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ABSTRACT Progesterone (P) powerfully inhibits gona-
dotropin-releasing hormone (GnRH) secretion in ewes, as in
other species, but the neural mechanisms underlying this
effect remain poorly understood. Using an estrogen (E)-free
ovine model, we investigated the immediate GnRH and lu-
teinizing hormone (LH) response to acute manipulations of
circulating P concentrations and whether this response was
mediated by the nuclear P receptor. Simultaneous hypophy-
seal portal and jugular blood samples were collected over 36
hr: 0–12 hr, in the presence of exogenous P (P treatment begun
8 days earlier); 12–24 hr, P implant removed; 24–36 hr, P
implant reinserted. P removal caused a significant rapid
increase in the GnRH pulse frequency, which was detectable
within two pulses (175 min). P insertion suppressed the GnRH
pulse frequency even faster: the effect detectable within one
pulse (49 min). LH pulsatility was modulated identically. The
next two experiments demonstrated that these effects of P are
mediated by the nuclear P receptor since intracerebroven-
tricularly infused P suppressed LH release but 3a-hydroxy-
5a-pregnan-20-one, which operates through the type A g-ami-
nobutyric acid receptor, was without effect and pretreatment
with the P-receptor antagonist RU486 blocked the ability of P
to inhibit LH. Our final study showed that P exerts its acute
suppression of GnRH through an E-dependent system because
the effects of P on LH secretion, lost after long-term E
deprivation, are restored after 2 weeks of E treatment. Thus
we demonstrate that P acutely inhibits GnRH through an
E-dependent nuclear P-receptor system.

Progesterone (P) is the dominant ovarian steroid present in the
peripheral circulation during the mammalian reproductive
cycle and serves a number of important regulatory roles. The
luteal phase elevation in P inhibits pulsatile gonadotropin-
releasing hormone (GnRH) and luteinizing hormone (LH)
secretion (1–4) and prevents the occurrence of GnRH (5) and
LH (6, 7) surges in response to fluctuations in peripheral
estrogen (E) levels that accompany the waves of follicular
growth occurring in the ovary (8). We have also recently
demonstrated that the luteal phase elevation of P affects both
the timing of the LH surge relative to E stimulation and the
magnitude of the coincident GnRH surge (D.C.S., N.P.E., and
A.C., unpublished results). Despite its obvious importance in
regulating reproduction, little is known about how and where
P acts to powerfully inhibit the neuroendocrine reproductive
axis.

Our first study, using the hypophyseal portal cannulation
approach, assessed directly the timing of the changes in GnRH
secretion that follow both an abrupt decrease and an increase
in circulating P concentrations. To avoid potential P–E inter-
actions, short-term ovariectomized (OVX) ewes were used.

Since P modulates tonic LH secretion by affecting GnRH
pulse frequency (1–4), it is held that P acts through neural
targets and putative candidates include the opioidergic, nor-
adrenergic, and g-aminobutyric acid (GABA) systems (9, 10).
The possible involvement of GABA is of particular interest
because in humans (11), cattle (12, 13), and possibly monkeys
(3), P can suppress LH release very rapidly, with the speed of
the response suggesting that the inhibition may be through a
nongenomic system. In this respect, P is rapidly metabolized in
the brain into a number of neurosteroids, including 3a-
hydroxy-5a-pregnan-20-one (3a,5aTHP) (14), which is a po-
tent barbiturate-like modulator of the type A GABA
(GABAA) receptor in the brain (15, 16). Furthermore, studies
in rats suggest that 3a,5aTHP activates the GABAA receptor
to influence LH release (17). In the next experiments, there-
fore, we determined whether the rapid effects of P on GnRH
release were mediated through the GABAA or nuclear P
receptor (PR). Accordingly, the effects on LH secretion of
intracerebroventricularly (i.c.v.) P and 3a,5aTHP infusion and
peripheral treatment with P and the PR antagonist RU486
were investigated.

Numerous studies have reported that nuclear PR expression
is significantly up-regulated by prior E exposure (18–22) and
the presence of E has been shown to enhance the ability of P
to suppress LH secretion (23, 24). Since short-term OVX ewes
were used in our first three studies and, although no ovarian
E would have been circulating during these experiments, the E
exposure prior to OVX may have been sufficient to induce the
PRs needed for the rapid suppression of GnRH. Thus the final
study, using long-term OVX ewes, established whether the
suppressive effect of P on GnRH was truly independent of E.

MATERIALS AND METHODS

Animals. Sexually mature ewes (Dorset Horn in experiment
1 and Ile-de-France in experiments 2–4) were OVX 1 month
before experimentation, housed in rooms with a natural photo
period, allowed free access to water, and fed daily with hay,
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straw, and corn. At the time of ovariectomy, a 10-mm Silastic
17b-estradiol implant was inserted s.c. Unless stated, chemi-
cals used in these experiments were purchased from Sigma.

Experiment 1: GnRH and LH Changes After P Withdrawal
and Insertion. This study characterized the acute changes in
GnRH and LH release after P manipulations. Eight breeding
season ewes were prepared for portal blood collection (25).
Four days later, the 10-mm 17b-estradiol implant was removed
and two P-releasing implants (termed CIDRs; InterAg, Ham-
ilton, New Zealand) were inserted intravaginally. After 8 days,
10-min integrated portal and jugular blood samples were
collected and processed for GnRH and LH concentrations as
described (25). Samples were collected for 36 hr with CIDRs
removed after 12 hr and two new CIDRs were inserted at 24
hr. This created three treatment periods: chronic P treatment
(period 1, 0–12 hr), acute P withdrawal (period 2, 12–24 hr),
and acute P treatment (period 3, 24–36 hr). In addition to LH,
prolactin and cortisol were measured in jugular blood samples
to confirm the specificity of any effect of P on GnRH secretion.

Since the inhibitory response to P insertion during period 3
was the most dramatic in this experiment, experiments 2–4
concentrated on the changes in gonadotropin secretion occur-
ring at this time. The temporal sequence of these experiments

is always described relative to the time P was removed at the
end of period 1. In addition, since experiment 1 validated the
use of LH as an index of GnRH release, other experiments only
analyzed jugular LH levels.

Experiment 2: i.c.v. Infusion of P and 3a,5aTHP. This study
investigated whether the P-induced suppression of GnRH
secretion observed during period 3 of experiment 1 was
transduced by the P metabolite 3a,5aTHP. Ewes were pre-
pared for third ventricular access as described (26) and re-
ceived the same steroidal pretreatment used in experiment 1.
Steroids for i.c.v. infusion were mixed with 2-hydroxypropyl-
b-cyclodextrin, 1:16 (wtywt) in Ringer’s lactate (Bruneau,
Paris, France) to assist solubility.

Six hours after the P implant removal, the steroid vehicle was
infused for 6 hr i.c.v. (2.2 mlymin) by using a constant-rate
infusion pump (Syringe Driver Type MS 16A, Graseby Med-
ical, France). Either P (n 5 6) or 3a,5aTHP (n 5 6) was then
infused at a rate of 2.2 mgymin for a further 6 hr. The
experiment was repeated 8 months later with a 10-fold lower,
0.22 mgymin, rate of infusion for P (n 5 4) and 3a,5aTHP (n 5
6). Jugular blood samples (15 min) were collected for LH
estimation, commencing 3 hr after the start of vehicle infusion.

FIG. 1. (Upper) Circulating concentrations of portal GnRH and jugular LH and P for two representative ewes. Eight days before the start of
this experiment, E was removed and two P implants were inserted. After removal of the implants (hour 12), P concentrations (shaded regions) fell
steadily but rose rapidly after implants were replaced (hour 24). F, GnRH pulses; ■, LH pulses. (Lower) GnRH and LH pulse frequencies (mean 6
SEM) and mean level over the three 12-hr periods for all 8 ewes. p, P , 0.05; ppp, P , 0.001 vs. 12- to 24-hr period; †, P , 0.05 vs. 0- to 12-hr
period.
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Experiment 3: Inf luence of RU486 on P Suppression. In this
study we investigated whether the P-induced suppression
observed during period 3 of experiment 1 was transduced by
the nuclear PR. Ewes (n 5 18) received the same steroidal
pretreatment used in experiment 1 and 9 hr after P implant
removal; vehicle (20 ml of 10% alcohol in peanut oil) was
injected i.m. into 6 ewes (control ewes) and RU486 (200 mg in
vehicle) was injected into the remaining 12 ewes. P implants
were inserted 3 hr later into the control and six RU486-treated
ewes. The remaining RU486-treated ewes received no P
implants. Jugular blood samples (15 min), starting 6 hr after P
removal, were collected.

Experiment 4: Inf luence of E on P Suppression. To deter-
mine the effects of E on the rapid inhibitory effects of P, 10
long-term (at least 4 months) OVX ewes were allocated to two
groups (n 5 5 ewes per group). One group was treated with s.c.
10-mm Silastic 17b-estradiol implants for 2 weeks, the implants
were removed, and P implants were inserted in both groups for
8 days. As before, new CIDRs were inserted 12 hr after P
removal. LH was monitored in 15-min jugular blood samples
collected starting 9 hr after P removal and continuing for 6 hr
after the new CIDRs were inserted.

Radioimmunoassay (RIA). Portal plasma samples were
assayed for GnRH after extraction by a well-described RIA
method (27). All samples from individual ewes were measured
in duplicate in the same assay and the intraassay coefficient of
variation averaged 8% (eight assays). For these assays, the
average sensitivity (two standard deviations from the buffer
control) was 0.25 pg per tube (0.83 pgyml).

Blood samples were assayed for LH in duplicate 100-ml
aliquots of plasma as described (28), and all samples from an
individual ewe were tested in a single assay. The intraassay

coefficient of variation averaged 7.6% and sensitivity was 0.15
ngyml (four assays) of standard 1051-CY-LH.

P concentrations were estimated in a single RIA (29) in
hourly samples, except at the time of the P implant changes,
when 30-min samples were assayed. The intraassay coefficient
of variation was 10% and the sensitivity was 0.05 ngyml.

In experiment 1, cortisol and prolactin were assayed in
30-min samples starting from the second sample (i.e., after 20
min). Concentrations of these hormones were determined in a
single RIA for the respective hormones. Cortisol and prolactin
concentrations were determined as described with RIAs (30,
31). The intraassay coefficients of variation were 8% and 6%
and sensitivities were 0.2 ngyml and 1.0 ngyml for cortisol and
prolactin, respectively.

Analysis. LH and GnRH pulses were detected as described
(26) by using the MUNRO software (32). The amplitude (peak
minus preceding nadir) was calculated for each pulse, and the
pulse frequency and mean level were estimated for each period
of P treatment.

To determine whether P had an effect in experiment 1, we
looked at the overall pulse interval during the three experi-
mental periods by using ANOVA for repeated measures
followed by Tukey’s post-hoc comparison. After the demon-
stration of an effect on both GnRH and LH after both P
implant removal and insertion, we used two statistical methods
to analyze the time course of the P-dependent effects on the
secretion of these hormones. The pulse interval data were first
divided into 3-hr blocks and compared by using ANOVA for
repeated measures and Tukey’s post-hoc comparison. Further
precision was obtained by using the interpulse interval for each
P period to predict the occurrence of the next two pulses after
the P transitions. The predicted and observed pulse times were

FIG. 2. (Upper) Comparison of the effects of i.c.v. P and 3a,5aTHP infused at either 2.2 mgymin (Left) or 0.22 mgymin (Right) on LH pulsatility.
P administered i.c.v. replicated the suppression of LH produced by intravaginal P implants. In contrast, i.c.v. administered 3a,5aTHP did not modify
LH pulsatility. (Lower) LH pulse frequency (mean 6 SEM) and mean LH concentration over the three 3-hr periods. LH pulses are noted by solid
symbols. p, P , 0.05; ppp, P , 0.001.

10980 Physiology: Skinner et al. Proc. Natl. Acad. Sci. USA 95 (1998)



then compared statistically by using Student’s t test for paired
data. It should be noted, however, that despite the refined
accuracy of this second method, it is inherently limited by the
individual pulsatility in each ewe and by the time, relative to
the preceding pulse, that the P implants were removed or
inserted. Thus, effects will be detected sooner in ewes with
shorter interpulse intervals and, if the first predicted pulse is
near the time of P implant manipulation, P levels are unlikely
to change sufficiently to have an effect on this pulse.

In experiments 2–4, data were analyzed in 3-hr blocks and
statistically compared by two-factor repeated-measures
ANOVA (between factor, treatment; within factor, time) and
the least squares method for subsequent comparisons within
each treatment.

RESULTS

Experiment 1: Portal GnRH and LH After P Withdrawal
and Insertion. At P implant removal, P levels fell significantly
(P , 0.001) within 1 hr (period 1, 2.0 6 0.2 ngyml; period 2,
0.8 6 0.1 ngyml), and after P implant insertion, P levels
increased significantly (P , 0.001) above preinsertion levels
within 20 min (Fig. 1). The mean P level produced during this
period 3 (2.8 6 0.3 ngyml) was significantly higher (P , 0.01)
than the level during period 1, probably reflecting the use of
new P implants during period 3 while implants had been in
place for 8 days before period 1.

P dynamically altered the neurosecretory activity of the
GnRH system (Fig. 1). In all ewes, the removal of P caused
both GnRH and LH secretion to increase rapidly and P
insertion caused an even more rapid reduction in pulsatility.
Further statistical analysis indicated that the effect of P
withdrawal was discernible by the time of the second predicted
pulse (175 6 18 min; range, 110–240 min). The effect of P
insertion was detectable even earlier at the time of the first
predicted pulse (49 6 12 min; range, 10–110 min).

The changes in hormonal pulse frequency were reflected by
changes in mean levels. After P removal, GnRH and LH
increased significantly and levels were suppressed again after
P insertion. There was no significant effect of P on the

amplitude of GnRH (20.1 6 5.8 vs. 30.4 6 9.1 pgyml) and LH
(4.2 6 0.4 vs. 4.4 6 1.5 ngyml) pulses between periods 1 and
2. Since few pulses occurred during period 3 (total 5 9; no
pulses in four ewes), these data were not analyzed statistically.

Neither prolactin (period 1, 103.3 6 10.2 ngyml; period 2,
93.2 6 7.3 ngyml; period 3,110.6 6 28.9 ngyml) nor cortisol
(period 1, 12.7 6 1.8 ngyml; period 2, 20.7 6 4.7 ngyml; period
3, 39.0 6 13.2 ngyml) were significantly affected by either
manipulation of P levels. Cortisol was seen to increase in three
ewes midway through period 2 but this increase did not appear
to have any noticeable effect on either GnRH or LH release.
This increase is probably due to stress resulting from blood loss
during the course of the experiment and not to the P manip-
ulations because no obvious relationship existed between the
changing concentrations of these steroids.

Experiment 2: i.c.v. Infusion of P and 3a,5aTHP. P infu-
sions of both 2.2 mgymin and 0.22 mgymin i.c.v. significantly
attenuated LH pulse frequency and mean concentration (Fig.
2). In contrast, neither dose of 3a,5aTHP affected LH pulse
frequency. Although 3a,5aTHP infusion at 0.22 mgymin had
no effect on mean LH levels, there was a decrease in basal LH
during the infusion at 2.2 mgymin in three ewes (see Fig. 2),
resulting in a slight but significant reduction in mean LH for
the last 3 hr of the experiment.

Experiment 3: Inf luence of RU486 on P Suppression.
RU486 completely blocked the powerful inhibition of P on LH
pulsatility (Fig. 3). As before, LH pulsatility and mean levels
were suppressed by P in the control ewes, but when ewes were
injected with RU486, this effect was blocked. RU486 alone had
no effect on LH secretion.

Experiment 4: Inf luence of E on P Suppression. Ovarian E
exposure is essential for P to suppress LH release (Fig. 4). In
ewes that had been free of ovarian E for at least 4 months, P
had no effect on LH pulse frequency or mean level. In contrast,
when animals were exposed to a basal level of E for only 2
weeks, the ability of P to suppress LH was restored.

DISCUSSION
Thus this study shows that P is able to suppress GnRH and LH
pulse frequency by an acutely sensitive neural system. Impor-

FIG. 3. (top) Results from representative ewes demonstrating that RU486 blocks the ability of P to inhibit the pulsatile secretion of LH. (Upper
Left) Positive control ewes received vehicle followed by intravaginal P implants. (Upper Middle) Experimental ewes were injected with RU486 and
received intravaginal P implants. (Upper Right) To control for any effects of RU486 per se, a third group was injected with RU486 and did not receive
P implants. (Lower Left) LH pulse frequency (mean 6 SEM). (Lower Right) mean level over the four 3-hr periods (mean 6 SEM). LH pulses are
noted by solid symbols and the shaded bars mark the period that P is present. p, P , 0.05; ppp, P , 0.001.
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tantly, we demonstrate that this inhibition is most likely
mediated by the nuclear PR and not the GABAA receptor via
the neurosteroid 3a,5aTHP. This study also shows that these
rapid effects of P on GnRH secretion are dependent on prior
E exposure.

Our study reports the dynamics of the changes in GnRH
secretion after acute P manipulations. Gibson et al. (11)
showed that by elevating circulating P levels during the mid-
luteal phase of the human menstrual cycle, LH secretion was
acutely suppressed. Similarly, recent studies in the bovine have
also noted that the acute elevation or reduction in circulating
P levels, respectively, suppresses or increases LH pulse fre-
quency rapidly (12, 13). Our data concur with these studies and
extend them by demonstrating that P acts on the GnRH system
to exert its acute effect.

The specificity of the effects of P on LH pulse frequency
rather than pulse amplitude in all four experiments suggest
that this acute action is mediated through a neural and not a
pituitary target. This inference is consistent with the changes
in GnRH pulses observed in experiment 1 and with previous
reports that chronic P treatment inhibited LH (1–3) and
GnRH (4) pulse frequency. Similar inhibitory effects of P on
tonic LH release have been observed in a number of species
including rats (33, 34), cattle (24), rhesus monkeys (35), and
humans (36). While this could reflect an overall inhibitory
effect of P on hypothalamic neurosecretory function, the
absence of any change in prolactin release in this study, after
either P removal or addition, would argue that the observed
effects of P are specific to the GnRH system.

Until recently it was thought that P influenced GnRH and
LH secretion only through a classical genomic mechanism (37,
38). Subsequent studies, however, have suggested that there
may also be a nongenomic component to the action of P,
possibly through P metabolites acting through the GABAA
receptor (17). In rats, GABA has an inhibitory effect on
GnRH (39) and LH secretion (40, 41). GABA has also been
implicated in LH inhibition in sheep (42) and specific manip-
ulation of the GABAA, but not GABAB, receptor suppresses
LH secretion (43–45). GABA may also mediate at least some
of P’s inhibitory effects on LH secretion (10, 46). Our study
suggests, however, that if the GABAergic system is involved in
transducing P’s suppressive effects, then it is not through a
3a,5aTHP-mediated activation of the GABAA receptor. This
conclusion is supported by (i) both P and 3a,5aTHP, which
have nearly the same molecular weight, were used at the same
concentration, (ii) the concentration of 3a,5aTHP could not
have exceeded that of P, and (iii) when administered at the
same dose, P is potent but 3a,5aTHP is totally inactive. In
contrast, this study provides strong evidence that P acts
through its own nuclear receptor to inhibit GnRH secretion:
RU486 completely blocks the inhibitory effect of P on LH
secretion. Although RU486 may exhibit mixed antagonisty
agonist properties in other species (47, 48), our study shows
that it is purely antagonistic of P actions in the ovine neu-
roendocrine axis and has no effect on its own.

Genomic mechanisms of action are generally characterized
by their relatively prolonged time course, usually taking several
hours or even days (38). The combined results of our studies
would indicate that significant effects of P on GnRH secretion
occur within 49 min and that the effects are mediated through
a genomic action. There are striking parallels between the time
course of the observed response to P in our study with those
on dispersed rat pituitary cells in which P’s genomically
mediated augmentative effect on GnRH-stimulated LH se-
cretion was detectable within 45 min (49) or less (50). Indeed,
the results from our study may well overestimate the time
needed to see an effect of P at the neuronal level for two
reasons. (i) It is unlikely that P acts directly on GnRH neurons.
Although P binding in the ovine hypothalamus has been
reported (51), neural PRs have not been localized in this
species. However, immunocytochemical studies on other spe-
cies have shown that most hypothalamic P-receptive neurons
are also E-receptive (52, 53). Since ovine GnRH neurons do
not have E receptors (54, 55), it is probable that these neurons
will also be devoid of PRs. This suggests that an interneuronal
system(s) must transmit P’s effects to the GnRH neurons.
Although the noradrenergic and GABAergic systems are
putative candidates (10), the strongest evidence implicates the
opioidergic system (9, 10, 56–59). Indeed, anatomical studies
in rats (60, 61) and monkeys (62) suggest a direct action of
opiates on GnRH neurons, which could explain the rapid
transduction of P’s effects. This interpretation should be
tempered, however, by recent studies showing that, at least in
rats, GnRH neurons do not express opioid m, d, or k receptor
mRNA (63). (ii) Since we have used GnRH pulsatility as an
index of P inhibition, the likely response of its direct neural
targets will be faster. Precise localization of P’s neural targets
and electrophysiological recordings from these sites should
further enhance our resolution.

Although our initial experiments suggested that P may be
exerting its suppressive effects through an E-independent
system, our final experiment demonstrated clearly that prior E
exposure is essential. This finding is consistent with the
hypothesis that nuclear PRs are up-regulated by E. Numerous
studies on several mammalian species demonstrate that prior
E exposure significantly increases the number of PR-
expressing neurons (18, 19) and PR mRNA (20–22). This
effect of E on PR gene expression appears to be direct since
recent studies have reported E-response elements in its pro-

FIG. 4. In the absence of a 2-week E priming period before P
insertion, P had no significant effect on LH pulsatility (Top), whereas
after an E-priming period (Middle), the suppressive power of P was
restored. (Bottom) LH pulse frequency and level over the three 3-hr
periods (mean 6 SEM). LH pulses are noted by solid symbols and
shaded bars mark the period that P is present. p, P , 0.05; pp, P , 0.01;
ppp, P , 0.001.
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moter region and selective site-directed mutations of these
E-response elements attenuate the ability of E to induce PRs
(64).

In summary, we have demonstrated unequivocally that the
inhibition of LH pulse frequency by P occurs through an acute
neural modulation of GnRH release. This modulation involves
a direct effect of P on the nuclear PR, is E-dependent, and does
not involve the GABAA receptor-affecting neurosteroid
3a,5aTHP.
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