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ABSTRACT
The luteal phase elevation in circulating progesterone (P) power-

fully inhibits GnRH and, consequently, LH release, thereby prevent-
ing premature preovulatory LH surges in the ewe. Whether luteal
phase P modulates the response of the GnRH system to the positive
feedback effect of estradiol is unknown. To investigate this possibility,
two experiments were conducted during the anestrous season using
an artificial model of the follicular phase in ovariectomized ewes
bearing 10-mm sc 17b-estradiol SILASTIC brand implants (Dow
Corning Corp.). In Exp 1, ewes (n 5 10) were run through four suc-
cessive artificial cycles during which a luteal phase level of P was
either replaced (cycles 1 and 3) or not replaced (cycles 2 and 4). GnRH
and LH secretions were monitored by sampling cerebrospinal fluid
(CSF) and jugular blood from 10–35 h after four 30-mm 17b-estradiol
SILASTIC implants were inserted sc. CSF could be collected from only
four ewes over the four cycles. There was no P-dependent difference
in the onset of the GnRH and LH surges, which may have been due
to a progressive delay in the surge onsets over the four cycles (by
ANOVA, P , 0.05). Due to this delay, it was not possible to obtain an

accurate estimate of the duration of the GnRH and LH surges in all
ewes, but the size of the GnRH surge was always greater when
animals had been treated with P, resulting in a significant increase
in the maximum (P , 0.01) and mean (P , 0.05) levels during the
surge. In contrast, there was no effect on any parameter of LH se-
cretion. In Exp 2, ewes (n 5 10) were run through two artificial estrous
cycles during which luteal phase P was either replaced or not re-
placed, using a cross-over experimental design. CSF was collected
from seven ewes over the two cycles. GnRH and LH secretions were
monitored from 10–53 h after estradiol administration. As in Exp 1,
a clear significant increase in the maximal and mean GnRH levels
(P , 0.05 for both) was observed during the surge when ewes had been
pretreated with P. Again, no changes were observed in LH release
during the surge. P priming did, however, delay the onsets of the
GnRH (P , 0.01) and LH surges (P , 0.01). Our data show that the
increase in P during the luteal phase of the estrous cycle is essential
for the full expression of the positive feedback effect of estradiol in
inducing the preovulatory GnRH surge in the ewe. (Endocrinology
140: 165–170, 1999)

THE 16- TO 17-DAY estrous cycle of the ewe is charac-
terized by a long luteal phase (13–14 days) followed by

a short follicular phase (1). The change from one phase to
another is mainly due to the sequential production of two
major steroids by the ovary that exert positive and/or neg-
ative feedback on the hypothalamic GnRH pulse generator.

During most of the luteal phase, progesterone (P) pro-
duced by the corpus luteum is elevated and powerfully in-
hibits GnRH secretion (2). After luteolysis, P concentrations
fall rapidly to undetectable levels the next day (1). In contrast
to the rat (3) and monkey (4), P levels do not increase at the
time of the preovulatory LH surge in the ewe (5, 6). More-
over, its continued presence during the follicular phase has
been shown to prevent the occurrence of the estradiol-
induced GnRH surge even when the quantity of estradiol
administered is well above that needed for surge induction
(7).

During the follicular phase, following the fall in P, go-

nadotropin secretion increases, which stimulates estradiol
release. The rise in circulating estradiol induces the preovu-
latory gonadotropin surge, which results from a robust in-
crease in GnRH secretion and pituitary responsiveness to
GnRH. This positive feedback effect of estradiol on GnRH
secretion has been well characterized in sheep due to the
ability to collect hypophyseal portal blood from conscious
animals (8). In ewes, both the spontaneous and estradiol-
induced LH surges are accompanied by large and sustained
increases in GnRH release that coincide with the LH and FSH
increases but continue for many hours after gonadotropin
levels have returned to baseline (9, 10).

Although the two phases of the ovine estrous cycle have
been extensively studied, little attention has been given to the
possible long term effect of P priming on the estradiol-
dependent mechanisms during the follicular phase. We
know, however, that ewes that have not been primed with
P during an artificial estrous cycle exhibit a LH surge, but not
estrous behavior, after estradiol administration (11). In this
regard, the silent ovulation observed at the onset of the
breeding season is thought to be due to the absence of a prior
luteal phase. More recently, it has been shown that the pres-
ence and quantity of P given before estradiol administration
delay, in a dose-dependent fashion, the onset of the LH surge
(12). Nothing, however, is known about a possible role of P
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in the modulation of the response of the GnRH surge-gen-
erating system to estradiol.

Thus, in the present study we sought to determine whether
P priming has any effect on the GnRH and LH responses to
a surge-inducing estradiol treatment.

Materials and Methods
General

Experiments were performed on sexually mature Ile-de-France ewes
that were housed in rooms with natural photoperiod, had free access to
water and were fed hay, straw, and corn daily. Surgical implantation of
guide tubes for collection of cerebrospinal fluid (CSF) from the third
ventricle was performed aseptically under general anesthesia, according
to procedures described in detail previously (13). In all experiments,
ewes were restrained so that they could not turn around but were able
to move forward and backward. To prevent the stress of social isolation,
ewes were always in contact with other sheep.

CSF and blood collection

CSF collection was performed using a modification (14) of the pro-
cedure described by Skinner et al. (13). This method accurately relates
GnRH changes occurring in hypophyseal portal blood at the time of the
surge. CSF samples (;1.8 ml/h) were collected into tubes containing 3
ml methanol, and the total volume for each sample was recorded to
calculate the concentration of GnRH per ml CSF for each ewe. After
proteins were extracted by centrifugation, the supernatant was poured
into a glass tube and dried in a vortex evaporator (Savant Instruments,
Inc., Farmingdale, NY). Extracted samples were stored at 220 C until
assayed for GnRH. To collect simultaneous iv blood samples, a catheter
was inserted into the jugular vein. Samples were taken instantaneously
at the end of a CSF-sampling period, centrifuged (20 min; 1500 3 g; 4
C), and the plasma was stored at 220 C until assayed for LH.

Experimental design

Exp 1. This study was started at the beginning of the anestrous season
(February). In mid-December, 10 ewes were implanted with guide can-
nula for collection of CSF. Two months later, these animals were ovari-
ectomized and immediately run through artificial estrous cycles by
manipulation of peripheral estradiol and P implants as previously de-
scribed (15).

On the day of ovariectomy, animals were treated immediately with
an intravaginal controlled internal drug P-releasing device (InterAg,
Hamilton, New Zealand) and a 10-mm SILASTIC brand implant (Dow
Corning Corp., Midland, MI) sc containing estradiol to simulate the
steroidal milieu of the midluteal phase of the estrous cycle. After 12 days,
the P implants were removed to simulate luteal regression, and 16 h later
four 3-cm estradiol implants were inserted. This treatment raises cir-
culating estradiol concentrations to a peak follicular phase level (16) and
reliably induces a preovulatory-like surge of GnRH and LH in this
model. CSF and blood samples were taken hourly for 25 h, starting 10 h
after insertion of the four estradiol implants. Two days later, the four
3-cm estradiol implants were removed, and the ewe was run through
three further 16-day cycles. However, in the second cycle, the P implants
were not inserted, so that animals did not receive P during the 12-day
period corresponding to the artificial luteal phase. The third cycle was
identical to the first cycle, and the fourth cycle was identical to the
second.

Exp 2. The first experiment revealed that P pretreatment induced higher
concentrations of GnRH in the CSF after the estradiol challenge. How-
ever, as a progressive delay in the onset of the surges occurred over the
4 cycles and due to the length of the GnRH surge, only a portion of the
GnRH surge could be analyzed during the observation period. To de-
termine the effects of P on all parameters of the estradiol-induced GnRH
surge, in a second experiment conducted during the second half of the
anestrous season (May–June), 10 ewes were ovariectomized and imme-
diately run through 2 artificial estrous cycles using a cross-over design.
The 16-day artificial estrous cycles were similar to those described for
Exp 1. P implants were inserted into 5 ewes during the artificial luteal

phase of first cycle, and the other 5 ewew received no P implants. These
treatments were reversed for the second cycle. After 12 days, the P
implants were removed, and 16 h later, 4 3-cm estradiol implants were
inserted. CSF and peripheral blood were collected hourly for 43 h,
starting 10 h after insertion of the estradiol implants in both cycles.

Hormone assays

CSF samples were assayed for GnRH after extraction using the
method of Caraty et al. (17). Buffer (500 ml) was added to the dried
extract, from which two 100-ml aliquots were used to determine the
GnRH concentration. All samples from an experiment were measured
in duplicate in the same assay, and the intraassay coefficient of variation
averaged 15% (six assays).

Blood samples were assayed for LH in duplicate 100-ml aliquots of
plasma using the RIA method of Pelletier et al. (18) as modified by
Montgomery et al. (19). All samples from an experiment were run in a
single assay. The intraassay coefficient of variation averaged 9%, and
assay sensitivity was 0.16 6 0.05 ng/ml (four assays) standard 1051-
CY-LH (i.e. 0.31 ng/ml NIH LH-S1).

Data analysis

Exp 1. The onset of the GnRH or LH surge was defined as the first LH
or GnRH sample to exceed the presurge baseline by 3sd and remain
elevated for at least 2 h, and is expressed relative to the time of estradiol
insertion. The presurge baseline and sd were calculated from the sam-
ples collected for the first 4 h of the experiment. The amplitude of a surge
was taken as the mean of the three consecutive highest values after surge
onset. To obtain an estimate of the duration of the LH surge, the period
between the onset and the time when a sample fell below half the surge
amplitude was calculated. As the GnRH surge did not descend below
half-maximal levels in several cycles, we could not make an accurate
estimate of the duration of the GnRH surge. The mean LH concentration
during the surge was estimated from between the onset of the surge and
the half-surge amplitude. For GnRH, only the mean level of the first 5 h
after the onset of the surge was calculated. In the event that no surge
occurred during the collection period (observed for LH in one animal
during one of the four cycles), the onset of the LH surge was set to hour
35 (the length of the collection period), the duration to 0, and the max-
imum value and mean level to 2.1 ng/ml (equivalent to the basal level).
All surge parameters were statistically compared using two-factor (with-
in 5 time, between 5 treatment), repeated measures ANOVA.

Exp 2. The onset and maximal concentration of the GnRH or LH surges
were calculated as described for Exp 1. In this experiment, due to the
longer sampling period, the duration of a surge was defined (for both
GnRH and LH) as the period between surge onset and the time taken
for hormone levels to fall by 75% from the surge maximum level. The
mean concentration during the surge was estimated from the mean of
all values over the duration. The time of onset and the duration of the
surges were statistically compared using Student’s paired t test. The
mean and maximum levels of GnRH and LH data were statistically
compared using the Wilcoxon signed rank test. A between-treatment
coefficient of correlation was also determined for these parameters.

Results
Exp 1

Over the four cycles, CSF collection was completed suc-
cessfully in only 4 of the 10 animals in this experiment. The
absence of CSF flow at the opening of the guide cannula or
irregular flow during the collection led us to discard some
animals from the study (1 ewe was never sampled, 3 were
sampled only once, 1 was sampled twice, and another was
sampled 3 times). Thus, calculations reported here are for
only 4 ewes. In 3 of these ewes, estradiol administration
repeatedly induced a surge of GnRH and LH over the 4 cycles
(Fig. 1). However, in 1 ewe (no. 080), no surge or increase in
LH secretion was associated with a slight, but significant,
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increase in GnRH secretion observed at the end of the col-
lection period of cycle 2.

The magnitude of the GnRH surge was always larger
when animals had been pretreated with P (Fig. 1). This was
associated with a significant increase in maximal (P , 0.01)
and mean (P , 0.05) GnRH concentrations (Fig. 2). In con-
trast, there was no effect of P priming on any parameter of
LH secretion. As illustrated (Fig. 1), when P priming was
absent, a LH surge of full amplitude was induced even when
the surge of GnRH was smaller. The insets with expanded
scales in Fig. 1 show the coincident increase in GnRH and LH
for these cycles. ANOVA revealed that the time of onset of
the GnRH surge increased progressively (P , 0.05) among
the four cycles (14.7, 18.5, 18.7, and 20.4 h for cycles 1–4,
respectively). There was also a trend toward a progressive
delay in the onset of the LH surge. If the onset value of the

animal having no LH surge during cycle 2 (set at 35 h) is
removed from the calculation, the mean LH onset was 15.3,
16, 19.3, and 20 h for cycles 1–4, respectively. The duration
of the LH surges was not different among cycles (6.6 6 1.2,
6.0 6 2.1, 7.5 6 1.3, and 8.0 6 0.4 for cycles 1–4, respectively).

When data (n 5 6) from the first two cycles were analyzed,
using Student’s paired t test, the increase in the magnitude
of the GnRH surge when animals had been pretreated with
P was even more significant [maximum GnRH, 130.6 6 23.1
vs. 52.2 6 16.4 pg/ml (P , 0.001); mean GnRH, 45.7 6 14.0
vs. 15.98 6 1.1 pg/ml (P , 0.05)]. Again, no effect of P
priming on any parameter of LH secretion was evident.

Exp 2

From the 10 ewes in this experiment, CSF was collected
successfully from 7 animals over the 2 cycles (1 not sampled
and 2 sampled only once). As in Exp 1, a significant increase
in the magnitude of the GnRH surge was observed when
ewes had been pretreated with P (Fig. 3). This results in a
significant increase in maximal (difference in maximum,
40.3 6 9.6 pg/ml; P , 0.05) and mean (difference in mean,
31.2 6 12.2 pg/ml; P , 0.05) concentrations of GnRH (Fig.
4), but not in the duration of the surge. P pretreatment sig-
nificantly delayed the onsets of both the GnRH (difference in
onset, 2.4 6 0.6 h; P , 0.01) and LH (difference in onset, 2.9 6
0.5 h; P , 0.01) surges. No differences were observed in either
the maximal or mean LH concentrations during the surge.
Between treatments, a significant intraanimal correlation
was observed for the onset of the GnRH surge (P , 0.05), the
onset of the LH surge (P , 0.01), the GnRH maximum values

FIG. 1. Representative patterns of GnRH secretion in the CSF (closed
circles) and LH secretion in jugular blood (open squares) for two ewes
sampled over four successive artificial cycles (C1 to C4). Graphs on the
left of the figure depict cycles in which P treatment was given, and
graphs on the right are cycles in which no P was administered. The
insets give GnRH and LH secretion profiles of cycles without P pre-
treatment, with an expanded y-axis. Arrows indicate the onset of the
GnRH (solid) and LH (shaded) surges.

FIG. 2. Mean (6SEM; n 5 4) values for the time of onset, maximum
values, and level of hormone release during the estradiol-induced
GnRH and LH surge with (solid bars) or without (open bars) P pre-
treatment during the four artificial estrous cycles. *, P , 0.05; **, P ,
0.01.
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(P , 0.01), and the GnRH mean level (P , 0.01) during the
surge.

Discussion

Our study shows for the first time that P priming is an
important requirement for the full expression of the positive
feedback action of estradiol on GnRH secretion in the ewe.
Moreover, these data confirm recent suggestions that not all
GnRH secreted during the GnRH surge is necessary to in-
duce a full amplitude LH surge (20).

P priming greatly increased the size of the estradiol-
induced GnRH surge in both experiments. Moreover, this
increase in the magnitude of the GnRH surge occurs in the
absence of any modification of its duration, suggesting that
during a similar period, the neuronal GnRH system is able
to release much more GnRH. A delay in the onset of both the
GnRH and LH surges is also observed when animals have
been pretreated with P. This concurs with several studies
showing that the absence of P pretreatment causes an earlier

LH surge (11, 12). There was, however, no difference in the
surge onsets in Exp 1, which may have been due to the
progressive delay in the onset of the surges over the four
cycles and because a cross-over experimental design had not
been used. Moreover, as this experiment started at the tran-
sition period between the breeding season and anestrus, a
seasonal change in sensitivity to estradiol could have had an
effect. Indeed, a similar trend in the LH surge onsets after
repeated artificial cycles has been reported during the early
and late breeding seasons (15).

How does P induce a greater release of GnRH with a
similar estradiol challenge? As P is cleared very quickly after
removal of the P implants (21, 22) and because P is able to
block the estradiol-induced GnRH surge (7), a direct effect of
the steroid in augmenting the response of the GnRH system
to estradiol is unlikely. Rather, it is probable that the differ-
ences found in our study are due to the long term exposure
of neurons to P. In this regard, P reduces GnRH pulse fre-
quency during the luteal phase of the cycle (23) and in ovari-
ectomized ewes (24). Thus, the decreased amount of GnRH
secreted during the luteal phase may contribute to an in-
crease in the quantity of peptide available for release at the
time of the surge. In support of this hypothesis, the content
of GnRH in the preoptic area is highest during the luteal
phase of the ovine estrous cycle (25), and luteal phase ewes
appear to have higher levels of GnRH messenger RNA than
anestrous animals (26). In the rat, the hypothalamic GnRH
content is highest during diestrus (27), and P administration
to ovariectomized female rats increases hypothalamic GnRH
concentrations to levels found in intact animals (28). Alter-
natively, P pretreatment may affect the threshold of sensi-
tivity to estradiol. In this respect, one ewe (no. 080) in Exp 1
is of particular interest. For the two cycles with P priming,
a robust surge of GnRH was observed in the CSF after the
estradiol challenge, whereas in the other two cycles, when P
priming was absent, only a moderate or a very slight rise in
GnRH was observed. Such an absence of response to the
given estradiol challenge is surprising, as the estradiol level
achieved by the sc implants is similar to those reported
during the late follicular phase of the estrous cycle (22, 29)
and reliably induces surges of GnRH and LH in a follicular
phase model (10, 16). It is possible that this animal was
relatively insensitive to estradiol. A large variability in GnRH

FIG. 4. Mean (6SEM; n 5 7) values for the time of onset, duration,
maximum values, and level of hormone release during the estradiol-
induced GnRH and LH surge with (solid bars) or without (open bars)
P pretreatment. *, P , 0.05; **, P , 0.01.

FIG. 3. Representative patterns of GnRH secretion in the CSF (closed
circles) and LH secretion in jugular blood (open squares) for four ewes
sampled over two successive artificial cycles (C1 and C2). Graphs on
the left of the figure depict cycles in which P treatment was given, and
graphs on the right are cycles in which no P was administered. Arrows
indicate the onset of the GnRH (solid) and LH (shaded) surges.
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pulsatility in response to a very low level of estradiol has
been reported during anestrus (30), and thus, a similar range
in sensitivity could exist between animals regarding the es-
tradiol level required to induce a surge. Nevertheless, this
clearly indicates that P priming reduces the threshold at
which estradiol stimulates the GnRH surge system. One way
in which P could affect the sensitivity to estradiol would be
to increase the number of estradiol-responsive cells. Indeed,
P treatment increases the number of estradiol receptors in the
mediobasal hypothalamus (31). As the mediobasal hypothal-
amus is a major site of action of estradiol in inducing the
preovulatory GnRH surge in the ewe (32), increasing the
number of estrogen-responsive cells may augment the ability
of the positive feedback system to respond to the estradiol
signal. Thus, two mechanisms, which may not be mutually
exclusive, could explain how P increases GnRH release: one
increasing the peptide store in the GnRH neuron, and the
other increasing the responsiveness of the system to
estradiol.

What could be the role of this massive secretion of peptide
in the CSF during a P-primed estradiol-induced GnRH
surge? It is possible that this excess of GnRH has no partic-
ular function and merely represents a mirror image of GnRH
release in portal blood; the quantity of GnRH secreted in a
normal cycle is well above the quantity needed to induce a
full amplitude LH surge as a safeguard to ensure that ovu-
lation will occur at the right time (20). However, this excess
of GnRH may have some function other than stimulating
gonadotropin release. A possible role of CSF GnRH in reg-
ulating its own secretion is unlikely, because we have already
shown that it does not modulate GnRH/LH release (33). CSF
GnRH may be involved, however, in the regulation of sexual
behavior. Although it is has been shown that the duration
and intensity of estrous behavior are dependent on the con-
centration of estradiol (34), the silent ovulation that is ob-
served at the onset of the breeding season is thought to be due
to the absence of luteal phase P exposure. Furthermore, ewes
that have not been primed with P before estradiol adminis-
tration do not exhibit estrous behavior (11). It is also worth
noting that during the natural estrous cycle, peripheral es-
tradiol concentrations decrease before or coincident with the
termination of the LH surge, while sexual receptivity con-
tinues for some hours (1). Interestingly, as shown here and
in other studies (9, 10, 13), GnRH secretion outlasts the LH
surge by several hours, and in ovariectomized ewes treated
with P and estradiol, the period of estrous behavior coincides
quite closely with the period of increased GnRH release (35).
Certainly, the CSF provides a route through which GnRH
may reach behavioral centers. In several species, sexual be-
havior can be evoked by the central administration of GnRH
(36, 37), and GnRH receptors have been located in neural
areas, such as the hippocampus (38), that have been impli-
cated in the generation of sexual behavior. Thus, our obser-
vation that P significantly increases the amplitude of the
estradiol-induced GnRH surge reopens the hypothesis that
GnRH could participate in the expression of estrous behavior
in the ewe; studies to test this hypothesis are in progress.

Although P has a strong effect on GnRH surge amplitude,
it did not affect the generation of the LH surge. This is not
surprising because previous experiments using an indirect

approach indicate that only a portion of the GnRH surge is
necessary to induce a full amplitude LH surge (20). Thus, LH
surge amplitude does not appear to be a reliable index of the
magnitude of the GnRH surge, and caution is necessary
when extrapolating LH surge data to reflect GnRH changes.
Our data may also explain why in some earlier studies, large
increases in GnRH release during surges induced by estra-
diol alone were not reported in long term ovariectomized
ewes (39).

Our result, indicating that only a small portion of the
GnRH surge is needed for the full expression of the LH surge,
is also interesting in terms of the question of whether the
GnRH surge has a permissive or a deterministic role in the
generation of the preovulatory surge of LH. These two the-
oretical models for how GnRH may participate in eliciting
the preovulatory LH surge have been described in detail
previously (40). The deterministic model holds that increased
GnRH secretion is required to drive a LH surge, whereas the
permissive model postulates that no changes in GnRH are
needed, but that there is an increase in sensitivity to GnRH
at the level of the pituitary. The large surge of GnRH ob-
served during the natural estrous cycle favors the determin-
istic model in sheep (9). However, although the permissive
and deterministic models differ in a fundamental sense, it has
been shown using an indirect approach that only a small
portion of the GnRH surge appears to be needed for a full LH
surge (20), suggesting that the quantitative difference be-
tween the two models may be subtle. Our data suggest that
this could exist in some physiological circumstances, such as
when the luteal phase is missing at the onset of puberty or
at the onset of the breeding season when a full LH surge may
occur despite a possibly modest GnRH increase.

This demonstration of a role of P on the amplitude of the
GnRH surge induced by estradiol has been possible by the
use of the third ventricular CSF collection technique. The
hypophyseal portal technique precludes such an investiga-
tion because not only is the GnRH surge amplitude highly
variable between ewes (8–10), but portal blood cannot be
collected from animals more than once, as levels decrease in
successive collections (8). Although some limitations still
remain as to whether animals can be sampled repeatedly
with the CSF approach, animals can be used at least twice
with reasonable success. Moreover, the high coefficient of
correlation for GnRH values between the two cycles for each
animal stresses the importance of using animals as their own
controls.

In summary, our study demonstrates that P priming in-
duces qualitative changes in the response of the positive
feedback effect of estradiol on GnRH secretion by enhancing
the magnitude of the GnRH surge. This effect, which is de-
pendent on prior exposure to P, is not transduced to the
pituitary, as no increase in the magnitude of the LH surge
was observed. The role of this increase in GnRH release in the
CSF as a possible modulator of estrous behavior in sheep
remains to determined.

Acknowledgments

We thank Bernadette Delaleu for the RIAs performed in this study,
and Dr. Neil Evans for his constructive comments on the manuscript.

PROGESTERONE PRIMING AND THE PREOVULATORY GnRH SURGE 169

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article/140/1/165/2990412 by guest on 19 April 2024



References

1. Goodman RL 1994 Neuroendocrine control of the ovine estrous cycle. In:
Knobil E, Neill JD (eds) The Physiology of Reproduction. Raven Press, New
York, vol 2:659–709

2. Karsch FJ, Legan SJ, Hauger RL, Foster DL 1977 Negative feedback action of
progesterone on tonic luteinizing hormone secretion in the ewe: dependence
on the ovaries. Endocrinology 101:800–806

3. Goldman BD, Kamberi IA, Siiteri PK, Porter JC 1969 Temporal relationship
of progestin secretion, LH release, and ovulation in rats. Endocrinology
85:37–1143

4. Neill JD, Johansson EDB, Datta JK, Knobil E 1967 Relationship between the
plasma levels of luteinizing hormone and progesterone during the normal
menstrual cycle. J Clin Endocrinol Metab 27:1167–1173

5. Thorburn GD, Bassett JM, Smith ID 1969 Progesterone concentration in the
peripheral plasma of sheep during the oestrous cycle. J Endocrinol 45:459–469

6. Thorburn GD, Cox RI, Currie WB, Restall BJ, Schneider W 1973 Prostaglan-
din F and progesterone concentrations in the utero-ovarian venous plasma of
the ewe during the estrous cycle and early pregnancy. J Reprod Fertil
18:151–158

7. Kasa-Vubu JZ, Dahl GE, Evans NP, Thrun LA, Moenter SM, Padmanabhan
V, Karsch FJ 1992 Progesterone blocks the estradiol-induced gonadotropin
discharge in the ewe by inhibiting the surge of gonadotropin-releasing hor-
mone. Endocrinology 131:208–212

8. Caraty A, Locatelli A, Moenter SM, Karsch FJ 1994 Sampling of hypophyseal
portal blood of conscious sheep for direct monitoring of hypothalamic neu-
rosecretory substances. In: Levine JE (ed) Pulsatility in Neuroendocrine Sys-
tems, Methods in Neuroscience. Academic Press, San Diego, vol 20:163–183

9. Moenter SM, Caraty A, Locatelli A, Karsch FJ 1991 Pattern of gonadotropin-
releasing hormone (GnRH) secretion leading up to ovulation in the ewe:
existence of a preovulatory GnRH surge. Endocrinology 129:1175–1182

10. Moenter SM, Caraty A, Karsch FJ 1990 The estradiol-induced surge of go-
nadotropin-releasing hormone in the ewe. Endocrinology 127:1375–1384

11. Fabre-Nys C, Martin GB 1991 Roles of progesterone and oestradiol in deter-
mining the temporal sequence and quantitative expression of sexual recep-
tivity and the preovulatory LH surge in the ewe. J Endocrinol 130:367–379

12. Skinner DC, Evans NP, Harris TG, Dye S 1996 Both luteal phase progesterone
(P) concentrations and the interval between P-decline and increase in oestrogen
determine the timing of the LH surge in ewes. J Endocrinol [Suppl] 151:P59

13. Skinner DC, Malpaux B, Delaleu B, Caraty A 1995 Luteinizing hormone
(LH)-releasing hormone in third ventricular cerebrospinal fluid of the ewe:
correlation with LH pulses and LH surge. Endocrinology 136:3230–3237

14. Skinner DC, Caraty A, Malpaux B, Evans NP 1997 Simultaneous measure-
ment of gonadotropin-releasing hormone in the third ventricular fluid and
hypophyseal portal blood of the ewe. Endocrinology 138:4699–4704

15. Evans NP, Dahl GE, Caraty A, Padmanabhan V, Thrun LA, Karsch FJ 1996
How much of the gonadotropin-releasing hormone (GnRH) surge is required
for generation of the luteinizing hormone surge in the ewe? Duration of the
endogenous GnRH signal. Endocrinology 137:4730–4737

16. Goodman RL, Legan SJ, Ryan KD, Foster DL, Karsch FJ 1981 Importance of
variations in behavioural and feedback actions of oestradiol to the control of
seasonal breeding in the ewe. J Endocrinol 89:229–240

17. Caraty A, Locatelli A, Schanbacher B 1987 Augmentation par la naloxone de
la fréquence et de l’amplitude des pulses de LH-RH dans le sang porte
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