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Abstract

The progesterone receptor (PR, encoded by Pgr) plays essential roles in reproduction.
Female mice lacking the PR are infertile, due to the loss of the protein’s functions in

the brain, ovary, and uterus. PR is also expressed in pituitary gonadotrope cells, but its
specific role therein has not been assessed in vivo. We therefore generated gonadotrope-
specific Pgr conditional knockout mice (cKO) using the Cre-LoxP system. Overall, both

Key Words
progesterone receptor
LH

FSH

gonadotropes

vV v.v Yy

female and male cKO mice appeared phenotypically normal. cKO females displayed
regular estrous cycles (vaginal cytology) and normal fertility (litter size and frequency).
Reproductive organ weights were comparable between wild-type and cKO mice of both
sexes, as were production and secretion of the gonadotropins, LH and FSH, with one
exception. On the afternoon of proestrus, the amplitude of the LH surge was blunted
in cKO females relative to controls. Contrary to predictions of earlier models, this did
not appear to derive from impaired GnRH self-priming. Collectively, these data indicate

that PR function in gonadotropes may be limited to regulation of LH surge amplitude in

female mice via a currently unknown mechanism.

Journal of Endocrinology
(2020) 244, 111-122

Introduction

The progesterone receptor (PR, product of the Pgr gene)
plays fundamental and pleiotropic roles in the control of
reproduction. This is perhaps most clearly demonstrated in
female Pgr-knockout mice, which are infertile because of
impairments in LH surges from the pituitary, LH-induced
meiotic maturation and ovarian follicle rupture, uterine
decidualization, and sexual behavior (Lydon et al. 1995,
Chappell et al. 1999). The LH surge is driven by ovarian
estrogens, which have positive feedback effects at both the
hypothalamic and pituitary levels. In the hypothalamus,
estrogens stimulate expression of Kisspeptin (KissI) in

neurons of the anteroventral periventricular nucleus
(AVPV); Kisspeptin, in turn, stimulates GnRH release
(Messager et al. 2005, d’Anglemont de Tassigny et al.
2008). In the pituitary, high levels of estrogens increase the
sensitivity of gonadotrope cells to GnRH, amplifying LH
release (Lasley et al. 1975, Dafopoulos et al. 2004). Estrogens
stimulate PR expression in multiple cell types, and PRs in
kisspeptin neurons play essential roles in estrogen-positive
feedback. Indeed, estradiol-induced LH surges, ovulation
(as reflected by corpora lutea numbers), and fertility (e.g.,
litter size) are impaired in female mice with conditional
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deletion of Pgr in kisspeptin neurons (Stephens et al. 2015,
Gal et al. 2016). Though Kkisspeptin expression appears to
be normal in the AVPV of these animals, the data indicate
that LH surges in mice depend, at least in part, on intact PR
function in kisspeptin neurons.

These results do not, however, rule out an additional
role for the PR in estrogen-positive feedback and LH surge
generation at the pituitary level. Estrogens induce PR
expression in gonadotropes and PR has been suggested to
modulate GnRH action (i.e., self-priming) therein (Turgeon
& Waring 1994, Aguilar et al. 2003). GnRH self-priming is
a phenomenon in which prior GnRH pulses potentiate the
actions of subsequent GnRH pulses on LH release (Waring
& Turgeon 1980, Higuchi & Kawakami 1982). Self-priming,
which is more pronounced in rats than mice, is estrogen and
protein-synthesis dependent, but does not require increases
in GnRH receptor numbers (Pickering & Fink 1976, Colin
et al. 1996). Rather, GnRH actions appear to be enhanced
in a CAMP- and PR-dependent manner (Turgeon & Waring
1994, Abdilnour & Bourne 1995). For example, GnRH self-
priming is reduced, though not completely eliminated, in
estradiol-treated pituitary cultures of Pgr-knockout mice
(Turgeon & Waring 2001). Similarly, GnRH self-priming is
blocked in ovariectomized, estradiol-treated Pgr-knockout
mice in vivo (Chappell et al. 1999). Nevertheless, the
necessity for PR function in gonadotropes for gonadotropin
production, LH surge dynamics, and fertility have not been
assessed. To address these gaps in knowledge, we generated
gonadotrope-specific Pgr-knockout mice.

Materials and methods

Animals

The Pgrx/x and GnrhrRES-Cre/IRES-Cre (GRIC) mice were
described previously (Wen et al. 2008, Fernandez-Valdivia
et al. 2010). Pgrx/fx males were crossed with GRIC females
to generate Pgr¥/+;GnrhrSRICH+  progeny. Pgrix/+;GnrhrGRIC/+
females were then crossed to Pgr*/& males to generate
Pgrix/t;Gnrhrt/+ controls and Pgrt¥/t;GnrirGRIC/+ conditional
knockouts (cKOs). In order to purify gonadotropes by
fluorescence-activated cell sorting (FACS), we crossed
Pgrix/tx animals with  Gt(ROSA26)ACTB-tdTomato-EGFP mjce
(MTmG/mTmG, stock 007676 from Jackson Laboratories)
to generate Pgrix/t;Rosa26mTmG/mTmG males, which were
then crossed to Pgrx/+;GnrinGRIC/+  females to generate
Pgrix/tx;GnrhrGRICH; Rosa26™T™mG/+ males and females. Controls
for FACS were generated by crossing Rosa26mTmG/mTmG and
GRIC mice to generate Pgr+/+;GnrhrGRIC/+Rosa26mTmG/+

progeny. Genotyping and assessment of genomic
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recombination were conducted as previously described
(Zhou et al. 2016) (primers listed in Table 1). All
animal experiments were performed in accordance with
institutional and federal guidelines and were approved
by the McGill University and Goodman Cancer Centre
Facility Animal Care Committee (Protocol 5204).

Fluorescence-activated cell sorting of gonadotropes

FACS was performed at the Cell Vision Core Facility
for Flow Cytometry and Single Cell Analysis of the Life
Science Complex at the Rosalind and Morris Goodman
Cancer Research Centre at McGill University. Pituitary cell
dispersion and cell sorting were performed as previously
described (Ho et al. 2011, Li et al. 2017). Here, EGFP-
positive (gonadotropes) and tdTomato-positive (non-
gonadotropes) cells were sorted from control and cKO
animals. On average, 1.2x10* EGFP-positive and 2.5 x 105
tdTomato-positive cells were obtained from each group
(ten mice per group).

Assessment of female puberty onset, estrous cyclicity,
and fertility

Females were monitored daily after weaning (postnatal day
21) to determine the onset of vaginal opening. At 6 weeks
of age, estrous cyclicity was assessed by daily vaginal
swabs for 3 weeks. Vaginal cells were smeared on glass
slides and stained with 0.1% methylene blue to identify
cycle stages (Caligioni 2009). The number of days spent
in each stage (proestrus, estrus, or diestrus/metestrus) was
then counted and divided by the total number of days
to determine the relative proportion of time spent in
each stage. At 9 weeks of age, a group of females (n=6
per genotype) were mated with wild-type age-matched
C57BL/6 males (Charles River) for 6 months. Breeding
cages were monitored daily, and the date of birth and
number of pups were recorded.

Reproductive organ collection

Testes, seminal vesicles, ovaries, and uteri were dissected
from 10-week-old control and cKO males and females.
Females were killed at 07:00h on the morning of estrus.
All organs were weighed on a precision balance.

Blood collection

Blood was collected from 10-week-old control and cKO
males and females (07:00h on estrus morning) by cardiac
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Genotyping primers
Pgr primer 1 (forward)
Pgr primer 2 (reverse)
Pgr primer 3 (recombination; reverse)
GRIC primer 1 (forward)
GRIC primer 2 (reverse)

GTATGTTTATGGTCCTAGGAGCTGGG
TGCTAAAGGTCTCCTCATGTAATTGGG
CTGGAAGTAGGATAGAATAATTGGCCTT
GGACATGTTCAGGGATCGCCAGGC
GCATAACCAGTGAAACAGCATTGCTG

mTmG primer 1 (WT forward) AGGGAGCTGCAGTGGAGTAG
mTmG primer 2 (mutant forward) TAGAGCTTGCGGAACCCTTC
mTmG primer 3 (common reverse) CTTTAAGCCTGCCCAGAAGA
gPCR primers
Rpl19 (forward) CGGGAATCCAAGAAGATTGA
Rpl19 (reverse) TTCAGCTTGTGGATGTGCTC
Fshb (forward) GTGCGGGCTACTGCTACACT
Fshb (reverse) CAGGCAATCTTACGGTCTCG
Lhb (forward) ACTGTGCCGGCCTGTCAACG
Lhb (reverse) AGCAGCCGGCAGTACTCGGA
Cga (forward) TCCCTCAAAAAGTCCAQGAGC
Cga (reverse) GAAGAGAATGAAGAATATGCAG
Gnrhr (forward) TTCGCTACCTCCTTTGTCGT
Gnrhr (reverse) CACGGGTTTAGGAAAGCAAA
Pgr (forward) GTCACTATGGCGTGCTTACCT
Pgr (reverse) TCAGACGACATGCTGGGCA

puncture, allowed to clot for 30 min at room temperature,
and spun down at 850 for 10 min to collect serum. Sera
were stored at —20°C until assayed for LH and FSH. To
assess LH pulsatility in males, four microliters of blood
were collected from the tail tip, every 10 min over 4 h,
starting 2 h before lights off. To assess LH surge amplitude
in females, four blood samples (four microliters each) were
collected from the tail tip over 10 consecutive days: at
10:00h and at 18:00, 19:00 and 20:00 h (light cycle on/off
at 07:00h/19:00h). For all tail tip blood collections, the
animals were acclimatized to the procedure by massaging
the tail for 2 weeks prior to the start of the blood collection.
All tail tip blood samples were immediately diluted (1:30)
in 1x PBS containing 0.05% of Tween, gently vortexed,
and placed on dry ice. Blood dilutions were stored at
—80°C until LH ELISAs were performed.

In the LH surge experiment, we compared the
maximal LH level obtained from each animal on proestrus
afternoon (peak). In females surging more than once over
the 10-day sampling period, an average of the maximal
value was calculated and used in the analysis. With the
sampling method used, we may have missed the true peak
of the LH surge. Nevertheless, it enabled us to observe one
or more surges in all animals, which would not have been
the case if we relied exclusively on vaginal smears for
staging proestrus. Moreover, the same approach was used
for all animals, and the pattern of results was comparable
between the two genotypes.

Hormone analyses

Serum FSH levels were assessed by a Milliplex kit (Millipore,
MPTMAG-49K, custom-made for FSH only) following the
manufacturer’s instructions (minimal detection limit:
9.5pg/mL; intra-assay CV <15%). Serum and whole blood
LH levels were measured using an in-house sandwich ELISA
as previously described in Steyn et al. (2013), Czieselsky et al.
(2016), Li et al. (2017) (detection limit: 0.117 to 30ng/mL;
an intra-assay CV <10%). As we reported previously (and as
seen here), LH levels are higher in serum than whole blood
samples (Li et al. 2018b).

Reverse transcription and quantitative-PCR

Pituitary glands were dissected from control and cKO
animals (10 weeks old; females were killed at 07:00h on
estrous morning), snap-frozen in liquid nitrogen, and
stored at —80°C. Pituitaries were homogenized in TRIzol
reagent (15596018, ThermoFisher Scientific), and total RNA
was extracted following the manufacturer’s guidelines. For
cells from the FACS experiments, total RNA was extracted
using a Total RNA Mini Kit (Geneaid, RB300, New Taipei
City, Taiwan). Reverse transcription was performed as
previously described (Turgeon et al. 2017) using Moloney
murine leukemia virus reverse transcriptase (0000172807,
Promega) and random hexamers (0000184865, Promega).
qPCR was run on a Corbett Rotorgene 600 instrument
(Corbett Life Science) using EvaGreen qPCR Mastermix
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(ABMMmix-S-XL; Diamed, Mississauga, ON, Canada)
and the primers are listed in Table 1. Expression levels of
genes of interest were determined using the 2-2ACt method
(Livak & Schmittgen 2001) and ribosomal protein L19
(Rpl19) for normalization. All primers were validated for
efficiency and specificity.

GnRH self-priming

The protocol to examine GnRH self-priming was adapted
from Chappell et al. (1999), with some modifications
based on Higuchi & Kawakami (1982). Indeed, changes
were required because we were unsuccessful in reliably and
consistently observing GnRH self-priming in wild-type mice
using the protocol described in Chappell et al. (1999). We
developed a reliable and reproducible self-priming method
after several rounds of optimization. Females (7 to 9 weeks
of age) were ovariectomized in accordance with standard
operating procedure 206 of the McGill University and
Goodman Cancer Centre Facility Animal Care Committee.
Briefly, an incision was made at the midline of the mid-
dorsum of the animal. On each side of the animal, a small
incision was made in the muscle above the ovary, and the
ovary pulled out of the body cavity with forceps. The tissue
was then cauterized at the level of the oviduct and the
ovary was removed. All incisions were closed by sutures.
One week following ovariectomy, each female was given a
s.c. injection of 2pg estradiol benzoate (EB, E8515, Sigma-
Aldrich) dissolved in sesame oil (100puL of a 0.02ug/pL
solution) between 09:30 and 10:00h. At 07:00h on the
next day, blood from the tail tip was collected as described
above. Each female was then given six consecutive s.c.
injections of 50 ng GnRH (L8008, Sigma-Aldrich) (100pL
of a 0.5ng/pL solution) at 1-h intervals. Blood from the tail
tip was collected 10 min after each GnRH administration.
To minimize stress associated with frequent sampling and
injections, mice were handled daily for 2 weeks prior to the
onset of injections. Blood samples were diluted and frozen
as described above. Samples were then stored at —80°C
until LH ELISAs were performed.

Immunofluorescence

GRIC mice were crossed to eR26-tGFP mice (Wen et al.
2011) to produce animals in which Cre-expressing
cells are tagged with tGFP (GRIC/eR26-tGFP). Eight
week-old animals were transcardially perfused with 4%
paraformaldehyde (158127 Sigma-Aldrich) in 0.1M
PBS (P3813, Sigma-Aldrich) under ketamine/xylazine
(7005294 and 10124950, Serumwerk Bernburg, Bernburg,
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Germany) anesthesia. Brains were removed, soaked in
fixative for 2 h and 18% sucrose overnight, and then frozen
in optimal cutting temperature (OCT) (14020108926,
Leica). Serial 14-pm coronal cryosections were thaw
mounted onto SuperFrost Plus slides (10149870 Thermo
Fisher). Brain sections were blocked in 0.1M PBS, 0.3%
Triton X-100, 10% donkey serum (017-000-121, Jackson
ImmunoResearch) and 3% BSA (A2153, Sigma-Aldrich)
and incubated with chicken anti-GFP (1:1000, A10262,
Thermo Fisher) and rabbit anti-kisspeptin (1:500, AB9754,
Millipore) overnight at 4°C, followed by goat anti-
chicken 488 (1:500, A11039, Thermo Fischer, Waltham,
Massachusetts, USA) and biotinylated donkey anti-rabbit
(1:500, BA-1000, Vector Laboratory, Burlingame, CA,
USA) and streptavidin CYS (1:500, 016-170-084, Jackson
ImmunoResearch Inc). For nuclear staining, sections
were incubated with 5pg/mL Hoechst 33258 dye (14530,
Sigma-Aldrich) in 0.1 M PBS for 5 min and mounted with
Fluoromount-G (0100-01, Southern Biotech, Birmingham,
Alabama, USA). Sections were analyzed on an Imager.M2
microscope equipped with AxioVision software (Zeiss).

Statistical analysis

All data were analyzed on GraphPad Prism 6 using Student
t-tests. Results were considered statistically significant
when P<0.05. For LH pulses, data were deconvoluted
using MatLab (Veldhuis et al. 2016) and number of pulses
were compared between genotypes using Student t-test.
Comparisons between the two groups of mice challenged
with GnRH were done with the GLM procedure for
repeated measurements. Calculations were performed
with Systat 13 (Systat Software, Inc, San Jose, CA, USA).

Results

Generation of progesterone receptor conditional
knockout mice

To address the role of the PR in gonadotropes, we generated
gonadotrope-specific Pgr-knockout (cKO) mice by crossing
floxed Pgr (Pgr*/x) and GRIC mice (GnrhrGRIC/GRIC)  First, we
verified Pgr recombination in different tissues from controls
and cKOs of both sexes. As expected, recombination was
restricted to the pituitary of both females and males,
and to the testes and epididymides of males (Fig. 1A).
Next, we quantified the efficiency and specificity of
Pgr recombination by assessing the level of Pgr mRNA
expression in purified gonadotropes (Cre-recombinase
expressing cells, EGFP-positive) compared to other cell
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Figure 1

Pgr recombination efficiency and specificity in
gonadotrope cells. (A) PCR of genomic DNA from
different tissues shows the specificity of
recombination in the pituitary glands of female
(left) and male cKOs (right), as well as in the
epididymis and testis in males (right). rec:
recombined; fx: floxed. (B) Quantitative-PCR of
cDNA from control (Pgr+*;Rosa26mTmG/+; GnrhrGRIC/+)
and cKO (Pgrf*/&Rosa26mTmG/+; GnrhrGRIC/+) mice,
showing Pgr expression in purified gonadotrope
(EGFP +ve, black) versus non-gonadotrope
(tdTomato +ve, gray) cells, in females (left) and

cKO males (right).

Normal fertility and gonadal development in
Pgr cKO mice

cKO females and their control littermates reached puberty
at similar ages, as assessed by vaginal opening (Fig. 2A). We
did not measure the day of first estrus, which is considered
by some to be a more robust measure of puberty onset
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Figure 3

Normal reproductive organ weights in female and male Pgr cKO mice. (A)
Ovarian and (B) uterine mass in 10-week-old control and cKO females
(n=12). (C) Testicular and (D) seminal vesicle mass in 10-week-old control
and cKO males (n = 10). Student t-tests were performed for statistical
analysis. n.s, non-significant.

than vaginal opening. However, the other phenotypes in
these mice (or lack thereof) suggest that day of first estrus
was unlikely to be affected. Pgr cKO females had normal
estrous cyclicity, as assessed by vaginal cytology (Fig.
2B). In breeding trials, frequency of delivery, inter-litter
interval, and average litter size were comparable between
control and cKO females (Fig. 2C, D and E). Ovarian and
uterine masses were also normal in cKO females (Fig. 3A
and B). In males, testicular and seminal vesicle masses
were equivalent between genotypes (Fig. 3C and D).

FSH and LH production is intact in Pgr cKO mice

Although fertility and gonadal development were
apparently unaffected in the absence of gonadotrope PR
function, we measured serum LH and FSH levels in both
females and males. Blood samples were collected from
control and cKO females on the morning of estrus, just
after lights on. Serum FSH (Fig. 4A and B) and LH levels (Fig.
4C and D) were equivalent between genotypes. Similarly,
pituitary expression of the gonadotropin subunit genes
(Fshb, Lhb, and Cga) and the GnRH receptor (Gnrhr, Fig.
5) did not differ between control and cKO mice, with two
exceptions (Fig. 5F and H). Cga mRNA levels were reduced
and Gnrhr mRNA levels increased in cKO males relative to
controls. The variation in serum FSH and pituitary Fshb

Progesterone receptor function 244:1 116

in gonadotropes in vivo

mRNA levels is likely explained by the fact that some
females were still in the midst of the secondary surge,
while others were not at the time of sampling.

Pulsatile LH secretion is normal in Pgr cKkO males

While there were no apparent effects of PR loss on LH
production, we next examined LH pulse frequency. We
focused on males, as LH pulsatility varies markedly across
the estrous cycle in females (Czieselsky et al. 2016). There
were no genotype-dependent differences in LH pulse
amplitude or frequency (Fig. 6 and Table 2).

Female Pgr cKO mice have blunted
preovulatory LH surges

We assessed the role of PR in gonadotropes on the LH
surge. Profiles of the LH surge in controls (left) and cKOs
(right) are shown in Fig. 7A and B, respectively. The
number of surges detected across the 10-day sampling
period appeared to be reduced in cKO females, but this was
not statistically significant (Fig. 7C). Next, we compared
the amplitude of the LH surge between controls and cKOs.
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Figure 4

Intact serum gonadotropin levels in both female and male Pgr cKO mice.
(A and B) Serum FSH and (C and D) LH levels in 10-week-old control and
cKO females (n =10 per genotype, left panels) and males (n =12 controls
and n =9 cKO, right panels). Female samples were collected at 07:00 h on
estrous morning. Student t-tests were performed for statistical analysis.
n.s., non-significant.
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Figure 5

No differences in the expression of pituitary gonadotropin subunits in Pgr
cKO mice. (A and B) FSHB-subunit (Fshb), (C and D) LH p-subunit (Lhb), (E
and F) common a-subunit (Cga), and (G and H) GnRH receptor (Gnrhr)
MRNA levels in 10-week-old control and cKO females (n =10 per
genotype, left panels) and males (n =12 controls and n =8 cKO, right
panels). Female samples were collected at 07:00 h on estrous morning.
Student t-tests were performed for statistical analysis. *P <0.05, n.s,
non-significant.

Consistent with data from the morning of estrus (Fig.
4C), there was no genotype difference in LH levels on the
morning of proestrus. Although most of the mice surged
during the 10-day period (Fig. 7A, B and C), the maximal
LH levels measured during the surge were significantly
lower in cKO relative to control females (Fig. 7D).
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Female Pgr cKO mice do not display impaired GnRH
self-priming

Finally, based on previous reports (Waring & Turgeon
1992, Turgeon & Waring 1994, 2001, Chappell et al. 1999,
Aguilar et al. 2003, Attardi et al. 2007), we assessed the
effects of gonadotrope-specific PR loss on GnRH self-
priming as a potential mechanism underlying reduced
LH surge amplitude in these animals. Mean serum LH
levels before the first GnRH injection and 10 min after
each injection (six injections in total) are shown in Fig. 8.
The amplitude of GnRH-stimulated LH release increased
following successive GnRH injections, indicating that
self-priming occurred in both genotypes. Blood LH
concentrations increased after GnRH administration
(ANOVA: P<0.0001), but there was no difference between
genotypes (P=0.90) and no interaction between time
and genotype (P=0.70). There was a highly significant
difference in LH increase between the first and subsequent
GnRH injections, and the second and the fourth and
following administrations (P values between 0.0001 and
0.012), but thereafter this effect leveled off.

Discussion

We generated conditional Pgr-knockout mice to assess PR
function in pituitary gonadotrope cells. The data suggest
that PR’s primary role in this cell type is to regulate the
amplitude of the LH surge in females. We did not observe
any other alterations in reproductive physiology in either
sex. As Pgr knockdown was highly efficient, the apparently
normal gonadotropin synthesis and secretion in males
and females (except on proestrus) is unlikely to derive
from preservation of some PR function (i.e., incomplete
recombination by Cre). Indeed, global Pgr-knockout mice
similarly show normal LH and FSH production under
most conditions (Chappell et al. 1997). Overall, our results
confirm and extend some previous observations, while
challenging other in vivo and in vitro findings.

Results from global Pgr-knockout mice suggest that
the PR plays an important role in GnRH self-priming in
gonadotropes (Chappell et al. 1999, Turgeon & Waring
2001). Therefore, the most parsimonious explanation of
the blunted LH surge in Pgr cKO mice would be impaired
GnRH self-priming. However, we did not observe any such
impairment, at least under the conditions used here. We
attempted to employ the protocol described in Chappell
et al. (1999), but the GnRH dose used previously (~4ng)
was insufficient to stimulate LH release in our hands
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(data not shown). We developed a new protocol based
on a previous report in rats (Higuchi & Kawakami 1982).
Here, we modified the estrogen priming (no 17p-estradiol
implant added during the ovariectomy, and we increased
the amount of EB to 2pg), GnRH dose (50 ng per
injection), and frequency of GnRH treatment (once per
hour, for a total of six injections) relative to Chappell et al.
(1999). We observed enhanced LH release with successive
GnRH injections (indicative of self-priming), but there
was no difference between genotypes. The data suggest
that PR is not required for GnRH self-priming in murine
gonadotropes and that PR regulates LH surge amplitude
via a distinct mechanism in these cells.

It is also possible that reduced LH surge amplitude
might be explained by effects originating outside of the
gonadotrope. For example, Pgr cKO females could have
reduced circulating estradiol levels relative to control.
We did not assess this parameter as, in our experience,
measurements of serum estradiol levels in mice are
unreliable (Haisenleder et al. 2011, Fortin et al. 2014,

performed for statistical analysis. n.s, non-
significant.

Li et al. 2017). However, as FSH and LH production, and
ovary and litter sizes, are normal in Pgr cKO mice, there
is no reason to suspect impairments in gonadotropin-
stimulated estradiol production. Alternatively, as Cre
activity has been observed in some neurons of GRIC mice
(Wen et al. 2010, Schauer et al. 2015), it is possible that
the reduced LH surge amplitude might derive from loss
of PR in the brain in addition to the pituitary. Indeed,
PR expression in the AVPV is necessary for LH surge
induction (Chappell & Levine 2000). However, there is no
Cre activity in either GnRH neurons (Wen et al. 2010) or
kisspeptin neurons in the AVPV or arcuate nucleus (Fig.
9) of GRIC mice. In addition, female mice lacking PR in
kisspeptin neurons show more dramatic reproductive
deficits than what we observe here, including advanced
onset of puberty, reduced fertility, and impaired
ovulation (Stephens et al. 2015). We therefore conclude
that it is unlikely that the phenotypes described in the
Pgr cKO mice derive from loss of the PR in GnRH or
Kisspeptin neurons.

Table 2 Deconvolution analysis of circulating LH in six control and six KO mice sampled at 10-min intervals for 4 h.

Control mice KO mice P value P value (log-transformed data)

Burst number (#/4 h) 3.2+0.5 3.5+0.5 0.64 0.55
Fast half-life (min) 1.0 1.0

Slow half-life (min) 55+1.1 6.5+0.7 0.44 0.36
Mode (min) 10.8+2.0 11.3+2.1 0.84 0.90
Basal secretion (IU/mL) 10.6+2.7 7.7+2.7 0.46 0.54
Pulsatile secretion (IU/mL) 8.8+2.9 10.8 +4.1 0.70 0.79
Total secretion (IU/mL) 19.4+3.9 18.5+5.5 0.89 0.69
Mean pulse mass (IU/mL) 27+1.0 3.1+£1.2 0.78 0.98

Data are mean * s.e.m. Statistical comparisons were done with the Student’s two-sided t-test for unpaired data.
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The LH surge is blunted in Pgr-knockout females.
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Based on previous reports, we would have expected
effects of PR deletion on FSH. Estradiol-treated pre-
menopausal women show increased FSH production
in response to exogenous progesterone administration
(Hutchens et al. 2016). Also, pre-menopausal women
co-treated with estradiol benzoate and progesterone produce
more FSH in response to exogenous GnRH compared to
women treated with estradiol benzoate alone (Lasley et al.
1975). In rodents, PR and progesterone also appear to
stimulate FSH production. For example, progesterone and
its analogs (e.g., R5020), both alone or in synergy with
activin A, strongly stimulate the activity of murine Fshb
promoter-reporters in immortalized murine gonadotrope
cells, LT2 (Thackray et al. 2006, Thackray & Mellon 2008).
There was some suggestion that GnRH might stimulate
Fshb mRNA expression in a PR-dependent fashion in these
cells (An et al. 2009). In rats, the PR antagonists, RU486
and Org31710, attenuate the primary LH and FSH surges
on proestrus, while blocking the secondary FSH surge on
the morning of estrus (Knox & Schwartz 1992, Knox et al.
1993, Roa et al. 2008a,b). Nevertheless, we did not detect
the differences in serum FSH or pituitary Fshb mRNA levels
between genotypes in either sex. One interpretation of these
data is that we did not sample females at the appropriate
cycle stage to observe effects of the gene deletion on
FSH. Though we collected blood and pituitaries on the
morning of estrus, it was a few hours after the peak of the
secondary surge (Li et al. 2018a). Nonetheless, litter size is

control (A) and cKO (B) female mice. Different
colors indicate different mice. Gray areas
represent the dark phase of the light/dark cycle.
(C) Number of surges observed in each mouse
during the 10 days of the experiment. (D) Maximal
LH levels measured on proestrus from control
(n=9) and cKO (n =9) females. Student t-tests
were performed for statistical analysis. *P < 0.05.
n.s, non-significant. Note: maximal values in panel
D are lower than in panels A and B because
averages were used in panel D in mice that
surged more than once (see ‘Methods’ section).

A full colour version of this figure is available at
https://doi.org/10.1530/JOE-19-0013.

normal, arguing against an impairment in FSH production
at any cycle stage. Although the data suggest that PR is
dispensable for FSH production, it is important to consider
that there may be functional redundancy in the system.
Specifically, the related androgen and/or glucocorticoid
receptors might compensate for the absence of PR in
gonadotropes (Turgeon & Waring 1999, McGillivray et al.
2007, Wu et al. 2014).
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Figure 8

Control and cKO females show equivalent levels of GnRH self-priming.
Blood samples were collected from ovariectomized, EB-injected females
at 07:00 h. Females were then given six injections of GnRH (50 ng per
injection) at 1-h intervals. Blood samples were collected 10 min after each
injection. Mean whole blood LH levels in control (n =4) and cKO (n = 6)
females are shown. GLM procedure for repeated measurements was
used for statistical analysis.
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In summary, LH surge amplitude is
in gonadotrope-specific  Pgr-knockout mice,
gonadotropin production and fertility are otherwise intact
in these animals. The data suggest that progesterone-
negative feedback at the level of the pituitary may be
negligible, but that PR contributes to positive feedback
effects of estrogens at this level of the HPG axis. Future
studies should determine the mechanisms through which
PR regulates LH surge amplitude as the receptor does not
appear to play a necessary role in GnRH self-priming.
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Figure 9

Kisspeptin neurons in the anteroventral
periventricular nucleus (AVPV) and arcuate
nucleus (Arc) do not express GnRHR. (A, B, C and
D) Immunofluorescence staining for kisspeptin
(red) in brain sections showing the AVPV (A and B)
and the Arc (C and D) from adult male and female
GRIC/eR26-tGFP mice. Note that GnRHR neurons
(green, filled arrowheads) do not colocalize with
kisspeptin neurons (empty arrowheads). Nuclei
were stained with Hoechst 33258 (blue);
Scalebars: 50 pm. 3V, third ventricle.
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