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The purpose of the present study was to further examine the
hypothesis that activation of G protein-coupled receptor 54
(GPR54) signaling at the end of the juvenile phase of primate
development is responsible for initiation of gonadarche and
the onset of puberty. Accordingly, we determined whether
repetitive iv administration of the GPR54 receptor agonist
kisspeptin-10 (2 �g as a brief 1-min infusion once every hour
for 48 h) to the juvenile male rhesus monkey would prema-
turely elicit sustained, pulsatile release of hypothalamic
GnRH, the neuroendocrine trigger for gonadarche. GnRH re-
lease was monitored indirectly by measuring LH secretion
from the in situ pituitary, the GnRH responsiveness of which
had been heightened before the experiment with an intermit-
tent iv infusion of synthetic GnRH. Agonadal animals (n � 4)
were employed to eliminate any confounding and secondary

effects of changing feedback signals from the testis. The first
brief infusion of kisspeptin-10 evoked an LH discharge that
mimicked those produced by GnRH priming, and this was
followed by a train of similar LH discharges in response to
hourly activation of GPR54 by repetitive kisspeptin-10 ad-
ministration. Concomitant treatment with a GnRH receptor
antagonist, acyline, abolished kisspeptin-10-induced LH re-
lease. Repetitive kisspeptin-10 administration also provided a
GnRH-dependent signal to FSH secretion. These findings are
consistent with the notion that, in primates, the transition
from the juvenile (attenuated GnRH release) to pubertal (ro-
bust GnRH release) state is controlled by activation of GPR54
resulting from increased expression of hypothalamic KiSS-1
and release of kisspeptin in this region of the brain. (Endo-
crinology 147: 1007–1013, 2006)

PUBERTY IN MAN comprises two developmental pro-
cesses, namely gonadarche and adrenarche (1). In pri-

mates, including man, gonadarche is triggered at the termi-
nation of the juvenile phase of development by a resurgence
in the pulsatile secretion of GnRH from the hypothalamus
(2). The neurobiology underlying this critical neuroendo-
crine event in primate development, however, remains an
intriguing mystery. In this regard, the findings that hypo-
thalamic GnRH mRNA and peptide levels in juvenile male
and female monkeys are not dramatically different from
those in animals in which the pubertal resurgence in GnRH
release has occurred (3–6), and that a sustained adult mode
of pulsatile GnRH release may be immediately provoked
from the hypothalamus of the juvenile monkey by intermit-
tent N-methyl-d-aspartic acid (NMDA) receptor activation
(7), suggests that the signal for pubertal GnRH release must
lie upstream from the GnRH neuronal network.

New, and perhaps fundamental, insight into the nature of the
neurobiological signal responsible for the pubertal resurgence
in GnRH release in primates has emerged as a result of the

recently described association in man between inactivating mu-
tations in G protein-coupled receptor 54 (GPR54) and hypogo-
nadotropic hypogonadism with delayed puberty (8–10).
GPR54 is expressed by GnRH neurons (11–13), and the ligands
for this receptor are derived from the kisspeptins, which are
encoded by KiSS-1 (14–16). The view that GPR54 signaling may
represent an important component of the trigger for pubertal
GnRH release was substantiated by studies of the monkey
demonstrating that expression of KiSS-1 in pubertal females
and agonadal pubertal males was greater than that in juvenile
animals and that precocious GnRH release in juvenile male
monkeys, equivalent in age to approximately 6-yr-old boys,
was readily elicited by iv or intracerebroventricular bolus ad-
ministration of a 10-amino-acid carboxyl-terminal fragment of
kisspeptin (kisspeptin-10) (17).

If the transition from a quiescent GnRH neuronal network
in the juvenile hypothalamus to a robustly pulsing network
in the pubertal primate is the result of increased hypotha-
lamic GPR54 signaling produced by an enhanced kisspeptin
tone in this region of the brain, then premature and chronic
activation of hypothalamic GPR54 in the juvenile by exog-
enous kisspeptin-10 administration should result prema-
turely in a sustained hypophysiotropic drive to the gonado-
troph. To test this hypothesis, agonadal juvenile male rhesus
monkeys, in which pituitary responsiveness to GnRH had
been heightened with a priming infusion of synthetic GnRH
before the study, received an uninterrupted intermittent iv
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infusion of kisspeptin-10 for 48 h, and the effect on hypo-
thalamic GnRH release was tracked indirectly by measuring
circulating LH. The results of this study are presented here.

Materials and Methods
Animals

Four juvenile male rhesus monkeys (Macaca mulatta, 20–21 months of
age, 2.6–3.8 kg body weight) were used. The ages of the animals at the
end of the study ranged from 23–24 months; the pubertal reactivation
of the hypothalamic-pituitary axis in this species occurs at around 30–36
months of age (2). The animals were maintained under controlled pho-
toperiod (lights on from 0700–1900 h) and temperature (21 C) in accor-
dance with the National Institutes of Health guidelines for the Care and
Use of Laboratory Animals. The Institutional Animal Care and Use
Committee approved the experimental procedures.

Synthetic peptides

Synthetic, human kisspeptin-10 was either synthesized by the Pep-
tide/Protein Core Facility of the Massachusetts General Hospital En-
docrine/Reproductive Endocrine Unit and generously provided by Dr.
William F. Crowley, Jr., or obtained commercially [KiSS-1 (112–121-
amide); Phoenix Pharmaceuticals, Inc., Belmont, CA). For the former, a
stock solution of the peptide (350 �g/ml) was prepared in 5% dimeth-
ylsulfoxide in sterile physiological saline (0.9% NaCl) (Abbott Labora-
tories, North Chicago, IL), and for the latter, the stock (200 �g/ml) was
prepared in sterile Dulbecco’s PBS (DPBS without CaCl2 and MgSO4;
Life Technologies, Inc. Products, Grand Island, NY); both were stored
at �80 C. Working kisspeptin-10 infusate (2 �g/ml) was prepared by
diluting a stock preparation in sterile DPBS, either the day before (stored
at 4 C) or on the day of the experiment. Sterile DPBS was used for vehicle
infusion.

The GnRH-receptor (GnRH-R) antagonist, acyline (300 �g/ml) (Bio-
qual, Rockville, MD), was prepared in 5% aqueous mannitol (AMVET
Scientific Products, Yaphank, NY) and stored at 4 C (18). The antagonist
was administered sc at a daily dose of 60 �g/kg, which has been shown
to abolish GnRH-induced gonadotropin secretion (18). Sterile physio-
logical saline was used as vehicle for the GnRH-R antagonist. GnRH (lot
no. 230-110-40 BW) was synthesized at the Salk Institute (Contract N01-
HD-0-2906) and obtained from the National Hormone and Peptide
Program.

Surgical procedures

All surgeries were performed under sterile conditions. Bilateral cas-
tration and implantation of an iv catheter (inner diameter 0.040 in. and
outer diameter 0.085 in) (Stuart Bio-Sil; Sil-Med Corp., Taunton, MA)
were performed as described previously (18). Briefly, the animals were
first sedated with ketamine hydrochloride (10–20 mg/kg body weight,
im) (Ketaject; Phoenix Scientific Inc., St. Joseph, MO) and anesthetized
by isoflurane inhalation (1–2%, in oxygen) (Abbott Animal House, North
Chicago, IL). Bilateral castration was performed a few weeks before or
at the time of catheterization. An indwelling catheter was placed either
in an internal jugular or a femoral vein. The animals received a single
im injection of penicillin (Pen-G, 40,000 U/kg body weight) (Phoenix
Scientific) on the day of surgery. Postsurgically, the animals received
twice-daily iv injections of a broad-spectrum antibiotic (Kefzol, 25
mg/kg body weight) (Apothecon, Princeton, NJ) and an analgesic (Ket-
ofen, 2 mg/kg body weight) (Fort Dodge Animal Health, Fort Dodge,
IA) for 4 d. The routine maintenance of animals in remote sampling cages
has been described previously (19).

Administration of GnRH and kisspeptin-10

Brief infusions of GnRH or kisspeptin-10 were automatically intro-
duced into the catheter every hour and immediately chased into the
animal with a saline bolus (�1 ml/min for 3 min), as previously de-
scribed (20). In this manner, a single iv catheter could be used for both
infusion and sampling.

Collection of blood samples

Blood samples (0.6–1.0 ml) were withdrawn via the catheter into
heparinized syringes and transferred to sterile tubes, and the plasma
was harvested after centrifugation. During periods of sequential sam-
pling, packed blood cells were resuspended with sterile saline and
returned to the respective animal. Plasma was stored at �20 C until
required for assay.

In situ GnRH bioassay

To use pituitary LH secretion as a bioassay for endogenous GnRH
release in juvenile animals, the responsiveness of the gonadotrophs to
GnRH stimulation was first enhanced by a chronic pulsatile iv infusion
of GnRH (0.15 �g/min for 2 min in 1 ml every hour), as described on
several occasions previously (19, 21, 22). A robust, adult-like LH re-
sponse to exogenous GnRH stimulation is usually established by ap-
proximately 3–4 wk of pulsatile GnRH treatment (22). After termination
of the priming infusion, circulating LH concentrations fall rapidly to
undetectable levels, but the response of the pituitary to GnRH is main-
tained for several days (19), allowing experimentally induced endoge-
nous GnRH release to be easily detected. GnRH priming was reinitiated
between experiments.

Experimental design

Experiment 1: effect of an iv intermittent infusion of kisspeptin-10 on the
secretion of GnRH/gonadotropins. Experiment 1 was initiated after con-
firmation that pituitary responsiveness to GnRH had been markedly
up-regulated by intermittent priming with synthetic GnRH. At this time
(d 1), the iv intermittent infusion of GnRH (1 pulse every hour) was
interrupted and immediately replaced with an intermittent iv infusion
of kisspeptin-10 (2 �g in 1 ml as a pulse of 1 min duration once every
h for 48 h) or vehicle (DPBS; 1 ml for 1 min once every hour for 48 h)
with two of the four monkeys receiving the kisspeptin-10 infusion. The
dose of kisspeptin-10 was selected as a result of a pilot study in GnRH-
primed agonadal males, in which a bolus injection of 2.5 �g kisspep-
tin-10 produced a discharge of LH that mimicked those generated by the
GnRH priming infusion. Circulating concentrations of gonadotropins
were monitored in frequent blood samples collected during interpulse
intervals for 1) the last two pulses of the intermittent GnRH priming
infusion on d 1, 2) the first three pulses of the intermittent kisspeptin-10
infusion on d 1, 3) three pulses of kisspeptin-10 on d 2, 4) the last two
pulses of kisspeptin-10 on d 3, and 5) the first two GnRH pulses during
initiation of GnRH repriming after termination of kisspeptin-10 treat-
ment on the last day of the experiment. After a 2-wk interval, the
experimental protocol was repeated adopting a crossover design.

Experiment 2: effect of an iv intermittent infusion of kisspeptin-10 on the
secretion of GnRH/gonadotropins in the presence of a GnRH-R antagonist.
This experiment was designed to confirm the conclusion of an earlier
study (17) that kisspeptin-10-induced precocious gonadotropin secre-
tion in the prepubertal monkey was stimulated indirectly by an action
at the level of the hypothalamus. Approximately 2 wk after completion
of experiment 1, during which time the priming infusion of GnRH was
administered, experiment 2 was initiated (d 1). As in experiment 1,
GnRH priming was again interrupted and immediately replaced with an
intermittent infusion of kisspeptin-10 (2 �g in 1 ml once every hour for
48 pulses; n � 4). In contrast to experiment 1, animals received either a
sc injection of GnRH-R antagonist or an injection of sterile saline on d
1, approximately 30 min after the first pulse of kisspeptin-10, and again
at approximately 0900 h on the morning of d 2 and 3. Circulating
concentrations of gonadotropins were monitored in blood samples col-
lected according to a protocol identical to that employed for experiment
1. After completion of the kisspeptin-10 infusions, GnRH priming was
reinitiated in all four animals, and after restoration of pituitary respon-
siveness was confirmed in the two GnRH-R antagonist-treated animals,
the experimental protocol was repeated adopting a crossover design.

Assays

Plasma LH and FSH levels were measured using homologous (ma-
caque) RIAs as described previously (23, 24). The sensitivity of the LH
and FSH assays ranged between 0.21–0.34 and 1.26–2.65 ng/ml, re-
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spectively, and the mean intra- and interassay coefficients of variation
for LH at approximately 70% binding were less than 6.5% and less than
14%, and for FSH at approximately 84% binding were less than 13% and
less than 22.5%, respectively.

Statistical analysis

Average LH and FSH concentrations during windows of pulsatile
GnRH priming and kisspeptin-10 or vehicle treatment were first derived for
each animal, and these values were used to calculate the overall mean (�
sem) for each window. The significance of differences within and between
treatments was determined for the mean hormone concentrations by mul-
tifactor ANOVA with repeated measures followed by Student-Newman-
Keuls multiple range test (GB STAT Statistical Program, version 6.5.6 Pro;
Dynamic Microsystems Inc., Silver Spring, MD). Hormone concentrations
below the sensitivity of the assays were assigned a value equivalent to the
minimum detectable concentration. Statistical significance was accepted at
P � 0.05. All values are expressed as mean � sem.

Results
Experiment 1: effect of an iv intermittent infusion of
kisspeptin-10 on the secretion of GnRH/gonadotropin

As expected, changes in circulating LH concentrations in
response to intermittent hourly iv infusions of exogenous
GnRH on d 1 was episodic with amplitudes of approximately
1 ng/ml superimposed on a basal level of 3 ng/ml (Fig. 1).
Also, as expected, the first brief infusion of kisspeptin-10 1 h
after withdrawing the pulsatile GnRH stimulation elicited a

robust LH discharge that was similar in magnitude to that
evoked by the GnRH priming infusion (Fig. 1). Subsequent
intermittent iv administration of kisspeption-10 sustained
the pulsatile LH response without decrement throughout the
48-h duration of the kisspeptin-10 infusion (Fig. 1). As an-
ticipated, circulating LH concentrations during vehicle treat-
ment gradually declined to reach levels at or around the
detectable limit of the assay on d 2 (Fig. 1).

The changes in circulating FSH concentrations during this
experiment were qualitatively comparable to those of LH
(Fig. 2), although pulsatile secretion of FSH was less con-
spicuous than that of LH, and the decline in FSH levels after
vehicle administration was slower and less marked than that
for LH (Fig. 1). During vehicle administration, FSH levels
were maintained at approximately 50% of those during
GnRH priming or subsequent kisspeptin-10 administration.

Figure 3 illustrates mean circulating concentrations of LH
and FSH during 1) GnRH priming, 2) each day of kisspeptin-10
or vehicle infusions, and 3) GnRH repriming after the termi-
nation of kisspeptin-10 or vehicle treatment. The LH response
to the first infusion of the GnRH repriming regimen at the end
of vehicle treatment was markedly pronounced compared with
that seen at the end of kisspeptin-10 infusion (Fig. 3).

Experiment 2: effect of an iv intermittent infusion of
kisspeptin-10 on the secretion of GnRH/gonadotropin in the
presence of GnRH-R antagonist

The time course of the LH responses to the last two in-
termittent priming infusions of GnRH and the first pulse of

FIG. 1. Discharges of LH, as reflected by circulating concentrations of
the gonadotropin, during the last two priming pulses of synthetic GnRH
(white arrows) on d 1 in agonadal male rhesus monkeys were sustained
without decrement by an intermittent iv infusion of 2 �g kisspeptin-10
per monkey administered as a 1-min pulse every hour for 48 h from
1100 h on d 1 to 1000 h on d 3 (black data points) after withdrawing
GnRH treatment on d 1 but not during vehicle administration (white
data points). Although kisspeptin-10 or vehicle was administered every
hour, the LH response was tracked for only two or three pulses each day.
The LH response to the reinitiation of the pulsatile GnRH priming
infusion at 1100 h on d 3 was monitored after both kisspeptin-10 and
vehicle treatment but shown only for the former treatment because of the
exaggerated response in the vehicle group (see Fig. 3). This is presum-
ably because of continued synthesis of LH in the absence of GnRH
stimulation leading to a large releasable pool of the gonadotropin. Black
arrows indicate times of pulse infusions of kisspeptin-10 or vehicle that
were selected for tracking LH responses. White arrows indicate time of
GnRH pulse infusions. Values are mean � SEM.

FIG. 2. Circulating FSH concentrations (mean � SEM) during the last
two priming pulses of synthetic GnRH (white arrows) on d 1 in ago-
nadal male rhesus monkeys were sustained without decrement by an
intermittent iv infusion of 2 �g kisspeptin-10 per monkey adminis-
tered as a 1-min pulse every hour for 48 h from 1100 h on d 1 to 1000 h
on d 3 (black data points) after withdrawing GnRH treatment on d 1
but not during vehicle administration (white data points). Although
kisspeptin-10 or vehicle was administered every hour, the LH re-
sponse was tracked for only two or three pulses each day. The LH
response to the reinitiation of the pulsatile GnRH priming infusion at
1100 h on d 3 was monitored after both kisspeptin-10 and vehicle
treatment. Black arrows indicate times of pulse infusions of kisspep-
tin-10 or vehicle that were selected for tracking LH responses.
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kisspeptin-10 was episodic and similar to that observed in
experiment 1 (Fig. 4). Administration of the GnRH-R antag-
onist approximately 30 min after the first pulse of kisspeptin-
10, however, resulted in the loss of episodic LH release and
in a gradual, but significant, decline in the concentration of
this gonadotropin that, by d 2, reached levels at or around the
detectable limit of the assay where they were maintained for
the duration of intermittent kisspeptin-10 treatment (Fig. 4).
Moreover, the LH response to the resumption of pulsatile
GnRH priming at the end of the kisspeptin-10 infusion was
abolished (Fig. 4). Injection of saline (vehicle used for
GnRH-R antagonist) on d 1 was without effect on the LH
response during the 48-h kisspeptin-10 infusion (Fig. 4).

The impact of GnRH-R antagonism on kisspeptin-10-in-
duced FSH release was less dramatic than that on LH se-
cretion (Figs. 5 and 6). Significant differences between an-
tagonist and vehicle treatment in FSH concentrations did not
emerge until d 2, and although mean FSH levels on d 2 and
3 during treatment with the antagonist were significantly
lower than that during vehicle administration, they were
nevertheless maintained at values of approximately 50% of
those in the control condition (Figs. 5 and 6).

Discussion

The present finding that an intermittent iv infusion of
kisspeptin-10 elicited a train of GnRH-dependent LH dis-

charges in the agonadal juvenile male monkey, in which
pituitary responsiveness to GnRH had been heightened by
previous exposure to a pulsatile infusion of synthetic GnRH,
supports our earlier conclusion that premature activation of
GPR54 within the hypothalamus of the prepubertal primate
leads to precocious release of GnRH (17) and extends the
latter study, which examined only the action of isolated
stimulation with kisspeptin-10. First, repetitive kisspeptin-10
stimulation of the hypothalamic-pituitary unit of the prepu-
bertal monkey at hourly intervals for 48 h induced a sus-
tained train of LH discharges that mimicked those produced
by the pulsatile infusion of synthetic GnRH administered
immediately before stimulation with kisspeptin-10. Because
the frequency and magnitude of the LH discharges produced
in agonadal juvenile males by GnRH priming are, to a first
approximation, similar to those observed spontaneously in
castrated adult male monkeys (25), it is reasonable to con-
clude that the GnRH priming infusion provides the gona-
dotrophs of the juvenile pituitary with a hypophysiotropic
stimulus comparable to that produced spontaneously by the
adult hypothalamus unrestrained by negative feedback sig-
nals from the testis. By extension, it may be further proposed
that repetitive activation of GPR54 in the hypothalamus of
the prepubertal male monkey elicited a precocious and sus-
tained hypophysiotropic drive to the pituitary gonadotroph
that mimicked that observed spontaneously in the castrated

FIG. 3. Mean (� SEM) circulating concentrations of LH (top) and FSH
(bottom) in agonadal juvenile male monkeys during the last two prim-
ing GnRH pulses on d 1, during intermittent iv infusion of kisspep-
tin-10 (KP-10; 2 �g/monkey every hour for 48 h) on d 1–3, and during
the first two repriming pulses of GnRH on d 3 (black bars). Corre-
sponding values for vehicle treatment are shown by cross-hatched
bars. a, Significantly different from GnRH d 1; b, significantly dif-
ferent from treatment.

FIG. 4. Pulsatile LH release induced in agonadal juvenile male mon-
keys by an intermittent iv infusion of kisspeptin-10 (2 �g/animal as
a brief 1-min infusion every hour for 48 h) starting at 1100 h on d 1
was abolished by treatment with a GnRH-R antagonist initiated im-
mediately after the first pulse of the intermittent kisspeptin-10 in-
fusion (black data points). Although kisspeptin-10 was administered
every hour, the LH response was tracked for only two or three pulses
each day. Treatment of the animals with a sc injection of saline on d
1 (vehicle used for GnRH-R antagonist treatment) did not influence
kisspeptin-10-induced LH discharges (white data points). The LH
response to reinitiation of the pulsatile GnRH priming infusion at
1100 h on d 3 was monitored for both GnRH-R antagonist and vehicle-
treated kisspeptin-10-stimulated monkeys. Values are mean � SEM.
Black arrows indicate times of pulse infusions of kisspeptin-10 that
were selected for tracking LH responses; white arrows indicate times
of GnRH pulse infusions.
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adult. In the undernourished female rat, central administra-
tion of kisspeptin every 12 h from d 30–37 of age reversed
the delay in vaginal opening resulting from the nutritional
insult, indicating that GnRH neurons in the rodent are also
capable of responding to repetitive GPR54 activation (26).
Whether the hypothalamic site of action of iv-administered
kisspeptin 10 in the monkey is inside or outside the blood-
brain barrier remains to be established.

Precocious GnRH release in the juvenile male rhesus mon-
key has also been induced by iv administration of cholecys-
tokinin (CCK), another centrally active peptide (27). Al-
though the effect of prolonged repetitive stimulation with
CCK has not been studied, when a total of three sequential
injections of CCK were administered at intervals of 2 h, the
magnitude of the response to the second and third injection
was less than that to the first challenge (27). We therefore
consider it unlikely that a sustained pulsatile release of
GnRH would be produced over a 2-d period by hourly stim-
ulation with CCK, as it was in the present study by repetitive
kisspeptin-10 administration.

The ability of repetitive hourly activation of hypothalamic
GPR54 in the juvenile monkey to elicit robust trains of GnRH
discharges without evidence of decrement is reminiscent of
the action of NMDA (7), which, when administered in a
pulsatile manner for several months, drives the hypotha-
lamic-pituitary-testicular axis of the juvenile monkey into an
adult mode of operation with onset of episodic testicular
testosterone secretion and the initiation of spermatogenesis

(28). We would predict that similar chronic repetitive stim-
ulation of hypothalamic GPR54 in the juvenile monkey
would also result in precocious gonadarche, but this remains
to be demonstrated empirically.

The foregoing discussion raises the question as to what, if
any, is the likely relationship between GPR54 and NMDA
receptor signaling at the time of initiation of the spontaneous
pubertal resurgence of pulsatile GnRH release in primates,
the key neuroendocrine event triggering the onset of gona-
darche in these species (2). In this regard, it is to be noted that
an increase in hypothalamic glutamate levels has been re-
ported at the time of gonadarche in the monkey, albeit to date
only in the female (29), and an increase in kisspeptin release
is to be anticipated at this stage of development because
KiSS-1 expression is up-regulated at this time (17). In a recent
study of signaling pathways regulating secretion by the rat
GnRH neuron, Tena-Sempere and his colleagues (30) re-
ported that the GnRH-releasing action of kisspeptin was not
blocked by previous treatment with MK 801, a noncompet-
itive NMDA antagonist. If the latter findings apply also to the
monkey, it may be suggested either that the NMDA receptor
and GPR54 are components of independent signaling path-
ways afferent to the GnRH neuron or that glutamate acti-

FIG. 5. Circulating FSH concentrations (mean � SEM) in agonadal
juvenile male monkeys induced by an intermittent iv infusion of
kisspeptin-10 (2 �g/animal as a brief 1-min infusion every hour for
48 h) starting at 1100 h on d 1 were reduced by treatment with a
GnRH-R antagonist initiated immediately after the first pulse of the
intermittent kisspeptin-10 infusion (black data points). Although
kisspeptin-10 was administered every hour, the FSH response was
tracked for only two or three pulses each day. Treatment of the
animals with a sc saline injection on d 1 (vehicle used for GnRH-R
antagonist treatment) did not influence kisspeptin-10-induced FSH
levels (white data points). The FSH response to reinitiation of the
pulsatile GnRH priming infusion at 1100 h on d 3 was monitored for
both GnRH-R antagonist and vehicle-treated kisspeptin-10-stimu-
lated monkeys. Black arrows indicate times of pulse infusions of
kisspeptin-10 that were selected for tracking LH responses; white
arrows indicate times of GnRH pulse infusions.

FIG. 6. Mean (� SEM) circulating concentrations of LH (top) and FSH
(bottom) in agonadal juvenile male monkeys during intermittent iv
infusion of kisspeptin-10 (KP-10) in the presence (cross-hatched bars)
or absence (black bars) of GnRH-R antagonist treatment. For com-
parison, mean circulating concentrations of gonadotropins produced
in response to GnRH priming immediately before and after the
kisspeptin-10 infusion in the presence or absence of GnRH-R antag-
onist treatment are also shown. a, Significantly different from GnRH
on d 1; b, GnRH antagonist treatment significantly different from
vehicle; c, significantly different from GnRH on d 1; d, significantly
different from kisspeptin-10 on d 1–3.
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vation of GnRH is mediated indirectly via KiSS-1-expressing
neurons proximal to the GnRH neuronal network. The
former possibility is consistent with the finding that GPR54
is colocalized with GnRH in the hypothalamus of both the
rodent and primate (12, 13) and that glutamate receptors,
including the NMDA subtype, are expressed by GnRH neu-
rons, at least in the rat (31–35). Glutamate neurotransmission
in the brain is ubiquitous, and the action of NMDA on the
neuroendocrine hypothalamus does not appear to be re-
stricted to the neuronal system regulating GnRH release
because central or peripheral administration of this agonist
results in GH, prolactin, and ACTH release (21, 28, 36). On
the other hand, KiSS-1 expression in the hypothalamus is
restricted primarily to the region of the arcuate nucleus (17),
and administration of kisspeptin-10 to the monkey has not
been observed to provoke consistent changes in either GH or
prolactin secretion (Shahab, M., and T. M. Plant, unpublished
observations). Taking the foregoing considerations together,
we would propose that the role of hypothalamic kisspep-
tinergic neurons in the developmental regulation of GnRH
release is fundamental, whereas that of glutamatergic inter-
neurons may be subsidiary. The availability of GPR54 an-
tagonists will be required to pursue this and other hypoth-
eses further.

Initial studies of the neuroendocrine action of kisspep-
tin-10 in the monkey employed bolus iv or intracerebroven-
tricular injections of 100 �g kisspeptin-10 (17). Regardless of
the route of administration, similar discharges of LH were
evoked, suggesting that the response to this dose of the
GPR54 agonist was supramaximal. For the present study, the
kisspeptin-10 dose was reduced by 50-fold, and as discussed
above, this dose appeared to elicit a physiological discharge
of GnRH from the monkey hypothalamus. As also discussed
above, CCK at doses of 10–30 �g/kg (i.e. 9–26 nmol/kg) was
able to elicit GnRH release in the juvenile monkey. This dose
range for CCK may be compared with the kisspeptin-10 dose
of approximately 0.67 �g/kg (0.5 nmol/kg) employed in the
present study. Therefore, as described for other species (37–
39), the sensitivity of GnRH release to GPR54 activation in
response to kisspeptin-10 is remarkable.

In man and monkey, it is generally recognized that a
hypophysiotropic drive comprising GnRH, alone, is suffi-
cient for the onset of puberty and for the maintenance of
adult gonadal function in both the male and female, which
requires the concomitant secretion of LH and FSH. It is not
surprising, therefore, that in the present study repetitive
administration of kisspeptin-10 maintained circulating FSH
at levels noted during the GnRH priming infusion. That
kisspeptin-10-induced FSH release, like that of LH, was
GnRH dependent was indicated by the finding that when the
GnRH-R was blocked during kisspeptin-10 administration,
FSH levels were indistinguishable from those observed dur-
ing the 48-h period after termination of GnRH priming. A
similar GnRH-dependent action of kisspeptin-10 on FSH re-
lease has recently been described for the rat (40). The main-
tenance of FSH levels of 2–4 ng/ml after withdrawal of
GnRH priming in the present study most likely reflects dif-
ferences in 1) the kinetics at which the synthesis and release
of FSH and LH is interrupted after withdrawal of GnRH
stimulation and 2) clearance of the gonadotropins from the

circulation. Before the initiation of GnRH priming, circulat-
ing FSH is usually undetectable (�0.1 ng/ml) in juvenile
male rhesus monkeys (41).

GPR54 is expressed in the pituitary in rodents, monkey,
and man (Refs. 14, 16, 42; and Shibata, M., and T. M. Plant,
unpublished observations), and modest stimulation of LH
release from cultures of rat pituitary fragments has been
reported in response to addition of kisspeptin (30). A direct
effect of kisspeptin-10 at the pituitary level in the present
study, however, is unlikely because GnRH-R antagonist
treatment abolished kisspeptin-10-induced LH release.

In conclusion, the findings reported here are consistent
with the hypothesis that, in higher primates, a reduced
kisspeptin tone in the hypothalamus represents a major com-
ponent of the prepubertal brake on pulsatile GnRH releas,
and that the pubertal resurgence in GnRH release that in-
duces gonadarche is triggered by enhanced GPR54 signaling
to GnRH neurons resulting from up-regulation of KiSS-1
expression and increased kisspeptin release. Although the
relationship between the pubertal increase in GPR54 signal-
ing and the concomitant decreases in hypothalamic neu-
ropeptide Y and �-aminobutyric acid tone that have been,
respectively, established for the male and female monkey (5,
43) remains to be determined, it is tempting to speculate that
the enhanced kisspeptin tone at the termination of the ju-
venile phase of development may result from a waning of
these inhibitory inputs. However the case may be, the phys-
iological control system that times the neurochemical events
that lead to the pubertal resurgence of GnRH release in
primates, and therefore the onset of puberty in these species,
remains a fascinating mystery.

Acknowledgments

We thank the staff of the Primate and Assay Cores of the Center for
Research in Reproductive Physiology for technical support and, in par-
ticular, Ms. Rachel Roslund and Ms. Carolyn Phalin. We are also grateful
to Dr. William F. Crowley, Jr., for generously providing kisspeptin-10
and to Drs. Nancy J. Alexander and Richard P. Blye and the National
Institute of Child Health and Human Development for generously pro-
viding acyline. GnRH and reagents for the macaque LH and FSH assay
were obtained from Dr. A. F. Parlow, National Hormone and Peptide
Program.

Received October 4, 2005. Accepted October 28, 2005.
Address all correspondence and requests for reprints to: Dr. Tony M.

Plant, University of Pittsburgh School of Medicine, Department of Cell
Biology and Physiology, 3550 Terrace Street, Room 828 Scaife Hall,
Pittsburgh, Pennsylvania 15261. E-mail: plant1@pitt.edu.

A preliminary report of this work, which was supported by the
National Institutes of Health (Grants HD 08610 and HD 13254), was
presented at the 35th Annual Meeting of the Society for Neuroscience,
Washington, D.C., November 2005.

T.M.P., S.R., and M.J.D. have nothing to declare.

References

1. Witchel S, Plant TM 2004 Puberty: gonadarche and adrenarche. In: Strauss JF,
Barbieri R, eds. Yen and Jaffe’s reproductive endocrinology. 5th ed. Orlando,
FL: WB Saunders; 493–535

2. Plant TM 1994 Puberty in primates. In: Knobil E, Neill JD, eds. The physiology
of reproduction. 2nd ed. New York: Raven Press; 453–485

3. Fraser MO, Pohl CR, Plant TM 1989 The hypogonadotropic state of the
prepubertal male rhesus monkey (Macaca mulatta) is not associated with a
decrease in hypothalamic gonadotropin-releasing hormone content. Biol Re-
prod 40:972–980

4. Vician L, Adams LA, Clifton DK, Steiner RA 1991 Pubertal changes in

1012 Endocrinology, February 2006, 147(2):1007–1013 Plant et al. • GPR54-Stimulated Trains of GnRH Pulses

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article/147/2/1007/2500779 by U

.S. D
epartm

ent of Justice user on 16 August 2022



pro-opiomelanocortin and gonadotropin-releasing hormone gene expression
in the brain of the male monkey. Mol Cell Neurosci 2:31–38

5. El Majdoubi M, Sahu A, Ramaswamy S, Plant TM 2000 Neuropeptide Y: a
hypothalamic brake restraining the onset of puberty in primates. Proc Natl
Acad Sci USA 97:6179–6184

6. Ma YJ, Costa ME, Ojeda SR 1994 Developmental expression of the genes
encoding transforming growth factor-� and its receptor in the hypothalamus
of female rhesus macaques. Neuroendocrinology 60:346–359

7. Gay VL, Plant TM 1988 Sustained intermittent release of gonadotropin-re-
leasing hormone in the prepubertal male rhesus monkey induced by N-methyl-
dl-aspartic acid. Neuroendocrinology 48:147–152

8. 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

9. 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 MBL,
Crowley Jr WF, Aparicio SAJR, Colledge WH 2003 The GPR54 gene as a
regulator of puberty. N Engl J Med 349:1614–1627

10. Semple RK, Achermann JC, Ellery J, Faroozi IS, Karet FE, Stanhope RG,
O’Rahilly S, Aparicio SA 2005 Two novel missense mutations in G protein-
coupled receptor 54 in a patient with hypogonadotropic hypogonadism. J Clin
Endocrinol Metab 90:1849–1855

11. Parhar IS, Ogawa S, Sakuma Y 2004 Laser-captured single digoxigenin-la-
beled neurons of gonadotropin-releasing hormone types reveal a novel G
protein-coupled receptor (Gpr54) during maturation in cichlid fish. Endocri-
nology 145:3613–3618

12. Irwig MS, Fraley GS, Smith JT, Acohido VV, Popa SM, Cunningham MJ,
Gottsch ML, Clifton DK, Steiner RA 2004 Kisspeptin activation of gonado-
tropin releasing hormone neurons and regulation of KiSS-1 mRNA in the male
rat. Neuroendocrinology 80:264–272

13. Shibata M, Gibbs RB, Shahab M, Plant TM, GnRH neurons in the peripu-
bertal male rhesus monkey (Macaca mulatta) express GPR54: implication for the
control of primate puberty. Program of the 87th Annual Meeting of The
Endocrine Society, San Diego, CA 2005, p 191 (Abstract P1-98)

14. 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

15. 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, Onada H, Nishimura
O, Fujino M 2001 Metastasis suppressor gene KiSS-1 encodes peptide ligand
of a G-protein-coupled receptor. Nature 411:613–617

16. Kotani M, Detheux M, Vandenbogaerde A, Communi D, Vanderwinden JM,
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