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Abstract. Androgens synergise with FSH in female reproduction but the nature of their interaction in ovarian function

and fertility is not clear. In the present study, we investigated this interaction, notably whether higher endogenous FSH can
overcome defective androgen actions in androgen receptor (AR)-knockout (ARKO) mice. We generated and investigated
the reproductive function of mutant mice exhibiting AR resistance with or without expression of human transgenic FSH

(Tg-FSH). On the background of inactivated AR signalling, which alone resulted in irregular oestrous cycles and reduced
pups per litter, ovulation rates and antral follicle health, Tg-FSH expression restored follicle health, ovulation rates and
litter size to wild-type levels. However, Tg-FSHwas only able to partially rectify the abnormal oestrous cycles observed in
ARKO females. Hence, elevated endogenous FSH rescued the intraovarian defects, and partially rescued the extraovarian

defects due to androgen insensitivity. In addition, the observed increase in litter size in Tg-FSH females was not observed
in the presence of AR signalling inactivation. In summary, the findings of the present study reveal that FSH can rescue
impaired female fertility and ovarian function due to androgen insensitivity in female ARKOmice bymaintaining follicle

health and ovulation rates, and thereby optimal female fertility.
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Introduction

Androgens play a key role in female fertility because testos-
terone is an obligatory precursor for aromatisation into oestra-

diol, the canonical female sex steroid that is critical to female
reproductive function (Hillier et al. 1994). In addition, direct
androgen receptor (AR)-mediated actions of androgen are

essential to optimise ovarian function and fertility (Walters
2015). The AR is expressed throughout the hypothalamic–
pituitary–gonadal axis and is evolutionarily conserved. Within
the ovary, the AR is expressed at most stages of follicular

development, most prominently in granulosa cells (Walters
et al. 2008). Using global and cell-specific AR-knockout
(ARKO) female mice, we and others have proven a direct

involvement of ARs in the regulation of female reproductive
function (Hu et al. 2004; Shiina et al. 2006; Walters et al. 2007,
2012; Sen and Hammes 2010). Global ARKO females are sub-

fertile and exhibit irregular oestrous cycles, an impaired ovulatory
LH surge, abnormal follicular development, fewer preovulatory
follicles and corpora lutea (CL) and more atretic follicles (Hu

et al. 2004; Shiina et al. 2006; Walters et al. 2007; Cheng et al.

2013). Findings from analysis of granulosa cell-specific ARKO

(GCARKO) female mice has identified that granulosa cells are a
key site for AR-mediated actions involved in optimising female
fertility, by maintaining normal follicle development (Sen and

Hammes 2010;Walters et al. 2012). Furthermore, an extraovarian
(neuroendocrine) role for AR-mediated actions in maintaining
female fertility was proven by the findings that transplantation of

wild-type control mouse ovaries into ovariectomised ARKO
female mice led to irregular oestrous cycles and reduced fertility,
whereas cross-transplantation of control or ARKO ovaries into
ovariectomised wild-type control hosts had no effect on oestrous

cycles or fertility (Walters et al. 2009). In addition, pituitary-
specificARKO(PitARKO) femalemice are subfertile and exhibit
reduced ovulatory FSH and LH levels, together with impaired

follicle health and ovulation (Wu et al. 2014).
FSH secreted by pituitary gonadotrophs in a cyclic manner,

driven by patterned hypothalamic gonadotrophin-releasing

hormone (GnRH) secretion and related neuroendocrine feed-
back mechanisms, plays a major role in the recruitment and
development of healthy ovarian follicles through to the preovu-

latory stage (McGee and Hsueh 2000). FSH and its receptor
(FSHR) are necessary for normal follicle development because
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FSH-deficient female mice are infertile due to a block in early
(preantral) follicle development and follicle atresia (Kumar

et al. 1997). FSHRs, also localised with ARs on granulosa cells,
are responsible for FSH-dependent granulosa cell proliferation,
aromatisation and the appearance of LH receptor expression on

theca cells in expanded antral follicles (Oktem and Urman
2010). The complex reciprocal interaction between FSH and
androgen action in ovarian function is well established. FSH

regulates AR expression in follicles according to developmental
stage (Tetsuka and Hillier 1996) and, conversely, both testoster-
one (an aromatisable androgen) and dihydrotestosterone (DHT; a
non-aromatisable androgen) increase FSH receptor expression in

non-human primates, gilts and mice (Weil et al. 1999; Cárdenas
et al. 2002; Sen et al. 2014). In primates, testosterone enhances
downstreammediators of FSH effects, such as aromatase activity

and cAMP formation (Hillier and De Zwart 1981; Hillier and
Tetsuka 1997). In addition, androgens may synergise with FSH to
stimulate follicle growth and responsiveness, because, in mice,

testosterone increases preantral follicle responsiveness to FSH
(Wang et al. 2001) and the non-aromatisable androgen DHT
stimulates FSH-mediated mouse preantral–antral follicle growth
(Sen et al. 2014). Inwomen, it is hypothesised that the progressive

decrease in circulating androgens (testosterone, dehydroepian-
drosterone (DHEA) and androstenedione (A4)) over a woman’s
reproductive life (Davison et al. 2005) may diminish the aging

ovary’s responsiveness to FSH-based fertility stimulation. On that
basis, IVF centres have instigated the use of treatment with the
pro-androgen DHEA (Wiser et al. 2010) and testosterone

(Fábregues et al. 2009) for women who experience poor ovarian
response to FSH stimulation, with reportedly beneficial effects
(Balasch et al. 2006; Fábregues et al. 2009), although convincing

controlled studies are lacking (Massin et al. 2006; Sipe et al. 2010;
Bosdou et al. 2012; Yeung et al. 2014).

Given the colocation ofARs and FSHRs in granulosa cells and
their convergent effects on follicle development, we sought to

analyse this hormonal interaction by using a transgenic (Tg)
mouse line expressing bioactive heterodimeric human FSH
(hFSH; Allan et al. 2001). These Tg-FSH mice exhibit a signifi-

cant increase in litter size andovulation rates up to 6months of age
(McTavish et al. 2007). In order to decipher the nature of the
interaction between androgen and FSH actions on female fertility,

in particular whether FSH can overcome deficiencies of androgen
action, we combined our global ARKO and Tg-FSH mouse
models and assessed key components (cycling, fertility, follicle
development and health) of female fertility.

Materials and methods

Mice

Mice were maintained under standard housing conditions
(free access to food and water in a temperature- and humidity-

controlled, 12-h light cycle environment) at theANZACResearch
Institute. All procedures were performed in mice anaesthetised
with ketamine–xylazine (100mgkg�1þ 10mgkg�1). All

procedures were approved by the Sydney Local Health District
Animal Welfare Committee within National Health and
Medical Research Council (NHMRC) guidelines for animal
experimentation.

Generation of Tg-FSH and ARKO female mice

Female mice expressing pituitary-independent Tg-FSH driven
by the rat insulin II gene promoter on a C3H background (Allan

et al. 2001;McTavish et al. 2007) and homozygousARKOmice
on a C57Bl/6J background (Walters et al. 2007; Simanainen
et al. 2012) were generated as described previously. The two

genetically modified strains were cross-bred to obtain control
wild-type (WT), ARKO, Tg-FSH and Tg-FSHþARKO mice,
with the F1 generation being used for analysis. Ovarian histo-

morphology was assessed and circulating Tg-FSH levels were
measured at 6 months of age.

DNA and RNA extraction, genotyping and reverse
transcription–polymerase chain reaction

Genomic DNA isolated from tail biopsy was used as a template
for polymerase chain reaction (PCR) genotyping to detect

Cre–loxP-mediated excision in the mouse Ar gene and the
presence of Tg-FSH, as described previously (Allan et al. 2001;
Walters et al. 2007). The loss of Ar exon 3 was identified using
two forward PCR primers within Ar exon 3 (AREx3-F,

CTTCTCTCAGGGAAACAGAAGT) or the Neo cassette
(ARNeo-F, TAGATCTCTCGTGGGATCATTG) and a com-
mon reverse primer located within intron 3 (AR-R, GGGA

GACACAGGATAGGAAATT). Two product sizes were
obtained: 613 bp for intact Ar and 289 bp for floxed Ar. Mice
containing the SRY-box containing gene 2 (Sox2)–Cre Tg

were PCR genotyped as described previously (Schwenk et al.

1995). Global ARKO males and females were distinguished by
PCR genotyping the mouse Y chromosome sex-determining

region Y (Sry) gene as described previously (Notini et al. 2005;
Walters et al. 2007). The PCR primers used to identify the
human FSH b-subunit transgene (AATGCTCAGCCAAGGA
CAAAGA and AACTTAATGAAACCGGCCTAAT) produced

a product of 500 bp (Allan et al. 2001).

Hormone assays

Blood collected by cardiac exsanguination under ketamine–

xylazine anaesthesia was allowed to clot at room temperature
for 20min, then centrifuged at 5000 rpm for 5min at room
temperature to collect serum, which was stored at �208C until

assay. Serum hFSH was determined using species-specific
dissociation-enhanced lanthanide fluoroimmunoassay (DEL-
FIA) kits (Perkin-Elmer), with a detection limit of 0.05 IU L�1,
as described previously (Allan et al. 2001; McTavish et al.

2007).
Serum levels of progesterone (P4), testosterone and DHT

were measured in extracts of 100mL mouse serum by liquid

chromatography–tandem mass spectrometry (LC-MS/MS;
Harwood and Handelsman 2009) as adapted for mouse serum
(McNamara et al. 2010) and further modified by Caldwell et al.

(2014). Serum was extracted with 1mL methyl tert-butyl ether
fortified with testosterone-1,2,3-d3, dihydrotestosterone-
16,16,17-d3 and oestradiol-2,4,16,16-d4 as internal standards.

The organic layer, separated by freezing the aqueous layer, was
dried and reconstituted in 75mL of 20% methanol and 50mL
was injected onto the Kinetex XB C18, 1.7m column for analysis.
The limits of quantitation (defined as the lowest level that can
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be detected with a CV ,20%) were 0.1 ngmL�1 for P4,
0.025ng mL�1 for testosterone and 0.1 ngmL�1 for DHT.

Assessment of the oestrous cycle

Oestrous cycling was determined for a 2-week period in mice at
10 weeks of age. Oestrous cycle stage was detected by analysis

of vaginal epithelial cell smears collected daily (1000 hours) in
20 mL sterile phosphate-buffered saline (PBS) and then trans-
ferred to glass slides, air dried and stained with 0.05% Trypan

blue for light microscopy (Walters et al. 2012). The stage of the
oestrous cycle was defined according to the presence or absence
of leucocytes and cornified epithelial and nucleated epithelial
cells, as described previously (Caldwell et al. 2014). Briefly,

pro-oestrus was characterised by the presence of mostly nucle-
ated and some cornified epithelial cells; at the oestrous stage
mostly cornified epithelial cells were present; at metoestrus both

cornified epithelial cells and leucocytes were present; and at
dioestrus primarily leucocytes were visible.

Assessment of fertility

To estimate natural fertility, 6- to 8-week-old female mice
(WT¼ 7; ARKO¼ 5; ARKOþTg-FSH¼ 7; Tg-FSH¼ 6)
were mated continuously with an individual mature (at least 8

weeks of age) fertile male stud for a 6-month period. Cages were
monitored daily and the number of pups and litters recorded.

Ovary collection and follicle classification, enumeration
and health

Ovaries were collected from 6-month-old female mice at the
dioestrus stage of the oestrous cycle. Dissected ovaries were

weighed, fixed in 4% paraformaldehyde at 48C overnight and
stored in 70% ethanol before histological processing. Ovaries
were processed through a graded series of alcohol into glycol
methacrylate resin (Technovit 7100; Heraeus Kulzer). Ovaries

were serially sectioned at 20 mm, stained with periodic acid-
Schiff and counterstained with haematoxylin. Total numbers of
growing follicles per ovary at different developmental stages

were determined as described previously (Myers et al. 2004;
Walters et al. 2007). Follicles were classified as small preantral
(oocyte with 1.5–2 layers of cuboidal granulosa cells), large

preantral (oocyte surrounded by more than two and up to five
layers of granulosa cells), small antral (oocyte surrounded by
more than five layers of granulosa cells and/or one or two small
areas of follicular fluid) and large antral (contained a single large

antral cavity), with CL identified by morphological properties
consistent with luteinised follicles visible throughout several
serial sections.

Follicles were enumerated on all serial sections throughout
each ovary using an Olympus microscope with Stereo Investi-
gator software (MicroBrightField; Myers et al. 2004; Walters

et al. 2007, 2012). For all histological analyses, repetitive
counting of follicles was avoided by only counting or measuring
follicles containing an oocyte with a visible nucleolus. To avoid

bias, all ovaries were analysed without knowledge of sample
genotypes. Follicles were classified as unhealthy if they con-
tained a degenerate oocyte and/or .10% of the granulosa
cells were pyknotic in appearance (Walters et al. 2007). The

proportion of unhealthy follicles per ovary was estimated as the
percentage of all follicles at that developmental stage.

Statistical analysis

Statistical analysis was performed using NCSS software (NCSS
Statistical Software). Data that were not normally distributed

were transformed to achieve normality and homoscedasticity
(equal variances) before analysis based on a Box–Cox analysis
to identify the optimal power transform. Unless stated other-

wise, all results are expressed as the mean� s.e.m. Statistical
differences were tested by two-way analysis of variance
(ANOVA) with genotype main effects AR inactivation and the
presence of Tg-FSH and their AR inactivation�Tg-FSH

interaction with post hoc testing using Fisher’s least significant
difference multiple-comparison test. Main effects of AR and
FSH are reported, with interaction results omitted if not signif-

icant. All parametric tests were confirmed by non-parametric
equivalent tests. Two-sided P, 0.05 was considered
significant.

Results

Verification of Tg female mice

The presence of the exon 3 deletion in the Ar gene and Tg-FSH

were confirmed by PCR genotyping. Ar with intact exon 3 was
undetectable in genomic DNA from ARKOþTg-FSH and
ARKO mice, whereas Tg-FSH was only detectable in Tg-FSH
and ARKOþTg-FSH mice (Fig. 1a). Tg-FSH expression was

verified by detection of serum hFSH levels in all females car-
rying the Tg-FSH genotype, but not in its absence, noting the
ARKO genotype had no significant effect on circulating con-

centrations of serum Tg-FSH (Fig. 1b).

Oestrous cycle analysis

The loss of AR signalling significantly reduced oestrous

cycling, based on the number of cycles assessed from serial
vaginal cytology smears (P, 0.01), but the presence of Tg-FSH
had no significant main effect on the number of oestrous cycles

in 2 weeks (Fig. 2a). Compared with WT (2.8� 0.3 cycles) and
Tg-FSH (2.3� 0.3) female mice, ARKOwhether alone or in the
presence of Tg-FSH resulted in disrupted vaginal cytology, with
fewer completed normal oestrous cycles in 2 weeks (1.7� 0.2

and 1.0� 0.6 cycles respectively; Fig. 2). Although there was no
significant effect of FSH on cycle number, oestrous cycle pat-
tern appeared less aberrant in ARKOþTg-FSH compared with

ARKO mice (Fig. 2b).

Serum P4, testosterone and DHT concentrations

Neither AR inactivation nor the presence of Tg-FSH had any

effect on serum P4, testosterone and DHT concentrations
(Fig. 3).

Fertility

Over a 6-month breeding trial, fertility was significantly
affected by the loss of AR signalling (P, 0.01) and the presence
of Tg-FSH (P, 0.01). Compared with WT females (8.8� 0.9
pups/litter), the loss of AR signalling reduced, whereas the
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presence of Tg-FSH restored, normal fertility in ARKO females
(5.0� 0.6 and 9.2� 0.7 pups per litter respectively); Tg-FSH

alone caused the expected increase in litter size (12.4� 0.8 pups
per litter; Fig. 4a).Moreover, whereas only 40% of ARKO female
breeders bore 40pups in the breeding trial, the presenceofTg-FSH

restored fertility in ARKO females (ARKOþTg-FSH) to levels
that were not significantly different from those of WT females
(Fig. 4b). The number of litters during the 6-month breeding trial

was reduced by the loss of AR actions (P, 0.01) as well as the
presence of Tg-FSH (P, 0.05). ARKO (�24%), ARKOþ
Tg-FSH (�25%) and Tg-FSH (�18%) females exhibited a

reduction in the number of litters compared with WT females
(Fig. 4c).

Ovarian weight, follicle and CL populations

Ovarian weight was affected by the presence of Tg-FSH
(P, 0.05) but not AR inactivation (P¼ 0.2; Fig. 5a). Ovary
weights of Tg-FSH females were increased compared with

WT, ARKOþTg-FSH and ARKO females (9.8� 1.3 vs
6.4� 0.5, 7.5� 0.5 and 6.1� 0.7mg respectively). All stages
of follicle development were present in all genotypes, with

overall normal morphology. Large preantral follicle counts
were reduced by loss of AR signalling (P, 0.05) but not by
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the presence of Tg-FSH (P¼ 0.9; Fig. 5b). For all other stages
of follicle development, there was no significant effect of the
loss of AR signalling or the presence of Tg-FSH on growing

follicle populations (Fig. 5b, c). Both the loss of AR signalling
(P, 0.05) and the presence of Tg-FSH (P, 0.05) had sig-
nificant effects on CL number. Numbers of CL were reduced
in ARKO compared with WT control female mice (6.8� 1.8

vs 11.3� 2.2 respectively;P, 0.05). The presence of Tg-FSH
restored CL numbers in ARKO ovaries (9.5� 4.5) to levels
comparable with those inWT controls, whereas Tg-FSH alone

resulted in the expected increase in CL numbers (25.0� 5.4;
Fig. 5c, d).

Follicle health

Follicle health of large antral follicles was impaired by the loss
of AR signalling (P, 0.05) but not by the presence of Tg-FSH
(P¼ 0.1; Fig. 6a), with a notably much higher prevalence of

pyknotic granulosa cells in ARKO alone follicles (Fig. 6b). In
contrast, neither loss of AR signalling nor the presence of Tg-
FSHhad any significant effect on small preantral, large preantral
or small antral follicle health (Fig. 6a).

Discussion

Androgens and FSH have key convergent and complementary

roles in the ovary as major regulators of follicle development
and ovarian function (Kumar et al. 1997; McGee and Hsueh
2000; Walters 2015). In the present study, to unravel the inter-
action between AR- and FSH-mediated actions in female

fertility, we combined two mouse models to produce mice that
lack functional AR signalling and overexpress FSH activity. The
findings show that Tg-FSH can rescue impaired female fertility

and ovarian function due to androgen insensitivity in female
ARKOmice, because ARKOþTg-FSH female mice exhibit an
ovulation rate and litter size comparable to those ofWT females.

AR-mediated actions play a direct role in ovarian function
(Walters 2015), as well as in extraovarian neuroendocrine
function by maintaining normal hypothalamic–pituitary–ovarian

function (Hu et al. 2004; Walters et al. 2009; Cheng et al. 2013).
In the present study, despite FSH rescuing the reduced fertility in
ARKO mice, as indicated by pups per litter, the serial vaginal
smear patterns remain aberrant in ARKOþTg-FSH females,

most likely due to dysfunctional CL, as indicated by the reduced
P4 concentrations. Thus, the addition of FSH was unable to fully
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restore defects due to AR inactivation, which lends support to a
central neuroendocrine role forARactions independent, at least in
part, of FSH in the regulation of female fertility. This supposition

is further vindicated by findings that both global (Cheng et al.

2013) and pituitary-specific (Wu et al. 2014) loss of AR actions
alters negative and positive feedback mechanisms, and signifi-

cantly reduces the magnitude of the ovulatory LH surge.
In the present study, and in agreement with previous findings

(Walters et al. 2007), fertility was significantly impaired by the

loss of AR signalling, as illustrated by reduced pups per litter,
whereas the presence of elevated circulating serum FSH
increased the number of pups per litter, as expected (McTavish

et al. 2007). The combined ARKOþTg-FSH mouse model
revealed that the presence of Tg-FSH was sufficient to restore
the reduced number of pups per litter observed in the ARKO
females to that seen in WT controls. These findings imply that

FSH is a component of the pathways disrupted by the loss of AR
actions in ARKO ovaries. Although further studies are required

to fully unravel the altered mechanisms, the maintenance
of follicle health in ARKOþTg-FSH mice indicates that key
FSH-regulated pathways involved in restoring fertility are at the

level of the ovary.
We and others have demonstrated that a key cause of the

subfertility in ARKO female mice is dysfunctional ovulation

(Hu et al. 2004; Shiina et al. 2006; Walters et al. 2007, 2009;
Cheng et al. 2013). In the present study, ARKO females
exhibited significantly fewer CL numbers per ovary, indicative

of reduced ovulation and consistent with an ovulatory role for
AR actions. Conversely, Tg-FSH mice exhibited increased
numbers of CL per ovary, consistent with previous work

(McTavish et al. 2007) and the well-known clinical observation
that ovarian stimulation by exogenous FSH stimulates the
development of multiple ovarian follicles (Howles et al.

1994). Interestingly, the presence of Tg-FSH in the ARKO

females restored CL numbers to those observed in control
ovaries. Thus, FSH appears to rescue the impaired fertility of
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ARKO females by increasing ovulation rate. However, there
may be an age-dependent cut-off as to when FSH can overcome
intraovarian defects due to AR deficiency, because the reduced

ovulation rates observed in a mouse model with specific loss

of AR signalling in granulosa cells can only be overcome
by superovulation in 8- to 9-week-old mice and not 24- to

25-week-old mice (Sen and Hammes 2010). In addition, several
studies indicate that androgens can synergise with FSH to
improve ovarian sensitivity to FSH. For example, DHT

enhanced FSH-mediated preantral-to-antral follicular growth
inmice (Sen et al. 2014) and FSH-stimulated the proliferation of
cumulus cells in pigs (Hickey et al. 2004), whereas testosterone

increased FSH responsiveness of mouse preantral follicles
(Wang et al. 2001).

It is likely that the majority of disrupted AR-regulated path-
ways overcome by the presence of Tg-FSH are intraovarian and

involve improved follicle health. Both AR-mediated and FSH
actions are involved in maintaining follicle health, because
ARKO ovaries exhibit increased levels of follicular atresia

(Shiina et al. 2006; Walters et al. 2007), whereas late stage
(beyond preantral) follicles exhibit increased atresia in FSH-
knockout ovaries (Kumar et al. 1997). Furthermore, recently

DHT and testosterone have been shown to increase microRNA-
125b expression, which suppresses pro-apoptotic protein (Bcl-2
homologous antagonist/killer (BAK1), Bcl-2 modifying factor
(BMF), Bcl-2-associated X protein (BAX) and tumor suppres-

sor protein p53 (TRP53)) expression (Sen et al. 2014). In the
present study, although ARKO females exhibited a significant
increase in histologically defined unhealthy follicles, connoting

a higher level of apoptosis at the large antral stage, the presence
of Tg-FSH restored follicle health to levels comparablewithWT
controls. Thus, FSH is sufficient to restore reduced granulosa

cell health due to a loss of AR signalling, implying that
androgenic mechanisms that attenuate follicular atresia can also
be modulated by FSH.

In conclusion, the findings of the present study demonstrate
that AR-mediated and FSH actions play key roles in regulating
female fertility, and provide strong evidence to support the
concept that the interaction between FSH and AR is synergistic,

with FSH actions able to rescue dysfunctional ovarian function
observed in ARKO females mice, notably by maintaining
follicle health and ovulation rates, and thereby optimal female

fertility. Furthermore, these data imply that the rescue of ARKO
female mouse subfertility is most likely due to a rescue in
disrupted androgenic mechanisms involved in regulating folli-

cle health and atresia.
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