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We determined whether kisspeptin could be used to manip-
ulate the gonadotropin axis and ovulation in sheep. First, a
series of experiments was performed to determine the go-
nadotropic responses to different modes and doses of kisspep-
tin administration during the anestrous season using estra-
diol-treated ovariectomized ewes. We found that: 1) injections
(iv) of doses as low as 6 nmol human C-terminal Kissl de-
capeptide elevate plasma LH and FSH levels, 2) murine C-
terminal Kissl decapeptide was equipotent to human C-ter-
minal Kiss1 decapeptide in terms of the release of LH or FSH,
and 3) constant iv infusion of kisspeptin induced a sustained
release of LH and FSH over a number of hours. During the
breeding season and in progesterone-synchronized cyclical
ewes, constant iv infusion of murine C-terminal Kissl de-

capeptide-10 (0.48 pmol/h over 8 h) was administered 30 h after
withdrawal of a progesterone priming period, and surge re-
sponses in LH occurred within 2 h. Thus, the treatment syn-
chronized preovulatory LH surges, whereas the surges in ve-
hicle-infused controls were later and more widely dispersed.
During the anestrous season, we conducted experiments to
determine whether kisspeptin treatment could cause ovula-
tion. Infusion (iv) of 12.4 nmol/h kisspeptin for either 30 or 48 h
caused ovulation in more than 80% of kisspeptin-treated an-
imals, whereas less than 20% of control animals ovulated. Our
results indicate that systemic delivery of kisspeptin provides
new strategies for the manipulation of the gonadotropin se-
cretion and can cause ovulation in noncyclical females. (En-
docrinology 148: 5258-5267, 2007)

ARLY STUDIES ON the regulation of the hypothalamo-
pituitary-gonadotropic axis emphasized the pivotal
role of pulsatile GnRH release from hypothalamic neurons
for the secretion of the gonadotropes LH and FSH by pitu-
itary, which is essential for gonadal function (for review, see
Ref. 1). Nevertheless, the fine control of the pulsatile secre-
tion of GnRH remains poorly defined. For example, during
the follicular phase of the ovarian cycle in female mammals,
estradiol activates a positive feedback effect that leads to a
preovulatory GnRH surge [rat (2), ewe (3, 4), and monkey
(5)], but the neuronal mechanisms that underlie this phe-
nomenon are not well understood.

A major advance in this field was made in 2003, with the
discovery that the Kiss1/GPR54 system operates in the mam-
malian brain and regulates the function of GnRH cells. The
link between Kiss1/GPR54 and the reproductive system was
made in two independent studies reporting that isolated
hypogonadotropic hypogonadism in the human is associ-
ated with a genetic defect of the GPR54 gene (6, 7), and that
a loss-of-function mutation of GPR54 gene in mice leads to
a deficiency in sexual maturation and infertility (7). The
ligand of the GPR54 receptor was first identified as a me-
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Abbreviations: AUC, Area under the curve; CIDR, intravaginal con-
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kisspeptin-10; OVX, ovariectomized.
Endocrinology is published monthly by The Endocrine Society (http://

www.endo-society.org), the foremost professional society serving the
endocrine community.

tastasis suppressor molecule named metastin but was later
named kisspeptin (8-10). Kiss1 is a gene encoding a 145-
amino acid peptide that is further processed to generate
biologically active peptides of various lengths of 10-54
amino acids named kisspeptins. Kisspeptins bind to GPR54
(11) and display similar high-affinity binding in heterolo-
gous cell systems (9).

The discovery that functional GPR54 is critical for repro-
ductive function led to widespread interest in the role of
kisspeptins and its receptor. Over the last 4 yr, numerous
studies have documented the extraordinary potency of
kisspeptins as stimulators of gonadotropin release in nu-
merous species, including the rat, mouse, sheep, monkey,
and human (12-16). In rodents, kisspeptins are several orders
of magnitude more potent than any other factors recognized
as secretagogues for GnRH/LH (13). However, to date, com-
prehensive dose-response and time-course analysis of the
LH releasing effect of peripherally administered kisspeptin
has been reported in only one study in rats (17). Given the
extraordinary potency of kisspeptins to cause GnRH release
in sheep when administered centrally (14), we have under-
taken a careful analysis of the pattern of LH and FSH release
in response to systemic kisspeptin administration in the ewe.
This was done because there are potential applications of this
molecule in the control of reproduction. We examined the
response to different doses and modes of administration of
kisspeptins in ovariectomized (OVX) estradiol-treated ewes
during the anestrous season, a model of low basal GnRH and
gonadotropin release. The goal was to identify a protocol that
would cause LH and FSH secretion similar to that observed
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during a preovulatory gonadotropin surge. Thereafter, the
protocol was tested in ewes during the breeding season, with
the aim of inducing well-timed and synchronized ovulation.
Finally, as we have shown recently that expression of Kissl
mRNA is reduced during seasonal anestrus and up-regu-
lated at the onset of the breeding season in the ewe (18), we
hypothesized that reproductive function could be stimulated
in seasonally acyclic ewes by treatment with kisspeptin. Two
experiments were conducted in different hemispheres to de-
termine if ovulation could be reliably induced by kisspeptin
treatment.

Materials and Methods
Animals

Experiments in France were conducted on Ile de France x Romanov
ewes during the breeding season and Ile de France ewes in the anestrous
season. The animals (2-3 yr old and weighing 50-60 kg) were main-
tained under normal husbandry at the Institut National de la Recherche
Agronomique research station (Nouzilly), and all experimental proce-
dures were performed in accordance with local animal usage regulation
(authorization no. A 38801, French Ministry of Agriculture). The exper-
iment in Australia used East Friesian crossbred ewes of similar weight
(76 kg) and age (3—4 yr) that were maintained under natural conditions
on a commercial farm. The Australian experiment was performed ac-
cording to the National Health and Medical Research Council/Com-
monwealth Scientific and Industrial Research Organization/Australian
Animal Code of Practice for the Care and Use of Animals for Experi-
mental Purposes, and the off-site procedure was approved by the Mo-
nash University, School of Biomedical Sciences Animal Ethics
Committee.

Kisspeptins

Peptides YNWNSFGLRF-NH2 [human kisspeptin-10 (hKp10)] and
YNWNSFGLRY-NH2 [murine kisspeptin-10 (mKp10)], corresponding
respectively to the human C-terminal Kiss1 decapeptide (112-121-NH2)
or murine C-terminal Kiss1 decapeptide (110-119)-NH2 were synthe-
sized by NeoMPS, Strasbourg, France. These sequences are identical to
the predicted C-terminal regions of human and ovine metastin (Gen-
Bank accession nos. AY117143 and DQ059506, respectively).

Experimental design

Experiments 1-4 were performed during the anestrous season using
OVX ewes treated by a sc SILASTIC brand implant (1 cm; Dow Corning
Corp., Midland, MI) loaded with estradiol to reduce endogenous GnRH
secretion (19). This treatment has reduced LH pulse frequency from
1-0.04 pulses/h in OVX Ile de France ewes (20).

Experiment 1. Dose response to hKp10. The effects of a range of doses of
hKp10 upon the dynamic profiles of LH and FSH secretion were eval-
uated in seven OVX ewes. Jugular venous catheters [inner diameter (ID)
1.0, length 52 mm, Intraflon 2; Vygon, Ecouen, France] were used for
hKp10 administration and blood sampling. Each animal was treated
each day (over 4 d) with an iv injection of one of the doses of hKp10 (100,
25, 6.2, and 1.6 nmol/injection), given at 1000 h, in a crossover design.
Blood samples were taken 60 and 30 min before injection, and 15, 30, 60,
90, 120, 180, 240, 300, and 360 min after injection of the peptide and
plasma LH and FSH levels were measured.

Experiment 2. Comparison of response to hKp10 and mKp10. In the course
of our study, the sequence of the ovine kiss1 gene was reported, and the
sheep C-terminal Kiss1 decapeptide was found to be identical to murine
C-terminal Kiss1 decapeptide (mKp10). Therefore, the relative potencies
of mKp10 and hKp10 were compared. Eight estrogen-treated OVX ewes
were administered a single iv dose (6.2 nmol) of either hKp10 or mKp10
on sequential days, in a crossover design. Blood samples were taken
every 15 min over a 210-min period from 45 min before administration
of the peptide and plasma LH and FSH levels were measured.
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Experiment 3. Cerebrospinal fluid (CSF) levels of GnRH in response to iv
administration of kisspeptin. Experiments 1 and 2 revealed that hKp10 and
mKp10 administration induced rapid and short-lived stimulation of LH
secretion. To ascertain whether this was due to the release of GnRH, the
effects of repeated iv injections of an effective dose of mKp10 (6.2 nmol)
on the levels of GnRH into CSF were measured. Six estrogen-treated
OVX ewes were prepared with guide cannulae placed into the third
ventricles as previously described (21). Two weeks later, a SILASTIC
brand catheter was inserted through the guide cannulae into the third
ventricles, and CSF was collected every 15 min over 10 h (flow rate 30
ul/min) using a peristaltic pump (Minipuls 2; Gilson, Villier-le-Bel,
France), as previously described. Blood samples were collected from the
jugular venous catheters simultaneous with each CSF sample, and bolus
iv injections of 6.2 nmol mKp10 (n = 6) were given at hourly intervals.
GnRH levels in CSF and LH and FSH levels in plasma were measured.

Experiment 4. Sustained responses to kisspeptin. The results of experiment
3 suggested a rapid clearance of mKp10 when administered iv because
LH levels increased and then declined rapidly after each injection of
peptide. To obtain a more sustained release of gonadotropins, we used
two different protocols of peptide administration and examined re-
sponses in five estrogen-treated OVX ewes. The two trials were per-
formed in the same animals 15 d apart. First, a sc injection of 150 nmol
mKp10 was given, and blood samples were taken every 15 min for 6 h,
from 1 h before injection. In the second trial, the same dose was ad-
ministered as a constant iv infusion (25 nmol/h; flow rate 500 ul/h) over
6 h using portable syringe pumps (Graseby Medical, Watford, Hert-
fordshire, UK) connected to jugular catheters by polyethylene tubing (ID
1.0, length 50 cm; Vygon). Blood samples were taken using a second
jugular venous catheter every 15 min from 1 h before the start of the
infusion until 11 h afterwards. Plasma LH and FSH levels were
measured.

Experiment 5. Synchronization of the preovulatory LH surge in cyclical ewes
during the breeding season. The estrous cycles of normal ewes (n = 18)
were synchronized by administration of prostaglandin (0.1 ml Estru-
mate, cloprostenol; Intervet, Angers, France), followed by insertion of an
intravaginal progesterone controlled delivery device (CIDR) (InterAg,
Hamilton, New Zealand) for 14 d. Animals were then housed in indi-
vidual pens with access to food and water, and the progesterone CIDRs
were removed. Commencing 30 h later, mKp10 (3.84 wmol; n = 9) or
vehicle (n = 9) was infused iv over 8 h (0.48 umol/h; flow rate 500 ul/h),
using portable syringe pumps (Graseby Medical) connected to jugular
venous catheters. The rationale for this higher dose of mKp10 (compared
with 0.150 umol/6 h in experiment 4) was to maximize the likelihood
of obtaining an increase in plasma LH levels similar in magnitude to that
seen during the endogenous preovulatory LH surge. Blood samples
were taken by venipuncture every 2 h between 26 and 64 h after pro-
gesterone CIDR removal to measure plasma LH levels and every 12 h
for 5 d after the day of infusion to measure progesterone levels. On d
6 after the infusions, the ovaries of the ewes were inspected by lapa-
roscopy, and the number of active corpora lutea (CL) on each ovary was
recorded.

Experiment 6. Stimulation of the gonadotropin axis and ovulation by kisspeptin
in seasonally acyclic ewes. The first replicate of this experiment was per-
formed in April in France, being the nonbreeding season for sheep in the
Northern Hemisphere. After weekly measurement of progesterone lev-
els over 1 month (data not shown), 26 anestrous Ile de France ewes were
selected for the study, and two different protocols of peptide adminis-
tration were used. In one series, ewes were administered mKp10 as bolus
iv injections (12.6 nmol every 12 h for 60 h, n = 7) or vehicle (saline)
injections (control, n = 7). Blood samples were taken by venipuncture
in windows at 0, 24, and 48 h after commencement of bolus iv treatment
with mKp10 or vehicle. In each series, blood samples (5 ml) were col-
lected immediately before and at every 15 min after the scheduled
injection for 2.5 h. Plasma LH levels were measured.

In a second series of animals, bilateral jugular venous catheters (ID
1.0 mm, Intraflon 2) were inserted for blood sampling and constant iv
infusion of either mKp10 (n = 6; 0.6 umol over 48 h; flow rate 500 ul/h;
12.6 nmol/h) or vehicle (n = 6), using portable syringe pumps (Graseby
Medical). In these animals, blood samples were collected every 15 min
for 2 h before infusion and for the first 2 h of the infusion period. Blood
was also collected midway through the infusion every 15 min for 2 h
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(22-24 h) and also every 15 min for the final 2-h infusion (46-48 h).
Plasma LH levels were measured.

In both experimental series (pulse treatment or infusion), blood sam-
ples were taken to ascertain whether preovulatory like LH surges oc-
curred. These blood samples were taken every 3 h between 27 and 57 h
from the start of the mKp10 or vehicle infusions, and between 54 and 84 h
from the start of treatment in the animals receiving mKp10 injections.
Laparoscopy was performed 6 d after the completion of treatment to
determine the presence or absence of CL, indicating ovulation. For one
animal receiving mKp10 infusion, the pump malfunctioned, and this
animal was removed from the experiment.

This experiment was replicated in with a group of East Friesian sheep
during November in Australia. This period is the middle of the non-
breeding season for this breed of sheep in the Southern Hemisphere.
There were 10 sheep that were administered mKp10 by iv infusion, and
10 received vehicle (saline) as controls. Ten days before the infusion
period, the animals received CIDRs for progesterone treatment, with the
intention of increasing the ovulatory response to 100%. At CIDR re-
moval, animals were transferred to group pens in a farm shed and fitted
with iv infusion cannulae (SILASTIC brand tubing, ID 1.02 mm, outer
diameter 2.16 mm) connected to 20-ml plastic syringes driven by
Graseby MS16A infusion pumps (Smith Medical Australasia Pty. Ltd.,
Gold Coast, Queensland, Australia). The dose of mKp10 was 0.38 umol
over 30 h (12.6 nmol/h at a flow rate of 500 ul/h). Venipuncture blood
samples were taken immediately before commencement of infusion, and
2 and 12 h after the start of infusion for the measurement of plasma LH
levels. After the infusion, animals were returned to the field, and lapa-
roscopic examinations were performed 5 d later to determine whether
ovulation had occurred by observing CL on the ovaries. At this time, and
again at 9 and 11 d after the infusion, venipuncture blood samples were
taken for the assay of progesterone in plasma to determine whether
functional CL had formed. After infusion, two pumps of the kisspeptin-
infused group were found to have malfunctioned. By laparoscopic ex-
amination, one mKp10-treated animal was found to have significant
pelvic inflammation and adhesions. These three animals were removed
from the experimental analysis.

Hormone assays

France. Plasma LH concentrations were measured using a previously
described RIA (22, 23), with all samples from one experiment being
included in a single assay. The assay standard was 1051-CY-LH (equiv-
alent to 0.31 National Institutes of Health LH-S1). The intraassay coef-
ficient of variation averaged 9%, and assay sensitivity was 0.2 = 0.05
ng/ml (four assays). Plasma FSH levels were measured using the re-
agents supplied by the National Institute of Arthritis, Diabetes, Diges-
tive and Kidney Diseases (Bethesda, MD). The intraassay coefficient of
variation averaged 9.5%, and assay sensitivity was 0.2 ng/ml relative to
the standard (oFSH 19-SIAFP RP2). The cross reactivity with ovine LH
was 0.6%. Progesterone was measured in a single assay (24) after hexane
extraction of 100 ul plasma, with an assay sensitivity of 0.1 ng/ml and
an intraassay coefficient of variation of 10%. GnRH concentrations in
CSF samples were measured using a previously described RIA (25), with
the intraassay coefficient of variation and assay sensitivity being 14%
and 1.5 pg/ml, respectively (five assays).

Australia. Plasma LH concentrations were measured in duplicate, using
the method of Lee ef al. (26) with National Institutes of Health-oLH-S18
as standard. Assay results were calculated using the program of Burger
et al. (27). Assay sensitivity was 0.1 ng/ml, and the intraassay coefficient
of variation was less than 10% over the range of 0.6-9.6 ng/ml. Plasma
progesterone levels were measured in a single assay based on the
method of Deayton et al. (28), with a sensitivity of 0.3 ng/ml and in-
traassay coefficient of variation of 5%.

Data presentation and statistical analysis

Data are presented as the mean (*sem). Apart from individual time-
point determinations, integrated LH and FSH secretory responses were
estimated by calculation of the area under the curve (AUC) of the
concentration vs. time plots above the baseline (mean level preceding the
peptide injection). AUC was calculated with the trapezoidal rule over
the 120-min period after administration of kisspeptin in experiments 1

Caraty et al. ® Induction of Ovulation by Kisspeptin in Sheep

and 2. The duration of the kisspeptin-induced LH pulses in experiment
1 was defined as the time interval when LH levels were above the
baseline. An LH surge (experiment 5) was defined as a sustained in-
crease in LH concentrations, being twice the mean concentration pre-
ceding the administration of mKp10 or vehicle and exceeding 10 ng/ml
in at least one sample. Comparisons of AUC for LH and FSH in exper-
iments 1 and 2 as well as the comparison of numbers of CL in experiment
5 were made using nonparametric exact tests with StatXact 5 Software
(Cytel Software Corp., Cambridge, MA). The Bonferroni correction was
used for ad hoc comparisons of the groups 2 X 2. In experiment 1,
comparisons of AUC for LH and FSH across the four doses of kisspeptin
were performed with a Page test, and comparisons of hKp10 and mKp10,
dose, and duration of the kisspeptin-induced LH pulses were made with
a permutation test for paired samples. In experiment 2, comparisons of
AUC for LH and FSH between the two doses of kisspeptin were per-
formed with a permutation test for paired samples. In experiment 5, a
comparison of numbers of CL on the ovaries of the two groups of ewes
was made with a permutation test. Mean levels of progesterone (ex-
periment 5) were compared by two-way ANOVA with repeated mea-
sures of two factors (time and treatment), and the Student’s unpaired ¢
test was used as a post hoc test. In experiment 6, ovulation data were
analyzed by the x* test and are expressed as a percentage of animals
ovulating. Variations in plasma LH and progesterone levels were as-
sessed by two-way ANOVA (treatment X time). Where a statistical
significant treatment-time interaction was shown, vehicle and kisspep-
tin treated groups were examined at each time point by the Student’s
unpaired ¢ test. The level of statistical significance was set at 5%.

Results
Experiment 1: dose-response to hKp10
As shown in Fig. 1A, all doses of hKp10 effectively stim-

ulated LH release within 15-min injection, with maximal
levels ranging between 2- and 10-fold higher than those
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Fia. 1. Effects of iv administration of a single bolus of hKpl0 at
different doses (100, 25, 6.2, or 1.6 nmol/injection) upon the pattern
of LH and FSH secretion (A and B) in OVX ewes (mean *= SEM; n =
7). For each group, arrows indicate the time point when iv injection
is given. In addition to dynamic profiles, net LH and FSH secretion
evoked by the different doses of hKp10 is presented in panels C and
D as integrated hormone response (AUC) over the 120-min period
after injection of hKp10. Groups with different superscript letters are
statistically different (P < 0.0083).
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before injection. The mean amplitude of the LH responses
elicited by 1.6 nmol hKp10 was significantly (P < 0.02) lower
than the amplitude of response to higher doses, and the
duration of the elicited pulse of secretion was also shorter
(P < 0.001); the LH level had returned to preinjection values
within 120 min after injection compared with more than 240
min for the three other doses. There was a clear dose effect
on the magnitude of the integrated LH secretory response
(AUC) to hKp10 (P < 0.001; Fig. 1C). AUC in response to 6.2
nmol was lower (P < 0.01) than that evoked by 25 and 100
nmol, which were of similar magnitude, but greater than the
response induced by 1.6 nmol (P < 0.05).

FSH release was also stimulated by administration of
hKp10, but the response appeared different from that of LH
(Fig. 1B). There was a rapid increase in plasma FSH levels
within 15-min injection, but the magnitude of the response
was smaller than for LH, with maximal levels being 1.7- to
1.8-fold greater than preinjection values for the two higher
doses. Moreover, whereas LH levels decayed after a rapidly
attained peak after hKp10 injection, plasma FSH levels were
more sustained. Over the 120 min after injection, there was
a clear dose effect on the magnitude of the integrated FSH
secretory response (AUC) to hKp10 (P < 0.001; Fig. 1D). FSH
response to 6.2 nmol hKpl0 was approximately half that
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FiG. 2. Comparison of iv administration of a single bolus of hKp10
and mKpl0 (6.2 nmol/injection) upon the pattern of LH (A, open
symbols) and FSH secretion (B, closed symbols) in OVX ewes (mean +
SEM, n = 8). Arrows indicate the time point when the iv injection is
given. C (lower panel), The integrated hormone response (AUC) over
the 120-min period after injection of hKp10 or mKp1l0 was not dif-
ferent for LH or FSH.
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evoked by 25 and 100 nmol but was not different to the
response induced by 1.6 nmol peptide.

Experiment 2: comparison of response to hKp10 and mKp10

There was no difference in the dynamic LH (Fig. 2A) and
FSH responses (Fig. 2B) to hKp10 and mKp10, with AUC
responses being similar for the two peptides (Fig. 2C). For
both peptides (hKp10 and mKp10), LH levels returned to
baseline within 2-h injection, whereas FSH levels remained
above preinjection values until the end of the blood-sampling
period.

Experiment 3: CSF levels of GnRH in response to iv
administration of kisspeptin

Before iv administration of mKp10, GnRH concentrations
into the CSF were in the range of the detection limit of the
assay (Fig. 3A), but within 15-30 min of each iv injection of
6.2 nmol mKp10, an increase in the GnRH concentration was
measured, with maximal levels approximately 2-fold higher
than assay sensitivity. After the last mKp10 injection, GnRH
concentrations in CSF declined rapidly, returning to assay
sensitivity within 45 min. Each evoked increase in CSF GnRH
levels was associated with a coincident increase in plasma
LH (Fig. 3B) and FSH (Fig. 3C) levels. As in experiments 1 and
2, the magnitude of the responses for LH appeared larger
than for FSH.

Experiment 4: sustained responses to kisspeptin

Figure 4 shows LH and FSH responses to either sc injection
of 150 nmol mKp10 or constant iv infusion. The amplitude
of the LH response to a single sc dose (150 nmol) of mKp10
was 3.6-fold the baseline (P < 0.05; Fig. 4A), and the duration
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Fic. 3. Effects ofiv administration of repeated bolus (n = 6) of mKp10
(6.2 per injection) upon the pattern of GnRH into the CSF (A) and LH
and FSH (B and C) in the peripheral circulation in OVX ewes (mean *+
SEM, n = 6). The time of each injection is indicated by arrows. The
horizontal line (upper panel) indicates the concentration above which
a value can be considered significantly different from zero.
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Fic. 4. Effects of a single sc administration of mKp10 (150 nmol; A
and B) or a constant infusion of the peptide (150 nmol over 6 h; C and
D) upon the pattern of LH and FSH in the peripheral circulation in
OVXewes (mean = SEM, n = 5). The time of the scinjection is indicated
by the arrows, whereas the duration of the peptide infusion is rep-
resented by the horizontal bar.

of the response was 90 min. FSH levels were also increased
after the sc administration of the peptide (P < 0.05; Fig. 4B),
but the magnitude of the response was smaller than that of
LH. Constant iv infusion of the same dose of mKp10 (150
nmol over 6 h) produced a sustained increase in plasma
levels of both LH and FSH, with a significant (P < 0.05; Fig.
4, C and D) increase being apparent within 15- to 30-min
commencement of infusion and a peak response occurring
2—4 h later. Thereafter, during continuous infusion of pep-
tide, a progressive decline of the levels of both hormones
occurred.

Experiment 5: synchronization of the preovulatory LH surge
in cyclical ewes in the breeding season

After constant iv administration of 3.84 umol mKp10 over
8 h given 30 h after withdrawal of progesterone priming, LH
surges occurred in all animals over a short time frame (Fig.
5A). The onset of surges in the mKp10-treated ewes occurred
32 + 0 h after progesterone CIDR removal, with peak values
ranging from 25.0-58.3 ng/ml. The elevation in LH levels
was apparent in the first blood samples taken after the start
of the mKp10 infusion, and LH concentrations returned less
than 2 ng/ml within 4 h of the end of the infusion in eight
of nine ewes (i.e. 42 h after progesterone CIDR removal). For
one ewe, the period of infusion was extended from 8-10 h,
due to a technical problem with the infusion pump, and,
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Fic. 5. A, The solid lines represent the pattern of LH secretion of the
ewes (n = 9) receiving a constant infusion of mKp10 (3.84 umol for 8 h)
given 30 h after progesterone CIDR removal. The solid lines with the
closed symbols represent the pattern of LH secretion of the ewes (five
of nine) receiving the infusion of the vehicle and showing an LH surge
during the period of blood sampling. B, Pattern of progesterone se-
cretion over the 5 d after the day of infusion of mKp10 (open squares)
or the vehicle (closed lozenge). C, Mean of CL number (d 6 after
infusion) in ewe treated by mKp10 (open bar) or vehicle (closed bar).
Values are the means *= SEM (n = 9). *, P < 0.05. **, P < 0.01.

therefore, the LH surge was slightly more prolonged. Five of
nine animals receiving the vehicle also showed LH surges
during the period of sampling, but the onset of these surges
was more variable and occurred later (commencing 44—-60 h
after progesterone CIDR removal) than those obtained with
mKp10 infusion. Plasma progesterone levels increased ear-
lier in animals receiving mKp10 (time X treatment; P < 0.05),
and significant differences in the levels in the treatment and
control groups were observed atd 2.5 (P < 0.01), 3 (P < 0.01),
and 3.5 (P < 0.05) (Fig. 5B). Examination of ovaries 5 d after
administration of mKp10 or vehicle did not show any dif-
ference in the mean number of CL in the two groups of ewes
(2.8 £ 0.3 vs. 2.7 = 0.2 in mKp10 and the vehicle groups,
respectively; Fig. 5C).

Experiment 6: stimulation of the gonadotropin axis and
ovulation by kisspeptin in seasonally acyclic ewes

French study. In animals that received repeated injections of
mKp10, significant responses were obtained in terms of
plasma LH levels; this varied over time with a significant
interaction (P < 0.001) (Fig. 6A). LH concentrations were
significantly elevated after mKpl0 treatment (compared
with vehicle) when examined at the 0 h (P < 0.001), and 24
(P < 0.01) and 48 h injection (P < 0.01). Although the re-
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Fia. 6. Plasma LH concentrations (French experiment) in anestrous
ewes treated with mKp10 (closed squares) or vehicle (open circles).
Values (mean * sEM) show the LH response to repeated peripheral
bolus injections of mKp10, or vehicle (A), or peripheral infusion of
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jections. Note that plasma LH levels were measured in samples taken
across the 0-, 24-, and 48-h injections. B, The period of infusion is
represented by the horizontal bar. C, Individual LH profiles of the
mKp10 (left) and vehicle-infused ewe (right) from 27-57 h after the
onset of infusion.

sponses at the second and third period tested were lower
(significant difference between 0 and 48 h; P < 0.01), respon-
sivity was maintained throughout the experimental period.
Despite this, blood samples taken every 3 h indicated no
instance of a preovulatory surge in these animals (data not
shown), and none of the treated animals (zero of seven)
ovulated.

For the animals receiving infusions of mKp10, two-way
ANOVA showed a significant (P < 0.001) effect of treatment
(compared with vehicle) on plasma LH concentrations and
a significant time-treatment interaction (P < 0.001). mKp10
elevated plasma LH levels during the first 2-h infusion (P <
0.05). During the 24- to 26-h sampling period, plasma LH
levels in the treated animals decreased but remained higher
than in vehicle-infused controls (P < 0.05). At the 48- to 50-h
sampling period, plasma LH levels were similar in mKp10-
infused and vehicle-infused animals (Fig. 6B). Additional
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blood samples taken every 3 h between 27 and 57 h from the
onset of the infusion showed that LH surges occurred in three
of five mKp1l0-infused animals and in one of six vehicle-
infused animals (Fig. 6C). Based on the presence of CL on the
ovaries observed by laparoscopic examination 5 d after treat-
ment, ovulations occurred in four of five Ile de France ewes
(80%) receiving mKp10 by constant iv infusion and one of six
(17%) vehicle-infused ewes (P < 0.05; see Fig. 8A).

Australian study

After 2-h infusion, plasma LH levels were elevated (P <
0.05) in the mKp10-treated animals, with no similar effect of
vehicle treatment (Fig. 7). After the infusion had terminated,
plasma LH concentrations were far more variable with two
mKp10-treated ewes, and one vehicle-infused ewe showing
elevated levels. Notably, this control animal was the same
that was later observed to have ovulated.

After infusion of mKp10, six of seven (86%) treated ewes
and one of 10 (10%) control ewes ovulated (P < 0.01; Fig. 8B).
For these later animals, plasma progesterone levels demon-
strated similar results to laparoscopic examination. All ewes
that displayed CL (six of seven treated and one of 10 control)
had elevated progesterone levels (P < 0.01, mKp10; Fig. 8C).

Discussion

We have examined the effects of kisspeptin on GnRH
secretion, gonadotropin secretion, and ovulatory responses
in the ewe, and the main findings were: 1) iv administration
of kisspeptin is a potent stimulus of LH and FSH secretion;
2) this gonadotropin response to kisspeptin is most likely due
to evoked GnRH release; 3) constant infusion of kisspeptin
induces prolonged LH and FSH release, and produces tightly
timed LH surges and ovulation in this species; and 4) low-
dose infusion of the peptide during the anestrous season
stimulates gonadotropin secretion and induces ovulation in
acyclic females.

It is especially notable that a dose as low as 6.2 nmol hKp10
can evoke unambiguous LH and FSH responses after iv
injection to ewes. Analysis of the subsequent integrated hor-
mone responses shows that the magnitude of the response to
6.2 nmol is about half that obtained with either 25 or 100
nmol, which induce similar responses. Thus, on the basis of

8- Vehicle Kisspeptin
—_ 6 1
£
£ 4
T
-
2 4
R —— : ———— .
Pre 2h Post Pre 2h Post

Fig. 7. Plasma LH concentrations (Australian experiment) in
anestrous ewes treated with kisspeptin-10 (closed squares) or vehicle
(open circles). Values are from individual ewes immediately before
(Pre), 2 h after infusion onset (2 h), and approximately 12 h after the
infusion (Post).
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Fic. 8. A and B, The proportion of anestrous ewes that ovulated after
peripheral infusion of mKp10 during the nonbreeding season in the
Northern Hemisphere (France) and Southern Hemisphere (Austra-
lia), respectively. Closed bars indicate the proportion of ewes that
ovulated, whereas open bars indicate the proportion that failed to
ovulate. C, Plasma progesterone concentrations in anestrous ewes
after peripheral infusion of mKp10. Values are shown for the Aus-
tralian experiment, and are from individual ewes 5, 9, and 11 d after
the infusion of mKp10 (closed squares) or vehicle (open circles). In all
cases, ewes that showed CL via laparoscopic examination, including
the one vehicle-treated ewe, had elevated progesterone concentra-
tions at 9 and 11 d.

body weight (~50 kg for the ewes of the present study), a
dose of 0.12 nmol/kg is able to cause secretion of LH and
FSH. This is remarkably similar to the half-maximal dose of
0.3 nmol/kg reported for rats (17).

Whereas the release of LH is in response to discrete se-
cretory episodes of GnRH secretion (29, 30), the secretory
profile of FSH suggests that secretion is “constitutive” (31).
Nevertheless, the present study shows a clear secretory re-
sponse to kisspeptin for both gonadotropins after iv admin-
istration. This is consistent with data obtained in rats (12) and
monkeys (32), and is most likely due to evoked GnRH se-
cretion, based on our measurements in CSF. Nevertheless,
direct pituitary action of kisspeptin cannot be excluded (33).
However, as we have shown in sheep, the magnitude of the
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FSH response is lower than for LH but is more prolonged.
After central administration of kisspeptin to rats, FSH release
appeared approximately 100-fold less sensitive to the stim-
ulatory effect of the peptide than LH (34). We found that iv
injection of 6.2 nmol hKp10 induced about half the maximum
response for both gonadotropins. The difference between the
two studies may reflect species differences, route of peptide
administration (intracerebroventricular vs. iv), or physiolog-
ical status of the animals used.

We found that plasma FSH levels remained elevated for
more than 6 h after iv injection of kisspeptin at doses higher
than 6.2 nmol, which has implications regarding the mech-
anism of action of the peptide. The immediate stimulatory
effect of the peptide on LH and FSH occurs most likely
through a stimulation of GnRH release. Certainly, it has been
shown that iv coadministration of a GnRH antagonist blocks
kisspeptin-induced LH and FSH release in rats (13, 35) and
monkeys (32), and kisspeptin induces GnRH release from in
vitro hypothalamic explants (36). This suggests that the stim-
ulation of LH and FSH release by kisspeptin depends upon
GnRH release, which is consistent with previous results from
this laboratory (14) as well as the results of experiment 3 of
the present study. Each iv injection of mKp10 caused a tran-
sitory elevation of GnRH levels in CSF of the third ventricle.
The observation that iv administration causes sustained el-
evation of plasma FSH levels, with no hint of decline within
6-h hKp10 injection, suggests that there is a secondary mech-
anism that sustains the FSH response. This may be an indi-
cation of a direct pituitary action because kisspeptin can
enhance GnRH-stimulated FSH secretion from pituitary tis-
sue, at least in rats, at low concentrations, but not at high
concentrations (34). Thus, it is possible that, after the initial
GnRH-induced LH and FSH release by hKp10 administra-
tion, there is a secondary effect of the peptide at the level of
the gonadotrope, to enhance constitutive FSH release, in
sheep at least. Additional studies are needed to clarify this
point.

We have shown that the potency of human and mouse
kisspeptin is similar in terms of the ability to cause LH and
FSH release (experiment 2). A recent publication reporting
the structure-activity relationships of kisspeptin molecules
shows that substitution of the C-terminal phenylalanine by
tyrosine does not affect either binding affinity or agonist
potency of kisspeptin (37), which is consistent with our data.
Therefore, both molecules can be alternatively used to stim-
ulate gonadotropins in this species.

Repeated iv administration of mKp10 induced a sustained
train of LH and FSH secretory responses in estradiol-treated
OVX ewes (experiment 3), which is similar to results ob-
tained in agonadal monkeys (32) and rats (17). The clearly
pulsatile pattern of GnRH that the repeated iv injections
produce in CSF further suggests a short-lived response and
a short half-life of kisspeptin. The plasma half-life of a longer
kisspeptin-54 molecule is reported to be 28 min in humans
(16), with indications that shorter fragments (kisspeptin 14
and kisspeptin 10) have shorter half-lives (32). This is con-
sistent with the short-lived GnRH response and the response
of the pituitary gland gonadotropes in the present studies.
The decapeptide form of kisspeptin is the shortest sequence
of the full-length parent peptide that is biologically active,
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with the C-terminal sequence being essential for receptor
activation (8). As a consequence of this short half-life of
kisspeptins, it is possible to obtain repeated responses to
bolus injections of the peptide, without an increasing base-
line in LH levels. However, this is not the case for FSH due
to the longer-lasting FSH response. Subcutaneous adminis-
tration of the peptide (experiment 4) was no more efficient
than the iv route to induce gonadotropin release, indicating
that the molecule is cleared or inactivated when adminis-
tered by this route as well (38). A continuous increase in
plasma gonadotropin level over several hours could only be
achieved when mKp10 was given as a constant infusion, but
the amplitude of the gonadotropin “surge” response was
lower with this paradigm than seen during the natural pre-
ovulatory gonadotropin surge. Furthermore, plasma gonad-
otropin levels began to decrease before the end of the peptide
infusion. This phenomenon has also been observed in pri-
mates given infusions of kisspeptin and was attributed to
desensitization of the GPR54 receptor with continuous ex-
posure to ligand (39). Endogenous GnRH secretion is pro-
foundly suppressed in OVX anestrous ewes by estradiol
treatment due to enhanced sensitivity to the negative feed-
back effect of the steroid at this time of the circannual re-
productive cycle (19, 40). In this model, GnRH treatment is
required to restore pituitary LH content (41) as well as pi-
tuitary GnRH receptor levels (42). Accordingly, the limited
amplitude of the gonadotropin response to continuous ad-
ministration of mKp10 in this model must be considered in
relation to the physiological status of the animals.

In experiment 5, we tested the hypothesis that constant iv
infusion of mKp10 would synchronize the timing of ovula-
tion in progesterone-primed ewes. Treatment clearly
achieved synchronization of LH surges. It is possible that
these surges were due to the release of surge-like levels of
GnRH in animals that were given mKp10. This could be
regarded as a pharmacological intervention that presents the
surge signal to an estrogen-primed pituitary, or it could be
early induction of the positive feedback event. We cannot
distinguish between these two possibilities, but in any event,
the infusion of kisspeptin can clearly advance the surge and
synchronize ovulation in progesterone-primed ewes. It must
be pointed out that the responses in these mKp10-treated
animals were greater than those seen in the estrogen-treated
OVX ewes treated during the anestrous season, probably for
the reasons indicated previously. Nevertheless, it should be
appreciated that we used a much higher dose (3.84 umol over
8 h) of kisspeptin in experiment 5 to maximize the chance of
achieving the desired result. The amplitudes of these mKp10
induced-LH surges were lower than those occurring in the
controls, although this difference did not attain statistical
significance. Because the response achieved in the cyclical
ewes was most likely due to a combination of stimulated
GnRH secretion and increased pituitary sensitivity to GnRH
that occurs around the time of the onset of the LH surge in
the ewe (42), it may be hypothesized that the priming of the
pituitaries of the kisspeptin-infused ewes was not optimal for
these advanced synchronized LH surges. Nevertheless, the
amount of LH released during the surges in each mKp10-
treated animal was sufficient to induce ovulation, as evi-
denced by the observed presence of active CL on the ovaries
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and the clear increase in plasma progesterone concentrations
during the days after treatment. This certainly offers some
potential use for kisspeptin or analogs to manipulate the
timing of ovulation, but more experiments are needed to
determine whether these slightly advanced ovulations affect
the quality of oocyte.

The final experiment, conducted in two hemispheres and
with different breeds of sheep, indicates that low-dose in-
fusion of kisspeptin during the anestrous season stimulates
the gonadotropin axis and induces ovulation in acyclic fe-
males. Kisspeptin treatment has also stimulated ovulation in
juvenile rats (13). However, it must be pointed out that these
animals were primed with pregnant mare’s serum gonado-
tropin, which stimulates gonadal function and causes ovu-
lation in sheep and goats (43). Our data show that kisspeptin
infusion can cause ovulation in anestrous ewes, whether or
not they are primed with progesterone. Progesterone treat-
ment per se did not cause ovulation in a significant number
of control animals that were subsequently infused with ve-
hicle (Australian experiment). This offers potential for a
treatment of acyclicity because the kisspeptin treatment is
effective in a continuous delivery mode, allowing for the
possibility of using implants to induce ovulation.

Whereas an initial LH response is seen within hours of
commencement of infusion, this appears to “activate” the
system with ovulatory surges occurring approximately 30 h
from the start of treatment. This provides insight into the
mechanism whereby this treatment is effective, showing that
“normal” LH surges are elicited with a time delay consistent
with estrogen positive feedback. Accordingly, we conclude
that the delayed surge secretion of LH, and not the initial LH
response at the commencement of infusion, is the stimulus
for ovulation. This is quite different from the immediate and
highly synchronized kisspeptin-induced LH surge observed
in the late follicular phase of the cyclical ewes (experiment 5).
This synchronization was effected in animals in which pre-
ovulatory surges were imminent, and the mechanism of the
effect leading to the immediate surge response is likely to be
different from that that we describe in anestrous ewes with
a surge generating mechanism already primed by estradiol
(44), leading to increased sensitivity to GnRH (45). In our
studies during the anestrous season, infusion of kisspeptin
causes long-lasting elevation in plasma FSH levels (experi-
ments 1-4). Because this gonadotropin is responsible for the
aromatization of testosterone to estrogen in the ovary (46,
47), it may be that this is the operative mechanism in the
seasonally anestrous ewe treated with kisspeptin. Estrogen
treatment of anestrous ewes causes LH surges within a delay
of approximately 12 h (48, 49). In further support of this
hypothesis, the interval between the beginning of the
kisspeptin infusion and the onset of the LH surge in Ile de
France ewes during the nonbreeding season (~30 h) is in the
same range as the interval between the progesterone CIDR
removal and onset of the LH surge during the breeding
season (50). On this basis, we conclude that the estrogen-
feedback mechanism is activated in the anestrous ewes, and
it is this that causes a delayed positive feedback and surge
secretion of GnRH/LH.

To our knowledge there are no previous studies that have
examined the effects of continuous infusion of kisspeptin in
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females of any species. In adult male rats, chronic sc admin-
istration of hKp10 (50 nmol/d) caused degeneration of the
testes after 13-d treatment (38). In this instance, a stimulatory
effect of kisspeptin on LH levels was observed only during
the first day of treatment. No effect was seen thereafter,
suggesting down-regulation of the response to kisspeptin
during continuous administration, possibly by GPR54 de-
sensitization. In another study, chronic iv infusion of 100
ng/hhKp10 to juvenile male rhesus monkeys stimulated LH
above the levels of vehicle-treated controls for approximately
24 h, and no effect on LH was seen for 4 d thereafter (39).
Again, it was suggested that constant infusion caused de-
sensitization of GPR54 because injection of the GnRH secre-
tagogue N-methyl-DL-aspartic acid or GnRH, but not
kisspeptin, was able to stimulate LH secretion on d-4 infu-
sion. Thus, the integrity of GnRH neurons was intact, but the
system had failed to respond to kisspeptin (39). Similarly, we
showed that the LH response is not maintained with con-
tinuous mKp10 infusion, so GPR54 down-regulation might
have occurred. Despite this, the acute response to infusion of
mKp10 is such that preovulatory like LH surges occurred
and caused ovulation in the majority of animals. We con-
clude that despite the lack of continued elevation in LH
levels, the administration of kisspeptin to acyclic females is
sufficient to activate the hypothalamo-pituitary axis and
cause ovulation. Further work is required to determine the
minimal period of treatment with kisspeptin that is required
for this response.

Whereas infusion of mKp10 clearly caused ovulation in the
majority of animals, treatment with multiple iv bolus injec-
tions had no effect. This was surprising because the bolus
injections elicited robust responses in terms of plasma LH
concentrations. The treatment regimen was designed to pro-
vide stimulation of gonadotropin secretion that would, in
turn, stimulate the ovaries to provide an increase in estrogen
that led to a positive feedback event and ovulation. Clearly,
although the treatments effectively elicited LH responses,
these were not sufficient to activate the ovaries. It is possible
that more frequent pulsatile treatment or variation in dosage
could be effective, but given the efficacy of the constant
infusion, further investigation was considered unwarranted.

In summary, our study shows that kisspeptin is a potent
stimulator of gonadotropin secretion in sheep. The demon-
stration that continuous infusion can synchronize LH surges
in progesterone-primed cyclical ewes and cause ovulation in
seasonally acyclic ewes paves the way for rational therapeu-
tic use of kisspeptin, or kisspeptin analogs, in the pharma-
cological manipulation of the gonadotropin axis in
mammals.

Acknowledgments

We thank Richard Raynal for his help in running the experiments of
the present study as part of his candidature for Diploma of Engineer at
the “Ecole Nationale d'Ingénieur des Travaux Agricole of Clermont-
Ferrand.” We also thank Dr. Parlow, National Hormone and Peptide
Program, Torrance, California, for providing the ovine FSH reagents. We
are grateful to A. Cameron for technical assistance, and to the people of
“I’Hopital-Abbatoire” for assistance with the animal experimentation
and the shepherds for taking good care of the animals.

Received May 2, 2007. Accepted August 6, 2007.

Caraty et al. ® Induction of Ovulation by Kisspeptin in Sheep

Address all correspondence and requests for reprints to: Dr. A.
Caraty, Unité Mixte de Recherche 6175, Physiologie de la Reproduction
et des Comportements (Institut National de la Recherche Agronomique/
Centre National de la Recherche Scientifique/Université Tours/Haras
Nationaux), 37380 Nouzilly, France. E-mail: caraty@tours.inra.fr.

Disclosure Statement: The authors have nothing to disclose.

References

1. Knobil E 2005 Discovery of the hypothalamic gonadotropin-releasing hor-
mone pulse generator and of its physiologic significance. 1992. Am ] Obstet
Gynecol 193:1765-1766

2. Sarkar DK, Chiappa SA, Fink G, Sherwood NM 1976 Gonadotropin-releasing
hormone surge in pro-oestrous rats. Nature 264:461-463

3. Clarke IJ, Cummins JT, Jenkin M, Phillips DJ 1989 The oestrogen-induced
surge of LH requires a ‘signal’” pattern of gonadotrophin-releasing hormone
input to the pituitary gland in the ewe. J Endocrinol 122:127-134

4. 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

5. Xia L, Van Vugt D, Alston EJ, Luckhaus J, Ferin M 1992 A surge of gona-
dotropin-releasing hormone accompanies the estradiol-induced gonadotropin
surge in the rhesus monkey. Endocrinology 131:2812-2820

6. de Roux N, Genin E, Carel JC, Matsuda F, Chaussain JL, Milgrom E 2003
Hypogonadotropic hypogonadism due to loss of function of the KiSS1-derived
peptide receptor GPR54. Proc Natl Acad Sci USA 100:10972-10976

7. Seminara SB, Messager S, Chatzidaki EE, Thresher RR, Acierno Jr JS, Sha-
goury JK, Bo-Abbas Y, Kuohung W, Schwinof KM, Hendrick AG, Zahn D,
Dixon J, Kaiser UB, Slaugenhaupt SA, Gusella JF, O'Rahilly S, Carlton MB,
Crowley Jr WF, Aparicio SA, Colledge WH 2003 The GPR54 gene as a reg-
ulator of puberty. N Engl ] Med 349:1614-1627

8. Ohtaki T, Shintani Y, Honda S, Matsumoto H, Hori A, Kanehashi K, Terao
Y, Kumano S, Takatsu Y, Masuda Y, Ishibashi Y, Watanabe T, Asada M,
Yamada T, Suenaga M, Kitada C, Usuki S, Kurokawa T, Onda H, Nishimura
O, Fujino M 2001 Metastasis suppressor gene KiSS-1 encodes peptide ligand
of a G-protein-coupled receptor. Nature 411:613-617

9. Kotani M, Detheux M, Vandenbogaerde A, Communi D, Vanderwinden JM,
Le Poul E, Brezillon S, Tyldesley R, Suarez-Huerta N, Vandeput F, Blanpain
C, Schiffmann SN, Vassart G, Parmentier M 2001 The metastasis suppressor
gene KiSS-1 encodes kisspeptins, the natural ligands of the orphan G protein-
coupled receptor GPR54. ] Biol Chem 276:34631-34636

10. Muir AI, Chamberlain L, Elshourbagy NA, Michalovich D, Moore DJ, Ca-
lamari A, Szekeres PG, Sarau HM, Chambers JK, Murdock P, Steplewski K,
Shabon U, Miller JE, Middleton SE, Darker JG, Larminie CG, Wilson S,
Bergsma DJ, Emson P, Faull R, Philpott KL, Harrison DC 2001 AXOR12, a
novel human G protein-coupled receptor, activated by the peptide KiSS-1.
J Biol Chem 276:28969-28975

11. Lee DK, Nguyen T, O’'Neill GP, Cheng R, Liu Y, Howard AD, Coulombe N,
Tan CP, Tang-Nguyen AT, George SR, O'Dowd BF 1999 Discovery of a
receptor related to the galanin receptors. FEBS Lett 446:103-107

12. Matsui H, Takatsu Y, Kumano S, Matsumoto H, Ohtaki T 2004 Peripheral
administration of metastin induces marked gonadotropin release and ovula-
tion in the rat. Biochem Biophys Res Commun 320:383-388

13. Gottsch ML, Cunningham M]J, Smith JT, Popa SM, Acohido BV, Crowley
WEF, Seminara S, Clifton DK, Steiner RA 2004 A role for kisspeptins in the
regulation of gonadotropin secretion in the mouse. Endocrinology 145:4073—
4077

14. Messager S, Chatzidaki EE, Ma D, Hendrick AG, Zahn D, Dixon J, Thresher
RR, Malinge I, Lomet D, Carlton MB, Colledge WH, Caraty A, Aparicio SA
2005 Kisspeptin directly stimulates gonadotropin-releasing hormone release
via G protein-coupled receptor 54. Proc Natl Acad Sci USA 102:1761-1766

15. Shahab M, Mastronardi C, Seminara SB, Crowley WF, Ojeda SR, Plant TM
2005 Increased hypothalamic GPR54 signaling: a potential mechanism for
initiation of puberty in primates. Proc Natl Acad Sci USA 102:2129-2134

16. Dhillo WS, Chaudhri OB, Patterson M, Thompson EL, Murphy KG, Badman
MK, McGowan BM, Amber V, Patel S, Ghatei MA, Bloom SR 2005 Kisspep-
tin-54 stimulates the hypothalamic-pituitary gonadal axis in human males.
J Clin Endocrinol Metab 90:6609-6615

17. Tovar S, Vazquez MJ, Navarro VM, Fernandez-Fernandez R, Castellano JM,
Vigo E, Roa J, Casanueva FF, Aguilar E, Pinilla L, Dieguez C, Tena-Sempere
M 2006 Effects of single or repeated intravenous administration of kisspeptin
upon dynamic LH secretion in conscious male rats. Endocrinology 147:2696—
2704

18. Smith JT, Clay CM, Caraty A, Clarke IJ 2007 KiSS-1 messenger ribonucleic
acid expression in the hypothalamus of the ewe is regulated by sex steroids
and season. Endocrinology 148:1150-1157

19. Karsch FJ, Dahl GE, Evans NP, Manning JM, Mayfield KP, Moenter SM,
Foster DL 1993 Seasonal changes in gonadotropin-releasing hormone secretion
in the ewe: alteration in response to the negative feedback action of estradiol.
Biol Reprod 49:1377-1383

20. Caraty A, Miller DW, Delaleu B, Martin GB 1997 Stimulation of LH secretion

202 Iudy 01 uo 3sanb Aq z11.1052/852S/ 1 L/8Y L/3101uEe/0pUS/WOod dno-lWaped.//:SARY WOl papeojumod



Caraty et al. ® Induction of Ovulation by Kisspeptin in Sheep

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

in sheep by central administration of corticotrophin-releasing hormone. J Re-
prod Fertil 1997 111:249-257

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 the LH surge. Endocrinology 136:3230-3237
Pelletier J, Kann G, Dolais J, Rosselin G 1968 [Radio-immunologic determi-
nation of plasma luteinizing hormone in sheep. Comparison with the biologic
determination of LH by the diminution of ovarian ascorbic acid, and example
of the application to measure of the blood LH in ewes]. C R Acad Sci Hebd
Seances Acad Sci D 266:2352-2354 (French)

Montgomery GW, Martin GB, Pelletier ] 1985 Changes in pulsatile LH se-
cretion after ovariectomy in Ile-de-France ewes in two seasons. ] Reprod Fertil
73:173-183

Saumande J, Tamboura D, Chupin D 1985 Changes in milk and plasma
concentrations of progesterone in cows after treatment to induce superovu-
lation and their relationships with number of ovulations and of embryos
collected. Theriogenology 23:719-731

Caraty A, Antoine C, Delaleu B, Locatelli A, Bouchard P, Gautron JP, Evans
NP, Karsch FJ, Padmanabhan V 1995 Nature and bioactivity of gonadotropin-
releasing hormone (GnRH) secreted during the GnRH surge. Endocrinology
136:3452-3460

Lee VW, Cumming IA, de Kretser DM, Findlay JK, Hudson B, Keogh EJ 1976
Regulation of gonadotrophin secretion in rams from birth to sexual maturity.
I. Plasma LH, FSH and testosterone levels. ] Reprod Fertil 46:1-6

Burger HG, Lee VW, Rennie GC 1972 A generalized computer program for
the treatment of data from competitive protein-binding assays including ra-
dioimmunoassays. ] Lab Clin Med 80:302-312

Deayton JM, Young IR, Thorburn GD 1993 Early hypophysectomy of sheep
fetuses: effects on growth, placental steroidogenesis and prostaglandin pro-
duction. ] Reprod Fertil 97:513-520

Clarke IJ, Cummins JT 1982 The temporal relationship between gonadotropin
releasing hormone (GnRH) and luteinizing hormone (LH) secretion in ovari-
ectomized ewes. Endocrinology 111:1737-1739

Caraty A, Locatelli A 1988 Effect of time after castration on secretion of LHRH
and LH in the ram. ] Reprod Fertil 82:263-269

Millar RP, Lu ZL, Pawson A]J, Flanagan CA, Morgan K, Maudsley SR 2004
Gonadotropin-releasing hormone receptors. Endocr Rev 25:235-275

Plant TM, Ramaswamy S, Dipietro MJ 2006 Repetitive activation of hypo-
thalamic G protein-coupled receptor 54 with intravenous pulses of kisspeptin
in the juvenile monkey (Macaca mulatta) elicits a sustained train of gonado-
tropin-releasing hormone discharges. Endocrinology 147:1007-1013
Gutierrez-Pascual E, Martinez-Fuentes AJ, Pinilla L, Tena-Sempere M,
Malagon MM, Castano JP 2007 Direct pituitary effects of kisspeptin: activation
of gonadotrophs and somatotrophs and stimulation of luteinising hormone
and growth hormone secretion. ] Neuroendocrinol 19:521-530

Navarro VM, Castellano JM, Fernandez-Fernandez R, Tovar S, Roa J, Mayen
A, Barreiro ML, Casanueva FF, Aguilar E, Dieguez C, Pinilla L, Tena-Sem-
pere M 2005 Effects of KiSS-1 peptide, the natural ligand of GPR54, on follicle-
stimulating hormone secretion in the rat. Endocrinology 146:1689-1697
Navarro VM, Castellano JM, Fernandez-Fernandez R, Tovar S, Roa J, Mayen
A, Nogueiras R, Vazquez MJ, Barreiro ML, Magni P, Aguilar E, Dieguez C,
Pinilla L, Tena-Sempere M 2005 Characterization of the potent luteinizing
hormone-releasing activity of KiSS-1 peptide, the natural ligand of GPR54.
Endocrinology 146:156-163

36.

37.

38.

39.

40.

41.

42.

43.

4.

45.

46.

47.

48.

49.

50.

Endocrinology, November 2007, 148(11):5258—-5267 5267

Thompson EL, Patterson M, Murphy KG, Smith KL, Dhillo WS, Todd JF,
Ghatei MA, Bloom SR 2004 Central and peripheral administration of kisspep-
tin-10 stimulates the hypothalamic-pituitary-gonadal axis. ] Neuroendocrinol
16:850-858

Orsini MJ, Klein MA, Beavers MP, Connolly PJ, Middleton SA, Mayo KH
2007 Metastin (KiSS-1) mimetics identified from peptide structure-activity
relationship-derived pharmacophores and directed small molecule database
screening. ] Med Chem 50:462-471

Thompson EL, Murphy KG, Patterson M, Bewick GA, Stamp GW, Curtis AE,
Cooke JH, Jethwa PH, Todd JF, Ghatei MA, Bloom SR 2006 Chronic sub-
cutaneous administration of kisspeptin-54 causes testicular degeneration in
adult male rats. Am J Physiol Endocrinol Metab 291:E1074-E1082

Seminara SB, Dipietro MJ, Ramaswamy S, Crowley Jr WF, Plant TM 2006
Continuous human metastin 45-54 infusion desensitizes G protein-coupled
receptor 54-induced gonadotropin-releasing hormone release monitored in-
directly in the juvenile male Rhesus monkey (Macaca mulatta): a finding with
therapeutic implications. Endocrinology 147:2122-2126

Legan SJ, Karsch FJ, Foster DL 1977 The endocrine control of seasonal re-
productive function in the ewe: a marked change in response to the negative
feedback action of estradiol on luteinizing hormone secretion. Endocrinology
101:818-824

Clarke IJ, Cummins JT, Crowder ME, Nett TM 1987 Pituitary receptors for
gonadotropin-releasing hormone in relation to changes in pituitary and
plasma luteinizing hormone in ovariectomized-hypothalamo pituitary dis-
connected ewes. 1. Effect of changing frequency of gonadotropin-releasing
hormone pulses. Biol Reprod 37:749-754

Turzillo AM, Nett TM 1999 Regulation of GnRH receptor gene expression in
sheep and cattle. ] Reprod Fertil Suppl 54:75-86

Ritar AJ, Maxwell WM, Salamon S 1984 Ovulation and LH secretion in the
goat after intravaginal progestagen sponge-PMSG treatment. ] Reprod Fertil
72:559-563

Goodman RL, Pickover SM, Karsch FJ 1981 Ovarian feedback control of
follicle-stimulating hormone in the ewe: evidence for selective suppression.
Endocrinology 108:772-777

Clarke IJ 1995 Evidence that the switch from negative to positive feedback at
the level of the pituitary gland is an important timing event for the onset of
the preovulatory surge in LH in the ewe. ] Endocrinol 145:271-282

Falck B 1959 Site of production of oestrogen in rat ovary as studied in micro-
transplants. Acta Physiol Scand Suppl 47:1-101

Short RV 1964 Ovarian steroid synthesis and secretion in vivo. Recent Prog
Horm Res 20:303-340

Clarke IJ 1988 Gonadotrophin-releasing hormone secretion (GnRH) in
anoestrous ewes and the induction of GnRH surges by oestrogen. ] Endocrinol
117:355-360

Goding JR, Catt KJ, Brown JM, Kaltenbach CC, Cumming IA, Mole BJ 1969
Radioimmunoassay for ovine luteinizing hormone. Secretion of luteinizing
hormone during estrus and following estrogen administration in sheep. En-
docrinology 85:133-142

Ben Said S, Lomet D, Chesneau D, Lardic L, Canepa S, Guillaume D, Briant
C, Fabre-Nys C, Caraty A 2007 Differential estradiol requirement for the
induction of estrous behavior and the luteinizing hormone surge in two breeds
of sheep. Biol Reprod 76:673-680

Endocrinology is published monthly by The Endocrine Society (http://www.endo-society.org), the foremost professional society serving the
endocrine community.

202 Iudy 01 uo 3sanb Aq z11.1052/852S/ 1 L/8Y L/3101uEe/0pUS/WOod dno-lWaped.//:SARY WOl papeojumod



