9/7/21, 10:49 PM Subfertile Female Androgen Receptor Knockout Mice Exhibit Defects in Neuroendocrine Signaling, Intraovarian Function, and Ute...

ENDOCRINOLOGY

CAL BASISOF ENDOCRINE HEALTH A SEASE

Endocrinology. 2009 Jul; 150(7): 3274-3282. PMCID: PMC2703552
Published online 2009 Apr 9. doi: 10.1210/en.2008-1750: 10.1210/en.2008-1750 PMID: 19359383

Subfertile Female Androgen Receptor Knockout Mice Exhibit Defects
in Neuroendocrine Signaling, Intraovarian Function, and Uterine
Development But Not Uterine Function

K. A. Walters, K. J. McTavish, M. G. Seneviratne, M. Jimenez, A. C. McMahon, C. M. Allan, L. A. Salamonsen, and
D. J. Handelsman

Andrology Laboratory (K.A.W., K.J.M., M.G.S., M.J., C.M.A,, D.J.H.) and Vascular Biology Laboratory (A.C.M.),
ANZAC Research Institute, University of Sydney, Sydney, New South Wales 2139, Australia; and Prince Henry's
Institute of Medical Research (L.A.S.), Clayton, Victoria 3168, Australia

Address all correspondence and requests for reprints to: Professor David J. Handelsman, ANZAC Research
Institute, Sydney, New South Wales 2139, Australia. E-mail: djh@anzac.edu.au.

Received 2008 Dec 16; Accepted 2009 Mar 27.

Copyright © 2009 by The Endocrine Society

Abstract

Female androgen receptor (AR) knockout mice (AR_/ ) generated by an in-frame Ar exon 3 deletion are
subfertile, but the mechanism is not clearly defined. To distinguish between extra- and intraovarian
defects, reciprocal ovarian transplants were undertaken. Ovariectomized AR hosts with wild-type

(ARH ™) ovary transplants displayed abnormal estrus cycles, with longer cycles (50%, P < 0.05), and 66%
were infertile (P < 0.05), whereas AR hosts with either AR~ or surgical control AR ovary
transplants displayed normal estrus cycles and fertility. These data imply a neuroendocrine defect, which is
further supported by increased FSH (P <0.05) and estradiol (P <0.05), and greater LH suppressibility by
estradiol in AR~ females at estrus (P <0.05). Additional intraovarian defects were observed by the
finding that both experimental transplant groups exhibited significantly reduced pups per litter (P < 0.05)
and corpora lutea numbers (P < 0.05) compared with surgical controls. All groups exhibited normal uterine
and lactation functions. AR~ uteri were morphologically different from AR with an increase in horn
length (P < 0.01) but a reduction in uterine diameter (P < 0.05), total uterine area (P < 0.05), endometrial
area (P < 0.05), and myometrial area (P < 0.01) at diestrus, indicating a role for AR in uterine growth and
development. Both experimental transplant groups displayed a significant reduction in uterine diameter (P
< 0.01) compared with transplanted wild-type controls, indicating a role for both AR-mediated
intraovarian and intrauterine influences on uterine physiology. In conclusion, these data provide direct
evidence that extraovarian neuroendocrine, but not uterine effects, as well as local intraovarian AR-
mediated actions are important in maintaining female fertility, and a disruption of AR signaling leads to
altered uterine development.

Androgens classically mediate their genomic effects via the androgen receptor (AR), a protein encoded by
an X chromosome gene and a member of the nuclear receptor superfamily (1). Although the biological
effects of androgens in male physiology are well characterized, their physiological roles in the female
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other than as precursors for conversion to estrogens by aromatase (2) have only recently been recognized
(3,4,5). The direct intraovarian actions of androgens via ARs is supported by the universality of AR
expression in mammalian ovaries such as in rodents (6,7), domestic species (8,9), and primates (10,11).
Furthermore, numerous in vitro and in vivo studies demonstrate direct pharmacological androgen effects
on follicle growth (12,13,14,15). AR is also expressed in the hypothalamus and the pituitary

has the potential to influence both intraovarian mechanisms and neuroendocrine pathways regulating the
hypothalamic GnRH and pituitary LH and FSH release.

AR is also expressed in the uterus and similar patterns of expression are found in both rodents (23,24) and
humans (25,26,27,28). Exogenous androgens, notably the nonaromatizable androgen dihydrotestosterone
(29), promote growth and differentiation of the rodent uterus (30,31,32). Androstenedione, an aromatizable
androgen, inhibits the growth of human endometrial epithelial cells in vitro, an effect blocked by an
antiandrogen (cyproterone acetate) (28). Both of these findings support a direct role for AR-mediated
actions. AR mRNA in the endometrium is highest in early compared with later pregnancy consistent with a
role for AR in uterine function, especially implantation (33). In rodents, the endometrial stromal cells are
transformed into decidual cells in response to implanting blastocysts. It has been hypothesized that
androgens may play a role in maintaining the decidual cell reaction (34) and that abnormal concentrations
of androgens may disturb periimplantation or lead to early pregnancy loss by disrupting uterine
prostaglandin regulation (35).

Studying the precise roles of androgens has been problematic due to the specificity and effectiveness of
blockers used and the potential aromatization of some androgens, which allows for effects to be mediated
indirectly via the estrogen receptors. These limitations hinder the interpretation of pharmacological studies
aiming to identify the precise AR-mediated androgenic mechanism(s) influencing ovarian function and
female fertility. Genetic methodology allowing the creation of AR knockout female mice (ARf/ ) (3.4,5)
has been an important advance in revealing a fundamental role for androgens acting via the AR in female
reproductive physiology.

Various genetic approaches have converged to show that AR is important in maintaining female
reproductive function (3,4,5), notably in optimizing follicle development, ovulation and fertility. However,
the precise mechanism(s) causing the observed subfertility remains to be defined. We previously generated
and characterized homozygous AR female mice using Cre/LoxP recombination for an in-frame excision
of exon 3 (3). The subfertility, with fewer litters and reduced pups per litter, was attributable to defective
ovulation that could be overcome by gonadotrophin hyperstimulation, suggesting a predominant
extraovarian defect in gonadotrophin regulation (3). Therefore, to test this hypothesis, we performed
reciprocal ovarian transplants to allow us to assess the influence of intra- and extraovarian AR functions.
We also assessed hormone levels at different stages of the estrus cycle, determined the role of AR-
mediated actions influencing LH secretion after ovariectomy (OVX) and negative feedback by E,, and
determined mRNA levels of LHP at proestrus. Additionally, we defined the effect of AR-mediated
androgen actions on uterine physiology and reproductive function.

Materials and Methods

Mice

Female homozygous androgen receptor knockout mice (AR_/ ) were generated as previously described
(3). Mice were housed under standard conditions (19-22 C, 12-h light, 12-h dark cycle) in cages with ad
libitum access to water and food. Female mice were killed under anesthesia and organs dissected and
weighed before fixation (4% paraformaldehyde at 4 C overnight) for histological processing. Serum was
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stored at —20 C. All procedures were approved by the Sydney South West Area Health Service Animal

Welfare Committee within National Health Medical Research Council guidelines for animal
experimentation.

Assessment of vaginal opening and estrus cycle

Weanling mice were inspected daily for vaginal opening and estrus cycling was determined in sexually
mature females by light microscope analysis of vaginal epithelial cell smears (3). To define estrus cycle
length, daily vaginal samples were collected for a minimum of two full estrus cycles or 14 consecutive

days.

Fertility

Fertility was evaluated by a 13-wk mating trial with each female mated with one AR male of proven
fertility. Cages were monitored daily and the presence of a vaginal plug (observed daily for 21 d after
mating female with male), timing of litters, and number of pups per litter were recorded. After the birth of
pups, the ability of the females to nurse offspring was assessed by survival of live pups (at 96 h
postpartum) and weight of each pup from the first litter at 0, 1, 5, 10, 20, and 30 d of age.

Ovarian transplantation

Reciprocal paired ovarian transplants were performed between AR"" and AR females as well as
between AR"" and AR™" females as surgical controls for the procedure. Females served as both donors
and recipients whenever possible. Experimental groups will be defined using the following abbreviations,

where M is mouse and Ov is ovary. Surgical controls were ovariectomized AR mouse hosts bearing
MAR+/+OVAR+/+

OVAR_/ -

), ovariectomized AR™" mouse hosts with AR~

), and ovariectomized AR mouse hosts with AR*"*

AR ovary transplants (designated as
ovary transplants (designated as MARY
ovary transplants (designated as MART QAR +). The ovary transplantation procedure was a
modification of a previous method (36). Five-week-old mice were anesthetized, and each ovary exposed
via a flank incision. The surrounding bursa was incised and the ovary gently removed at the hilum. After
excision from the donor, the ovaries were held in cold sterile saline until placed inside the ovarian bursa of
the ovariectomized recipient. A single stitch of 80 silk suture (Johnson and Johnson Medical, North Ryde,
New South Wales, Australia) was placed through the incision in the bursa. The reproductive tract was then
returned to its normal anatomical position and the abdominal wall and skin closed using 60 silk sutures.
Mice were housed individually and allowed to recover for 1 wk and then assessed for estrus cycles for 2
wk before being mated for a 13-wk mating trial period.

Specimen collection

Pituitaries were collected and frozen at —80 C. Uteri and ovaries were weighed and fixed for histological
analyses. One ovary from each mouse was randomly selected and processed through graded alcohols into
glycol methacrylate resin (Technovit 7100; Heracus Kulzer, Chatswood, Australia). Ovaries were serially
sectioned at 20 um, stained with periodic acid-Schiff, and counterstained with hematoxylin. Corpora lutea
(CL) numbers per ovary were enumerated as described (3). Three tissue samples from each right uterine
horn [one from each of the top (fimbrial end), middle, and bottom (cervical end)] were fixed, embedded in
paraffin, sectioned at 5 um, and stained with hematoxylin and eosin: these allowed analysis of differences
in location along the length of the horn as well as genotype. Histomorphometric analysis of the uterine
cross-sections, one cross-section from each of the three locations of the uterine horn/animal, was carried
out using a light microscope calibrated using Stereo Investigator computer software (MicroBrightfield,
Williston, VT).

Assessment of uterine function
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AR™" and AR female mice mated with an individual AR""
daily to identify copulatory plugs, and pregnant females were left until gestation d 16 or the date of birth of
pups. The number of CL in both ovaries were counted at gestation d 16. Uteri were stained as described
(37) with the number of implantation sites, reabsorbing embryos, and fetuses in utero recorded. The

male of proven fertility were monitored

percentage of pre- and postimplantation losses were calculated by the following formulas: preimplantation
loss: 100 x (a-b)/a; postimplantation loss: 100 x (b-c)/b, where a is the number of CL, b is the total number
of implantations, and c is the number of live fetuses. In pregnant females left until the date of birth of pups,
total gestation length was determined and pups were weighed.

RNA extraction and RT-PCR

Deletion of AR exon 3 in the uterus was confirmed by RT-PCR using RNA extracted from uteri of 8-wk-
old mice (n = 3/genotype). Reverse transcription and subsequent RT-PCR was performed as previously
described (3). Primers identified intact (288 bp) and excised (171 bp) exon 3 AR (see Fig. 4A). Mouse B-
actin was used as an internal control.

Quantitative real-time RT-PCR

Using real-time RT-PCR, mRNA expression for LHB, FSHf, and GnRH receptor was carried out on
pituitaries collected from intact and ovary transplant females at diestrus. mRNA expression levels of LH
were assessed in pituitaries collected from intact females at proestrous (collected at 1600 h on the
afternoon proestrous was identified by vaginal epithelial cell smears). Total RNA was extracted from
whole pituitaries using Tri reagent (Sigma, Castle Hill, Australia) according to the manufacturer’s
protocol. Reverse transcription was performed as previously described (3). Quantitative RT-PCR analysis
on resulting cDNA was performed in duplicate as previously described (3). Mouse ribosomal protein
(Rpl19) was used as a housekeeping gene.

OVX and estrogen replacement

After observation of increased serum FSH in intact AR~ females collected at estrus, negative feedback
was evaluated by measurement of LH levels after OVX before and after E; administration as described
(38,39). On the day of surgery (d 0) intact 8-wk-old females were anesthetized between 0900 and 1100 h,
OVX, and implanted with either a blank SILASTIC brand capsule (Dow Corning Corp., Midland, MI) (40)
(OVX group) or a capsule containing about 10 mg 17p-estradiol (40) (OVX+E, group). Mice were
exposed to a persistent pharmacological dose of E; to assess the inhibition of LH secretion by E;. On the

afternoon of d 7 females were killed by cardiac exsanguination under anesthesia with serum stored at —20
C until assay.

Hormone assays

Mouse serum FSH and LH were determined using species-specific immunofluorometric assays (DELFIA;
PerkinElmer, Turku, Finland) as described (3). E» and progesterone (P4) were measured in solvent extracts
(ethylacetate-hexane and diethyl ether, respectively) of serum by time-resolved immunofluorometric
(DELFIA) with detection limits of 20 pm and 0.5 nm, respectively (3).

Statistical analysis

Statistical analysis was performed using NCSS 2007 software (NCSS Statistical Software, Kaysville, UT)
for ¢ tests or ANOVA with post hoc test using Fisher’s least significant differences multiple comparison
test. Proportions were analyzed by Fisher’s exact test or its extension using StatXact software (Cytel
Software, Cambridge MA). The time to complete the first estrus cycle was analyzed by survival (Kaplan-
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Meier) analysis using log rank test to compare groups. Mixed-model ANOVA was used to analyze

differences between both genotype and uterine location as main effects. All parametric tests were
confirmed by nonparametric equivalent tests. P < 0.05 was considered statistically significant.

Results

Vaginal opening and estrus cycle

aginal opening occurred at similar ages in +0.6 d), h +1.1d), an - + 1.
Vaginal opening d at similar ages in AR™" (30 £ 0.6 d), AR"~ (31 = 1.1d),and AR~ (30 £ 1.5d

mice.

All ART* (10 of 10) and AR (10 of 10) female mice cycled, whereas 30% of AR females (three of
10) (P = 0.08) failed to cycle (Fig. 1A). All control MARH O AR (nine of nine) and 89% of
MAR O AR (eight of nine) females exhibited normal estrus cycles, whereas 44% (four of nine) of

MART=OvARYY females failed to cycle (P = 0.08) (Fig. 1B).

AR females took significantly longer (median 6 d) to complete the first estrus cycle than AR (median

4 d) and AR (median 4 d) mice (P < 0.05) (Fig. 1C). MAR7"0vAR™* mice also took significantly
longer (median 9 d) (P < 0.05) to complete one estrus cycle than surgical control (MAR+/ TovARY )

(median 5 d) and MARTF QAR (median 5 d) mice (Fig. 1D).

Some AR~ mice had irregular estrus cycles and overall completed significantly fewer estrus cycles in 2
wk (1.1 £ 0.3) compared with AR"* (2 £ 0.2) and AR~ (2.2 + 0.2) female mice (P < 0.01) (Fig. 1E).
MART=OvARY hice also completed significantly (P < 0.01) fewer estrus cycles in 2 wk (0.7 £ 0.2) than

both MARTTOUARY (1 7 4 0.2) and MARTTOVAR™™ (1.3 £ 0.2) mice (Fig. 1F).

Fertility

All control (MARTFOVART™) (10 of 10) and MARTTOVAR™™ (cight of eight) and most (six of eight)

MARTOvARY* females mated as indicated by the appearance of a copulatory plug.

A significantly reduced percentage of MAR=OvARYH mice underwent a successful pregnancy with only

three of eight (37.5%) giving birth to offspring compared with control (MARH TovARY +) (10 of 10) and
MARTTOyAR™™ (eight of nine) females (P < 0.05) (Fig. 1G).

During the 13-wk mating trial, MARTOvARY* hice had significantly fewer litters (1.1 £+ 0.6) compared

with control (MARTTOVARYH) (3.0 + 0.3) and MARYTOVAR™™ (2.3 + 0.4) (P < 0.05) females (Fig. 1H).
Litter size was significantly smaller in both the experimental transplant groups, MART QAR 21+£12
pups/litter) and the MARTH O AR (3.5 £ 0.8 pups/litter), compared with the litter size of control
(MARTFOVART™) female mice (7.3 + 0.6 pups/litter) (P < 0.01). Additionally, the cumulative number of
pups produced over the 3-month breeding trial period was significantly smaller in MART— QAR+ 6+
3.9 pups) (P <0.05) and MAR O AR (10 = 2.8 pups) (P < 0.05) females compared with controls

(MAR+/+OVAR+/+) (22 £ 2.4 pups) (Fig. 11).

Body and ovary weights

Body weights were comparable at time of ovarian transplantation (MAR+/ TOvARTT 18.0+ 0.4 g;
MARTTQUART= 18 2 4 0.4 g; and MART=QyARTT 118 1+ 0.7 g) and at end of experiments
(MARTFTOUARYT 98 5.4 0.6 g; MARTTOVART™ 28 0+ 0.9 g; and MAR7-OvARTT 28 8 + 1.6 g).
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Ovary weight was significantly decreased in both the MART o ARTT (2.4 £ 0.8 mg) and MART o AR
(2.4 £ 0.5 mg) mice compared with control (MARH TovARY +) females (5.3 + 0.6 mg) (P < 0.05) (Fig.
2A).

Ovarian histology

CL numbers in transplanted ovaries at diestrus were significantly reduced in MART QAR 4.7+£2.4)
and MARTToyART~ (4.1 = 1.7) female mice compared with control (MAR+/ TovARY ™) (12.3 + 1.6) mice
(P <0.05) (Fig. 2B). Histological analysis of ovarian transplant tissue showed the presence of follicles at
all developmental stages as well as CL in all experimental groups (Fig. 2C).

mRNA expression of LHB, FSHB, and GnRH receptor in pituitaries of intact and ovary
transplant mice

There was no significant difference in expression levels of GnRH receptor (supplemental Fig. S1A,
published as supplemental data on The Endocrine Society’s Journals Online web site at
http://endo.endojournals.org), LHpB, or FSHP (data not shown). There was no difference in expression
levels of GnRH receptor (supplemental Fig. S1B), LHp, or FSHf (data not shown) between transplant
groups collected at diestrus.

Real-time RT-PCR on pituitaries collected from intact mice at the proestrus stage revealed that there was
no difference in expression levels of LH between genotypes (supplemental Fig. S1C).

Serum FSH and E; concentrations at diestrus and estrus

Analysis of E levels between AR"" and AR females revealed a significant effect of genotype (P <

0.05) and marginal effect for estrous stage (P = 0.07) with no interaction (Fig. 3A). Levels of baseline FSH
were not significantly different between intact AR"" and AR at the diestrus stage of the estrous cycle

(Fig. 3B). However, AR females exhibited significantly elevated baseline levels of serum FSH (AR_/ i
3.08 £ 1.2 ng/ml, AR 0.62+0.3 ng/ml) compared with AR™" females at estrus (P <0.05) (Fig. 3B).

LH levels after OVX and E5 treatment

LH levels were increased (P < 0.05) after OVX in AR (0.99 £+ 0.3 ng/ml) and AR (0.51 £ 0.1 ng/ml)
females compared with intact AR females (0.05 £ 0.04 ng/ml) (3). After Ej treatment of OVX AR
and AR~ females, LH levels revealed a significant effect of genotype (P < 0.05) and marginal effect for
E, treatment (P = 0.06), with OVX AR females (0.16 £ 0.04 ng/ml) exhibiting greater E,-induced
suppression of LH compared with OVX AR females (0.58 £ 0.3 ng/ml) (P <0.01) (Fig. 3C).

Verifying excision of AR exon 3 in the AR™" uterus

Using RT-PCR, uterine RNA from AR mice showed exclusively AR mRNA with a deleted exon 3 and
no native AR mRNA with intact exon 3 (Fig. 4B).

Uterine weight and morphology

Uterine weights did not differ between AR~ and AR"'* females (Fig. 4C). AR/~ uteri exhibited thinner

and longer uterine horns at diestrus (P < 0.01) and estrus (P < 0.01) (Fig. 4, D and E) compared with
AR uteri. AR~ females exhibited a significant reduction in uterine diameter at diestrus (P < 0.01) and
estrus (P < 0.05) (Fig. 4F).
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Uterine weight was nonsignificantly decreased in MARToyART* (55.5 £ 12.3 mg) compared with
MARM OyAR™™ (90 4 1 39.5 mg) and control (MR OVARY™) females (141.9 + 23.4 mg) (P = 0.09)
(Fig. 4G). MAROvAR females exhibited a significant increase in uterine horn length (P < 0.01) (Fig.
4H) and MARTFOVART and MARTOvARY™" females displayed a significant reduction in uterine

diameter (P < 0.01) (Fig. 4I) compared with surgical controls (MARHJFOVARH +).

Further cross-sectional analysis of the major compartment of the uterus (histological representation: intact
AR and AR ~, supplemental Fig. S2, A—H; ovary transplant females, supplemental Fig. S21) identified
a significant reduction in total uterine area at diestrus (P < 0.01) and estrus (P < 0.05) (Fig. 5A),
endometrial area at diestrus (P < 0.05) (Fig. 5B), and myometrial area at diestrus (P < 0.01) and estrus (P
<0.01) in AR uteri (Fig. 5C) compared with AR uteri. Luminal epithelial cell height did not differ
between AR~ and AR™" females (Fig. 5D). Compared with surgical controls, MARYFOyART 314
MARTOvARY* females exhibited a significant reduction in total uterine area (P < 0.01) (Fig. 5E),

endometrial area (P < 0.01) (Fig. 5F), and myometrial area (P < 0.01) (Fig. 5G). There was no difference
between genotypes in luminal epithelial cell height (Fig. SH).

Uterine morphology in relation to location

Within the AR 7~ genotype, there was a significant difference in uterine diameter in relation to location,

with the cervical end cross-section of the uterus having a significantly larger diameter than the fimbrial end
cross-section at diestrous (P < 0.01) (data not shown). No such difference was apparent within wild-type
uteri. There was no significant difference in any other morphological parameter in relation to location at
diestrus or estrus in AR/~ and AR uteri (data not shown). After ovary transplantation there was no

significant difference in uterine location for any of the morphological parameters (data not shown).

Uterine function and hormone levels during pregnancy

At 16 days gestation AR ovaries exhibited fewer CL (AR_/ T152+0.4; ARTT 82405, P< 0.01)
(Fig. 6A). Similarly, AR females had a reduced number of implantation sites (AR_/ T:43+0.8; AR
8.0+ 0.5, P<0.01) (Fig. 6B) and fetuses present in their uteri (ARf/fz 3.8+0.8; AR 7.0 £ 0.8, P<
0.05) (Fig. 6C). However, there was no difference between AR and AR™" females in the percentage of
pre- (ARf/fz 13.9+13.9; AR 2.8 + 1.8) and postimplantation losses (ARf/fz 11.1+82; AR"": 134+
5.9) (Fig. 6, D and E, respectively). AR females displayed a normal gestation length (AR_/ T:222+3.0;
AR 19.0 + 0.3) (Fig. 6F). At 16 d gestation, AR females exhibited a lower serum P4 concentration
(AR7™: 65.0 nm + 12.2; AR™": 138.2 nm + 15.7, P < 0.01) (Fig. 6G) compared with AR"" females.
Serum E, concentrations did not differ between genotypes (Fig. 6H). Pup weights on the day of birth were
not significantly different between intact (supplemental Fig. S3A) or ovary transplant groups
(supplemental Fig. S3B). All the intact and ovary transplant groups had similar 4-d pup survival rates
(supplemental Fig. S3, C and D, respectively) and 30-d pup growth rates (supplemental Fig. S3, E and F,
respectively).

Discussion

We have demonstrated that AR-mediated actions are important in maintaining female fertility in mice via
both extraovarian, in particular, neuroendocrine regulation of ovarian function, and local intraovarian
mechanism. Furthermore, we have identified that AR-mediated actions have a direct effect on the growth
and development of the uterus but are not essential for normal implantation and fetal development.

In the present study, all control surgical mice displayed normal estrus cycling and fertility corresponding
with observations from intact control mice (AR+/ +) (3), confirming the viability of this surgical technique

in our mouse colony. OVX AR™" hosts with AR/~ ovaries also displayed normal estrus cycling; however,
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OVX AR hosts with AR"* ovary transplants displayed abnormal estrus cycles, similar to those
observed in intact AR~ females. This indicates that hypothalamic-pituitary-gonadal function is defective
in the AR/~ female, even in the presence of a competent ovary. The overall fertility (percentage of
females to produce a litter) of control and OVX AR hosts with AR/~ ovaries females was normal.
However, OVX AR hosts with a normal AR"" ovary, again similar to that observed in the intact AR
females (3), had a significant reduction in fertility, further supporting our hypothesis that AR inactivation
leads to extraovarian defects. We hypothesize that these extraovarian defects are due to a dysfunctional
hypothalamic-pituitary unit because genomic AR-mediated actions are not essential for the normal
reproductive function of the uterus. AR females exhibited similar pre- and postimplantation losses to
AR™" mice and normal gestation lengths and pup weights on day of birth. Hence, the loss of AR did not
disrupt the ability of the AR uterus to support implantation and growth of a pup to full term. Lactation
also appeared not to be altered by the loss of AR function because all experimental groups produced pups
with normal postnatal growth.

Although AR-mediated actions were not essential in the reproductive function of the uterus, our data
revealed that AR actions have a function in the physiological growth and development of the uterus, which
is in agreement with previous studies that hypothesis a role for androgens in uterine diseases associated
with dysfunctional cell proliferation (41,42,43,44). The AR uterus has a significant reduction in
diameter, total uterine area, endometrial area, and myometrial area, indicating that disruption of genomic
AR signaling leads to abnormal uterine development. These findings of AR action playing a role in uterine
growth are consistent with previous studies in which the addition of nonaromatizable AR-selective
agonists promoted growth and differentiation of the uterus, whereas an antiandrogen inhibited this effect
(30). Both ovary transplant groups displayed a significant reduction in uterine diameter, total uterine area,
endometrial area, and myometrial area compared with control females. The finding that OVX AR host
females with a transplanted AR ovary were unable to maintain similar uterine morphology as the
control females implies that a loss of AR-mediated actions in the ovary has a significant effect on the
growth and development of the uterus, possibly due to a disruption in E» production. However, OVX AR/
~ hosts in the presence of a normal ovary exhibited defective uterine growth to a greater extent than
MAR O AR~ mice, indicating a direct role for intrauterine AR-mediated action in uterine physiology.
In agreement with these findings, another AR™™ mouse model generated by a non-in-frame targeted
deletion of exon 2 of the Ar (5,45) implied a role for AR actions in uterine function by reporting a decrease
in uterine response to estrus and a decrease in uterine diameter at estrus. A direct role for androgens in
regulating morphological changes in the uterus is also supported by the findings that androgens can inhibit
the growth of endometrial epithelial cells in vitro (28) and inhibit their matrix metalloproteinase
production (46): matrix metalloproteinases are important in regulating structural changes in the uterus and
in particular the initiation of menstruation in women (47). Moreover, the expression of IGF-1, one of the
major growth factors involved in stimulating cellular proliferation (48), is regulated by androgens in the
uterus (33,49).

Although T stimulates behavioral estrus and ovulation in ewes (50), it is proposed that androgen action in
the brain is largely due to aromatization of T to E, and thereby estrogen receptor-mediated effects (51,52).
We identified no significant difference in the female mating behavior between any of the experimental
groups, as indicated by the detection of vaginal plugs. Thus, we conclude that AR actions do not play a
vital role in regulating normal female mouse mating behavior, although this does not exclude effects of T
mediated via aromatization.

The progesterone receptor, AR’s most closely related member of the nuclear receptor gene superfamily
(53), is a requirement for the transmission of E,-induced signals leading to gonadotrophin surges (38,54).
Support for a direct role for androgen actions in the brain, mediated via the AR, comes from a recent study
that identified that ovulation in hens is blocked by treatment with the AR antagonist flutamide, with
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preovulatory surges of E> and LH being absent, implementing AR-mediated actions in the endocrine
control of ovulation (55). Several studies in women show that low doses of T or dihydrotestosterone do not
alter LH levels, whereas high levels of T repress LH pulse frequency and/or mean LH secretion (56,57,58).
Furthermore, treatment of women with polycystic ovary syndrome using the anitiandrogen, cyproterone
acetate, failed to decrease LH pulse amplitude (59), although a nonsteroidal antiandrogen, flutamide,
restores the sensitivity of the GnRH pulse generator to feedback inhibition by E, and P4 (60). Previously
no difference was identified in LH levels of AR~ mice at the proestrus (preovulatory) stage (4). We
identified a significant neuroendocrine effect of genotype for baseline E5 levels, an increase in FSH levels
in AR females at estrus as well as increased sensitivity to negative E; feedback on LH secretion
consistent with a neuroendocrine defect of negative feedback signaling, supporting our hypothesis that AR
plays a role in regulating female fertility via central neuroendocrine mechanisms.

During late pregnancy, AR females exhibited a reduction in CL numbers and serum P4 and uteri with
reduced numbers of implantation sites and fetuses. However, pre- and postimplantation losses were similar
to that observed in AR™" females; hence, the differences were a consequence of reduced ovulations as CL
numbers were proportional to implantation site and fetus numbers. Moreover, we observed a reduction in
pups per litter in both experimental ovary transplant groups, compared with controls. The finding that
ovariectomized AR"" hosts with AR~ ovaries were unable to maintain similar fertility to the control
mice, despite normal estrus cycling, implies that intraovarian functional defects play a role in maintaining
optimal fertility in addition to extraovarian regulation. As fewer CL numbers is indicative of a reduction in
ovulation, the reduced CL numbers in both experimental ovary transplant groups infer that both AR-
mediated intra- and extraovarian influences are important in maintaining normal ovulation rates. It is
unlikely that reduced histoincompatibility between AR hosts and AR/~ ovary transplants explains the
intraovarian defects because all transplants were carried out within a single mouse strain (61), and
transplanted ovaries had no lymphocytic infiltration 3 months after transfer.

In conclusion, this study is the first to conclusively provide direct evidence that both extraovarian, in
particular neuroendocrine regulation of the ovary, and local intraovarian AR-mediated actions are
important in maintaining female fertility in mice. We propose that the reduction in ovulation observed in
AR mice is due to a decrease in follicle health (3,5), presumably leading to impaired follicle
development and follicular response, in combination with dysfunctional hypothalamic-pituitary regulation
of gonadotrophin secretion. Further analysis of specific intra- and extraovarian mechanisms involved in
the ovulatory process will provide a better understanding of mechanisms of female infertility and may
provide AR regulated targets for the treatment of androgen-associated reproductive disorders such as
polycystic ovary syndrome, which is associated with an aberration in gonadotrophin secretion and
anovulation (62,63). We also confirm a role for AR-mediated androgen action in uterine growth. The loss
of AR predisposes the uterus to aberrant uterine growth, implying that apart from the synergistic role of
androgens with E, (31,64) in the uterus, AR-mediated actions also have a distinct role in the regulation of

uterine physiology.
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Morphology of the uterus. AR +, black bars; AR/ , white bars; MARTHQ ARY +, black with white dots;
MARH AR/~ MART—QyARY * white with black diagonal lines. A and E,
Average total uterine area of AR and AR females at diestrus (P <0.01) and estrus (P < 0.05) and ovary
transplants groups at diestrus (P < 0.01). B and F, Average endometrial area of AR"" and AR™" females at
diestrus (P < 0.05) and estrus (P = 0.08) and ovary transplants groups at diestrus (P < 0.01). C and G, Average
myometrial area of AR"" and AR~ females at diestrus (P <0.01) and estrus (P < 0.01) and ovary transplants
groups at diestrus (P < 0.01). D and H, Average luminal epithelial cell height of AR™" and AR/~ females at
diestrus and estrus and ovary transplants groups at diestrus. Data are the mean + SEM (n = 5/genotype). Different
superscript letters denote statistically significant differences.
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Figure 6
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Uterine reproductive function. ARY, black bars; AR, white bars. A, Average number of CL (P <0.01). B,
Average number of implantation sites (P < 0.01). C, Average number of fetuses in utero (P < 0.05). D, Percentage
of preimplantation losses. E, Percentage of postimplantation losses. F, Average gestation length. G, P4 levels at d
16 of gestation (P < 0.01). H, E, levels at d 16 of gestation. Data are the mean + SEM (n > 5/genotype). Different
superscript letters denote statistically significant differences.
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