2, 36)=12.85, p<0.0001), but did not vary by genotype (F(1, 35)=0.6876, p=0.4178),
suggesting that all mice processed the shock similarly. Likewise, freezing to the auditory
stimulus increased across trials (F(2, 36=15.84, p<0.0001), but did not vary by genotype
(F(1, 36)=0.1860, p=0.1894), suggesting that the white noise stimulus was processed and the
noise-shock pairing was formed by all mice (Fig 2b).

When tested the following day for contextual fear memory, AhR”- mice froze significantly
less to the conditioned context than age-matched wild-types (p<0.05, Fig 2c). In the auditory
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test, all mice demonstrated low levels of freezing to a novel context and elevated freezing to
the conditioned white noise stimulus (F(q, 36)=16.22, p=0.0003), with no differences

between the genotypes in either measure (F(;, 3)=0.2035, p=0.6546; Fig 2d). The intact
memory for the auditory stimulus in AhR”" mice demonstrate that AhR”- mice do not have
poor memory in general or decreased freezing ability and are capable of forming new
memories that are independent of the hippocampus. Therefore, these results demonstrate that
AhR deletion disrupts hippocampal-dependent but not hippocampal-independent memory
processes, suggesting that AhR contributes to normal hippocampal memory function.

AhR-deficient mice exhibit reduced cell proliferation, cell survival, and neuronal
differentiation in the adult dentate gyrus

To examine if AhR-deficient mice have abnormal neurogenesis, twelve-week old AhR”- and
age-matched wild-type mice were given 4 i.p. BrdU injections, one every 2h, to label
newborn cells. Mice were sacrificed 2h after the last BrdU injection (Fig 3a). BrdU
incorporation, a marker of S-phase entry and an index of cell birth, revealed a 31% decrease
in labeled cells in AhR”- mice compared to age-matched wild-type mice (p<0.01, Fig 3b).
The number of Ki67-positive cells was also significantly decreased in AhR”- mice (p<0.01,
Fig 3c), confirming reduced NPC proliferation. To determine if the reduction in newly born
cells was due to an increase in apoptosis, quantitative analysis of cells labeled with BrdU
and the apoptotic marker cleaved caspase-3 (CC3) was conducted. This analysis revealed no
differences in the number of CC3-single positive or in BrdU- and CC3-double positive cells
in all groups (Fig 3d). The lack of increased cell death was subsequently confirmed by the
absence of an increase in the number of pyknotic nuclei in AhR”- mice (Veh=320+78,
TCDD=333%91, mean + SEM, n=10, p>0.05 student's t-test). Furthermore, the reduced
proliferation is also not a result of a smaller dentate gyrus, as there was no difference in the
estimated volume of this structure (KO=5.6x108+0.58x108, WT=5.8x108+0.56x108, mean
volume (um3) + SEM, n=10, p>0.05 student's t-test). These results suggest AhR contributes
to regulation of cell generation in the hippocampus and that the decline in new cell
production in the AhR7- mice is not due to increased cell death or a smaller dentate gyrus.

Following NPC birth, newborn hippocampal cells undergo cell fate decisions in which they
commit to a specific cell lineage and undergo an extensive maturation process that takes 4 to
6 weeks to complete (van Praag et al., 2002). Initial analysis of the early neuronal
differentiation marker, doublecortin (DCX), in AhR”" mice demonstrated that AhR may also
be involved in neuronal differentiation. AhR"" mice exhibited a 39% reduction in DCX
expressing cells compared to age-matched wild-type mice (p<0.01, Fig 3e).

To further evaluate NPC maturation, twelve-week old wild-type and AhR”- mice were
administered 4 BrdU injections, one every 2h, to label newly born cells and were sacrificed
4 weeks later (Fig 4a), giving sufficient time for the newborn BrdU labeled cells to develop
into mature cells. The survival of the dividing NPCs, estimated as the total number of BrdU-
positive cells at 4 weeks, was significantly reduced by 32% in the AhR™~ mice (p<0.05, Fig
4b, 4c). Unexpectedly, the reduced number of surviving BrdU cells in AhR”- mice could not
be explained by an increase in apoptosis, as CC3 counts did not differ compared to wild-
type (Fig 4b, 4c). While it is difficult to reconcile decreased survival without an increase in
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apoptosis, this discrepancy is commonly reported (Cameron and Gould, 1996; Cameron and
McKay, 1999; Biebl et al., 2000) and can partially be explained by the brief window of time
in which cell death can be reliably detected (Harburg et al., 2007; Sierra et al., 2010). The
precise phenotypic differentiation state of the BrdU-positive cells at 4 weeks was defined by
double immunostaining for BrdU and the neuronal marker (NeuN) or astroctye marker
(Glial Fibrillary Acidic Protein, GFAP). In addition, the expression of DCX, an early
neuronal differentiation marker, was assessed. Similar to what was observed in our previous
experiment, AhR"" mice exhibited a 27% reduction in total DCX expressing cells (p<0.05),
indicating reduced neuronal differentiation. Further analysis revealed a 28% reduction in
BrdU- and NeuN-double positive cells (p<0.05, Fig 4b, 4c), perhaps indicating that newborn
cells did not differentiate into mature neurons. Instead, it is possible that the newborn cells
could be diverted from the neuronal lineage to become astrocytes. However, the percentage
of BrdU-positive cells maturing into GFAP-positive astrocytes was not altered (Fig 4b, 4c).
Taken together, these results suggest that the impairment of several stages of neurogenesis,
including cell proliferation, survival, and neuronal differentiation, could potentially be
associated with the memory impairment observed in AhR”~ mice.

Hippocampal-dependent memory is impaired following TCDD exposure

TCDD, a high affinity AhR ligand, is a ubiquitous and persistent environmental toxicant.
Most of what is known about TCDD toxicity comes from acute, high-level accidental
exposures (White and Birnbaum, 2009). Human exposure, however, largely comes from low
levels of TCDD through dietary intake (Mato et al., 2007). Given the foregoing evidence
that normal AhR expression may contribute to adult hippocampal neurogenesis and
function, we determined whether activation of the AhR with TCDD also impacts these
processes, as the neurological outcomes of low-dose exposures are undefined. Twelve-week
old mice were gavaged with a single dose of vehicle or 0.5ug/kg TCDD and 6 weeks later
they underwent the same contextual fear-conditioning paradigm used in the AhR™" study
(Fig 5a). The fear conditioning was performed 6 weeks post exposure to allow adequate time
for the progenitor cells born at the time of exposure to develop into mature, functional cells
capable of participating in the hippocampal circuitry. No significant differences in freezing
behavior between vehicle and TCDD-exposed mice were found during the 3 min
acclimation period prior to shock presentation (Fig 5b). Freezing during the intervals
following shock presentation increased across trials (F(2, 36=23.44, p<0.0001), but did not
vary with TCDD exposure (F(y, 36)=0.0023, p=0.9623), suggesting that all mice processed
the shock similarly. Likewise, freezing to the auditory stimulus increased across trials

(F(2, 36)=27.60, p<0.0001), but did not vary with TCDD exposure (F 1, 35)=0.2268,
p=0.6396), suggesting that the white noise stimulus was processed and the noise-shock
pairing was formed by all mice (Fig 5c).

In the hippocampal-dependent context test, TCDD exposed mice exhibited a 19% reduction
in freezing to the conditioned context compared to vehicle-exposed mice (p<0.05, Fig 5d).
In the auditory test, all mice demonstrated low levels of freezing to a novel context and
elevated freezing to the conditioned white noise stimulus (F(y, 36)=28.95, p<0.0001), with no
differences with TCDD exposure in either measure (F(y, 36=0.001828, p=0.9661; Fig 5¢).
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These results demonstrate that AhR activation by a single, environmentally relevant low-
dose of TCDD in adult mice compromises a hippocampal-dependent form of memory.

Because we postulate that the reduction in contextual fear memory is associated with the
lack of new neuron development, we explored whether TCDD exposure had an effect at an
earlier timepoint prior to the full functional incorporation of new neurons. Therefore, we
repeated the same experiment 4 weeks following TCDD exposure (Fig 5f), a timepoint when
new neurons have just completed their development into mature neurons but are not yet
functionally incorporated into the hippocampal circuitry. At 4 weeks post-exposure, no
significant differences in freezing behavior between vehicle and TCDD-exposed mice were
found during the 3 min acclimation period prior to shock presentation. Freezing during the
intervals following shock presentation increased across trials (2-way ANOVA,

F(2, 36)=19.01, p<0.0001), but did not vary with TCDD exposure (2-way ANOVA,
F(1,36=0.07253, p=0.7908; data not shown). Likewise, freezing to the auditory stimulus
increased across trials (2-way ANOVA, F(, 35=29.26, p<0.0001), but did not vary with
TCDD exposure (2-way ANOVA, F(1, 35=1.284, p=0.2622; data not shown).

In the hippocampal-dependent context test, there was no difference in freezing behavior to
the conditioned context between vehicle- and TCDD-exposed mice (p=0.254, Fig 5g). In the
auditory test, all mice demonstrated low levels of freezing to a novel context and elevated
freezing to the conditioned white noise stimulus (F1, 36=37.05, p<0.0001), with no
differences with TCDD exposure in either measure (F(y, 36=0.01401, p=0.906, Fig 5h).
Considering there was a deficit in hippocampal-based memory at 6 weeks post exposure
when new neurons become functionally incorporated, but not at an earlier timepoint, these
observations support the notion that impairments in hippocampal-associated functions may
be correlated to a reduction in neurogenesis.

TCDD exposure reduces cell proliferation in the dentate gyrus without inducing apoptosis

To examine the effects of TCDD exposure on cell birth and apoptosis, twelve-week old mice
were gavaged with a single dose of 0.5ug/kg TCDD or vehicle and administered the same
BrdU injection paradigm used in the AhR" study to label newborn cells. Proliferation was
analyzed by BrdU and Ki67 immunohistochemistry 8 and 24h post-exposure (Fig 6a).
TCDD exposure reduced S-phase entry by 15% after 8h (p<0.05), and by 34% at 24h
(p<0.01) compared to vehicle exposed mice (Fig 6b). The number of Ki67-positive cells was
also significantly reduced 24h after TCDD exposure (p<0.01), but not at 8h (Fig 6c). This
could suggest that cells cycling in S-phase are initially more vulnerable to TCDD's
inhibitory effects than cells cycling in other phases of the cell cycle. To determine if the
reduction induced by TCDD was due to increased apoptosis, we examined CC3 and BrdU
double-labeled cells. Quantitative analysis of CC3-single positive and BrdU- and CC3-
double labeled cells revealed no differences between vehicle and TCDD exposed mice (Fig
6d). The absence of increased apoptosis in TCDD-exposed mice was confirmed by detecting
similar numbers of pyknotic nuclei in vehicle control mice. (Veh=340£45, TCDD=364+54,
mean + SEM, n=10, p>0.05 student's t-test). The reduced proliferation in TCDD-exposed
mice was also not a result of a smaller dentate gyrus because there were no differences in the
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estimated volume of this structure (Veh=5.4x108+0.57x108, TCDD=5.3x108+0.58x108,
mean volume (um3) + SEM, n=10, p>0.05 student's t-test).

Neuronal differentiation, but not glial differentiation, is reduced following TCDD exposure

We next questioned whether TCDD exposure would ultimately lead to fewer mature
neurons in the dentate gyrus. To investigate the effect of TCDD on the survival and
differentiation of the newborn NPCs, twelve-week old mice were first administered BrdU to
label newly born cells then gavaged with a vehicle or 0.5ug/kg TCDD 2h after the last BrdU
injection. Mice were sacrificed 4 weeks later, giving sufficient time for the newborn BrdU
labeled cells to develop into mature cells (Fig 7a).

The survival of the dividing NPCs, estimated as the total number of BrdU-positive cells at 4
weeks, did not differ between vehicle and TCDD-exposed mice (Fig 7b). Likewise, TCDD
did not induce apoptosis as indicated by no changes in CC3 counts (Fig 7b). Phenotypic
differentiation of the BrdU-positive cells at 4 weeks was defined by performing double
immunostaining for BrdU and NeuN or GFAP as well as analyzing DCX. TCDD exposure
elicited a 40% reduction in total DCX expressing cells (p<0.01), indicating reduced neuronal
differentiation. Further analysis revealed a 21% reduction in BrdU- and NeuN-double
positive cells (p<0.05, Fig 7b), possibly indicating the inability of newborn cells to fully
differentiate into mature neurons. Instead of differentiating into mature granule neurons, the
newborn cells could be diverted from the neuronal lineage to become astrocytes or
oligodendrocytes. However, the percentage of BrdU-positive cells maturing into GFAP-
positive astrocytes was not altered with TCDD exposure (Fig 7b). Taken together, these
results suggest that TCDD exposure interfered with neuronal differentiation, while cell
survival and glial differentiation were unaffected.

TCDD exposure leads to a sustained reduction in neuronal differentiation, but not cell
birth, up to 8 weeks post exposure

To address whether TCDD exposure leads to a long-term reduction in NPC birth, twelve-
week old mice were gavaged with vehicle or 0.5ug/kg TCDD and newborn cells were
labeled with BrdU 6 or 8 weeks post exposure (Fig 8a). Mice were sacrificed 2h after the
last BrdU injection. Immunchistochemical analyses demonstrate that the reduction in cell
birth seen 8 and 24h post TCDD exposure (Fig 6a) does not persist 6 and 8 weeks after
exposure (Fig 8b). In contrast, there was a sustained reduction in neuronal differentiation, as
evidenced by reduced DCX expression, 6 weeks (p<0.01) and 8 weeks (p<0.05) post
exposure (Fig 8c). The reduction in DCX-positive cells in TCDD-exposed mice is not a
result of a smaller dentate gyrus since the estimated volume of the dentate gyrus did not
differ with TCDD (at 6 weeks: Veh=5.8x108+0.6x108, TCDD=5.7x108+0.59x108; at 8
weeks: Veh=5.6x108+0.55x108, TCDD=5.7x108+0.6x108, mean volume (um3) = SEM,
n=5, p>0.05 student's t-test).

TCDD exposure does not alter cell birth in AhR-deficient mice

As a high affinity ligand for the AhR, TCDD is known to require this receptor to exert its
toxicity in other organ systems. Mice deficient for the AhR are resistant to the adverse
effects of TCDD exposure (Bunger et al., 2003; 2008). To determine whether the neurotoxic
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effects observed in the TCDD-exposed mice require the AhR, twelve-week old wild-type
and AhR™- mice were exposed to a vehicle or 0.5ug/kg TCDD for 24h and labeled with
BrdU to measure cell birth (see 24h exposure timeline in Fig 6a). As observed in our
previous experiment, TCDD-exposed wild-type mice exhibited a 34% reduction in cell birth
compared to vehicle-exposed wild-types (Fig 9). Similarly, AhR”- mice, whether exposed to
a vehicle or TCDD, both exhibited reductions in BrdU-positive cells compared to vehicle-
exposed wild-types, specifically, 32% and 35% respectively (Fig 9). However, there were no
significant differences in BrdU-positive cells between vehicle- and TCDD-exposed AhR™-
mice. These studies indicate that TCDD had no additive effect over that of receptor deletion,
suggesting that TCDD toxicity requires the AhR, as has been previously reported in
numerous studies in AhR”~ mice (Bunger et al., 2003; 2008).

Discussion

Our observations indicate that AhR deletion or activation negatively impact hippocampal
NPC birth and differentiation associated with reduced hippocampal-dependent memory
function. The presence of receptor expression in SGZ precursors is consistent with the
hypothesis that AhR deletion or activation directly alters signaling pathways that orchestrate
hippocampal neurogenesis and related functions. However, since our studies do not
modulate AhR function selectively in hippocampal NPC, alternative sites of action must also
be considered. For example, there could be subtle alterations in glucose or lipid metabolism
(Sato et al., 2008; Takeda et al., 2011; Kachaylo et al., 2012; Tanos et al., 2012), circadian
rhythms (Pendergast and Yamazaki, 2012), monoamine neurotransmitters (Byers et al.,
2006; Tanida et al., 2009), thyroid hormones or adrenal cortical functions (Han et al., 2011,
Spaulding, 2011; Leijs et al., 2012) among others, that could contribute to the observed
impairments in SGZ NPC maturation and hippocampal function (Desouza et al., 2005;
Kapoor et al., 2010; Snyder et al., 2011). Therefore, it remains to be determined whether the
deficits in neurogenesis and behavior result directly from AhR signaling events in NPCs.

In addition to its well-characterized role in xenobiotic detoxification, AhR also functions as
a modulator of cellular signaling pathways during development in the absence of an
exogenous ligand (Puga et al., 2005). However, endogenous ligands for AhR remain elusive.
Apart from the observed neurogenic deficits, we determined that hippocampal memory
processing is abnormal in AhR”- mice, suggesting an associated functional link for the
receptor. We also demonstrated that TCDD produces similar hippocampal neurogenic and
cognitive impairments as seen in AhR”- mice. Moreover, these adverse responses were
mediated by the AhR, since AhR”" mice were resistant to TCDD-induced neurotoxicity. It is
conceivable that environmental modulation of AhR activity by TCDD diverts the receptor
from performing normal physiological activity, which results in impaired hippocampal
function and neurogenesis. However, it remains a formal possibility that absence of a TCDD
effect in AhR”- mice represents a “floor effect” in that a constant minimum amount of
neurogenesis remains despite the presence of inhibitory signals. Together our findings
identify the AhR as a novel bHLH/PAS transcription factor that has the potential to
contribute to signaling events that modulate adult hippocampal neurogenesis and related
cognitive functions.
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Although AhR expression in the adult dentate gyrus has previously been shown, the specific
cell types expressing AhR remained unknown (Petersen et al., 2000). Using a transgenic
mouse line, we built upon the previous study by demonstrating that nestin-positive NPCs
express AhR in the SGZ of the adult neurogenic dentate gyrus. Since nestin-positive NPCs
are critical participants in the hippocampal neurogenic cascade, it is plausible that AhR
expression and activity plays a role in regulating NPC proliferation and differentiation. AhR
expression in NPCs also renders these cells as targets for the potent neurotoxicant, TCDD.
However, additional studies are necessary to fully delineate the potential direct roles of AhR
deletion or activation on hippocampal NPC maturation and function.

In both AhR”- and TCDD-exposed wild-type mice, there was a substantial reduction of
newborn cells in the adult dentate gyrus, as shown by a decrease in BrdU- and Ki67-positive
cells. We speculate that the decrease in newborn cells is not due to cell death, as there was
no evidence of increased activated caspase-3 staining or numbers of pyknotic nuclei in
hippocampal cells compared to the respective control mice in each study. However, it is
possible that our studies missed the short timeframe when apoptotic cells are detectable in
the SGZ (Harburg et al., 2007; Sierra et al., 2010). A more likely possibility is that the
decrease in newborn cells represents a failure of NPCs to proliferate, ultimately depleting
the precursor pool and leading to fewer mature neurons. Supporting this interpretation,
AhR- and TCDD-exposed wild-type mice both exhibited deficits in neuronal differentiation
and had fewer mature granule cells. Alternatively, the cell cycle length of newborn cells
could either be shortened or prolonged, also leading to reduced NPC proliferation and
delayed neuronal differentiation. We cannot conclude that the reduced proliferation
contributed to the diminished neuronal differentiation, because these outcomes could be
independent of each other. However, the precise stage during which AhR deletion or
activation impedes differentiation of NPCs into neurons remains to be determined. Our data
do not reveal that modulation of AhR activity altered fate determination of newborn SGZ
cells. Moreover, our studies did not detect a reduction in dentate gyrus volume, but it is still
possible that granule cell density could be altered. Further investigations involving a more
comprehensive time course and stereological evaluations are necessary to resolve the
observed differentiation defect and potential impact on granule cell density.

Although our studies do not provide evidence that AhR is directly involved in hippocampal
neurogenesis or hippocampal-dependent behavior, we propose that a functional AhR in
nestin-positive NPCs contributes to proper maintenance of the NPC pool and/or NPC cell
cycle kinetics, which is important for balancing NPC proliferation with neuronal
differentiation. This hypothesis is supported by the similarity between our findings related to
NPC maturation and the observations described in inducible Notch knockout (iKO) mice,
where decreased NSCs in these mice were interpreted as a failure to maintain the precursor
reservoir in the adult brain, leading to fewer mature neurons (Ables et al., 2010). We
propose that abnormal AhR function, via genetic deletion or the untimely activation of this
receptor by TCDD, leads to abnormal neurogenesis and cognitive processing. This
hypothesis raises the important issue of indirect and/or secondary effects that may occur in
AhR"" and TCDD-exposed mice and additional work is necessary to evaluate the numerous
potential indirect mechanisms that might contribute to our observed deficits in neurogenesis
and hippocampal dependent memory processing. Our findings in AhR-deficient mice should
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also be interpreted with some caution because as with all lifelong global knockout mice, the
possibility that our observations are indirectly due to adaptive changes during development
or from signaling events unrelated to NPCs must be also be considered, since AhR is widely
expressed throughout the CNS and other organ systems. Future studies using inducible, cell-
specific AhR knockout mice are required to draw a more direct link between AhR deletion
and the associated neurological impairments in the adult hippocampus.

Whereas it was unexpected that AhR”" and dioxin-exposed wild-type mice would exhibit
phenotypic similarities, there are two reasons that might explain our experimental outcomes.
One possible explanation is that TCDD has been shown to rapidly downregulate AhR,
resulting in an expression deficiency analogous to the AhR”~ mice (Pollenz, 2002).
However, this reason cannot fully explain our observed results because the AhR is not
permanently downregulated following ligand exposure. Instead, AhR protein is eventually
recycled and returned to basal levels (Pollenz and Buggy, 2006). A second possibility is that
TCDD causes persistent activation of the AhR, thereby inducing a toxic response and
preventing AhR from performing its functional roles. The toxic response from TCDD
exposure may be due to the ligand displacing the AhR from promoter regions of gene
clusters involved in cell growth to favor the regulation of xenobiotic metabolism genes.
Consequently, cell growth related genes may become transcriptionally repressed, resulting
in abnormal growth regulation (Sartor et al., 2009), which could interfere with neurogenesis
and associated function.

The similar deficits in hippocampal mediated behavior and neurogenesis following AhR
deletion or activation were initially surprising. However, there are other examples where
either increases or decreases in transcription factors give similar functional and/or structural
phenotypes in the brain, in both animal models and human disease. For instance, engrailed2
deficient and overexpression transgenic mouse mutants exhibited a similar autistic-related
cerebellar phenotype (Millen et al., 1994; Kuemerle et al., 1997; Baader et al., 1998; 1999).
The loss or gain of function in MECP2, a transcriptional repressor, also generated similar
neurological aberrations in humans and experimental animals (Chahrour and Zoghbi, 2007).
With regard to the AhR, two studies indicated that AhR deficient or TCDD-exposed wild-
type mice modulate immune system T cells in a similar manner (Quintana et al., 2008;
Veldhoen et al., 2008). The similarities observed between AhR”- and TCDD-exposed wild-
type mice in our studies suggest that the AhR may serve dual roles in mediating xenobiotic
metabolism and hippocampal neurogenesis. Therefore, both the expression and activity
levels of the AhR are potentially important in regulating adult hippocampal structural and
functional outcomes.

Our findings that aberrant neurogenesis in both AhR"~ and TCDD-exposed wild-types
produced parallel deficits in one type of hippocampal-based memory are consistent with the
accumulating evidence that adult-born NPCs participate in hippocampal-dependent
cognitive processing (Clelland et al., 2009; Stone et al., 2011). The observations that
neuronal differentiation (DCX-positive cells) was persistently impaired several weeks
following TCDD exposure are consistent with the idea that immature neurons undergoing
maturation are important contributors to hippocampal function (Aasebo et al., 2011; Marin-
Burgin et al., 2012). The absence of a sustained reduction in newborn cells, even though
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there was a functional deficit, further supports the idea that newborn NPCs less than one
week old lack synaptic connections and are unable to make significant contributions to
hippocampal function (Deng et al., 2009). However, contextual fear conditioning may not be
a discrete measure of neurogenesis dependent memory acquisition. There is also controversy
about the role of the hippocampus in contextual fear conditioning, since other brain regions
such as the amygdala are thought to participate in this learning and memory paradigm
(Goosens and Maren, 2001; Onishi and Xavier, 2010). Moreover, the hippocampus is
involved in functions beyond contextual memory such as mood regulation (Lagace et al.,
2010; Sahay et al., 2011). Future studies are required not only to more thoroughly evaluate
hippocampal function but also to establish a connection with neurogenesis and behavioral
outcomes related to AhR signaling activity.

Our data suggest the abnormal hippocampal neurogenesis resulting from AhR deletion or
inappropriate activation by TCDD could lead to a gradual depletion of NPCs and
compromised neuronal maturation, thereby potentially accounting for the impaired
formation of hippocampal-based memories. Our current work adds to existing research
related to the impact of TCDD exposure during developmental neurogenesis by
demonstrating that adult hippocampal neurogenesis may also be vulnerable to
environmentally-relevant doses of TCDD. It has been previously shown that in utero and
lactational TCDD exposure also produces cognitive deficits in adulthood (Haijima et al.,
2010). Additionally, whereas the functional implications of our data are conjectural, it is
noteworthy to contemplate the relationship between defective AhR signaling and age-related
cognitive impairments. Deficiencies in neurogenesis have previously been observed in
mouse models of neurodegenerative diseases, including Alzheimer's disease (Winner et al.,
2011). Given that TCDD body burdens increase with age (Schecter et al., 2006), it is
possible that developmental or adult exposure may be a risk factor for age-related cognitive
dysfunction. Therefore, further research is warranted to identify the precise mechanism by
which developmental or adult TCDD exposure perturbs hippocampal neurogenesis in order
to determine the potential contribution of this ubiquitous environmental chemical in
developing age-related cognitive disorders.
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Figure 1. Nestin-positive neural progenitor cellsin the adult dentate gyrus express AhR
(A)Protein lysates were isolated from the hippocampus of 3 adult wild-type (WT) and 3

adult AhR knockout (KO) mice. AhR protein content (10ug) was analyzed by
immunoblotting. The corresponding p-actin blot served as a loading control. (B)
Representative image of the dentate gyrus from an adult nestin-CFPnuc mouse. CFP-
positive cells (green) were restricted to the SGZ of the dentate gyrus. Scale bar=100um. (C)
Representative gel from RT-PCR analysis for AhR mRNA. Lane 1: 100bp DNA ladder,
Lane 2: Negative control (non-reverse transcribed mRNA). Lanes 3-5: 3 independent
preparations of CFP sorted cells from nestin-CFPnuc mice. Lane 6: Positive control (MRNA
isolated from C17.2 cells).
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Figure 2. AhR deletion impairs hippocampal -dependent memory
(A and B) Mean percent freezing during the acquisition, post-shock intervals, and auditory

stimuli during conditioning increased with repeated pairing but did not differ between wild-
type and AhR”- mice (N=10 mice/genotype; 2-way ANOVA). (C) In the hippocampal-
dependent context test, AhR™" mice show reduced freezing to the conditioned context
compared to age-matched wild-type animals (N=10 mice/genotype; Student's t-test, *
p<0.05). (D) Both wild-type and AhR”- mice showed low freezing to a novel context and
elevated freezing to the conditioned white noise stimulus (N=10 mice/genotype; 2-way
ANOVA with Bonferroni post-hoc test, ** p<0.01). Results are expressed as means *

S.EM.
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Figure 3. Reduced cell praliferation and neuronal differentiation in the dentate gyrus of AhR-

deficient mice

(A)Paradigm used to examine neural progenitor cell birth in wild-type and AhR”~ mice.
Representative images and quantitative analysis of (B) BrdU, (C) Ki67, (D) Cleaved
Caspase-3 (CC3) and CC3-BrdU double positive, and (E) doublecortin (DCX) positive cells
in the dentate gyrus of wild-type and AhR”~ mice. Scale bar=100um in (B) and 500pm in
(C-E). The arrow in the low magnification image points to a double-positive BrdU+/CC3+
cell. The inset is a higher magnification image of the double-positive cell (arrow in inset
points to the BrdU+ green signal and arrowhead points to the CC3+ red signal). Data
represents means + S.E.M. (N=10 mice/genotype); Student's t-test (* p<0.05, ** p < 0.01).
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Figure 4. Cell survival and neuronal differentiation isreduced in AhR™ mice
(A)Paradigm used to examine the survival and differentiation of newly born cells in AhR™"

and WT mice 4 weeks after BrdU labeling. (B) Representative images of the dentate gyrus
stained for BrdU/CC-3, DCX, NeuN/BrdU, and GFAP/BrdU. Overlays are shown. Scale
bar=100um for BrdU/CC3 image and 10um for all others. The arrow in the BrdU/CC3 low
magnification image points to a to double-positive BrdU+/CC3+ cell. The inset is a higher
magnification image of the double-positive cell (arrow in inset points to the BrdU+ green
signal and arrowhead pionts to the CC3+ red signal). The arrow in the BrdU/NeuN and
BrdU/GFAP images points to a double-positive cell. (C) Quantification revealed that cell
survival (total BrdU* cells) was reduced whereas apoptosis (CC-3) was not altered in AhR™"
mice. Early (DCX™ cells) and late (NeuN- and BrdU-double positive cells) neuronal
differentiation was reduced in AhR”" mice. Maturation of newborn cells into GFAP*
astrocytes was not affected. Results are expressed as means + S.E.M. (N=5 mice/group);
Student's t-test (* p<0.05).
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Figure 5. TCDD exposur e leadsto hippocampal -dependent memory impair ment
(A)Contextual fear conditioning paradigm to test for hippocampal-dependent and

independent function. (B and C) Mean percent freezing during the acquisition, post-shock
intervals, and auditory stimuli during conditioning increased with repeated pairing but did
not differ between vehicle and TCDD exposed mice (N=10 mice/genotype; 2-way
ANOVA). (C) In the hippocampal-dependent context test, TCDD exposed mice froze less to
the conditioned context compared to vehicle exposed animals (N=10 mice/genotype;
Student's t-test, * p<0.05). (D) All mice showed low freezing to a novel context and elevated
freezing to the conditioned white noise stimulus (N=10 mice/genotype; 2-way ANOVA with
Bonferroni post-hoc tests, ** p<0.01). Results are expressed as means + S.E.M.
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Figure 6. TCDD reducescell proliferation in adult hippocampus without inducing cell death
(A)Paradigm used to investigate neural cell proliferation in the dentate gyrus 8h and 24h

following TCDD exposure. (B) Quantification of BrdU* cells in the SGZ demonstrated a
reduction in S-phase entry 8h after TCDD exposure compared to vehicle-treated animals,
which became more pronounced at 24h. (C) Quantification of Ki67-positive cells revealed a
significant reduction in newborn cells in all phases of the cell cycle following 24h exposure
to TCDD, but not at 8h. (D) Quantification of CC3-single and CC3- and BrdU-double
positive cells relative to total number of BrdU-positive cells in the SGZ demonstrated that
TCDD does not induce apoptosis at either timepoint. All results are expressed as means £
S.E.M. (N=10 mice/group); Student's t-test (* p<0.05, ** p <0.01).
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Figure 7. Neuronal, but not glial, differentiation isreduced 4 weeks following TCDD exposure
(A)Paradigm used to examine the survival and differentiation of newly born cells 4 weeks

following TCDD exposure. (B) Quantification revealed that cell survival (total BrdU™* cells)
and cell death (CC-3) were not affected with TCDD exposure. Early (DCX™ cells) and late
(NeuN- and BrdU-double positive cells) neuronal differentiation was reduced with TCDD
exposure. Maturation of newborn cells into GFAP* astrocytes was not affected with TCDD
exposure. Results are expressed as means + S.E.M. (N=5 mice/group); Student's t-test (*
p<0.05, ** p <0.01).
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Figure 8. Sustained reduction in neuronal differentiation, but not cell birth, 6 and 8 weeks post
TCDD exposure
(A)Paradigm used to analyze long-term effects on neural cell birth and differentiation

following TCDD exposure. (B) Quantification of BrdU* cells in the SGZ demonstrated no
significant changes in cell birth 6 and 8 weeks after TCDD exposure compared to vehicle-
exposed mice. (C) Quantification of DCX* cells in the SGZ demonstrated a persistent
reduction in DCX expression 6 and 8 weeks after TCDD exposure. Results are expressed as
means + S.E.M. (N=5 mice/group); Student's t-test (* p<0.05, ** p <0.01).
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Figure 9. AhR-deficient mice areresistant to TCDD-induced neur otoxicity
Quantification of BrdU* cells in the SGZ revealed no difference in BrdU-positive cells

between vehicle- and TCDD-exposed AhR”- mice, indicating TCDD neurotoxicity requires
the AhR. Results are expressed as means + S.E.M. (N=3 mice/group); 2-way ANOVA with
Bonferroni post-hoc tests (* p<0.05 versus vehicle-exposed wild-types).
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