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Abstract
The aryl hydrocarbon receptor (AHR) mediates the toxicity of a variety of environmental chemicals.
Although little is known about the physiological role of the AHR, studies suggest that it plays an
important role in regulating ovulation because Ahr deficient (AhRKO) mice have a reduced number
of ovulations compared to wild-type (WT) mice. The reasons for the reduced ability of AhRKO mice
to ovulate are unknown. Normal ovulation, however, requires estrous cyclicity, appropriate
luteinizing hormone (LH) and follicle-stimulating hormone (FSH) levels, and LH and FSH
responsiveness. Thus, the purpose of this study was to test the hypothesis that Ahr deletion regulates
ovulation by altering cyclicity, FSH and LH levels, follicle-stimulating hormone receptor (Fshr) and
luteinizing hormone receptor (Lhcgr) levels, and/or gonadotropin responsiveness. The data indicate
that AhRKO and WT mice have similar levels of FSH and LH, but AhRKO mice have reduced
Fshr and Lhcgr mRNA levels compared to WT mice. Further, AhRKO ovaries contain fewer corpora
lutea compared to WT ovaries after 5 IU equine chorionic gonadotropin (eCG) treatment. Lastly,
both AhRKO and WT mice ovulate a similar number of eggs in response to 5 IU human chorionic
gonadotropin (hCG), but AhRKO mice ovulate fewer eggs than WT mice in response to 2.5 IU and
1.25 IU hCG. Collectively, these data indicate that AhRKO follicles have a reduced capacity to
ovulate compared to WT follicles and that this is due to reduced responsiveness to gonadotropins.
Thus, in addition to mediating toxicity of environmental chemicals, the Ahr is required for normal
ovulation.
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INTRODUCTION
Since the discovery of the aryl hydrocarbon receptor (AHR), studies have determined that it
binds numerous xenobiotics and naturally occurring exogenous biological compounds (Bock,
1994;Mukai and Tischkau, 2007;Safe et al., 1998). The binding of xenobiotics and other
compounds to the AHR initiates a cascade of events (including gene transcription) that often
leads to toxicity. Despite extensive research, however, the AHR is still considered to be an
orphan receptor because a strictly physiological, high-affinity ligand for this receptor has not
yet been discovered. Although investigators have not identified the endogenous ligand for the
AHR, it is still thought to have an endogenous ligand(s) because several studies show that it
can be activated in the absence of exogenous ligands (Ma and Whitlock, 1997;Sadek and Allen-
Hoffmann, 1994;Wang et al., 1998). The AHR is also thought to play an endogenous role in
female reproduction because it is present in all cell types in the ovary (Baldridge and Hutz,
2007;Robles et al., 2000).

Studies using Ahr deficient (AhRKO) mice have provided further evidence of an endogenous
role of the Ahr (Abbott et al., 1999;Benedict et al., 2000;Benedict et al., 2003;Fernandez-
Salguero et al., 1995;Fernandez-Salguero et al., 1997). Initial studies using AhRKO mice
revealed impairment of the digestive and immune systems, hepatic fibrosis, and lesions in the
skin, heart, liver, spleen, and uterus (Fernandez-Salguero et al., 1995;Fernandez-Salguero et
al., 1997). Later studies using AhRKO mice showed that the Ahr plays a role in regulating
normal female reproduction (Abbott et al., 1999;Benedict et al., 2000;Benedict et al., 2003).
Specifically, Abbott et al. 1999 showed that AhRKO mice have difficulty maintaining
conceptuses during pregnancy, surviving pregnancy and lactation, and rearing pups to weaning.
Benedict et al. 2000 found that AhRKO mice have fewer antral follicles compared to WT mice,
suggesting that the Ahr may play a role in the regulation of antral follicle numbers. Further,
Benedict et al. 2003 found that AhRKO ovaries have a reduced number of corpora lutea
compared to WT ovaries, suggesting that AhRKO mice have a reduced number of ovulations
compared to WT mice.

The reasons for the reduced ovulations in AhRKO mice compared to WT mice are unknown.
Normal ovulation in rodents, however, requires regular estrous cyclicity, the normal release of
gonadotropins (FSH and LH), and responsiveness to gonadotropins by their corresponding
receptors, FSH receptor (Fshr) and LH receptor (Lhcgr) (Hirshfield, 1991;Richards et al.,
2002). Therefore, the purpose of the present study was to test the hypothesis that Ahr deletion
affects ovulation by altering estrous cyclicity, FSH and LH levels, Fshr and Lhcgr levels, and/
or gonadotropin responsiveness.

To test this hypothesis, we first compared estrous cyclicity in AhRKO and WT mice. In
addition, we investigated whether the effect of Ahr deletion on ovulation is due to abnormal
levels of FSH and LH in AhRKO mice compared to WT mice. Further, we compared Fshr and
Lhcgr mRNA levels in AhRKO and WT mice. To test whether AhRKO mice are less responsive
to gonadotropins than WT mice, we compared ovarian weight and the number of corpora lutea
in AhRKO and WT mice after treatment with equine chorionic gonadotropin (eCG). Lastly,
we conducted superovulation experiments to determine whether Ahr deletion alters the number
of ovulated eggs in response to gonadotropin treatment.

METHODS
Animals

AhRKO mice were generated as described by Schmidt et al. 1996 and breeding pairs were
generously provided by Dr. Richard Peterson (University of Wisconsin). AhRKO and WT
animals were housed in the University of Maryland School of Medicine and the University of
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Illinois Central Animal Facilities and provided food and water ad libitum. All mice were housed
in 12 hour (hr) light: 12 hr dark cycles in a temperature controlled room (24 ± 1°C) with 35 ±
4% relative humidity. The University of Maryland School of Medicine and the University of
Illinois Institutional Animal Use and Care Committees approved all procedures involving
animal care, euthanasia, and tissue collection.

Genetic Screening of Mice
The genetic screening protocol was performed as previously described (Benedict et al.,
2000;Benedict et al., 2003). Briefly, ear punches were lysed in proteinase K buffer at room
temperature for 30 minutes (min). Lysates were incubated at 100°C for 3 min, and then
subjected to polymerase chain reaction (PCR) assays using the primers previously described
(Benedict et al., 2000;Benedict et al., 2003). The PCR products were sized by agarose gel
(1.8%) electrophoresis. The WT (Ahr+/+) mice were identified by the presence of a 670 base
pair (bp) product. Homozygous AhRKO (Ahr−/−) mice were identified by the presence of a
580 bp product. Heterozygous (Ahr+/−) mice were identified by the presence of both the 580
bp and 670 bp products. Only homozygous AhRKO and WT mice were used in these
experiments.

Measurement of Cyclicity
The estrous cycles of adult AhRKO and WT mice were monitored daily for 20 days via vaginal
swabs as previously described (Cooper et al., 1993). Timing elapsed in each stage of the estrous
cycle was then compared in AhRKO and WT mice.

Measurement of Gonadotropin Levels
Blood samples were collected from adult AhRKO and WT mice and subjected to measurements
of FSH and LH as previously described (Tomic et al., 2004). Samples were collected between
9–9:30 AM for proestrus AM, estrus, and diestrus and between 9–9:15 PM for proestrus PM.
Briefly, serum FSH and LH levels were measured by radioimmunoassay (RIA) using reagents
from the National Hormone and Pituitary Distribution Program. For both FSH and LH, a
standard curve was prepared and cold standards and samples (100 μl) were added to labeled
tubes along with primary antibody (FSH at 1:1400 dilution and LH at 1:500 dilution) and
iodinated FSH or LH. Samples were stored at 4°C overnight. On day 2, secondary antibody
was added (1:10 dilution) along with 2% normal rabbit serum (Sigma Aldrich, St. Louis, MO)
and incubated at room temperature for 5 min. The tubes were centrifuged for 15 min at 3000
rpm, the supernatant was decanted, and pellets were counted in a gamma counter for 1 min
each. All samples were run in duplicate. Sensitivity for the FSH assay was 200 pg/ml, with
inter- and intra-assay coefficients of variation of 2.7% and 6.7%, respectively. Sensitivity for
the LH assay was 86 pg/ml, with inter- and intra-assay coefficients of variation of 5.3% and
2.5%, respectively.

Real Time PCR Analysis
Levels of Fshr and Lhcgr mRNA expression in AhRKO and WT follicles were compared using
real-time PCR as described (Tomic et al., 2004) with minor modifications. Specifically, antral
follicles were collected from AhRKO and WT ovaries on postnatal days (PD) 32–35 and
immediately stored at −70°C until RNA extraction. Follicles were isolated on PD32–35
because it is a time when both WT and AhRKO mice are sexually mature, WT ovaries exhibit
normal follicle growth and a normal number of corpora lutea, and AhRKO ovaries exhibit slow
follicle growth and a reduced number of ovulations (Barnett et al., 2007;Benedict et al.,
2003). Total RNA was extracted from the follicles using the RNeasy Mini Kit (QIAGEN Inc.,
Valencia, CA) according to the manufacturer protocol. The quality of RNA was checked using
a spectrophotometer and only RNA with readings between 1.8–2.0 was used in experiments.
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RNA (0.5–1 μg) was reverse transcribed using an Omniscript reverse transcriptase kit
(QIAGEN) with random primers according to the manufacturer protocol. Real-time PCR was
conducted using a MJ Research (OPTICON) PCR machine and accompanying software
according to the manufacturer instructions. The OPTICON quantifies the amount of PCR
product generated by measuring the dye (SYBR green) that fluoresces when bound to double-
stranded DNA. A standard curve was generated from five serial dilutions of purified PCR
product. For each primer sequence described below, a melting curve was performed. Real-time
PCR amplification of the individual genes was performed using 3 μl of cDNA. Specific primer
sequences for each gene were as follows: Fshr = (Forward) 5′-
AGCAAGTTTGGCTGTTATGAGG-3′ (Reverse) 5′-
GTTCTGGACTGAATGATTTAGAGG -3′ (Babu et al., 2001). Lhcgr = (Forward) 5′-
TCTCTCAGAGTGATTCCCTG-3′ (Reverse) 5′-AGCGTCTGAATGGACTCCAG-3′
(Pubmed Accession # NM_013582). β-actin mRNA was measured in each sample as an internal
control using published primer sequences (Weihua et al., 2000).

Chromatin Immunoprecipitation (ChIP) Assays—ChIP assays were performed as
described (Kazi et al., 2005) with minor modifications. Specifically, whole ovaries were
collected from adult WT mice on PD 54 and placed in a 1% formaldehyde solution containing
270 μl of 37% formalin and incubated at room temperature for 15 min. Ovaries were collected
at this time point because it is a time when WT mice have a normal number of ovulations and
AhRKO mice exhibit a reduced number of ovulations (Benedict et al., 2003). The ovaries were
then centrifuged at 14,000 RPM for 3 min. The media was aspirated and the ovaries were
washed three times with an ice-cold 1X PBS/protease inhibitor (PBS+PI) mix (Complete Mini
EDTA-free Protease Inhibitor Cocktail, 1 tablet/10 ml, Roche Applied Science, Indianapolis,
IN). After the last supernatant was discarded, PBS+PI mix was added to the ovaries and the
ovaries were homogenized. Homogenates were centrifuged at 14,000 RPM for 5 min at 4°C,
and the supernatants were removed and discarded. Pellets were re-suspended in lysis buffer
(1:5 of PBS+PI:SDS buffer) and incubated on ice for 10 min. Samples were sonicated on ice
using a Microson Ultrasonic Cell Disruptor (Misonix, Farmingdale, NY) at a 2.5 power level
for three 10 sec cycles, with 20 sec pauses between each. The resulting samples (i.e., soluble
chromatin-protein complexes) were then divided into 100 μl aliquots. One sample labeled
INPUT (whole ovary positive control) was stored at −80°C until further use.

Sonicated sample aliquots were diluted 1:10 with dilution buffer (20 mM Tris-HCl, pH 8.1,
150 mM NaCl, 2 mM EDTA, 1% triton X-100, and PI). To reduce nonspecific background,
the diluted samples were pre-cleared by adding salmon sperm DNA/protein A agarose and
incubated on a shaker for 30 min at 4°C. Samples were then centrifuged at 14,000 RPM at 4°
C for 3 min. Supernatants were collected and incubated overnight at 4°C with 10 μg mouse
monoclonal anti-Rabbit AHR antibody (Ab-10; NeoMarkers/Lab Vision, Fremont, CA).

Salmon sperm DNA/protein A slurry (40 μl) was then added and incubated for 1 hr at 4°C.
The samples were then centrifuged at 1,000 RPM at 4°C for 1 min. The supernatant was
removed and discarded. The beads were washed sequentially with 1 ml of low salt immune
complex wash buffer, high salt immune complex wash buffer, and LiCl immune complex wash
buffer, respectively, and then twice with 1 ml of TE buffer at room temperature. Each wash
was for 5 min each at 4°C. The complexes were then eluted twice by adding 250 μl of elution
buffer (1% SDS and 0.1M NAHCO3) to the pellet for 15 min at room temperature with rotation.
NaCl (5 M) was added to the pooled eluted samples as well as the INPUT sample. All samples
were incubated at 65°C overnight to separate cross-linked immunoprecipitated protein and
DNA from each other. The DNA was purified using the Qiaquick PCR Purification kit
(QIAGEN) according to the manufacturer protocol.
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The purified DNA was amplified by PCR using primers specific for the Fshr and Lhcgr
promoters. The specific sequences were as follows: Fshr = Site no. 1 (Forward) 5′
GCCTCTCATCAGCTCCCAGC 3′, (Reverse) 5′ GCAGTGCAGACTGAGGTCCC 3′; Site
no. 2 (Forward) 5′ TCCACACACTGTCCGGTAAG 3′, (Reverse) 5′
CTTGAAGGATAAGACAGGTG 3′. Lhcgr = Site no. 1 (Forward) 5′
GAGAACAGGGACAGGCGGTG 3′, (Reverse) 5′ CGCGACCCTGACAACTCTGG 3′.
These sites were selected because they contain AHR binding sites according to the
Transcription Element Search System (TESS) website (http://www.cbil.upenn.edu/tess/). PCR
products were then subjected to agarose gel (1.8%) electrophoresis.

Measurements of Gonadotropin Responsiveness
Three different approaches were used to measure gonadotropin responsiveness in AhRKO and
WT mice. For the first approach, the ability of eCG to increase ovarian weight was compared
in AhRKO and WT mice. Specifically, sexually immature AhRKO and WT mice of similar
body weights were dosed on PD 25–28 with 0, 5, or 15 IU eCG, a gonadotropin with both
FSH- and LH-like properties. The mice were euthanized 48 hr later and the ovaries were
removed, cleared of fat, oviduct, and bursa, and weighed.

For the second approach, the ability of follicles to naturally ovulate if forced to grow to the
antral stage with eCG treatment was compared in AhRKO and WT mice. Specifically, sexually
immature AhRKO and WT mice (PD 25–28) of similar body weights were dosed with eCG
(5 IU or 15 IU). After 72 hr, their ovaries were removed, fixed in Kahle solution, and processed
for histological evaluation of the number of corpora lutea as described (Benedict et al.,
2003). Ovarian sections were used to count the number of corpora lutea without knowledge of
genotype. To avoid double counting, each corpus luteum was followed through consecutive
sections to ensure that it was only counted once.

For the third approach, the ability of follicles to ovulate in response to eCG followed by human
chorionic gonadotropin (hCG) treatment was compared in AhRKO and WT mice. Specifically,
sexually immature AhRKO and WT mice were injected with a single subcutaneous (sc)
injection of 5 IU eCG on PD 25–28. Exactly 48 hr later, the mice were injected with 1.25, 2.5
or 5 IU of hCG per mouse. After 18 hr, the ovaries and oviducts were removed, the oviducts
were flushed, and the number of ovulated eggs was counted in AhRKO and WT mice.

Statistical Analysis
Data were analyzed using SPSS statistical software (SPSS, Inc., Chicago). An independent
sample t-test was used to compare mean differences between AhRKO and WT samples.
Analysis of variance followed by Scheffe post-hoc test was used to compare differences
between hormone treatment groups. Data are presented as means ± standard errors of the means
(SEM). A p value less than or equal to 0.05 was considered statistically significant.

RESULTS
The Effect of Ahr Deletion on Cyclicity

When cyclicity was compared in WT and AhRKO mice, no differences were observed between
WT and AhRKO mice in the amount of time spent in each stage of the cycle over a 20 day
period. WT mice spent 5.6 ± 0.5 days in estrus, 3.9 ± 0.3 days in metestrus, 4.3 ± 0.4 days in
diestrus, and 6.0 ± 0.8 days in proestrus over a 20 day period. Similarly, AhRKO mice spent
5.7 ± 0.3 days in estrus, 3.7 ± 1.2 days in metestrus, 5.3 ± 0.3 days in diestrus, and 5.3 ± 1.2
days in proestrus over a 20 day period (n = 10 for WT; n = 3 for AhRKO; p = 0.95 for WT vs.
AhRKO in estrus, p = 0.78 for WT vs. AhRKO in metestrus, p = 0.17 for WT vs. AhRKO in
diestrus, p = 0.68 for WT vs. AhRKO in proestrus).
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The Effect of Ahr Deletion on FSH and LH Levels
To determine if gonadotropin levels were altered in AhRKO mice compared to WT mice, serum
levels of FSH and LH were compared in WT and AhRKO mice. The results indicate that
AhRKO and WT mice have similar levels of FSH at all stages of the estrous cycle (proestrus
AM: WT = 4.84 ± 0.96 ng/ml; AhRKO = 5.46 ± 1.6 ng/ml; n = 3 – 5; p = 0.74; proestrus PM:
WT = 8.50 ± 1.58 ng/ml; AhRKO: 8.60 ± 1.06 ng/ml; n = 3; p = 0.98; estrus: WT = 5.84 ±
1.40 ng/ml; AhRKO = 6.21 ± 0.30 ng/ml; n = 3 – 4; p = 0.83; diestrus: WT = 3.03 ± 0.32 ng/
ml; AhRKO = 3.34 ± 0.38 ng/ml; n = 4; p = 0.33).

The results also show that AhRKO and WT mice have similar levels of LH in the morning and
evening of proestrus and during estrus (proestrus AM: WT = 3.03 ± 0.21 ng/ml; AhRKO =
2.86 ± 0.47 ng/ml; n = 3–5; p = 0.71; proestrus PM: WT = 5.77 ± 0.23 ng/ml; AhRKO = 5.45
± 0.20 ng/ml; n = 3 – 5; p = 0.35; estrus: WT = 2.32 ± 0.27 ng/ml; AhRKO = 2.28 ± 0.22 ng/
ml; n = 3; p = 0.89).

The Effect of Ahr Deletion on Fshr and Lhcgr
To determine if AhRKO and WT follicles have a different capacity to respond to gonadotropins,
Fshr and Lhcgr mRNA levels were compared in AhRKO and WT follicles (Fig. 1). The results
indicate that isolated AhRKO follicles express significantly lower levels of Fshr compared to
WT follicles (WT = 1.24 ± 0.03 genomic equivalents (ge); AhRKO = 0.80 ± 0.09 ge; n = 3; p
≤ 0.01). AhRKO follicles also express significantly lower levels of Lhcgr mRNA compared
to WT follicles (WT = 1.16 ± 0.32 ge; AhRKO = 0.16 ± 0.05 ge; n = 3; p ≤ 0.04).

Interaction of AHR with Fshr and Lhcgr Promoter
Since Ahr deletion reduced expression of Fshr and Lhcgr, ChIP assays were conducted to
determine whether the AHR directly interacts with the promoter regions of the Fshr and/or
Lhcgr. No interactions were observed between the AHR and site no. 1 of the Fshr promoter
region or between the AHR and the Lhcgr promoter region as indicated by the lack of a band
in the sample lane, but the presence of a band in the positive control lane (data not shown). In
contrast, interaction was observed between the AHR and promoter region of the Fshr at site
no. 2 as indicated by the presence of a 250 bp band in sample lane 4, the presence of a 250 bp
band in the positive control lane 5, and lack of bands in the negative control lanes 2, 6, and 7
(Fig. 2).

The Effect of Ahr Deletion on Gonadotropin Responsiveness
As an indicator of gonadotropin responsiveness, ovarian weight in response to eCG treatment
was compared in WT and AhRKO mice (Fig. 3A). WT and AhRKO ovaries had similar ovarian
weights before eCG treatment (WT = 0.0029 ± 0.0006 g; AhRKO = 0.0028 ± 0.0004 g; n = 6
for WT, n = 3 for AhRKO; p = 0.92). After treatment with the low dose of eCG (5 IU), however,
AhRKO ovarian weight was significantly less than WT ovarian weight (WT = 0.0068 ± 0.0012
g; AhRKO = 0.0028 ± 0.0006 g; n = 8 for WT, n = 4 for AhRKO; p ≤ 0.013). After treatment
with the high dose of eCG (15 IU), ovarian weights in AhRKO and WT mice increased to a
similar size (WT = 0.0070 ± 0.0005 g; AhRKO = 0.0057 ± 0.0004 g; n = 3; p = 0.13).

As a second test of gonadotropin responsiveness, the number of corpora lutea formed in
response to eCG treatment were compared in WT and AhRKO mice (Fig. 3B). After treatment
with the low dose of eCG (5 IU), AhRKO ovaries contained fewer corpora lutea compared to
WT ovaries (WT = 7.0 ± 0.6; AhRKO = 3.2 ± 0.9; n = 3 for WT and n = 5 for AhRKO; p ≤
0.02). After treatment with the high dose of eCG (15 IU), however, the number of corpora lutea
in AhRKO and WT ovaries was similar (WT = 4.0 ± 0.0; AhRKO = 3.5 ± 0.6; n = 3; p = 0.2).
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As a third test of gonadotropin responsiveness, the ability to ovulate in response to exogenous
gonadotropins (eCG + hCG) was compared in WT and AhRKO mice (Fig. 4). After treatment
with eCG followed by the two lowest doses of hCG (1.25 IU and 2.5 IU hCG), significantly
fewer oocytes were collected from AhRKO mice compared to WT mice. Specifically, after
1.25 IU hCG treatment, only 12.0 ± 2.8 oocytes were collected from AhRKO mice, while 22.4
± 1.9 oocytes were collected from WT mice (n = 5 for WT and n = 3 for AhRKO; p ≤ 0.02).
After 2.5 IU hCG treatment, only 18.2 ± 1.3 oocytes were collected from AhRKO mice,
whereas 25.8 ± 2.0 oocytes were collected from WT mice (n = 5 for WT and n = 4 for AhRKO;
p ≤ 0.02). After treatment with 5 IU eCG followed by the highest dose of hCG (5 IU), however,
no significant differences were observed in the average number of oocytes collected from
AhRKO and WT mice (WT = 52.0 ± 7.6 oocytes, n = 7; AhRKO = 54.0 ± 14.0 oocytes; n =
4; p = 0.9).

DISCUSSION
Previous studies have shown that deletion of the Ahr has negative effects on the ovary (Benedict
et al., 2000;Benedict et al., 2003). Specifically, these studies indicate that AhRKO mice have
a decreased number of antral follicles (Benedict et al., 2000), slower follicular growth (Barnett
et al., 2007), and a reduced number of corpora lutea compared to WT mice (Benedict et al.,
2003). The reduced number of corpora lutea in AhRKO mice indicates that AhRKO mice have
a reduced capacity to ovulate compared to controls. Therefore, the purpose of this study was
to investigate the mechanism by which Ahr deletion reduces ovulation in the mouse.
Collectively, the data obtained from this study show that Ahr deletion does not affect ovulation
by disrupting estrous cyclicity or altering serum levels of gonadotropins. Instead, Ahr deletion
directly affects ovulation in the mouse by reducing the levels of gonadotropin receptors in the
ovary and thus, decreasing gonadotropin responsiveness.

Our findings that Ahr deletion does not affect gonadotropin levels are consistent with those
from studies using a 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), which is a potent AHR
ligand and known inhibitor of ovulation (Chaffin et al., 1997,Franczak et al., 2006;Gao et
al., 2000;Mizuyachi et al., 2002;Petroff et al., 2001;Petroff et al., 2003;Shi et al., 2007). For
example, Chaffin et al. 1997 showed that in utero and lactational exposure to a single oral dose
of 1 μg TCDD/kg does not affect serum FSH or LH concentrations in female rat pups. Similarly,
Shi et al. (2007) showed that chronic exposure to 50 and 200 ng TCDD/kg does not affect
serum FSH and LH profiles and Franczak et al. 2006 showed that chronic exposure to TCDD
(50 and 200 ng/kg) from fetal life to 8 months of age does not affect diestrous concentrations
of LH. Further, Gao et al. 2000 showed that LH and FSH surges occur in TCDD-treated rats
in response to gonadotropin releasing hormone (GnRH), but are not sufficient to restore
ovulation. These data suggest that TCDD treatment and Ahr deletion may affect ovulation
through similar mechanisms and that the mechanism is unlikely to involve changes in the levels
of gonadotropins synthesized/secreted by the anterior pituitary. This hypothesis is supported
by semi-quantitative RT-PCR studies indicating that TCDD treatment downregulates
expression of the Ahr in the rat ovary (Son et al., 1999). It is also supported by western blot
and immunohistochemical studies indicating that TCDD treatment significantly reduces AHR
levels in liver cells (Pollenz, 1996) and male reproductive organs such as the testes, seminal
vesicles, and prostate (Roman et al., 1998). In addition, the hypothesis is supported by a study
indicating that TCDD treatment induces the degradation of the AHR in liver cells by a
ubiquitin-proteasome pathway (Ma and Baldwin, 2000).

In contrast, a few studies indicate that TCDD exposure alters the levels of gonadotropins
(Franczak et al., 2006;Petroff et al., 2003). Specifically, Petroff et al. 2003 have shown that
TCDD (8 or 32 μg/kg via oral administration) causes a significant premature increase in serum
FSH and LH concentrations in immature female rats. Similarly, Franczak et al. 2006 showed
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that chronic exposure to TCDD (50 ng/kg) from fetal life to 8 months of age significantly
elevates serum FSH levels in mature female rats. The reasons for differences in the effects of
TCDD on gonadotropin levels are unclear. It is possible that they stem from differences in
doses and route of administration of TCDD. Further, it is possible that they are due to
differences in the timing of TCDD exposure and gonadoptropin measurements. Perhaps, in
some dosing regimens and age groups, TCDD directly targets the ovary and reduces ovarian
estrogen synthesis/secretion. In turn, the reduced estrogen levels may be insufficient to exert
negative feedback at the level of the hypothalamus or anterior pituitary, resulting in increased
gonadotropin synthesis/secretion. This possibility is supported by studies indicating that TCDD
reduces estradiol concentrations in rats (Shi et al., 2007) and in cultured rat ovaries (Chaffin
et al., 1997). Interestingly, we recently reported that Ahr deletion reduces serum estradiol levels
in mice and it reduces the synthesis/secretion of estradiol by mouse antral follicles in vitro
(Barnett et al., 2007). Thus, it is possible that some TCDD treatments and Ahr deletion have
similar effects on estradiol concentrations, and that TCDD treatment is affecting estradiol
levels by downregulating expression of the Ahr in the ovary.

Our previous finding that Ahr deletion reduces estradiol levels (Barnett et al., 2007) is
consistent with the data reported here. Since LH and FSH responsiveness are important for
estradiol synthesis, the reduced gonadotropin responsiveness observed in AhRKO mice could
lead to the reduced estradiol levels observed in AhRKO mice. Perhaps, AhRKO follicles have
reduced responsiveness to FSH and this is turn leads to their slow follicle growth and reduced
estradiol synthesis. The reduced estradiol synthesis may then exacerbate the slow follicular
growth.

We next examined whether AhRKO mice could have reduced responsiveness to gonadotropins
due to low gonadotropin receptor expression levels in the ovary. Our results show that AhRKO
follicles have significantly lower Fshr and Lhcgr mRNA levels compared to WT follicles. Our
results are consistent with studies by Roby et al. (2001), which showed that FSH and LH
binding sites are reduced in TCDD-treated rats. Further, our results are consistent with a study
showing that TCDD reduces Lhcgr mRNA expression and stability in cultured rat granulosa
cells (Minegishi et al., 2003). Thus, while TCDD and Ahr deletion do not affect gonadotropin
levels, they both reduce the levels of gonadotropin receptors. Thus, it is possible that TCDD
decreases expression of the Ahr in ovarian cells, and in turn, this leads to reduced expression
of gonadotropin receptors in the ovary.

Since Ahr deletion reduced the expression of Fshr and Lhcgr, we hypothesized that the Ahr
directly regulates gene expression by interacting with the promoter regions of the Fshr and
Lhcgr genes. We determined that the promoter region of the mouse Fshr gene contains two
AHR response elements and that the mouse Lhcgr gene contains one AHR response element.
Thus, these regions were selected for evaluation of the interaction of the AHR with the
promoters of gonadotropin receptors via ChIP assays. Our results show that the AHR directly
interacts with one of the AHR response elements present in the promoter of the Fshr gene. In
contrast, our results show no interaction between the AHR and the Lhcgr promoter region.
Thus, our data suggest that the AHR may directly regulate Fshr expression, but not Lhcgr
expression. The ability of the AHR to regulate Fshr expression is consistent with findings from
other studies indicating that the AHR may regulate other genes involved in ovulation. For
example, the nuclear receptor interacting protein 1 (Nrip1) gene has been proven essential for
oocyte release during ovulation (Steel et al., 2005), and this gene has been shown to be up-
regulated upon activation the AHR signaling pathway (Augereau et al., 2006). Another gene,
prostaglandin-endoperoxide synthase 2 (Ptgs2), is reduced upon AHR activation by TCDD in
the ovary (Mizuyachi et al., 2002), and deletion of Ptgs2 has been shown to result in a block
in ovulation (Lim et al., 1997).
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The mechanism by which Ahr deletion indirectly leads to reduced Lhcgr expression in antral
follicles is unknown. A previous study by Chen et al. (1994) indicates that FSH up-regulates
Lhcgr in mouse cumulus cells. Thus, it is possible that in the presence of the Ahr, AHR is
present and able to bind to the promoter region of the Fshr, increasing its expression. This may
lead to normal FSH responsiveness, which is required for normal Lhcgr expression and LH
responsiveness. In the absence of the Ahr, however, there is no AHR to bind to the promoter
region of the Fshr. This may lead to reduced Fshr expression and thus, reduced responsiveness
to FSH. In turn, the reduced FSH responsiveness may lead to reduced expression of Lhcgr and
thus, reduced LH responsiveness

The reduced levels of gonadotropin receptors in AhRKO ovaries likely led to the reduced ability
of AhRKO ovaries to respond to exogenous gonadotropins (eCG, hCG). At low doses of eCG
or hCG, the AhRKO ovaries were not as responsive as WT ovaries. At high doses of exogenous
gonadotropins, however, AhRKO ovaries responded similarly to WT ovaries, indicating that
gonadotropin responsiveness can be restored in AhRKO mice under super-physiological levels
of exogenous gonadotropins. Our data are consistent with those showing that TCDD-treated
rats exhibit a reduced number of ovulated ova and corpora lutea, and reduced ovarian weight
gain after eCG treatment compared to control rats (Mizuyachi et al., 2022; Roby, 2001).

In conclusion, the present study shows that the reduced ovulation in AhRKO mice is due to a
reduced capacity of AhRKO follicles to respond to gonadotropins. Further, the reduced
responsiveness to gonadotropin treatment in AhRKO mice is due to reduced levels of
gonadotropin receptors in AhRKO ovaries compared to WT ovaries. Thus, in addition to
mediating the toxicity of environmental chemicals (Bock, 1994;Mukai and Tischkau,
2007;Safe et al., 1998), the Ahr is required for normal ovulation and gonadotropin
responsiveness.
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Figure 1. Effect of Ahr Deletion on Hormone Receptor Levels
Antral follicles were isolated from WT and AhRKO ovaries and subjected to real time PCR
analysis for Fshr and Lhcgr. All data were normalized to β-actin. Each bar represents the mean
± SEM. Asterisks indicate significant differences between WT and AhRKO follicles (n = 3;
p ≤ 0.01 for Fshr; p ≤ 0.04 for Lhcgr).
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Figure 2. Interaction of Ahr with the Fshr Promoter
ChIP assays were conducted using a chromatin immunoprecipitation kit (Upstate
Biotechnology), ovarian tissue, anti-AHR antibody (Zymed), and primers to the promoter
region of the Fshr (site 2) as described in the methods. Lane 1 = ladder; lane 2 = PCR negative
control; lane 3 = blank; lane 4 =ovarian DNA with anti-AHR antibody (sample lane), lane 5 =
ovarian DNA input before immunoprecipitation with antibody (positive control lane); lane 6
= negative control (no antibody); lane 7 = negative control (no DNA). The arrow indicates
AHR binding to Fshr promoter in ovarian sample (n =3).
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Figure 3. The Effect of Ahr Deletion on Ovarian Weight and the Number of Corpora Lutea in
Response to Gonadotropin Treatment
Panel A: AhRKO and WT mice were injected with eCG (5 IU and 15 IU) on postnatal days
25–28 and ovarian weight was measured as described in methods. Each bar represents the mean
± SEM. Bars with different letters are significantly different from each other (n = 3 – 8, p =
0.92 for 0 IU eCG in WT vs. 0 IU eCG in AhRKO; p ≤ 0.013 for 5 IU eCG in WT vs. 5 IU
eCG in AhRKO; p = 0.13 for 15 IU eCG in WT vs. 15 IU eCG in AhRKO). Panel B: AhRKO
and WT mice were injected with eCG (5 IU and 15 IU) on postnatal days 25–28 and then the
number of corpora lutea were counted in each ovary. Each bar represents the mean ± SEM.
Asterisks indicate statistically significant differences between genotypes (n = 3 – 8, p ≤ 0.02
for 5 IU eCG in WT vs. 5 IU eCG in AhRKO; p = 0.68 for 15 IU eCG in WT vs. 15 IU eCG
in AhRKO).
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Figure 4. Effect of Ahr Deletion on the Number of Ovulated Eggs
WT and AhRKO mice were injected with eCG (5 IU), and 48 hr later, the mice were injected
with hCG (1.25, 2.5, and 5 IU). After 18 hr, the ovaries and oviducts were removed, and the
number of eggs in each oviduct was counted. Each bar represents the mean ± SEM. Asterisks
indicate statistically significant differences between genotypes (n = 3 – 7; p ≤ 0.02 for 1.25 IU
hCG in WT vs. 1.25 IU in AhRKO; p ≤ 0.02 for 2.5 IU hCG in WT vs. 2.5 IU hCG in AhRKO;
p = 0.9 for 5 IU hCG in WT vs. 5 IU hCG in AhRKO).
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