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Follistatin is essential for normal postnatal development
and function of mouse oviduct and uterus
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Abstract. Female mice lacking the follistatin gene but expressing a human follistatin-315 transgene (tghFST315) have
reproductive abnormalities (reduced follicles, no corpora lutea and ovarian—uterine inflammation). We hypothesised that
the absence of follistatin-288 causes the abnormal reproductive tract via both developmental abnormalities and abnormal
ovarian activity. We characterised the morphology of oviducts and uteri in wild type (WT), tghFST315 and follistatin-
knockout mice expressing human follistatin-288 (tghFST288). The oviducts and uteri were examined in postnatal Day-0
and adult mice (WT and tghFST315 only) using histology and immunohistochemistry. Adult WT and tghFST315 mice
were ovariectomised and treated with vehicle, oestradiol-178 (100 ng injection, dissection 24 h later) or progesterone
(1 mg x three daily injections, dissection 24 h later). No differences were observed in the oviducts or uteri at birth, but
abnormalities developed by adulthood. Oviducts of tghFST315 mice failed to coil, the myometrium was disorganised,
endometrial gland number was reduced and oviducts and uteri contained abundant leukocytes. After ovariectomy,
tghFST315 mice had altered uterine cell proliferation, and inflammation was maintained and exacerbated by oestrogen.
These studies show that follistatin is crucial to postnatal oviductal-uterine development and function. Further studies
differentiating the role of ovarian versus oviductal-uterine follistatin in reproductive tract function at different

developmental stages are warranted.
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Introduction

Follistatin (FST) is a monomeric glycoprotein best known for its
ability to bind with and neutralise activin A, activin B and some
other members of the transforming growth factor f (TGFB)
family (including myostatin, the bone morphogenetic proteins-
2, -4 and -7, and TGFB3; reviewed by Patel 1998; de Kretser
etal. 2012). FST is postulated to have key regulatory roles in the
development and function of the female reproductive tract (used
in this paper to refer to the oviduct and uterus), which matures
from the Miillerian duct forming the oviduct, uterus, cervix and
anterior vagina. In mouse embryos, the urogenital septum,
developing pelvis and gonads are major sites for Fs¢ and activin
A mRNA expression (Day 12 post coitus), where they influence
the development of the Miillerian duct (Feijen et al. 1994;
Hayashi et al. 2003; Yao et al. 2004). FST can modulate ovarian
function by decreasing follicle stimulating hormone (FSH) and
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thus influencing follicle and corpus luteum development
(reviewed by Knight et al. 2012). Considerably less is known
about the interactions of activin A and FST within the human
uterus and fallopian tube, although these proteins are known to
have key roles in the process of decidualisation and the estab-
lishment of pregnancy (Petraglia ef al. 1994; Jones et al. 2002a,
2002b; Tierney and Giudice 2004; Refaat and Ledger 2011).
Furthermore, Fst isoform expression changes throughout the
oestrous cycle in rats (Mercado ef al. 1993) and is increased in
the uteri of mice during early pregnancy (Craythorn et al. 2012).
This study will focus specifically on a role for FST within the
developing and adult mouse oviduct and uterus.

There are two major isoforms of FST, FST288 and FST315,
both of which are products of a single gene. Both isoforms
inhibit FSH secretion by binding with high affinity to activin A,
thereby preventing activin from binding to its receptor
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(Nakamura et al. 1990). FST315 is the main circulating protein
and, while FST288 also circulates, its major role is in the
interaction with activin at cell surfaces since it is bound to
heparin sulfate proteoglycans, facilitating the degradation of
activin via a lysosomal pathway (Hashimoto er al. 1997).
Following FST315—activin complex formation, the complex is
capable of binding to the cell surface and activin degradation
ensues (Lerch et al. 2007). A third isoform also exists, FST303,
which is derived from proteolytic cleavage of FST315 and has
weaker cell-surface binding properties compared with FST288
(Sugino et al. 1993).

Various transgenic mouse models have been developed as
tools to study the developmental and functional roles of FST
(Matzuk et al. 1995; Guo et al. 1998; Wankell et al. 2001; Jorgez
et al. 2004; Lin et al. 2008; Kimura et al. 2010). However,
complete deletion of Fst resulted in death shortly after birth
(Matzuk et al. 1995) due to respiratory failure associated with
thickened alveolar walls (Lin et al. 2008), therefore preventing
examination of the role of FST in adult mice. While other tissue-
specific models support a role for FST in normal reproduction,
they do not help to distinguish the role of FST variants (Guo et al.
1998; Jorgez et al. 2004). The mouse models used in the present
study were produced by creating transgenic mice expressing
either human FST288 or FST315 and these mice were crossed
with heterozygous Fst-null mice (FSTKO). Consequently, mice
were available that expressed either FST288 or FST315 in the
absence of mouse FST, enabling the assessment of the distinct
roles of each human FST isoform (Lin et al. 2008). Similar to
FSTKO, transgenic mice expressing only human FST288
(tghFST288) died shortly after birth (Matzuk et al. 1995; Lin
et al. 2008). Insertion of the human FST315 (tghFST315)
isoform on the FSTKO background prevented the development
of the abnormal lung phenotype that caused respiratory failure
shortly after birth and these mice survived until adulthood (Lin
et al. 2008). However, tghFST315 mice have abnormal pheno-
typic characteristics, including a period of temporary growth
retardation (between 15 and 30 days) with subsequent recovery,
impaired tail growth and female infertility (Lin et al. 2008),
which is investigated in greater detail in this paper.

Female tghFST315 mice are infertile, exhibit persistent
oestrus associated with the inability to form corpora lutea, have
shortened uterine horns and vaginas and overt uterine inflam-
mation (Lin ez al. 2008). The present study used these transgenic
mice as tools to explore the importance of follistatin in oviductal
and uterine development (embryonic and postnatal) and func-
tion. We aimed to determine whether the reproductive tract
(oviduct and uterus) abnormalities in tghFST315 mice reflect
deviations in normal development in utero (Miillerian duct
formation) or the response to abnormal ovarian function and
steroid hormone production by adult mice. We hypothesised that
the reproductive tract abnormalities would reflect both develop-
mental abnormalities and abnormal ovarian activity.

Materials and methods
Animals

For Studies 1 and 3, we used FSTKO, tghFST288 and
tghFST315 mice on a C57/129/FVB background. Generation of
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FSTKO and transgenic tghFST288 and tghFST315 mice (with
the PAC-FS construct) has been described previously (Matzuk
et al. 1995; Lin et al. 2008). Briefly, the PAC-FS vector con-
tained the human FST locus including ~45kb upstream and
downstream sequences and was therefore expressed under the
control of its endogenous human promoter (Lin et al. 2008).
The tghFST288 and tghFST3 15 mice expressed no endogenous
mouse Fist and carried only the engineered human FST288 or
FST315-specific constructs, respectively. Further, it should be
noted that tghFST315 mice are also a FST-deficient model;
the expression of the human FST transgene in adult tghFST315
mice is reduced relative to mouse FST315 production in wild
type (WT) animals (Lin ez al. 2008). WT control mice were
derived from the same colony while breeding the transgenic
animals. For Study 2, C57/CBA WT mice were used to
examine basal expression of Fst and related genes in the
reproductive tract throughout oestrus and following superovu-
lation (see Supplementary Material). Animals were housed in
controlled environmental conditions (20°C, 12h light: dark
cycles and with food and water available ad libitum). Animal
experiments were approved by the Monash Medical Centre
Committee A.

Study 1: examination of FST transgenic oviducts and uteri

In order to determine whether abnormalities develop during
embryonic development or postnatally, oviducts and uteri of
FST transgenic mice were compared with WT animals on the
day of birth (designated as postnatal Day 0, PNDO; WT n =3,
FSTKO n =3, tghFST288 n=3 and tghFST315 n=3) and as
8-wk adults (WT n =3 and tghFST315 n = 3; note that FSTKO
and tghFST288 mice do not survive to adulthood). Prior to
culling, vaginal smears were performed on mice to establish
oestrous cycle stage (Marcondes et al. 2002). Gross appearance
of the internal reproductive tract was recorded. Reproductive
tract tissues were dissected and immediately fixed in 10%
buffered formalin for 4 h. Longitudinal (PNDO) and cross (adult
mice) sections were subsequently examined using haematoxylin
and eosin (H&E) staining and immunohistochemistry with
antibodies directed against leukocytes (CD45), endothelial cells
(CD31) and smooth muscle cells (¢ smooth muscle actin
(xSMA); Table 1).

Study 2: expression of FST in WT and tghFST315 uteri

The experiments in this study were undertaken to provide
baseline information about the expression of FST and related
molecules in the reproductive tract of WT mice before com-
paring expression in tghFST315 versus WT mice. We examined
the basal expression of Fst315 and Fst288 and related genes
(Inhba and Inha) along the length of the mouse reproductive
tract and through the oestrous cycle (uterus only, age 6—8 wks).
We also examined mRNA expression in the uterus of pre-
pubertal (5-wk) WT mice following induction of a cohort of
follicles and subsequent formation of corpora lutea using a
superovulation protocol; superovulation was induced in these
mice to magnify the effects of endogenous hormones on the
ovary and uterus (see Supplementary Material for details).
We subsequently examined the expression of Fst and related
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Immunohistochemistry protocols

Table 1.

Detection

Secondary antibody

Antibody Incubation

Peroxidase
quench

Antigen

Primary antibody

concentration

retrieval

DAB

Biotinylated goat anti-rat 1gG (1 :200; Millipore,

3% H,0,, 10pgmL ™" 1hatRT

Citrate buffer, pH6.0,

Rat anti-mouse CD45 (BD Pharmingen,

Billerica, MA, USA),

10 min at RT

15 min at 100°C

San Jose, CA, USA) or rat IgGyy,

Vectastain ABC Kit (Vector Laboratories)
Biotinylated goat anti-rat IgG (1 : 200; Millipore),

negative control (BD Pharmingen)
Rat anti-mouse CD31 (BD Pharmingen)

Vector

2 nights at 4°C

0.5pugmL™"

0.1% Pepsin,

blue

LSAB+ System-AP (Dako)

10 min at 37°C

or rat IgG,;, negative control

(BD Pharmingen)
Mouse monoclonal aSMA (Dako)

DAB

Biotin-SP-conjugated Fab fragment goat anti-mouse

0.35ugmL~"  Overnight at 4°C

3% H,0,,

IgG (1:250; Jackson ImmunoResearch Laboratories),

HRP-streptavidin (Dako)
Biotinylated donkey anti-sheep IgG (1 :200;

10 min at RT

or mouse IgG,, negative control (Dako)

DAB

SugmL ! lhatRT

3% H,0,,

1.5M HCl,

Sheep monoclonal anti-BrdU

Jackson ImmunoResearch Laboratories),

HRP-streptavidin (Dako)

10 min at RT

15 min at 37°C;
0.1 M borate buffer,

(BioDesign International, Saco, ME, USA)

or sheep IgG negative control

(Sigma-Aldrich)

10 min at RT
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molecules in the uterus of tghFST315 mice relative to WT
animals as outlined below.

Vaginal smears were performed on adult tghFST315 mice
and no evidence of cycling was observed, consistent with earlier
observations (Lin e al. 2008). Smears from tghFST315 mice
showed clumped cornified epithelial cells and were most similar
to vaginal smears from WT mice during oestrus (Fig. 4a-b).
Thus, tghFST315 mice (n = 5) were compared with WT mice at
oestrus (11:00am; n =15). Following reproductive tract dissec-
tion, tissues were snap frozen in an isopropanol—dry ice slurry
and stored at —80°C. Blood was collected by cardiac puncture.
Frozen tissues or blood underwent RNA or protein isolation for
quantitative polymerase chain reaction with reverse transcrip-
tion (qQRT-PCR) or radio-immuno assay (RIA) or enzyme-
linked immunosorbent assay (ELISA) analyses, respectively.

Study 3: effect of ovarian hormones on tghFST315 uteri

In this study we examined hormone-treated ovariectomised
tghFST315 mice to determine whether their uteri are able to
appropriately respond to steroid hormones and to elucidate
whether the reproductive tract abnormalities, particularly
inflammation, reflect the altered ovarian function and abnor-
malities independent of the ovary. Weight-matched female WT
(6-8 wk, 17-24 g bodyweight) and tghFST315 (8-10 weeks,
17-24 g) mice were ovariectomised to remove the influence of
the ovaries on the uterine phenotype. Transgenic mice were
slightly older because tghFST315 mice do not demonstrate
mating behaviour until ~8 wks of age (Lin et al. 2008). Fol-
lowing bilateral ovariectomy, mice were left for a minimum of 7
days to recover and to allow for endometrial regression, before
one of two steroid hormone protocols commenced (Heryanto
and Rogers 2002; Walter et al. 2005, 2010; Girling et al. 2007).
Protocol 1 (short-term oestrogen, E): mice were given a single
subcutaneous (s.c.) injection of oestradiol-178 (100ng in
100 pL. peanut oil; Sigma-Aldrich, St Louis, MO, USA) or
vehicle (100 pL peanut oil) 8 days post-ovariectomy (n =7-9
per group). This was followed by an intra-peritoneal (i.p.)
injection of BrdU (500 pL of 40 mgkg™' bodyweight; Sigma-
Aldrich) 20 h later. Day 9 post-ovariectomy (24 h after steroid
and 4 h after BrdU), mice were dissected. Protocol 2 (proges-
terone, P): this regime was designed to mimic the effects of
progesterone during early pregnancy. WT and tghFST315 mice
(n =17 per group) received s.c. injections of progesterone (1 mg
in 100 uL peanut oil; Sigma-Aldrich) on Days 10, 11 and 12
post-ovariectomy. BrdU injections were administered (as
above) 4 h before dissection on Day 13. At the time of dissection,
blood and reproductive tract tissues were collected and pro-
cessed as for Studies 1 and 2. Mouse uteri were used to examine
endothelial, epithelial and stromal cell proliferation and CD45
leukocyte distribution.

Immunohistochemistry (IHC) and image analysis

Fixed tissue was embedded in paraffin and sectioned (3 pm) on
3-amino propyltriethoxy silane- (APES; Sigma-Aldrich) coated
slides. The basic morphology of tissues was examined after
standard HandE staining. Blood vessels were identified using
an antibody against the pan-endothelial cell marker CD31.
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Leukocytes were identified with an antibody against CD45 and
smooth muscle with an antibody against smooth-muscle actin
(xSMA). See Table 1 for a summary of antibodies and THC
protocols. All paraffin sections were dewaxed and rehydrated
before antigen retrieval (except aSMA, specific details in
Table 1) and endogenous peroxidase inactivation (3% (v/v)
H,0,) except CD31. Sections were blocked (10 min at room
temperature (RT)) with serum-free protein block (Dako,
Glostrup, Denmark). Sections stained for *SMA had an addi-
tional blocking step with unconjugated AffiniPure Fab fragment
goat anti-mouse IgG (H'L, 0.1 mgmL'; Jackson Immuno-
Research Laboratories, West Grove, PA, USA) for 1h at RT.
The primary antibodies or isotype-matched controls were then
added as per details in Table 1. This was followed by incubations
with secondary antibody (Table 1). CD45 immunostaining was
visualised using Vectastain ABC (30 min at RT; Vector Labo-
ratories, Inc., Burlingame, CA, USA) and 3,3’-diaminobenzi-
dine (DAB, Smin at RT; Sigma-Aldrich). Slides were briefly
counterstained with haematoxylin. CD31 staining was detected
with the LSAB+ System-AP kit (15 min at RT; Dako), followed
by Vector Blue alkaline phosphatase chromagen (15 min at RT;
Vector Laboratories). aSMA and BrdU sections were incubated
with horse radish peroxidase (HRP)-streptavidin (10 min for
RT; Dako) and visualised with DAB.

Sections were observed and images acquired using a Zeiss
Axioskop microscope, AxioCam ICc3 camera and AxioVision
software (Carl Zeiss, Jena, Germany). Images from ovariectomy
studies were scanned on an Aperio ScanScopeXT (Aperio,
Buffalo Grove, IL, USA). For quantitative image analysis,
n=6-9 mice were included per group with n=1-3 slides
counted on average per mouse. The colour deconvolution
module in Fiji (image processing package based on Imagel;
Schindelin et al. 2012) was used on scanned image files to
quantify BrdU and CD45 staining. Positive and negative chan-
nels were used in the Cell Scoring application of MetaMorph
(Meta Imaging Series 7.7; Molecular Devices, Sunnyvale, CA,
USA) to count positive and negative cells (Fig. 7b). Counts were
then generated for user-defined tissue layers (endometrium,
myometrium, luminal epithelium and glandular epithelium;
Fig. 7c). Proliferating BrdU-positive endothelial cells were
counted using the Cell Counter plugin in Fiji (ImageJ) and
expressed as the number of BrdU-positive cells per vessel
profile. Proliferating BrdU-positive luminal and glandular epi-
thelial cells were counted manually and were expressed as a
percentage of BrdU-positive cells. Proliferating stromal cells
were expressed as BrdU-positive cells mm 2. CD45 cell data is
represented as a percentage of CD45-positive cells in the region
of interest.

Quantitative RT-PCR (qRT-PCR)

Messenger RNA was isolated from frozen uterine tissue fol-
lowing homogenisation (Pro200 hand-held homogeniser; PRO
Scientific Inc., Oxford, CT, USA or PowerLyzer 24 bench top
bead-based homogeniser; MO BIO Laboratories, Inc., Carlsbad,
CA, USA) in I mL of TRIzol reagent and treatment with Turbo
DNase (4U; both from Life Technologies, Carlsbad, CA, USA)
according to the manufacturer’s instructions. PureLink RNA
Mini Kit columns (using TRIzol) were used when limited
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Table 2. Primer sequences

Gene Primer sequence

m Fst288 F 5’ CTC TCT CTG CGA TGA GCT GTG T 3’

m Fst288 R 5" GGC TCA GGT TTT ACA GGC AGA T 3’
m Fst315 F 5’ CTC TCT CTG CGA TGA GCT GTG T 3’
m Fst315 R 5" TCT TCC TCC TCC TCC TCT TCC T 3’

h FST315 F 5" GTC TGT GCC AGT GAC AAT GC 3/

h FST315 R 5" GTC TTC CGA AAT GGA GTT GC 3’
Inhba F 5 TGG AGT GTG ATG GCA AGG TC 3’
Inhba R 5" AGC CAC ACT CCT CCA CAATC 3
Inha F 5 TGG GGA GGT CCT AGA CAG AAA GGG C 3/
Inha R 5" GGC TGG TCC TCA CAG GTG GCA C 3’
RNA spike F 5" ACT CAC TAT AGG GCG AAT TGG A 3’
RNA spike R 5" GAG CGG ATA ACA ATT TCA CAC A 3’
18s F 5 GCG GCT TAA TTT GAC TCA ACA C 3’
18s R 5" CGT TCG TTA TCG GAA TTA ACC A 3’

amounts of tissue were available (Life Technologies). Quality
and concentration of RNA was determined using a Nanodrop
UV spectrophotometer (Thermo Fisher Scientific, Scoresby,
Vic., Australia). RNA (1 pg) was converted into cDNA using a
High-Capacity cDNA Reverse Transcription Kit with RNase
inhibitor (Life Technologies). Each cDNA master-mix reaction
contained an equal amount of in vitro-transcribed RNA spike
and a 300-bp region of the T7 promoter region of the pBluescript
phagemid (Winnall er al. 2009). This spike controls for the
efficiency of the cDNA reaction (Craythorn ez al. 2009; Winnall
et al. 2009). Following cDNA synthesis, samples were diluted
1:10 in nuclease-free sterile water.

Quantitative RT-PCR analysis was performed using
FastStart DNA Master SYBR Green I (Roche Applied Sciences,
Indianapolis, IN, USA) or Power SYBR Green PCR Master Mix
(Life Technologies) and an iQ5 machine (Bio-Rad Laboratories,
Hercules, CA, USA) or Applied Biosystems 7500/7500 Fast
Real-Time PCR System (Life Technologies). Specific primers
for the detection of each gene, mouse Fst288, mouse Fst315,
human FST315, mouse Inhba, mouse Inha, 18s and RNA spike
are described in Table 2. PCR products were run on 1.5%
agarose gels and purified using the Wizard SV Gel and PCR
Clean-Up kit (Promega, Madison, WI, USA). Primer targets
were confirmed by sequencing purified PCR products, which
was performed by the Australian Genome Research Facility
(Parkville, Vic., Australia). In the gqRT-PCR reaction, cDNA
(1 pL, diluted 1 : 10) was included per 10-puL reaction. Sense and
antisense primers, at a final concentration of 150nM, were
included per reaction. Amplification and standard curves were
performed as previously described (Winnall et al. 2011).
Messenger RNA from PNDO FSKO mice, ovarian tissue from
adult WT mice and human myometrium were included as
internal controls. The RNA spike was used to normalise the
data (Craythorn et al. 2009; Winnall et al. 2009) and was
detected at the same level in each tissue (data not shown).
Utilisation of spike was particularly important for investigations
of the oestrous-cycle stage as housekeeping genes, such as 18S,
are influenced by steroid hormones (Craythorn ez al. 2009). All
data were analysed by relative quantification to the RNA spike,
using the method described by Pfaffl (2001).
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RIA and ELISA

Frozen tissue was homogenised and protein extracted in
phosphate-buffered saline (PBS) with protease inhibitor
(1:200) (Calbiochem, San Diego, CA, USA). Total protein
concentration (mg mL ") was determined using the DC Protein
Assay (Bio-Rad Laboratories) according to the manufacturer’s
instructions. Total FST (bound and unbound) protein was
measured from uterine homogenates and serum using a dis-
continuous RIA (O’Connor ef al. 1999). Activin A (BA subunit)
protein was measured using a commercially available sandwich
ELISA (Oxford Bio-Innovations, Cherwell, UK) with some
modifications (O’Connor et al. 1999). Uterine and serum FST
and activin concentrations (ngmL ") were normalised against
total protein, and were expressed as ng of FST or activin A per
mg of total protein.

Statistics

Statistical analysis was performed using SPSS (Version 20;
SPPS Inc., Armonk , NY, USA). Expression of mRNA and
protein from WT animals (cycling and superovulation experi-
ments) and WT versus tghFST315 ovariectomy experiments
were compared using one- or two-way ANOVA followed by a
post-hoc analysis (Tukey’s) when appropriate. Expression of
mRNA and protein from WT versus tghFST315 mice (Study 2)
was analysed using independent sample #-tests. A value of
P =0.05 was considered to be significant.

Results
Study 1

No abnormalities were noted in the uteri of postnatal
Day 0 (PNDO) FST transgenic mice

In this study we examined whether reproductive tract abnor-
malities occurred during embryonic development or postnatally.
There were no overt differences in the uteri of PNDO FSTKO
(Fig. 1b), tghFST288 (Fig. 1¢) and tghFST315 (Fig. 1d) mice
relative to WT mice (Fig. 1a). The uteri of WT and transgenic
mice were simple tubes lined with epithelial cells (Fig. 1e—h). As
expected, the endometrium and myometrium of WT and FST
transgenic mice were not fully developed by PNDO, illustrated
by the lack of aSMA immunostaining (Fig. 1m—p). However,
segregation of the uterine mesenchymal cells into layers (inner,
middle and outer) was apparent (Brody and Cunha 1989).
Occasional leukocytes were observed in the uterine mesen-
chyme at PNDO for WT and transgenic mice (Fig. 1i—/, arrows);
however, populations of leukocytes were not different between
genotypes. While smooth-muscle staining was absent at PNDO
in all mice, blood-vessel staining was prominent and did not
demonstrate any overt differences between WT and FST trans-
genic mice (Fig. 1m—p).

The oviducts and uteri of adult tghFST315 mice

were abnormal

FSTKO and tghFST288 mice do not survive postnatally (Lin
et al. 2008) and thus analysis of adult oviducts and uteri was
restricted to WT and tghFST315 mice.

Confirming our earlier work (Lin et al. 2008), macroscop-
ically, the uteri of adult tghFST315 mice were abnormal
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(Fig. 2b—d) compared with WT mice (Fig. 2a) and demonstrated
great variability. Commonly observed deformities of the uteri
included oedematous and distended uterine horns with areas of
narrowing consistent with fibrosis and scarring. There were also
a large number of leukocytes present within the uteri of
tghFST315 mice (Fig. 2e—h) consistent with our previous study
(Lin et al. 2008). In tghFST315 mice the CD45-positive cells
were observed in the luminal epithelium, myometrium and
endometrial stroma (Fig. 2g—4). In contrast, in WT uteri this
increase was mainly found in the endometrial stroma, to a lesser
extent in the myometrium and not in the luminal epithelium
(Fig. 2e—f). As previously described (Lin et al. 2008), the
leukocytes in tghFST315 mice were predominately neutrophils
characterised by their multi-lobed nuclei.

Abnormalities of the tghFST315 endometrial and myome-
trial layers were clearly illustrated when aSMA immunostaining
was used (Fig. 2i—/). Mature WT mice had distinct circular and
longitudinal myometrial muscle layers (Fig. 2i—). On the other
hand, the uterine myometrial smooth muscle in tghFST315 mice
was highly disorganised, particularly the circular myometrial
layer, which varied in thickness and had a reduced muscle-fibre
density (Fig. 2k—/). Blood vessels identified by CD31 immu-
nostaining were comparable between WT and tghFST315 uteri
(Fig. 2i-l). We also observed a reduction in the number of
endometrial glands in tghFST315 mice compared with WT
(Fig. 2e—h); this is discussed further in Study 3.

The oviduct of tghFST3 15 adult mice (Fig. 3b) lacked coiling
compared with WT mice (Fig. 3a). As in the uterus, the oviducts
of tghFST315 mice had extensive leukocyte infiltration (neu-
trophils) both in their lumen and walls compared with WT mice
(Fig. 3c—e and f~h). As with the uterus, the pattern of aSMA was
altered in the tghFST315 mice, demonstrating varying degrees
of thickness and levels of organisation (Fig. 3i—k). The blood
vessels in the uterine tubes, as stained by CD31, were similar
between oviducts of WT and tghFST315 mice (Fig. 3i—k).

Study 2

Uterine Fst expression was unchanged
during the WT oestrous cycle

Experiments were undertaken to provide baseline informa-
tion about the expression of Fist and related molecules in the
reproductive tract of WT mice (see Supplementary Material for
detailed results). We subsequently compared expression in
tghFST315 versus WT mice. In normal cycling female mice,
the expression levels of Fs¢288 and Fst315 mRNA were highest
in the ovary relative to other parts of the tract examined (see Fig.
Sla—b, available as Supplementary Material to this paper).
There was no significant change in uterine mRNA expression
of Fst288, Fst315 or Inha through the oestrous cycle, although
there were significant changes in uterine /nhba mRNA expres-
sion (Fig. S2a—d). Total FST protein concentrations were
unchanged throughout the oestrous cycle in WT uterine homo-
genates and sera; however, significant changes were noted in the
protein levels of uterine, but not serum, activin A (Fig. S2e—#).

Fst288, Fst315, Inhba and Inha mRNA were all expressed in
pre-pubertal, non-cycling mouse uteri. However, superovula-
tion failed to induce any significant change in uterine mRNA
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Fig. 1. PNDO female FST transgenic mice have normal internal reproductive tracts and histology. Appearance
of the internal reproductive tract on PNDO for (a) WT, (b) FSTKO, (c) tghFST288 and (d) tghFST315 mice.
Representative micrographs of HandE-stained mouse uteri from (e¢) WT, (f) FSTKO, (g) tghFST288 and
(h) tghFST315 animals. Representative micrographs of CD45 immunostaining from (i) WT, (/) FSTKO,
(k) tghFST288 (inset: isotype-matched negative control) and (/) tghFST315 (inset: adult mouse uterus positive
control) mouse uteri. CD45-positive cells are indicated by thin black arrows. Representative micrographs of
CD31-aSMA double immunostaining from (m) WT, (n) FSTKO, (0) tghFST288 (inset: isotype-matched
negative control) and (p) tghFST315 (inset: adult mouse uterus positive control) mouse uteri. *SMA could not
be detected in PNDO uteri, refer to inset (p) where positive brown staining for xSMA is apparent. Samples sizes
were n =3 per genotype. Scale bar is equal to 0.1 mm. ov, ovary; u, uterine horn; /, lumen; /e, lumen epithelium;
o, outer mesenchymal layer; m, middle mesenchymal layer; i, inner mensenchymal layer.

expression of Fst288, Fst315, Inhba or Inha, uterine and serum
expression of activin A protein or serum total FST protein,
compared with vehicle-treated mice. In contrast, uterine total
FST protein was significantly elevated in both the pregnant
mare’s serum gonadatropin (PMSG) and PMSG plus human
chorionic gonadotrophin (hCG) treatment groups compared
with the vehicle group (Fig. S3).

As previously reported (Lin et al. 2008), adult tghFST315
mice do not have a normal oestrous cycle and demonstrate
persistent oestrus as shown by daily vaginal smear cytology. An
example of a daily vaginal smear from a tghFST315 adult mouse
shows an abundance of clumped cornified epithelial cells

(Fig. 4b), most similar to those from the oestrous phase of a
normal cycling WT mouse (Fig. 4a). Thus, for the following part
of Study 2, tghFST315 mice were compared with WT mice at
oestrus (11:00am).

Total FST protein was reduced in adult tghFST315
mice compared with WT mice in oestrus

The tghFST315 mice were engineered to express only the
human FST315 gene (Lin et al. 2008). No mouse Fst288 or
Fst315 mRNA were expressed in tghFST315 mice (Fst288 WT:
2.12+1.27, tghFST315: 0.02+£0.00 and Fst315 WT:
2.23+1.43, tghFST315: 0.02+0.00). In contrast, human
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tghFST315

Qtmen,

Fig.2. Adult tghFST315 females have abnormal reproductive tracts compared with WT mice. Appearance of the
internal reproductive tract of the () adult WT (during proestrus) and (b—d ) tghFST315 mouse. As previously noted
(Lin et al. 2008), there is substantial variability in the appearance of the tghFST315 tract, including the ovary. To
illustrate the leukocyte infiltrate noted by (Lin ez a/. 2008), we undertook CD45 (brown) immunostaining from
(e, f) WT and (g, /) tghFST315 mouse uteri. Note the presence of CD45-positive cells in the lumen epithelium
from tghFST315 animals. Representative micrographs of CD31 (blue) and «SMA (brown) double immunostaining
from (i, j) WT and (%, /) tghFST315 mouse uteri. Samples sizes were n =3 per genotype. Scale bar is equal to
0.1 mm. ov, ovary; i, inferior vena cava; u, uterine horn; £, kidney; /, lumen; /e, lumen epithelium; g, glands; cm,
circular myometrial layer; /m, longitudinal myometrial layer; e, endometrial stroma.

FST315 was present in tghFST315 uteri compared with WT
(range WT: 0.08-3.64, tghFST315: 2.81-13.60; P =0.056).
The human FST315 primer (Table 2) exhibited a degree of
cross-reactivity with the mouse genome, which helps to explain
the small level of amplification seen in WT mice.

The mRNA expression of [nhba and Inha was not different in
the uteri of tghFST3 15 mice compared with WT uteri (Fig. 4c—d).
There were no significant differences between activin A protein
levels in WT and tghFST315 mouse uteri (Fig. 4¢). In contrast,
circulating levels of activin A were significantly increased in
tghFST315 mice compared with WT animals (tghFST315:
353.1+43.0pgmL ™", WT: 116.9+7.9pgmL"; P=0.0001;
Fig. 4f).

The tghFST315 mice had significantly altered serum and
uterine levels of total FST protein; WT mice had 3-fold higher
circulating total FST compared with tghFST315 mice (WT:
59+0.3ngmL "' tghFST315:2.1 £0.5ngmL " "; P=<0.001;
Fig. 4g). In uterine homogenates the concentration of total
FST was significantly higher in the WT uteri compared with
tghFST315 mice (WT: 15242.1ngmg ' of protein,

tghFST315: 5.4+ 1.4ng mg ™" of protein; P =0.005; Fig. 44).
This difference in total FST levels may reflect the absence of
FST288 in the tghFST315 mouse.

Study 3

Uterine cell proliferation is altered in tghFST315
mice following ovariectomy

In this experiment, adult WT and tghFST315 mice were
ovariectomised to remove the influence of the tghFST315 ovary
on the uterine phenotype. Ovariectomised mice were treated
with two different protocols (E or P) with a two-fold purpose;
first to determine if tghFST315 uteri can respond like WT uteri
to ovarian steroid hormones, and second to evaluate if removal
of the ovary alleviates the abnormalities, particularly inflamma-
tion, present in tghFST315 uteri.

In ovariectomised adult WT and tghFST315 mice proliferat-
ing cells were identified in the myometrial and endometrial
stroma, glandular and luminal epithelium and blood vessel
endothelium in both WT and tghFST315 mice by their staining
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tghFST315

Fig. 3. The oviducts of adult tghFST315 mice are malformed. Gross appearance of the oviduct,
ovary and adjoining uterine horn of adult (¢) WT and (b) tghFST315 mice. Representative
micrographs of HandE-stained oviduct sections from (¢) WT and (d—e) tghFST315 reproductive
tracts. Representative micrographs of CD45-immunostained ( /) WT and (g—4) tghFST315 oviducts
and CD31 (blue) and aSMA (brown) double immunostaining from (i) WT and (j—k) tghFST315
oviducts. Samples sizes were n = 3 per genotype. Scale bar is equal to 0.1 mm. ov, ovary; u, uterine
horn; od, oviduct; fat, fat pad; /, leukocytes; cy, ovarian cyst.

for BrdU (Fig. 5a—f"). Overall tghFST315 mice had a subtle, but endometrial stromal cell proliferation in the endometrium com-
significant increase in endometrial stromal cell proliferation pared with the vehicle group (vehicle: 124.6 & 55.5 cells mm 2,
relative to WT mice (F; 35,=7.522, P=0.010; Fig. 6a). InWT  E:331.2 +53.2cellsmm ™, P:362.6 + 55.3 cellsmm ™% F(5 35, =

and tghFST315 mice, hormone treatments (E or P) increased 5.488, P =0.008; Fig. 6a).
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Fig. 4. Uterine and circulating levels of total FST and activin A are altered in tghFST315 mice. Representative
micrographs of HandE-stained vaginal smears from (a) WTmouse at oestrus and a daily smear from (b) tghFST315
mouse. Scale bar is equal to 0.1 mm. Relative mRNA expression of (¢) Inhba and (d ) Inha from WT (at oestrus) and
tghFST3 15 uteri. Protein expression of (e, /) activin A and (g, /) total FST for WT and tghFST315 mice. Graphs (e)
and (g) represent expression of activin A and total FST from whole uterine tissue homogenates, displayed as ng of
activin A or FST per mg of total protein. Graphs (/) and (%) represent expression of activin A and total FST from
sera, displayed asngmL ™" or pgmL~". Samples sizes were n = 3-6 per genotype. Messenger RNA and protein data
are displayed as mean =+ s.e.m. Data were compared by independent sample r-tests and bars that do not share a

common letter are significantly different (P < 0.05).

The tghFST315 genotype did not affect cell proliferation
in glandular epithelium compared with WT mice (Fig. 6b).
However, P treatment significantly reduced glandular epithe-
lium proliferation in both WT and tghFST315 mice compared
with vehicle and E-treated animals (vehicle: 5.9 41.0%,

E: 8.1+ 1.1%, P: 0.3+£0.9%; F,7=16.078, P=<0.001;
Fig. 6b). It is noted that gland numbers were reduced in
tghFST315 mice and as a consequence, only 7 =45 mice were
included in glandular epithelium proliferation counts per treat-
ment group. The percentage of proliferating cells in the luminal
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tghFST315

WT

Fig.5. Uterine immunostaining from ovariectomised tghFST315 and WT
mice following exogenous E and P exposure. Representative micrographs of
(a—f) BrdU (brown) and CD31 (blue), (g—/) CD45 and (m—r) aSMA
immunostaining from WT and tghFST315 mouse uteri following ovariecto-
my and subsequent treatment with vehicle (V), oestrogen (E) or progester-
one (P). Samples sizes were n=7-9 per genotype. Scale bar is equal to
0.02 mm. /, lumen; /e, lumen epithelium; cm, circular myometrial layer; /m,
longitudinal myometrial layer.

epithelium was significantly increased in E-treated mice
(WT: 43.1 £4.8%, tghFST315: 25.8 + 6.1) relative to vehicle
(WT: 8.5 £2.0%, tghFST315: 8.9 +2.7%) and P-treated ani-
mals (WT: 0.7£0.5, tghFST315: 3.54+2.3; F534)=43.154,

S. J. Holdsworth-Carson et al.

P =<0.001). However, the increase in proliferation following
E treatment was significantly reduced in tghFST315 mice
relative to WT mice (Fig. 6¢).

There was no significant effect of the tghFST315 genotype or
hormone treatment on cell proliferation in the myometrium
(Fig. 6d). However, there was a significant interaction term
between genotype and hormone treatment (F(,35)=4.613,
P=0.017; Fig. 6d). In the myometrium, the highest cell
proliferation was seen following E treatment in tghFST315
mice compared with WT (WT: 170.4 + 134.6 cellsmm 2,
tghFST315: 851.4 + 134.6 cells mm_z; P=0.012; Fig. 6d).

Endothelial cell proliferation was quantified in the endome-
trium and myometrium (Fig. 6e, /). Within endometrial vessels,
endothelial cell proliferation in tghFST315 mice was not differ-
ent from that in WT; however, there was an overall effect of
hormone treatment (F; 35y = 14.750, P = <0.001), where E and
P significantly increased endothelial cell proliferation (Fig. 6e).
In the myometrium, both tghFST315 genotype (F(; 35, = 6.170,
P =0.018) and hormone treatments (F; 35y = 7.870, P =0.002)
significantly influenced endothelial cell proliferation (Fig. 6f).
However, unlike endometrial vessels, only E treatment increased
proliferation of myometrial endothelial cells.

Inflammation persisted in the uteri of tghFST315
mice following ovariectomy

Following ovariectomy, leukocytes were still abundant in
vehicle-treated tghFST315 uteri (Fig. 57) compared with WT
mice (Fig. 5g). Quantification confirmed that the abundance of
CD45-positive cells in tghFST315 uteri was significantly
increased compared with WT mice (WT: 7.4 £2.2% positive
cells, tghFST315: 23.8 +2.3% positive cells; F(; 36, =27.620,
P =<0.001;Fig. 7d). In the endometrium, tghFST315 genotype
(F(1,36) = 24490, P= <0001) and E treatment (F(2,36) = 4070,
P=0.026) significantly increased the percentage of CD45-
positive leukocytes (Fig. 7¢). In the myometrium, tghFST315
genotype (F; 36)=25.900, P=<0.001) and E hormone treat-
ment (F36)=4.230, P=0.022) also significantly increased
leukocyte abundance (Fig. 7f). There was a significant
interaction term between genotype and hormone regime
(F2,36)=4.030, P=0.026). The tghFST315 mice also had
greater abundance of CD45-positive cells in the luminal epithe-
lium (F(;35=9.690, P=0.004) and glandular epithelium
(F(1.35)=6.496, P =0.016; Fig. 7g, h).

E treatment significantly augmented the leukocyte response in
tghFST315 endometrium and myometrium. In the E-treated
tghFST315 endometrium, CD45-positive cells were increased
compared with all WT groups (tghFST315 E: 30.6 +5.9%
positive cells, WT vehicle: 6.9+ 1.5% positive cells, WT E:
8.443.8% positive cells, WT P: 3.6+ 1.0% positive cells;
Fig. 7e), whereas in the E-treated myometrium, leukocytes were
significantly elevated in tghFST315 mice compared with all WT
groups and tghFST315 vehicle and P-treated animals (tghSFT315
E: 34.2 £7.3% positive cells, WT vehicle: 7.2 + 1.2% positive
cells, WTE: 7.5 + 1.9% positive cells, WT P: 7.3 £ 1.1% positive
cells, tghFST315 vehicle 15.6 £ 2.0% positive cells, tghFST315
P: 17.2 + 3.6% positive cells; Fig. 7f).

Examination of aSMA immunostaining revealed that the
myometrial organisation of tghFST315 uteri did not improve
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Fig. 6. Uterine cell proliferation in ovariectomised WT and tghFST315 mice following hormone treatment. BrdU proliferating cells (stained brown) were
quantified as described in Materials and Methods. (¢) Number of BrdU-positive cells per mm? in the endometrium, (b) percentage of BrdU-positive glandular
epithelial cells (%), (c) percentage of BrdU-positive luminal epithelial cells (%), (¢ ) number of BrdU-positive cells per mm? in the myometrium, (¢) number of
BrdU-positive cells per vessel profile in the endometrium and (/') number of BrdU-positive cells per vessel profile in the myometrium. Samples sizes were
n=06-9 per genotype. Data are displayed as mean + s.e.m. Data were analysed by two-way ANOVA followed by Tukey’s post-hoc tests. Significant
differences between WT (white bars) and tghFST315 (black bars) genotypes are denoted by * (P < 0.05). Treatment groups that do not share a letter in common

are significantly different (P < 0.05). E, oestrogen; P, progesterone.

following ovariectomy (vehicles; Fig. 5m, p) or following
treatment with E (Fig. 5n, ¢) or P (Fig. 50, r). In Study 1, we
observed that tghFST315 endometrium had reduced gland
numbers compared with WT animals (Fig. 2e—/). In Study 3,
quantification demonstrated that vehicle-treated WT mice
(n=15) had significantly more endometrial gland profiles
compared with vehicle-treated tghFST315 mice (n=8; WT:
16.47 £ 1.93, tghFST315: 5.75 £ 2.09; P = <0.000; Fig. S4).

Discussion

Our results demonstrate that FST is not required for embryonic
development of the mouse oviduct and uterus (Miillerian
duct). However, using transgenic mouse models we have
shown that FST plays essential roles in the postnatal devel-
opment of the uterus and oviduct. Adult transgenic mice
expressing only FST315 (and completely lacking FST288) on
a mouse FSTKO background had abnormal oviducts (failed
coiling) and uterine horns, including abnormal myometrial
smooth-muscle organisation and sustained leukocyte infiltra-
tion. As the FST315 isoform alone was insufficient to restore
normal ovarian function (tghFST315 mice had decreased fol-
licular pool, lack of corpora lutea and abnormal oestrous
cycles; Lin et al. 2008), the reproductive tract abnormalities

may reflect abnormal ovarian function. However, the overt
inflammation in the endometrium and myometrium of
tghFST315 mice was maintained after ovariectomy and further
exacerbated by administration of exogenous oestrogen. This
raises the possibility that the abnormalities seen in tghFST315
mice may reflect a localised imbalance of FST and TGFB
family members in the uterus itself, independent of the ovary.
Our research highlights the need for further studies examining
the interaction of ovarian versus uterine production of FST and
TGFB family members in uterine development and function.
To date, there is very little information describing the role
of FST in uterine development and function. Based on expres-
sion studies, there is evidence for a role for FST and activin A
in embryonic development of the pelvis, gonads and urogenital
septum (Feijen et al. 1994; Yao et al. 2004). However, there is
no data that demonstrates a role for FST in the development of
the Miillerian duct (oviduct, uterus, cervix and upper vagina).
Our data do not support a role for FST in embryonic Miillerian
tract development since PNDO tghFST315, tghFST288 and
FSTKO mice all displayed normal oviduct and uterine gross
anatomy and histology compared with WT pups. On the other
hand, postnatal development of the oviducts and uterus were
abnormal in tghFST315 mice. These abnormalities consisted
of uteri that were oedematous and distended with areas of
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Fig. 7. TghFST315 genotype and E treatment increased uterine CD45 abundance. The effect of tghFST315 genotype and hormone treatment on CD45
abundance was quantified in ovariectomised mouse uteri as described in Materials and Methods. (a) Representative micrograph of a CD45-immunostained
section used in image analysis. (b) The same image following colour deconvolution with green representing CD45-positive cells and red representing CD45-
negative cells and (c¢) the same image divided into defined tissue regions; myometrial stroma in red, endometrial stroma in green, glandular epithelium in blue
and lumen epithelium in purple. (d) Percentage of total CD45-positive cells in vehicle-treated uteri from WT and tghFST315 mice, (e) percentage of CD45-
positive cells in the endometrial stroma, (/) percentage of CD45-positive cells in the myometrium, (g) percentage of CD45-positive cells in the luminal
epithelium and (%) percentage of CD45-positive cells in the glandular epithelium. Samples sizes were n = 6-9 per genotype. Data are displayed as mean +
s.e.m. Data were analysed by two-way ANOVA followed by Tukey’s post-hoc tests. Significant genotype differences are denoted by * and groups that do not
share a letter in common are also significantly different (P < 0.05). E, oestrogen; P, progesterone.

constriction consistent with fibrosis and scarring. In adult
tghFST315 mice there was evidence of disorganised muscle
layers within the myometrium, and endometrial gland numbers
were reduced. In addition, the oviducts of tghFST315 mice
failed to coil. This later abnormality is not visible at PNDO as
the coiling of the oviduct occurs in the first week after birth
(Stewart and Behringer 2012). The lack of coiling in
tghFST315 mice contrasts with observations in males lacking
activin A due to the deletion of /nhba in the male reproductive
tract, which leads to a loss of coiling in the epididymis

(Tomaszewski et al. 2007). Several genes control female
reproductive tract and Miillerian duct development, in partic-
ular members of the Wnt and Hox families (reviewed by Massé
et al. 2009). Evidence exists for a relationship between the
FST and activin pathway and Wnt4 and Hoxa-10 regulation in
the uteri of rodents (Katayama et al. 2006; Ciarmela et al.
2008). Future studies should explore these relationships further
during the postnatal development, including during the pre-
pubertal period, of the mouse reproductive tract. Therefore,
postnatally, FST plays an important role in regulating the
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integrity and maturation of the uterus (myometrium and
adenogenesis) and coiling of the oviduct.

Several other studies related to activin A and FST also
identify abnormalities of the oviduct and uterus. For example,
mice overexpressing FST have abnormally thin and small uteri
compared with WT animals (Guo et al. 1998). In sheep, high
levels of FST expression during the critical period of coiling and
branching of endometrial glands (PND 21-56) implicates a role
for FST in postnatal adenogenesis (Hayashi ef al. 2003). Similar
to the oviducts and uteri of tghFST3 15 mice, conditional knock-
outs of the TGFB Type 1 receptor in the female reproductive
tract resulted in severely distorted oviducts (bilateral diverti-
cula) consistent with defective smooth-muscle development in
the myometrium and oviduct (Li et al. 2011).

The tghFST315 mouse is fundamentally a FST-deficient
model. Although tghFST315 mice express human FS7375 on
a mouse FSTKO background, total FST protein expression was
reduced in the uteri and in serum compared WT animals (note
that it is not currently possible to quantify FST protein at the
isoform-specific level). It also remains unknown what effect the
tghFST315 genotype has on FST303 expression. Uterine activin
A protein and /nhba mRNA were unchanged in tghFST315
mice; however, circulating activin A was elevated. Activin A is
a key pro-inflammatory protein that predominantly acts early in
the inflammatory cascade (acute phase) and also drives fibrosis
(de Kretser et al. 1999; Hedger et al. 2011; de Kretser et al.
2012). For example, following a lipopolysaccharide (LPS)
challenge in mice, pro-inflammatory cytokines and activin A
rapidly increase in the serum (Jones ez al. 2007). This response
can be significantly attenuated by FST pretreatment (Jones et al.
2007). In contrast, activin A can be anti-inflammatory during
chronic inflammation (reviewed by Hedger et al. 2011; de
Kretser et al. 2012). The inflammation observed in tghFST315
mice is restricted to the reproductive tract and is not observed in
other organs (Lin et al. 2008); this is a puzzling observation
considering that activin A levels were increased systemically.
While the exact mechanism for this tissue-specific effect is not
understood, the FST-deficient uterus appears to be particularly
vulnerable to the effects of inflammation. The inflammation of
the oviduct and uterus in the tghFST315 mouse was chronic, but
unlike classical chronic inflammatory responses, these mice are
deficient in FST, thereby removing a major mechanism of
neutralising the bioactivity and clearance of activin A. It is
difficult to determine the source of circulating activin A protein
due in part to the extensive number of tissues that express this
protein, and secondly to the dimeric nature of the protein
(reviewed by Hedger et al. 2011). However, bone marrow-
derived neutrophils have been identified as an important source
of activin A (Wu et al. 2012, 2013) and constituted a large
proportion of the leukocyte infiltrate seen in the oviducts and
uteri of adult tghFST315 mice.

We acknowledge that defective development of the oviducts
and uteri in tghFST315 mice may directly reflect the abnormal
ovarian phenotype of these animals (Lin et al. 2008). Early
during the postnatal period development of the uterus is
independent of the ovaries. However, between PND 10 and
26, uterine growth and development is ovarian-dependent
(Branham and Sheehan 1995; Spencer ef al. 2012). Since the
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ovaries of tghFST315 mice are severely abnormal, maturing
oviducts and uteri would not encounter the normal ovarian-
dependent milieu required for normal development. Addition-
ally, it is hypothesised that uterine function is programmed by
developmental events that take place in the uterus during
prenatal and postnatal maturation (reviewed by Spencer et al.
2012). We therefore surmise that in the absence of normal
physiological levels of FST, the uteri of tghFST315 mice are
already developmentally disadvantaged before reaching
adulthood.

Ovarian hormones play a central role in controlling the influx
of neutrophils and monocytes—macrophages into the uterus
(Kachkache ef al. 1991; Hunt 1994; Tibbetts et al. 1999).
Surprisingly, following ovariectomy, tghFST315 mice main-
tained the overt inflammatory response in the uterus, which was
exacerbated further by administration of oestrogen. Under
normal circumstances, progesterone antagonises the effects of
oestrogen on neutrophil migration to the uterus in a progesterone
receptor (PR)-dependent manner (Tibbetts ef al. 1999). Such a
mechanism is in doubt in tghFST315 mice since they do not
develop corpora lutea, and subsequently do not have the capa-
city to produce progesterone. In support, PRKO mice also show
gross uterine inflammation and oedema (Lydon et al. 1996),
similar to tghFST315 mice. Lydon ef al. (1996) correlate their
PRKO mice to an oestrogen-hypersensitive phenotype observed
following long-term exposure to oestrogen. Therefore, a second
possible mechanism responsible for the uterine-specific inflam-
mation supports the hypothesis of Lin et al. (2008), where it was
proposed that the inflammation seen in the tghFST315 uterus
may reflect the inability of the tghFST315 mice to form corpora
lutea, and therefore progesterone, resulting in an unopposed
oestrogen environment (Lin e al. 2008). Further support for this
view comes from the similar phenotypes observed in adult rats
treated neonatally with oestrogen, which possess fewer uterine
glands, have abnormal oestrous cycles and lack corpora lutea
(Branham et al. 1985; Shiorta ez al. 2012). However, a feature of
the tghFST315 ovary was reduced follicle numbers (Lin et al.
2008), therefore oestradiol production may be poor and an
alternative hypothesis must be considered. Premature cessation
of mating behaviour in older female tghFST315 mice is consis-
tent with premature cessation of oestradiol secretion by the
ovaries (Lin ef al. 2008). It is clear that additional research must
address the interaction of ovarian hormones with uterine pheno-
type to address these apparently contradictory hypotheses.

This investigation has broadened the current understanding
of FST in uterine biology; however, there were limitations to the
study. Foremost, studies of the reproductive tract of tghFST315
females at pre-pubertal time points are required to precisely
determine the timing of developmental abnormalities and inter-
actions with ovarian hormones. We were unable to fully address
the isoform-specific roles of FST288 and FST315 (and FST303)
proteins due in part to the lack of commercially available
isoform-specific FST antibodies and, secondly, due to our
inability to study tghFST288 mice beyond PNDO. Additional
studies using the mutant mouse line expressing mouse FST288
only would be valuable (Kimura ez al. 2010). Further, although
tghFST3 15 mice survive to adulthood with complete reversal of
the abnormal lung phenotype in the FSTKO (Lin ef al. 2008),
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the serum levels of FST are significantly lower than in WT mice.
Therefore, future studies might benefit from conditional knock-
out models.

This work has identified novel roles for FST in the develop-
ment and function of the oviducts and uterus in mice and
highlights the need for more detailed studies of FST and its
interactions with other factors affecting the ontology of this
system. Adult tghFST315 mice have grossly abnormal oviducts
(including absent coiling) and uteri (disorganised myometrium
and reduced gland numbers), secondary to poorly organised
muscle layers and overt leukocyte infiltrate. We believe that
these characteristics are, at least in part, intrinsic to the uterus
and are not solely due to the influence of the abnormal ovary;
however, additional studies to further define the specific ovarian
and uterine effects are required. Further, while it is clear that the
inflammatory response in the reproductive tract of tghFST315
mice is influenced by the steroid hormones oestrogen and
progesterone, it is still unclear why the response is restricted
to the reproductive tract. Further work is also necessary to
explore isoform-specific roles of FST variants in reproductive
tract function. However, this investigation demonstrates that in
addition to its important ovarian roles, FST is also fundamental
to the development and function of the oviduct and uterus.
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