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Progesterone can block the oestradiol-induced GnRH/LH surge and inhibit LH pulse frequency. Recent
studies reported that progesterone prevented premature LH surges during ovarian hyperstimulation
in women. As the most potent stimulator of GnRH/LH release, kisspeptin is believed to mediate the
positive and negative feedback effects of oestradiol in the hypothalamic anteroventral periventricular
(AVPV) and arcuate (ARC) nuclei, while the region-specific role of progesterone receptors in these
nuclei remains unknown. This study examined the hypothesis that progesterone inhibits LH surge and
pulsatile secretion via its receptor in the ARC and/or AVPV nuclei. Adult female rats received a single
injection of pregnant mare serum gonadotropin followed by progesterone or vehicle. Progesterone
administration resulted in a significant prolongation of the oestrous cycle and blockade of LH surge.

. However, microinjection of the progesterone receptor antagonist, RU486, into the AVPV reversed

© the prolonged cycle length and rescued the progesterone blockade LH surge, while RU486 into the

. ARCshortened LH pulse interval in the progesterone treated rats. These results demonstrated that
progesterone’s inhibitory effect on the GnRH/LH surge and pulsatile secretion is mediated by its
receptor in the kisspeptin enriched hypothalamic AVPV and ARC respectively, which are essential for
progesterone regulation of oestrous cyclicity in rats.

The positive and negative feedback effects of oestradiol (E,) and progesterone are essential in regulating the cycli-
cal activity of the hypothalamic-pituitary-ovarian axis. Acting as a major inhibitory brake in the luteal phase of
: the ovarian/menstrual cycle, progesterone inhibits gonadotrophin-releasing hormone (GnRH) and luteinising
. hormone (LH) secretion’. Moreover, when administered before or concurrent with E,, progesterone inhibits E,
. positive feedback and abolishes the preovulatory GnRH and gonadotrophin surge. This blockade of the LH surge,
© observed in many species, including the rat?, ewe®, monkey* and women®~/, is critical for synchronizing the wave
of follicular development in the ovary and maintaining the length of luteal phase®°. Disturbances in progesterone
- inhibitory feedback have been implicated in infertility associated with enhanced GnRH/LH secretion'’. Clinically,
: premature spontaneous LH surges are a major cause of cycle cancellation in women'! and recently, progesterone
. has been shown to successfully prevent premature LH surges in women undergoing ovarian stimulation, thereby
- validating its use in in vitro fertilization (IVF) regimes®” '2. Despite its clinical and physiologic importance, the
. neural mechanisms underlying the inhibitory actions of progesterone on surge, and indeed pulsatile, release of
GnRH/LH remain poorly understood.

Although progesterone regulates GnRH secretion via its hypothalamic receptors, the lack of progesterone
receptors (PR) on GnRH neurones? suggests its action may involve interneurons expressing sex steroid receptors.
The most probable upstream afferents are kisspeptin expressing neurones, which are highly enriched with both
oestradiol receptor (ER) and PR'?, and project directly to the GnRH neurones'* '*. Additionally, knockout of PR
in kisspeptin neurones in mice, results in loss of LH surges, irregular oestrous cycles and infertility'® 1.
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Figure 1. Photomicrograph of the cannulae targeted sites in the hypothalamic anteroventral periventricular
(AVPV) and the arcuate (ARC). Photomicrograph of cresyl-violet stained coronal section showing
representative examples of bilateral cannula placement in the AVPV (A) and ARC (B) respectively.
Magnification, x 1.25. The arrows indicate the site of cannula placement.

In rodent, there are two major populations of kisspeptin neurones: those in hypothalamic anteroventral
periventricular nucleus (AVPV) which are thought to underlie the LH surge by mediating positive feedback effect
of E,, and the arcuate kisspeptin population which coexpress neurokinin B and dynorphin (KNDy) and mediate
steroid negative feedback actions on LH secretion'®-2°. In humans, KNDy neurones of the infundibular nucleus?'
(homologue to the ARC in other species) relay both steroid negative and positive feedback actions?’. The KNDy
neurones are strongly implicated in GnRH pulse generation. Neurokinin B and dynorphin are thought to stimu-
late and inhibit KNDy neurone activity respectively, driving episodic release of kisspeptin, which in turn drives
pulses of GnRH release?. Interestingly, ARC kisspeptin neurones may also participate in the regulation of the
LH surge. Ablation of KNDy neurones robustly increased the magnitude of the E,-induced LH surge in ovariec-
tomised rats?*, which may be mediated by their projections to the AVPV kisspeptin neurones® or directly to the
GnRH neuronal cell bodies in the medial preoptic area (mPOA)* and/or terminals in the median eminence®.

Since PR are expressed in virtually all KNDy neurones, they are thought to be critical in mediating proges-
terone feedback effects on GnRH and LH secretion. Studies in sheep have shown that dynorphin from KNDy
neurones may meditate the action of progesterone on GnRH/LH pulsatile frequency?. However, the role of hypo-
thalamic PR in control of the LH surge is controversial. Previous studies have indicated that progesterone might
act via its receptors in the mPOA to block the LH surge in rats?. In contrasts, the expression of PR on kisspeptin
neurones is required for the LH surge and normal oestrous cyclicity in mice'®". Given the afore-mentioned, the
role of AVPV and ARC PR in progesterone negative feedback effect on pulsatile LH secretion as well as the LH
surge in the rodent remains unclear.

In the present study, we used bilateral microinjections of the potent PR antagonist, RU486, into the AVPV or
ARC nuclei to investigate the inhibitory role of progesterone on the LH surge induced by pregnant mare serum
gonadotropin (PMSG), which induces follicle development mimicking clinical ovarian stimulation and LH surge
induction. Additionally, intra-nuclear administration of RU486 was used to examine the effects of progesterone
on pulsatile release of LH and oestrous cyclicity in female Sprague-Dawley rats.

Results

Cannulae placement in the AVPV and ARC.  The location of the intra-AVPV and intra-ARC cannulae
were confirmed by microscopic histological inspection of cresyl-violet stained brain sections. Only animals with
appropriate bilateral cannulae placement in the AVPV or ARC were included in the analysis (Fig. 1). Of the 16
rats that underwent hypothalamic cannulation, 13 and 12 were confirmed with correct bilateral cannulae in
the AVPV or ARC, respectively. The remaining rats were excluded from the analysis due to inaccurate probe
placement.

Effects of progesterone on ovarian cyclicity. To test whether exposure to progesterone influences ovar-
ian cyclicity, progesterone was administered on metestrus to normal cycling rats, as well as to pregnant mare
serum gonadotropin (PMSG) primed rats to mimic an ovarian stimulation background as described in the
method below. In the normal cycling rats, vaginal cytology reveals that the progesterone treatment prolongs
cycle length (Progesterone vs Vehicle: 6.71 £0.67 vs 4.68 £0.35 d; n=7 and 5, respectively; P < 0.05) (Fig. 2B),
with a significant increase in time spent in metestrus but decrease in the diestrus phase (P < 0.05) (Fig. 2C).
Representative examples of typical oestrous cyclicity in vehicle and progesterone treated animals and shown
in Fig. 2A. Similarly, in PMSG-primed animals, progesterone administration lengthened the oestrous cycle
(PMSG + Progesterone vs PMSG + Vehicle: 5.57 +0.81 vs 4.5040.71 d; n=7 and 5, respectively; P < 0.05)
(Fig. 2B), especially the metestrus phase (Fig. 2C). Of note, all vehicle injected PMSG-primed animals were
proestrus on day 2 (day 0, PMSG treatment), whereas proestrus was delayed in the progesterone treated rats, and
representative examples are illustrated in Fig. 2A.
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Figure 2. Progesterone disrupted oestrous cyclicity in the female rats. (A) Representative profiles depicting
oestrous cyclicity in female rats, as measured by vaginal cytology, before (days —8 to —1, baseline), during
(day 0 to 1, treatment) and after (days 2 to 8, after-treatment) the two day period of treatment from metestrus
with vehicle (oil; twice daily) only (Veh, top panel), progesterone (twice daily) only (Prog, second panel), single
injection of PMSG (day 0 only) plus vehicle (twice daily) (PMSG + Veh) or single injection of PMSG (day 0
only) plus progesterone (twice daily) (PMSG + Prog, bottom panel) in normal cycling rats. P, proestrus; E,
oestrus; M, metestrus; D, diestrus. (B) Average oestrous cycle length of the treatment cycle per se. (C) Average
time spent in each stage of the cycle of the treatment cycle per se. Data were analysed by two-way ANOVA.

*P < 0.05, Veh vs Prog; n = 5-7 per group.

Effects of progesterone on the LH surge in PMSG-primed rat.  As expected from the proestrus smear,
all vehicle injected PMSG-primed animals displayed a robust LH surge on the afternoon/evening of day 2 (day 0,
PMSG treatment) (Fig. 3A,E and F). In contrast, none of the PMSG-primed females administered progesterone
displayed an LH surge (Fig. 3B,E and F). Area under curve (AUC) analysis of the LH profile (12:00-20:00h) on
day 2 is shown in Fig. 3F.

Circulating progesterone levels were significantly elevated at 18:00h on experimental day 0 post injection
(124.62 +43.62 vs 22.79 + 5.64 ng/ml vehicle control; P < 0.05) (Fig. 3C). Circulating levels of E, measured on
the afternoon of day 1, before the expected LH surge, as a measure of follicle development, did not differ between
PMSG-primed female treated with vehicle or progesterone (224.1 & 66.1 vs 254.2 £ 76.3 pg/ml, respectively;
P >0.05) (Fig. 3D).
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Figure 3. Progesterone disrupted the LH surge in PMSG-primed female rats. Representative examples
illustrating levels of LH in oil vehicle (Veh, A) or progesterone (Prog, B) treated animals at the expected time
of the PMSG-induced LH surge on the afternoon of day 2. (C) Mean serum progesterone measured at 18:00h
on day 0 (day 0, PMSG treatment) after injection with vehicle or progesterone in PMSG-primed female rats.
(D) Mean serum oestradiol level measured at 18:00h on day 1 (day 0, PMSG treatment) after injection with
vehicle or progesterone in PMSG-primed female rats. (E) Significant difference in peak LH levels at the time
of the expected LH surge between oil controls and progesterone treated PMSG-primed animals. Baseline LH
level at noon (12AM) on day 2 showed no difference. (F) Area under curve (AUC) analysis of LH levels at the
time of the expected LH surge (12:00-20:00 h, day 2) in PMSG-primed female rats treated with oil vehicle or
progesterone revealed a significant deference; n = 6 rats/group. Values were analysed by two-way ANOVA with
group (Veh vs Prog). Results are presented as means £ SEM. *P < 0.05, Veh vs Prog; n=5-7 per group.

Effects of progesterone receptor antagonism in the AVPV or ARC nuclei on LH surges and oes-
trous cyclicity in PMSG-treated rats. To determine whether progesterone signalling within the AVPV
or ARC may play a role in its inhibitory feedback effects on the LH surge and oestrous cyclicity, the progesterone
receptor antagonist, RU486, was micro-infused into these brain areas in progesterone treated PMSG-primed
animals described above. Administration of RU486 into the AVPV rescued the PMSG stimulated LH surge on
day 2 (day 0, PMSG treatment) in 5 out of 7 animals (Fig. 4C), while no LH surge was evident in controls (n =6)
(Fig. 4A and E). In contrast, intra-ARC administration of RU486 failed to rescue the PMSG stimulus LH surge
on day 2 (P> 0.05; n=6 per group) (Fig. 4B,D and E). A summary of these data with AUC analysis of LH levels
is provided in Fig. 4E.
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Figure 4. Micro-infusion of RU486 into the AVPV reversed the inhibitory effects of progesterone on the

LH surge in PMSG-primed female rats. Representative LH surge on the afternoon of day 2 (day 0, PMSG
treatment) in response to intra-AVPV RU486 infusion in a progesterone treated animal (C). Intra-AVPV
infusion of vehicle (artificial cerebrospinal fluid/DMSO/ethylene glycol) failed to reverse the inhibitory effect of
progesterone on the LH surge (A). Representative examples showing the absence of LH surges on the afternoon
of day 2 following intra-ARC vehicle control (B) or RU486 (D) after progesterone priming. (E) AUC analysis of
LH level on the afternoon of day 2 after intra-AVPV or intra-ARC administration with vehicle (Veh) or RU486
in PMSG-treated animals. Results are presented as means + SEM. *P < 0.05, Veh vs RU486; n = 6-7 per group.

To verify the effects of progesterone on oestrous cyclicity, daily vaginal cytology was examined. Compared
with vehicle infusion, bilateral intra-AVPV administration of RU486 significantly decreased cycle length in the
presence of progesterone (P < 0.05; n=6-7 per group) (Fig. 5A,B and C). However, intra-ARC administration
of RU486 showed only a tendency to reduce cycle length compared with vehicle (P > 0.05; n = 6 per group)
(Fig. 5D,E and F).

RU486 restores LH pulse frequency in progesterone treated female rats. To investigate the site
of the inhibitory action of progesterone on LH pulse frequency, RU486 was bilaterally infused into the AVPV
or ARC. Intra-ARC administration of RU486 significantly reduced LH pulse interval compared with controls
(P <0.05; n=6-7 per group) (Fig. 6B,D and F). In contrast, intra-AVPV administration of RU486 had no effect
on LH pulse interval in the presence of progesterone (P > 0.05; n=6 per group) (Fig. 6A,C and E). LH pulse
amplitude was not affected in any treatment group (data not shown).
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Figure 5. Effects of RU486 micro-infusion into the AVPV or ARC on progesterone induced prolongation of
oestrous cycle length in PMSG-primed female rats. RU486 or vehicle (Veh) was injected via the AVPV or ARC
nuclear cannulae an hour before each progesterone injection in PMSG-primed rats. Representative examples
illustrating the effects of intra-AVPV micro-infusion of vehicle (Prog-Veh, A) or RU486 (Prog-RU486, B) on
oestrous cycle length. (C) Intra-AVPV administration of RU486 before progesterone significantly shortened
oestrous cycle length compared with vehicle controls. Representative examples illustrating the effects of intra-
ARC micro-infusion of vehicle (Prog-Veh, D) or RU486 (Pro-RU486, E) on oestrous cycle length. (F) Oestrous
cycle length was not significantly altered by intra- ARC RU486 infusion compared with vehicle controls. Results
are presented as means &= SEM. *P < 0.05, Veh vs Prog, n=6-7 per group.

Discussion

The present study provides direct evidence of a role for PR in the hypothalamic AVPV and ARC nuclei in medi-
ating the inhibitory effects of progesterone on surge and pulsatile release of LH, and oestrous cyclicity in female
rats. Intra-AVPV administration of the progesterone antagonist, RU486, attenuated the inhibitory effect of pro-
gesterone on LH surges in PMSG-primed female rats, while antagonism of PR in the ARC restored LH pulse
frequency in progesterone-treated animals.

Previous studies have shown that an increase in circulatory level of progesterone between oestrous to
metestrus is related to prolonged oestrous cycle length in rats*>*°. Nequin L. G. et al.*° reported that higher
endogenous serum progesterone level (around 88.5 ng/ml) after ovulation resulted in longer cycle length in
rats. In accordance with these data, we confirm that exogenous administration of progesterone (serum level
124.62 £ 43.62 ng) on metestrus prolonged oestrous cycle lengths, particularly the time spent in metestrus stage.
PMSG has previously been used to stimulate and synchronize follicular growth and ovulation, mimicking ovarian
stimulation in women?®"*. In the present study, progesterone extended oestrous cycle length, regardless of the
prevailing oestrogenic milieu stimulated by PMSG. Everett et al.*® reported cycle prolongation by progesterone
was accompanied by delayed ovulation, suggesting an antagonistic role of progesterone on oestrogenic stimula-
tion of ovulation. Steroid feedback on LH surge® and pulse'? generation are mediated by kisspeptin signalling in
the AVPV and ARC respectively. Kisspeptin neurone specific ER knockout mice arrest between the oestrous and
diestrus phases and are anovulatory®. Similarly, antagonism of GnRH signalling inhibits spontaneous ovulation
and oestrous cyclicity®*. These data suggest that cycle arrest in metestrus and diestrus is accompanied by inter-
ruption of E, feedback via kisspeptin on GnRH/LH secretion which is essential for ovulation®*. Indeed, moderate
knockdown of kisspeptin signalling in the AVPYV, results in extended cycle length, and increased the time spent
in metestrus and/or oestrus®. Of note, the present study shows that progesterone antagonism within the AVPV
reversed the prolonged oestrous cycle length induced by progesterone. Additionally, PR knockout in kisspeptin
neurones in adult female mice shows abnormal cycle with persistent diestrus and consequently anovulatory?®.

SCIENTIFICREPORTS|7:8096 | DOI:10.1038/s41598-017-08805-1 6



www.nature.com/scientificreports/

AVPV ARC

>
=~

4 Vehicle 41 Vehicle
E E
W 3] 3]
£ "=
] * * % ] * %
ch ..}\\N\j\ ch \w
5] <
Z 1] 21
= =
~ ~
0 . . . . 0 . . . .
0 30 60 90 120 0 30 60 920 120
Time (min) Time (min)

@)
=

RU486 _ RU486

Plasma LH (ng/ml)
ot [ 8]
] *
*
*
Plasma LH (ng/ml)
b [ &)

0 30 60 90 120 0 30 60 90 120
Time (min) Time (min)

e
e

40 , 40 4

30 1 30 1

20 1 20 1

LH Pulse interval(min)

A\,
NS
N

A\

LH Pulse interval (min)

: L : I
Prog-Veh Prog-RU486 Prog-Veh Prog-RU486

Figure 6. Micro-infusion of RU486 into the ARC, but not the AVPYV, reversed the inhibitory effects of
intraperitoneal injection of progesterone on LH pulse frequency in female rats. Representative examples
illustrating the effects of intra-AVPV administration of vehicle (artificial cerebrospinal fluid/ DMSO/ethylene
glycol) (A) or RU486 (C) on LH pulses in progesterone treated animals. (E) LH pulse interval was not altered
by intra-AVPV administration of RU486 and compared with vehicle. Representative LH profiles illustrating
the effects of intra-ARC administration of vehicle (B) or RU486 (D) in progesterone treated animals. (F) Intra-
ARC RU486 infusion significantly decreased LH pulse interval compared with vehicle controls. Results are
presented as means &= SEM. *P < 0.05, Prog-Veh vs Prog-RU486; n = 6-7 per group. LH pulses are indicated by
the asterisk (*).

It therefore appears that progesterone may interrupt oestrogen-kisspeptin-GnRH signalling in the AVPV, thus
affecting ovulation and reproductive cycles.

Progesterone can either facilitate or inhibit E,-induced LH surges, depending on their temporal relationship.
When administered after E, priming, progesterone augments and synchronizes the preovulatory LH surge®,
whereas high levels of progesterone, as during luteal phase of oestrous/menstrual cycle, block the stimulatory
effects of E, on LH surges in rats?, sheep® ¢ and primates*, including human®. In the present study, our data are
consistent with these previous findings and demonstrates the inhibitory effect of progesterone on the GnRH/LH
surge under a high E, milieu induced by PMSG in female rats. Of note, these results are in line with our observa-
tion of prolonged cycle after administration of progesterone to mimic the component of the luteal phase of the
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human menstrual cycle. Indeed, the ability of progesterone to blockade the preovulatory LH surge is the basis of
the progesterone primed ovarian stimulation regime widely adopted for infertility patient in IVF clinic. Either
endogenous progesterone in the luteal phase®* or exogenous progesterone in follicular phase’ is sufficient to
block the LH surge without compromising oocyte competence for women during ovarian stimulation.

Previous studies have shown that progesterone inhibits E,~induced GnRH release®® and decreases GnRH
output in response to electrical stimulation of the mPOA¥. Although early studies pointed to the hypothalamic
preoptic area as a possible site for mediating progesterone inhibition of the LH surge?, there are no PR expressed
in mPOA GnRH neurones®. However, kisspeptin neurones are enriched with both PR and ER***!, and project
directly to the mPOA GnRH neurones'?, suggesting they are the target of progesterone. It is generally accepted
that E, acts via ER in the AVPV kisspeptin neurones to activate GnRH neurones resulting in the LH surge*’.
However, there is yet no direct evidence for the specific role of PR in the AVPV kisspeptin neurones in regulating
the LH surge. In the present study, we confirm the blockade of LH surges by progesterone, and further provide
evidence for the site specific role of PR in the AVPV in mediating the inhibitory effect of progesterone on LH
surges, based on the observation that progesterone antagonism within the AVPV rescues LH surges blocked by
progesterone. A role of PR in the ARC seems inhibitory because intra-ARC administration of RU486 failed to
rescue the inhibitory effect of progesterone on the LH surge. These data are in keeping with the role of AVPV
kisspeptin in mediating the E,-induced LH surge?. Additionally, PR knockout in kisspeptin neurones result in
blockade of E,-induced LH surges and lose of oestrous cyclicity in mice'® 7. It therefore appears that progester-
one inhibits the pre-ovulatory LH surge by interrupting activation of the AVPV kisspeptin neurones to elicit the
GnRH/LH surge. Paradoxically, the ability of E, to induce the LH surge is dependent on the presence and activa-
tion of PR*>. While E, induces PR expression in the AVPV*, progesterone down regulates its own receptors® 4
and may counteract the induction of PR by E,. Blockade of the LH surge by progesterone may therefore result
from PR in the AVPYV, thereby attenuating the ability of E, to induce the LH surge.

The present study indicates that the ARC is a crucial site for progesterone’s inhibitory effect on LH pulse
frequency in keeping with the role of this region in LH pulses generation®. Intra-ARC injection of RU486 signif-
icantly increased LH pulse frequency in progesterone treated rats. This result supports the findings of Goodman
et al.*°, where local antagonism of PR in the ARC interfered with the action of progesterone in reducing LH pulse
frequency in sheep. As a critical component of the GnRH pulse generator, the ARC KNDy neurones are highly
enriched with PR', and have direct projections to GnRH cell bodies? and terminals®. It has been reported that
dynorphin released by KNDy neurones inhibit pulsatile GnRH secretion and may mediate progesterone negative
feedback particularly in ewe*” %, and a similar mechanism may operate in the rodent. Given the inhibitory role
of dynorphin on LH secretion, it is suggested that progesterone may be act on ARC KNDy neurones and through
dynorphin release inhibits pulsatile GnRH and LH secretion.

In conclusion, these data provide evidence that the inhibitory effect of progesterone on preovulatory surge
and pulsatile secretion of LH is mediated by its receptor in the kisspeptin enriched hypothalamic AVPV and ARC
respectively, which are essential for progesterone regulation of ovarian cyclicity.

Methods

Animals and surgical procedures. Female Sprague-Dawley rats weighing 150-200 g, obtained from
Charles-Rivers (Margate, UK), were housed individually under controlled temperature (22 + 2 °C), light condi-
tions (12:12h light/dark, with lights on at 07:00h) and fed with standard laboratory chow and water ad libitum.
All surgical procedures were carried out under ketamine (100 mg/kg i.p.; Pharmacia and Upjohn, Crawley, UK)
and Rompun (10 mg/kg i.p.; Bayer, Leverkusen, Germany) anaesthesia. All procedures were conducted in accord-
ance with the British Home Office Animals Scientific Procedures Animals Act 1986 (Project Licence 70/6237)
and all experimental protocols were approved by the Animal Welfare and Ethical Review Body at King’s College
London.

Jugular vein cannulation.  Animals were implanted with two custom-made cardiac catheters via the jugular
veins to enable serial blood sampling for profiling of LH levels*®. The catheters were exteriorised at the back of
the head and enclosed within a 30-cm light-weight metal spring tether (Instec Laboratories, Boulder, CO, USA)
secured to the slotted screw (Instec Laboratories) affixed to the surface of the skull using dental cement (Dental
Filling Ltd., Swindon, UK). The distal end of the tether was attached to a fluid swivel (Instec Laboratories), which
allowed the rat freedom to move around the enclosure. After surgery, all rats were housed individually and exper-
iments commenced about 3 days later.

Bilateral AVPV or ARC cannulae implantation. To assess the effect of the anti-progesterone, RU486, in
the hypothalamic AVPV or ARC nuclei, animals were secured in a David Kopf stereotaxic frame and implanted
with bilateral guide cannulae (33-gauge; Plastics One, Roanoke, VA, USA) targeted towards the AVPV or ARC for
later microinjection of drug. The respective coordinates for the ARC and AVPV were 0.40 mm lateral, 0.00 mm
posterior to bregma, 8.60 mm below the surface of the dura, and 0.50 mm lateral, 3.40 mm anterior to bregma,
10.10 mm below the surface of the dura according to the rat brain atlas of Paxinos and Watson®. A stainless steel
slotted screw (Instec Laboratories) was affixed to the surface of the skull posterior to the guide cannulae and
both were secured using dental cement (Dental Filling). The guide cannulae were then fitted with obturators
(Plastics One) to maintain patency. After a 7-day recovery period the rats were implanted with cardiac catheters
as described above. Experimentation commenced after a further 3-day recovery from surgery.

Hormone treatment. Treatment with PMSG has been validated for induction of follicle development to
mimic ovarian stimulation®” > and induction of the LH surge®, and facilitates study of mechanisms underly-
ing these key reproductive processes. To test the action of progesterone on the LH surge female rats receiving
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a single injection of PMSG (150 IU/kg, i.p., Sigma-Aldrich, Poole, UK) on the morning of metestrus, which
results in an LH surge approximately 55 h later®" %2, were administered progesterone (5mg/kg, i.p., in peanut oil,
Sigma-Aldrich) twice daily (at 09:00 and 17:00h) for two consecutive days starting immediately after the PMSG
injection. For controls, PMSG-primed rats were injected with vehicle (0.3 ml, peanut oil, i.p., Sigma-Aldrich).

As an additional control group, to evaluate the effect of progesterone per se in normal cycling rats, progester-
one or vehicle only was given twice daily for two days starting on metestrus as described above.

Effects of progesterone on oestrous cyclicity. Vaginal lavage was performed daily between 07:00 and
08:00h to detect the stages of the oestrous cycle; proestrus, oestrus, metestrus and diestrus. Rats that displayed
at least two consecutive 4- to 5-day oestrous cycles, with positive classification for all 4-stages were used. After
at least one control oestrous cycle, PMSG-primed (n = 12) and non-PMSG (n = 10) treated control rats were
randomly assigned on the morning of metestrus to receive either progesterone (5mg/kg) or oil vehicle (0.3 ml)
injections twice daily for 2 days as described above. Oestrous cyclicity was monitored for a further 8-10 days. The
oestrous cycle length was calculated as the number of days between successive occurrences of oestrus. The time
spent in each cycle stage was calculated as the proportion of days classified in each cycle stage.

Effects of progesterone on the LH surge in PMSG-primed rats. On the morning of day 2 (day 0,
PMSG treatment) at 11:00 h the PMSG-primed animals were attached via one of the two cardiac catheter to a
computer-controlled automated blood sampling system, which allows for the intermittent withdrawal of 25-pl
blood samples without disturbing the animals*. Once connected, animals were left undisturbed for 1 h before
sampling commenced at 12:00h, when samples were collected hourly for 8 h (till 20:00h) for LH measurement.
After removal of each 25-ul blood sample, an equal volume of heparinized saline (50 U/ml heparin sodium/
ml normal saline; CP Pharmaceuticals, Wrexham, UK) was automatically infused into the animal to maintain
patency of the catheter and blood volume. Blood samples were frozen at —20 °C for later assay to determine LH
concentrations. Blood samples (25-pl) were also collected at 18:00h on day 0 and day 1 for LH measurement dur-
ing experiment. Additional blood samples (200 ul) were collected at 18:00h on days 0 and 1 for progesterone and
E, measurement, respectively, thus confirming hormone injection and status of follicular development.

Effects of progesterone receptor antagonism in the AVPV or ARC nuclei on LH surges and oes-
trous cyclicity in PMSG treated rats. A separate group of animals implanted with guide cannulae in
the AVPV (n=16) or ARC (n=16) nuclei and cardiac catheters were monitored for normal oestrous cyclicity
and then treated with the identical PMSG and progesterone regime described above. To examine the role of
AVPV and ARC nuclear PR in surge release of LH, rats received bilateral intra-AVPV or intra-ARC injections of
the anti-progesterone, RU486 (4 ng in 0.8 pl; Sigma-Aldrich) or vehicle (0.8 pul, 60% artificial cerebrospinal fluid
(aCSF), 20% DMSO and 20% ethylene glycol; Sigma-Aldrich) 1h before each intraperitoneal injected of proges-
terone (i.p. at 08:00 and 16:00h for 2 days starting on metestrus). Internal cannulae (Plastics One) with extension
tubing, preloaded with RU486 or vehicle, were inserted into the guide cannulae and extended 1.0 mm beyond
the tips to reach the AVPV or ARC nuclei. The distal end of the extension tubing was connected to a 5-ul syringe
(SGE Analytical Science, Milton Keynes, UK). The tubing was held outside the cage to allowing remote infusion
without disturbing the animal. The RU486 or vehicle was micro-infused at a rate of 0.1 ul/min for 8 min and the
internal cannulae were kept in the guide cannulae for a further 2 min to prevent backflow. This procedure was
repeated for each of the 4 injections.

At 11:00h on day 2 (day 0, PMSG treatment) the animals were attached via a cardiac catheter to the blood
sampling system, and left undisturbed for 1 h before sampling commenced at 12:00 h. Samples were collected
hourly for 8h for LH measurement as described above.

Oestrous cyclicity was monitored in this experimental group by examining daily vaginal cytology.

Effects of microinjection of RU486 into the AVPV or ARC on LH pulse.  On completion of the exper-
iments described above, the same animals were used to examine the role of AVPV and ARC nuclear PR in pulsa-
tile release of LH, after a washout period of about two weeks during which recovery of normal oestrous cyclicity
was observed. At 08:00h on morning of metestrus, rats were given bilateral intra-AVPV or intra-ARC injection
of RU486 (4 ng in 0.8 ul: Sigma-Aldrich) or vehicle (0.8 ul, 60% artificial cerebrospinal fluid (aCSF), 20% DMSO
and 20% ethylene glycol; Sigma-Aldrich) as described above. One hour later (09:00 h), rats received an intraperi-
toneal injection of progesterone (5 mg/kg), and automated blood sampling commenced, as previously described,
3hlater (12:00 h) with collection of 25-ul blood every 5min for 2h for LH measurement. All the samples were
frozen at —20°C for later assay.

Brain collection and histological verification of cannulae position. After experimentation, 0.5 pl
India ink was injected through internal cannulae inserted into the guide cannulae for the purpose of site ver-
ification. Animal were then killed by decapitation. The brains were removed and snap frozen on dry ice, and
then stored at —80 °C followed by sectioning (30-um) using a cryostat (Bright Instrument Co Ltd., Luton, UK).
To evaluate the cannulae position, every fourth section throughout the AVPV or ARC region corresponding to
bregma —0.60 to 0.80 mm and 2.80 to 3.60 mm*, respectively, was mounted and stained with cresyl violet. Slides
were then viewed under a light microscope and images were taken using a digital camera (Zeiss, Oberkochen,
Germany). Only data from animals with correct cannulae placement were analysed.

Measurement of plasma LH, oestradiol and progesterone concentration. A double-antibody
radioimmunoassay (RIA) supplied by the National Institute of Diabetes and Digestive and Kidney Diseases
(Bethesda, MD, USA) was used to determine LH concentration in the 25-ulwhole blood sample®. The reference
preparation was rLH-RP-3. The sensitivity of the assay was 0.093 ng/ml. The intra-assay coefficient of variation
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was 6.5% and the inter-assay coefficient of variation was 7.4%. The E, and progesterone plasma samples (50 jul)
were measured by using the EIA kit (Labor Diagnostika Nord, Germany) which use was verified in rat®.

Statistical analysis. The effect of progesterone and RU486 on LH surges was determined by analysing the
area under the LH profile curve (AUC) using Sigma Plot 12.0 (Systat Software, Inc., Chicago, IL). Detection of LH
pulses was established through the use of the algorithm ULTRA>*. Two intraassay coefficients of variation of the
assay were used as the reference threshold for the pulse detection. The effect of intra-AVPV and intra-ARC RU486
microinjection on parameters of LH secretion was calculated by comparing the mean basal levels of LH, mean
LH pulses interval, or mean amplitude of LH pulses, within the experimental period between the two groups. A
Student’s ¢ test was used to analyse baseline LH, E, and progesterone levels. All other results were analysed by a
one-way ANOVA. Data are presented as the mean &= SEM and P < 0.05 was considered statistically significant.

References

1. McCartney, C. R,, Gingrich, M. B., Hu, Y,, Evans, W. S. & Marshall, J. C. Hypothalamic regulation of cyclic ovulation: evidence that
the increase in gonadotropin-releasing hormone pulse frequency during the follicular phase reflects the gradual loss of the
restraining effects of progesterone. J Clin Endocrinol Metab 87, 2194-2200, doi:10.1210/jcem.87.5.8484 (2002).

2. Le, W. W,, Attardi, B., Berghorn, K. A., Blaustein, J. & Hoffman, G. E. Progesterone blockade of a luteinizing hormone surge blocks
luteinizing hormone-releasing hormone Fos activation and activation of its preoptic area afferents. Brain Res 778, 272-280 (1997).

3. Kasa-Vubu, J. Z. et al. Progesterone blocks the estradiol-induced gonadotropin discharge in the ewe by inhibiting the surge of
gonadotropin-releasing hormone. Endocrinology 131, 208-212, doi:10.1210/endo.131.1.1611998 (1992).

4. Dierschke, D.]. et al. Blockade by progesterone of estrogen-induced LH and FSH release in the rhesus monkey. Endocrinology 92,
1496-1501, doi:10.1210/endo-92-5-1496 (1973).

5. Abraham, G. E,, Klaiber, E. L. & Broverman, D. Effect of a combination of norethynodrel and mestranol on plasma luteinizing
hormone in normal women. Am ] Obstet Gynecol 104, 1038-1042 (1969).

6. Kuang, Y. et al. Double stimulations during the follicular and luteal phases of poor responders in IVF/ICSI programmes (Shanghai
protocol). Reprod Biomed Online 29, 684-691, doi:10.1016/j.rbmo.2014.08.009 (2014).

7. Kuang, Y. et al. Medroxyprogesterone acetate is an effective oral alternative for preventing premature luteinizing hormone surges in
women undergoing controlled ovarian hyperstimulation for in vitro fertilization. Fertil Steril 104, 62-70 €63, doi:10.1016/j.
fertnstert.2015.03.022 (2015).

8. Richter, T. A., Robinson, J. E. & Evans, N. P. Progesterone blocks the estradiol-stimulated luteinizing hormone surge by disrupting
activation in response to a stimulatory estradiol signal in the ewe. Biol Reprod 67, 119-125 (2002).

9. Stevenson, J. S. & Pulley, S. L. Feedback effects of estradiol and progesterone on ovulation and fertility of dairy cows after gonadotropin-
releasing hormone-induced release of luteinizing hormone. ] Dairy Sci 99, 3003-3015, doi:10.3168/jds.2015-10091 (2016).

10. Molloy, B. G. et al. Pathological mechanisms in polycystic ovary syndrome: modulation of LH pulsatility by progesterone. Br ] Obstet
Gynaecol 91, 457-465 (1984).

11. Pelinck, M. J., Hoek, A., Simons, A. H. & Heineman, M. ]. Efficacy of natural cycle IVF: a review of the literature. Hum Reprod
Update 8, 129-139 (2002).

12. Massin, N. New stimulation regimens: endogenous and exogenous progesterone use to block the LH surge during ovarian
stimulation for IVE. Hum Reprod Update, doi:10.1093/humupd/dmw047 (2017).

13. Clarkson, J., dAnglemont de Tassigny, X., Moreno, A. S., Colledge, W. H. & Herbison, A. E. Kisspeptin-GPR54 signaling is essential
for preovulatory gonadotropin-releasing hormone neuron activation and the luteinizing hormone surge. ] Neurosci 28, 8691-8697,
doi:10.1523/JNEUROSCI.1775-08.2008 (2008).

14. Messager, S. et al. Kisspeptin directly stimulates gonadotropin-releasing hormone release via G protein-coupled receptor 54. Proc
Natl Acad Sci USA 102, 1761-1766, doi:10.1073/pnas.0409330102 (2005).

15. Kallo, I et al. Co-localisation of kisspeptin with galanin or neurokinin B in afferents to mouse GnRH neurones. ] Neuroendocrinol
24, 464-476, doi:10.1111/j.1365-2826.2011.02262.x (2012).

16. Gal, A. et al. Loss of Fertility in the Absence of Progesterone Receptor Expression in Kisspeptin Neurons of Female Mice. PLoS One
11, 0159534, doi:10.1371/journal.pone.0159534 (2016).

17. Stephens, S. B. et al. Absent Progesterone Signaling in Kisspeptin Neurons Disrupts the LH Surge and Impairs Fertility in Female
Mice. Endocrinology 156, 3091-3097, doi:10.1210/en.2015-1300 (2015).

18. Navarro, V. M. et al. Regulation of gonadotropin-releasing hormone secretion by kisspeptin/dynorphin/neurokinin B neurons in the
arcuate nucleus of the mouse. ] Neurosci 29, 11859-11866, doi:10.1523/JNEUROSCI.1569-09.2009 (2009).

19. Li, X. E et al. Kisspeptin signalling in the hypothalamic arcuate nucleus regulates GnRH pulse generator frequency in the rat. PLoS
One 4, €8334, doi:10.1371/journal.pone.0008334 (2009).

20. Hu, M. H. et al. Relative Importance of the Arcuate and Anteroventral Periventricular Kisspeptin Neurons in Control of Puberty and
Reproductive Function in Female Rats. Endocrinology 156, 2619-2631, doi:10.1210/en.2014-1655 (2015).

21. Rometo, A. M., Krajewski, S. J., Voytko, M. L. & Rance, N. E. Hypertrophy and increased kisspeptin gene expression in the
hypothalamic infundibular nucleus of postmenopausal women and ovariectomized monkeys. J Clin Endocrinol Metab 92,
2744-2750, d0i:10.1210/jc.2007-0553 (2007).

22. Oakley, A. E,, Clifton, D. K. & Steiner, R. A. Kisspeptin signaling in the brain. Endocr Rev 30, 713-743, doi:10.1210/er.2009-0005 (2009).

23. Wakabayashi, Y. et al. Neurokinin B and dynorphin A in kisspeptin neurons of the arcuate nucleus participate in generation of
periodic oscillation of neural activity driving pulsatile gonadotropin-releasing hormone secretion in the goat. ] Neurosci 30,
3124-3132, doi:10.1523/J]NEUROSCI.5848-09.2010 (2010).

24. Helena, C. V. et al. KNDy Neurons Modulate the Magnitude of the Steroid-Induced Luteinizing Hormone Surges in Ovariectomized
Rats. Endocrinology 156, 42004213, d0i:10.1210/en.2015-1070 (2015).

25. Yip, S. H., Boehm, U., Herbison, A. E. & Campbell, R. E. Conditional Viral Tract Tracing Delineates the Projections of the Distinct
Kisspeptin Neuron Populations to Gonadotropin-Releasing Hormone (GnRH) Neurons in the Mouse. Endocrinology 156,
2582-2594, doi:10.1210/en.2015-1131 (2015).

26. Yeo, S. H. Neuronal circuits in the hypothalamus controlling gonadotrophin-releasing hormone release: the neuroanatomical
projections of kisspeptin neurons. Exp Physiol 98, 1544-1549, doi:10.1113/expphysiol.2013.071944 (2013).

27. Goodman, R. L. et al. Evidence that dynorphin plays a major role in mediating progesterone negative feedback on gonadotropin-
releasing hormone neurons in sheep. Endocrinology 145, 2959-2967, doi:10.1210/en.2003-1305 (2004).

28. Banks, J. A. & Freeman, M. E. Inhibition of the daily LH release mechanism by progesterone acting at the hypothalamus. Biol Reprod
22,217-222 (1980).

29. Everett, ]. W. Progesterone and estrogen in the experimental control of ovulation time and other features of the estrous cycle in the
rat. Endocrinology 43, 389-405, doi:10.1210/endo-43-6-389 (1948).

30. Nequin, L. G., Alvarez, J. & Schwartz, N. B. Measurement of serum steroid and gonadotropin levels and uterine and ovarian variables
throughout 4 day and 5 day estrous cycles in the rat. Biol Reprod 20, 659-670 (1979).

SCIENTIFICREPORTS|7:8096 | DOI:10.1038/s41598-017-08805-1 10


http://dx.doi.org/10.1210/jcem.87.5.8484
http://dx.doi.org/10.1210/endo.131.1.1611998
http://dx.doi.org/10.1210/endo-92-5-1496
http://dx.doi.org/10.1016/j.rbmo.2014.08.009
http://dx.doi.org/10.1016/j.fertnstert.2015.03.022
http://dx.doi.org/10.1016/j.fertnstert.2015.03.022
http://dx.doi.org/10.3168/jds.2015-10091
http://dx.doi.org/10.1093/humupd/dmw047
http://dx.doi.org/10.1523/JNEUROSCI.1775-08.2008
http://dx.doi.org/10.1073/pnas.0409330102
http://dx.doi.org/10.1111/j.1365-2826.2011.02262.x
http://dx.doi.org/10.1371/journal.pone.0159534
http://dx.doi.org/10.1210/en.2015-1300
http://dx.doi.org/10.1523/JNEUROSCI.1569-09.2009
http://dx.doi.org/10.1371/journal.pone.0008334
http://dx.doi.org/10.1210/en.2014-1655
http://dx.doi.org/10.1210/jc.2007-0553
http://dx.doi.org/10.1210/er.2009-0005
http://dx.doi.org/10.1523/JNEUROSCI.5848-09.2010
http://dx.doi.org/10.1210/en.2015-1070
http://dx.doi.org/10.1210/en.2015-1131
http://dx.doi.org/10.1113/expphysiol.2013.071944
http://dx.doi.org/10.1210/en.2003-1305
http://dx.doi.org/10.1210/endo-43-6-389

www.nature.com/scientificreports/

31. Peluso, J. J., Steger, R. W. & Hafez, E. S. Sequential changes associated with the degeneration of preovulatory rat follicles. ] Reprod
Fertil 49, 215-218 (1977).

32. Rao, I. M. & Mahesh, V. B. Role of progesterone in the modulation of the preovulatory surge of gonadotropins and ovulation in the
pregnant mare’s serum gonadotropin-primed immature rat and the adult rat. Biol Reprod 35, 1154-1161 (1986).

33. Mayer, C. et al. Timing and completion of puberty in female mice depend on estrogen receptor alpha-signaling in Kisspeptin
neurons. Proc Natl Acad Sci USA 107, 22693-22698, d0i:10.1073/pnas.1012406108 (2010).

34. Sharpe, K. L., Bertero, M. C., Lyon, B. P., Muse, K. N. & Vernon, M. W. Follicular atresia and infertility in rats treated with a
gonadotropin-releasing hormone antagonist. Endocrinology 127, 25-31, doi:10.1210/endo-127-1-25 (1990).

35. Goodman, R. L. A quantitative analysis of the physiological role of estradiol and progesterone in the control of tonic and surge
secretion of luteinizing hormone in the rat. Endocrinology 102, 142-150, doi:10.1210/endo-102-1-142 (1978).

36. Scaramuzzi, R. J., Tillson, S. A., Thorneycroft, I. H. & Caldwell, B. V. Action of exogenous progesterone and estrogen on behavioral
estrus and luteinizing hormone levels in the ovariectomized ewe. Endocrinology 88, 1184-1189, doi:10.1210/endo-88-5-1184 (1971).

37. Wang, N. et al. Luteal-phase ovarian stimulation vs conventional ovarian stimulation in patients with normal ovarian reserve treated
for IVF: a large retrospective cohort study. Clin Endocrinol (Oxf) 84, 720-728, doi:10.1111/cen.12983 (2016).

38. Sarkar, D. K. & Fink, G. Effects of gonadal steroids on output of luteinizing hormone releasing factor into pituitary stalk blood in the
female rat. ] Endocrinol 80, 303-313 (1979).

39. Sherwood, N. M., Chiappa, S. A. & Fink, G. Immunoreactive luteinizing hormone releasing factor in pituitary stalk blood from
female rats: sex steroid modulation of response to electrical stimulation of preoptic area or median eminence. ] Endocrinol 70,
501-511 (1976).

40. Smith, J. T., Cunningham, M. J., Rissman, E. E, Clifton, D. K. & Steiner, R. A. Regulation of Kiss1 gene expression in the brain of the
female mouse. Endocrinology 146, 3686-3692, d0i:10.1210/en.2005-0488 (2005).

41. Zhang, ]. et al. Aging-related changes in RP3V kisspeptin neurons predate the reduced activation of GnRH neurons during the early
reproductive decline in female mice. Neurobiol Aging 35, 655-668, doi:10.1016/j.neurobiolaging.2013.08.038 (2014).

42. Chappell, P. E. et al. Absence of gonadotropin surges and gonadotropin-releasing hormone self-priming in ovariectomized (OVX),
estrogen (E2)-treated, progesterone receptor knockout (PRKO) mice. Endocrinology 140, 3653-3658, doi:10.1210/endo.140.8.6895
(1999).

43. Shughrue, P. ], Lane, M. V. & Merchenthaler, I. Regulation of progesterone receptor messenger ribonucleic acid in the rat medial
preoptic nucleus by estrogenic and antiestrogenic compounds: an in situ hybridization study. Endocrinology 138, 5476-5484,
doi:10.1210/endo.138.12.5595 (1997).

44. Simerly, R. B., Carr, A. M., Zee, M. C. & Lorang, D. Ovarian steroid regulation of estrogen and progesterone receptor messenger
ribonucleic acid in the anteroventral periventricular nucleus of the rat. ] Neuroendocrinol 8, 45-56 (1996).

45. Blaustein, J. D. & Turcotte, J. C. Down-regulation of progestin receptors in guinea pig brain: new findings using an
immunocytochemical technique. ] Neurobiol 21, 675-685, doi:10.1002/neu.480210502 (1990).

46. Goodman, R. L. et al. Evidence that the arcuate nucleus is an important site of progesterone negative feedback in the ewe.
Endocrinology 152, 3451-3460, doi:10.1210/en.2011-0195 (2011).

47. Goodman, R. L., Gibson, M., Skinner, D. C. & Lehman, M. N. Neuroendocrine control of pulsatile GnRH secretion during the
ovarian cycle: evidence from the ewe. Reprod Suppl 59, 41-56 (2002).

48. Li, X. F, Lin, Y. S., Kinsey-Jones, . S. & O’'Byrne, K. T. High-fat diet increases LH pulse frequency and Kisspeptin-neurokinin B
expression in puberty-advanced female rats. Endocrinology 153, 4422-4431, doi:10.1210/en.2012-1223 (2012).

49. Paxios, G. & Watson, C. The Rat Brain in Stereotaxic Coordinates (6th ed. San Diego, C. A.) 73-105 (Elsevier Academic Press, 2007).

50. Fowler, R. E. & Edwards, R. G. Induction of superovulation and pregnancy in mature mice by gonadotrophins. ] Endocrinol 15,
374-384 (1957).

51. Quintana, R. et al. Inhibition of cyclooxygenase-2 (COX-2) by meloxicam decreases the incidence of ovarian hyperstimulation
syndrome in a rat model. Fertil Steril 90, 1511-1516, doi:10.1016/j.fertnstert.2007.09.028 (2008).

52. Monroe, S. E., Parlow, A. F. & Midgley, A. R. Jr. Radioimmunoassay for rat luteinizing hormone. Endocrinology 83, 1004-1012,
doi:10.1210/endo-83-5-1004 (1968).

53. Caja, S. & Puerta, M. Control by reproduction-related hormones of resistin expression and plasma concentration. Horm Metab Res
39, 501-506, d0i:10.1055/5-2007-982515 (2007).

54. Van Cauter, E. Estimating false-positive and false-negative errors in analyses of hormonal pulsatility. Am J Physiol 254, E786-794
(1988).

Acknowledgements

This work is supported by National Natural Science Foundation of China (Project Number: 81571397), Science
and Technology Commission of Shanghai Municipality (Project Number: 15ZR1424900) and Doctoral
Innovation Fund Projects from Shanghai Jiao Tong University School of Medicine (Project Number: BX]J201434).

Author Contributions

W.H., X.EL., QEL. and Y.PK. designed research. W.H., Y.L.L., H.L. and L.W. performed research. W.H., X.EL.
and H.L. analysed the data. W.H. and X.EL. prepared figures, W.H., D.A. and K.T.O. wrote the paper. All the
authors reviewed the manuscript.

Additional Information
Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS|7:8096 | DOI:10.1038/s41598-017-08805-1 11


http://dx.doi.org/10.1073/pnas.1012406108
http://dx.doi.org/10.1210/endo-127-1-25
http://dx.doi.org/10.1210/endo-102-1-142
http://dx.doi.org/10.1210/endo-88-5-1184
http://dx.doi.org/10.1111/cen.12983
http://dx.doi.org/10.1210/en.2005-0488
http://dx.doi.org/10.1016/j.neurobiolaging.2013.08.038
http://dx.doi.org/10.1210/endo.140.8.6895
http://dx.doi.org/10.1210/endo.138.12.5595
http://dx.doi.org/10.1002/neu.480210502
http://dx.doi.org/10.1210/en.2011-0195
http://dx.doi.org/10.1210/en.2012-1223
http://dx.doi.org/10.1016/j.fertnstert.2007.09.028
http://dx.doi.org/10.1210/endo-83-5-1004
http://dx.doi.org/10.1055/s-2007-982515
http://creativecommons.org/licenses/by/4.0/

	Hypothalamic effects of progesterone on regulation of the pulsatile and surge release of luteinising hormone in female rats ...
	Results

	Cannulae placement in the AVPV and ARC. 
	Effects of progesterone on ovarian cyclicity. 
	Effects of progesterone on the LH surge in PMSG-primed rat. 
	Effects of progesterone receptor antagonism in the AVPV or ARC nuclei on LH surges and oestrous cyclicity in PMSG-treated r ...
	RU486 restores LH pulse frequency in progesterone treated female rats. 

	Discussion

	Methods

	Animals and surgical procedures. 
	Jugular vein cannulation. 
	Bilateral AVPV or ARC cannulae implantation. 
	Hormone treatment. 
	Effects of progesterone on oestrous cyclicity. 
	Effects of progesterone on the LH surge in PMSG-primed rats. 
	Effects of progesterone receptor antagonism in the AVPV or ARC nuclei on LH surges and oestrous cyclicity in PMSG treated r ...
	Effects of microinjection of RU486 into the AVPV or ARC on LH pulse. 
	Brain collection and histological verification of cannulae position. 
	Measurement of plasma LH, oestradiol and progesterone concentration. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 Photomicrograph of the cannulae targeted sites in the hypothalamic anteroventral periventricular (AVPV) and the arcuate (ARC).
	Figure 2 Progesterone disrupted oestrous cyclicity in the female rats.
	Figure 3 Progesterone disrupted the LH surge in PMSG-primed female rats.
	Figure 4 Micro-infusion of RU486 into the AVPV reversed the inhibitory effects of progesterone on the LH surge in PMSG-primed female rats.
	Figure 5 Effects of RU486 micro-infusion into the AVPV or ARC on progesterone induced prolongation of oestrous cycle length in PMSG-primed female rats.
	Figure 6 Micro-infusion of RU486 into the ARC, but not the AVPV, reversed the inhibitory effects of intraperitoneal injection of progesterone on LH pulse frequency in female rats.




