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Kisspeptins (Kps) have emerged as key players in the control of reproductive-axis function, in which

they operate as primary regulators of hypothalamic GnRH release. In addition, recent data indicate

that Kps can also directly act on the pituitary to stimulate LH and GH release in primary pituitary

cell culture prepared from rats, cows, and sheep. We present herein evidence that Kps (specifically

Kp-10) can also stimulate LH and GH release in primary pituitary cell cultures prepared from female

baboons (Papio anubis), a species that more closely models human physiology. The stimulatory

effect of Kp-10 on LH and GH release was dose and time dependent and enhanced the hormonal

responses to their major regulators (GnRH for LH; GHRH/ghrelin for GH) without affecting the

release of other pituitary hormones (TSH, FSH, ACTH, prolactin). Use of pharmacological intracel-

lular signaling blockers indicated Kp-10 signals through phospholipase C, protein kinase C, MAPK,

and intracellular Ca2� mobilization, but not adenylyl cyclase, protein kinase A, extracellular Ca2�

influx (through L-type channels), or nitric oxide synthase, to stimulate both LH and GH release.

Interestingly, blockade of mammalian target of rapamycin or phosphoinositol 3-kinase activity

fully abolished the stimulatory effect of Kp-10 on LH but not GH release. Of note, estradiol en-

hanced the relative LH response to Kp-10, alone or in combination with GnRH. In sum, our data are

the first to provide evidence that, in a primate model, there is a functional Kp-signaling system

within the pituitary, which is dynamically regulated and may contribute to the direct control of

gonadotropic and somatotropic axes. (Endocrinology 152: 957–966, 2011)

Kisspeptins (Kps) are the peptide products of the Kiss1

gene, which signal through the G protein-coupled

receptor Kiss1r (also known as GPR54) to regulate repro-

ductive function. The importance of Kps/GPR54 is em-

phasized by the observation that some forms of hypogo-

nadotropic hypogonadism are caused by inactivating

mutations of GPR54 in humans and rodents (1, 2). Sub-

sequent studies, conducted in diverse mammalian and

nonmammalian species, have confirmed that Kps are es-

sential gatekeepers of proper reproductive maturation and

function, including brain sexual differentiation, puberty

onset, and neuroendocrine control of gonadotropin secre-

tion and its gating by metabolic and seasonal cues (3).

It is clear that Kps act at the level of the hypothalamus

to stimulate GnRH release. Detailed neuroanatomical

studies in rodents, sheep, primates, and fish led to the

identification of discrete populations of hypothalamic

neurons that express Kiss1/kisspeptin, and presence of
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functional Kiss1r have been documented in GnRH neu-

rons. Specifically, in mammals, a prominent population of

Kiss1 neurons has been demonstrated in the arcuate nu-

cleus in both sexes (4, 5). In addition, in rodents another

group of kisspeptin neurons are located in the anteroven-

tral periventricular (AVPV) nucleus and adjacent areas, in

which this neuronal population seems to be more abun-

dant in females (4, 5). In fact, direct appositions between

Kiss1 terminals in the AVPV nucleus and GnRH neurons

have been described in rodents (6). Similarly, kisspeptin

and GnRH axons have been found in close association

within the median eminence of monkeys (7). These find-

ings, coupled with an abundance of convincing functional

data, have led to the notion that Kiss1 neurons within the

hypothalamus are pivotal afferents in the circuitry gov-

erning GnRH secretion, in which they operate as major

nodal points for the integration and transmission of key

regulatory signals, from sex steroids to metabolic hor-

mones (3). Evidence is also accumulating showing Kiss1

and Kiss1r are expressed in other brain (extrahypotha-

lamic) and peripheral tissues, thus suggesting additional

sites of action, if not different biological roles, for Kps.

In this regard, the possibility that Kps could exert direct

modulatory effects on gonadotropin secretion at the pi-

tuitary level was put forward by initial studies of charac-

terization of the pharmacological effects of Kps on LH and

FSH release in the rat (8). Since then, several groups have

documented the ability of Kps to elicit LH secretion by

pituitary tissue in vitro in rodent, bovine, and ovine species

(9–13). In addition, Kps have been detected in the portal

blood of the pituitary in sheep (12), and recent immuno-

histochemical studies in the monkey suggest a potential

direct effect on the pituitary (7). Furthermore, expression

of Kiss1 and Kiss1r mRNAs has been documented in the

pituitary of rats, sheep, and humans under the control of

GnRH and/or sex steroids (14–17). Collectively these

data suggest a plausible functional role of Kp signaling at

the pituitary level. Admittedly, however, some other stud-

ies have been unable to detect any direct action of Kps in

the pituitary of rats (18, 19). Moreover, the physiological

relevance of such direct effects, at least regarding their

involvement in the induction of the preovulatory LH

surge, has also been questioned in sheep (12). Evidence

also suggests that the pituitary actions of Kps might in-

volve the modulation of other neuroendocrine axes, such

as the somatotroph system (9, 10, 20, 21), but this action

also remains controversial.

In the present work, we aimed to verify the direct pi-

tuitary actions of Kps on hormone release using the female

baboon as a model. We hypothesized that kisspeptin sig-

naling in pituitary cells may play a role in the fine tuning

of the gonadotropic axis, complementary to its dominant,

pivotal function at the hypothalamus. In addition, based

on our previous data in the rat (9, 10, 20, 21), we consid-

ered the possibility that Kp may directly regulate pituitary

somatotroph function. To test these hypotheses, both LH

and GH secretory responses were monitored in primary

cell cultures of female baboon pituitaries after Kp-10

treatment, alone or in the presence of well-known mod-

ulators of gonadotroph (GnRH) or somatotroph [GHRH,

somatostatin (SST), or ghrelin] function. Furthermore, be-

cause there is solid evidence indicating that Kps can acti-

vate a wide variety of intracellular signals via GPR54 in

primary cultures as well as heterologous cell models trans-

fected with GPR54 (3, 22), the relative contribution of

major intracellular signalingpathways toKp-10-mediated

LH and GH release were studied using pharmacological

blockers.

Materials and Methods

Culture reagents
All reagents used in this study were purchased from Sigma-

Aldrich (St. Louis, MO) unless otherwise specified. Kp-10,
GnRH, GHRH, ghrelin, and SST were purchased from Sigma
and Phoenix Pharmaceuticals (Burlingame, CA). �-MEM,
HEPES, horse serum, and penicillin-streptomycin were obtained
from Invitrogen (Grand Island, NY). Inhibitors of intracellular
signaling pathways were purchased from Cayman Chemical
(U73122 and L-arginine methyl ester hydrochloride; Ann Arbor,
MI) or Tocris Bioscience (rapamycin; Ellisville, MO).

Animals and tissue collection
Pituitaries were obtained from randomly cyclic female ba-

boons (Papio anubis, 7–12 yr of age) within 15 min after sodium
pentobarbital overdose. The selected baboons represent control
animals from a breeding colony. All procedures were conducted
under the Institutional Animal Care and Use Committee at the
University of Illinois at Chicago (Chicago, IL). After the animals
were killed, pituitaries were immediately excised and placed in
sterile cold (4 C) basic media consisting of �-MEM, 0.15% BSA,
6 mM HEPES, 10 IU/ml penicillin, and 10 �g/ml streptomycin.
Pituitaries were then washed twice in fresh media and divided
into smaller fragments with surgical blades. Some fragments
were rapidly frozen in liquid nitrogen and stored at �80 C until
RNA isolation (see below for details), whereas the remaining
fragments were dispersed into single cells for culture as described
below. Dissection of the hypothalamic area was done consis-
tently in every animal by excising a central region of the hypo-
thalamus with a cube form (parallel lateral and coronal cuts
separated 5 mm from each other, centered around midline),
which provided a tissue fragment of approximately 0.15 cm3,
likely containing several distinct neuronal nuclei.

Primary pituitary cell culture
Anterior pituitaries were dispersed into single cells by enzy-

matic and mechanical disruption, as previously described (23–
25). Cells were plated onto 24-well tissue culture plates at
200,000 cells/well density in 0.5 ml of basic medium containing
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10% horse serum. After a 48 h-incubation (37 C), medium was
removed and cells were preincubated for 1 h in fresh, warm (37
C), serum-free medium to stabilize basal hormone secretion. Af-
ter the preincubation period, medium was replaced with serum-
free medium containing treatments. Experiments specifically
tested the effects of: experiment A) Kp-10 alone (from 10�14 to
10�6

M) for 4 h (dose response experiment); experiment B) Kp-10
alone (10�8

M) for 30 min or 4, 12, 24, to 48 h (time course
experiment); or experiment C) Kp-10 alone (10�8

M) or in com-
bination with GnRH, GHRH, ghrelin (10�8

M), or SST (10�7
M)

for 4 h. These doses were selected according to previous studies
(23). In addition, in experiment D, to study the intracellular
signaling pathways involved in the actions of Kp on pituitary
function, medium containing the inhibitors of key intracellular
signaling pathways was added following the 1-h preincubation
period (medium alone was used in the vehicle treated controls).
Ninety minutes later, the medium was replaced with medium
alone (vehicle) or containing the selected inhibitor combined
with Kp-10 (10�8

M) and incubated for an additional 4-h period.
Finally, in experiment E, to study the effect of sex steroids on
Kp-10-mediated hormone release, cells were preincubated with
medium containing estradiol (E2; 10 nM) for 36 h, before the day
of the experiment in the presence of serum (medium without E2
was used in the vehicle treated controls). After preincubation,
medium was removed and cells were preincubated for 1 h in
fresh, warm (37 C), serum-free medium (with or without E2) to
stabilize basal hormone secretion. Then the medium was re-
placed with medium containing Kp-10 (10�8

M, with or without
E2) and incubated for 4 additional hours. In all experiments,
after the corresponding incubation period, medium was col-
lected for hormone analysis (see below). Total RNA was ex-
tracted from selected cultures treated with Kp (10�8

M) for ex-
pression analysis of pituitary hormone transcripts. Controls
consisted of cells cultured in serum-free basic medium. Each
treatment was repeated at least three times on different pituitary
cell preparations (3–4 wells/treatment per experiment).

Hormone analysis
Culture medium was recovered, centrifuged (2000 � g per 5

min) and stored at �80 C for subsequent analysis of LH, FSH,
GH, ACTH, prolactin (PRL), and TSH concentrations using hu-
man commercial ELISAS [Diagnostic Systems Laboratories,
Webster, TX (for GH, reference: DSL-10-19100) or DRG
Instruments, Mountainside, NJ (reference no. EIA-1289, EIA-
1787, EIA-1288, EIA-1291, EIA-3647, and EIA-1790 for LH,
GH, FSH, PRL, ACTH, and TSH, respectively)] following the
manufacturer’s instruction. All information regarding specific-
ity, detectability, and reproducibility for each of the assays can
be accessed at the web sites of the indicated companies.

RNA isolation, reverse transcription, and real-time

PCR
Total RNA from primary pituitary cell cultures and whole

tissue was extracted using the Absolutely RNA RT-PCR mini-
prep kit (Stratagene, La Jolla, CA) with deoxyribonuclease treat-
ment, as previously described (23–25). The amount of RNA re-
covered was determined by the Ribogreen RNA quantification
kit (Molecular Probes, Eugene, OR). Total RNA was reverse
transcribed in a 20-�l volume using random hexamer primers
and the cDNA first-strand synthesis kit (MRI Fermentas,
Hanover, MD). The cDNA obtained was treated with ribonu-

clease H (1 U; MRI Fermentas), and duplicate aliquots (1 �l)
were amplified by real-time RT-PCR (rtRT-PCR) using the Strat-
agene Brilliant SYBR green QPCR master mix. Details regarding
the development, validation, and application of rtRT-PCR to
measure expression levels of different baboon transcripts, in-
cluding cyclophilin A (used as a housekeeping gene), have been
recently reported by our laboratory (23–25). New baboon se-
quences obtained in the present study (LH, FSH, TSH, and
Kiss1r) were submitted to GenBank. Primer sets for baboon LH,
FSH, GH, ACTH, proopiomelanocortin (POMC), PRL, TSH,
and cyclophilin A used in this study, as well as the GenBank
accession numbers, are provided in Supplemental Table 1, pub-
lished on The Endocrine Society’s Journals Online web site at
http://endo.endojournals.org.

Statistical analysis
To normalize mRNA values within each treatment and min-

imize intragroup variations, the values obtained were compared
with vehicle-treated controls (set at 100%), and the results are
reported as the mean � SEM in all experiments. Each treatment
group was tested in a minimum of three separate pituitary cul-
tures, each prepared from a different animal, and within each
pituitary cell preparation (experiment), treatments were repli-
cated in at least three to four wells. The entire study was con-
ducted on pituitaries from 11 baboons collected over a 3-yr pe-
riod. Data were assessed for heterogeneity of variance, and if
found, values were log transformed. Differences between treat-
ment groups were assessed by ANOVA (one way or two way
ANOVA) with repeated measures, followed by Fisher’s test for
multiple comparisons. P � 0.05 was considered significant. All
statistical analyses were performed using GB-STAT software
package (Dynamic Microsystems, Inc., Silver Spring, MD).

Results

Baboon primary pituitary cell cultures as putative

model for Kp actions on human pituitary

Pituitaries from female baboons expressed Kiss1r at

high levels compared with those found in the central re-

gion of the hypothalamus [the putative site of action of

Kps (984 � 197 vs. 530 � 248 copies per 0.05 �g total

RNA, respectively)] (8). Comparison of partial baboon

mRNA sequences of all pituitary hormone genes [gener-

ated in this and previous studies (23–25)] and of Kiss1r

with the corresponding human sequences revealed a close

homology (LH, 98%; GH, 98%; FSH, 99%; PRL, 97%;

POMC, 97%; TSH, 100%; and Kiss1r 98%), with a

higher degree of divergence vs. Kiss1r sequences from non-

primate species (88–90% homology when compared with

transcripts of pig, rat, mouse, and sheep).

To confirm that primary pituitary cells of baboons

maintain a differentiated phenotype after dispersion and

culture, absolute mRNA levels (copy numbers per 0.05 �g

total RNA) of LH, GH, FSH, PRL, POMC, TSH, Kiss1r,

and cyclophilinA (usedasahousekeepinggene)were com-

pared between whole-tissue extracts and extracts pre-
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pared from pituitary cultures 4 h after incubation in se-

rum-free medium, and results are shown in Table 1.

Transcript levels did not vary significantly between in vivo

and in vitro samples, indicating that the cell preparation

and culture conditions did not impact the expression of

pituitary hormone genes or kiss1r. Together these results

support that the culture system used allows for the main-

tenance of correct functions of the different pituitary cell

types (gonadotrophs, somatotrophs, lactotrophs, cortico-

trophs, and thyrotrophs) and serves as a positive control

that accurate quantitative rtRT-PCR measures reflect

physiologically relevant differences in gene expression.

Direct effect of Kps on pituitary hormone release

Incubation of cultured baboon pituitary cells with in-

creasing doses of Kp-10 (Kp) for 4 h revealed clear stim-

ulatory effects on LH and GH release in a concentration-

dependent manner (at doses equal to or above 10�12
M;

Fig. 1, A1 and B2, respectively). The lowest dose of Kp that

caused a maximal increase of both LH and GH secretion

was 10�8
M (247 � 21 and 170 � 4% compared with

controls set at 100%, respectively). Accordingly, a stim-

ulatory concentration of 10�8
M Kp was chosen to further

analyze the action of the peptide on baboon LH and GH

release.

Treatment with Kp for different incubation times (from

30 min to 48 h) revealed a stimulatory effect on LH release

between 30 min and 24 h (Fig. 1, B1), whereas the stim-

ulatory effect of Kp on GH release was observed between

4 and 24 h of incubation (Fig. 1, B2). In both cases, hor-

mone release was no longer significantly increased after

48 h of treatment. Interestingly, Kp was able to increase

LH mRNA levels between 12 and 48 h after the exposure,

whereas it was able to significantly stimulate GH expres-

sion only after 24 h of incubation (Fig. 1, C1 and C2).

The direct actions of Kp on primate pituitary function

were restricted to stimulation of LH and GH release be-

cause this same experimental regime failed to significantly

alter spontaneous FSH, PRL, ACTH, and TSH release or

their basal gene expression levels at any of the tested doses

and time points (Supplemental Fig. 1). The absolute im-

pact of Kp on LH or GH secretion at a maximal dose (10

nM; 4 h incubation) ranged between 2.2- and 4.9-fold for

LH secretion and between 1.6- and 3.2-fold for GH release

when compared with vehicle-treated controls, depending

on the individual pituitary preparation (Supplemental Ta-

ble 2). The magnitude of response did not correlate with

the age of the tissue donor but may be associated with the

stage of the estrus cycle or the metabolic environment, in

which this information was not available to us.

Interaction of Kp with major regulators of LH

(GnRH) and GH (GHRH, ghrelin, and SST) release

Comparison of the effects of equimolar doses of Kp and

GnRH revealed that both peptides induced similar in-

creases of LH release, whereas Kp and GnRH coadmin-

istration elicited an additive increase in LH release, com-

pared with the effects of each peptide alone (Fig. 2A). In

contrast, Kp was less potent than GHRH and ghrelin in

inducing GH release in vitro and only caused an additive

stimulation on GH release in combination with GHRH

but not with ghrelin (Fig. 2B). As expected, SST fully

inhibited the stimulatory action of Kp on GH secretion

(Fig. 2B).

Intracellular signaling pathways involved in

Kp-induced LH and GH release

Treatment of pituitary cell cultures with specific in-

hibitors of phospholipase C (PLC), protein kinase C,

MAPK, and intracellular Ca2� mobilization but not

with blockers of adenylyl cyclase (AC), protein kinase

A, extracellular Ca2� influx (through L-type channels),

or nitric oxide synthase (NOS) completely suppressed

the stimulatory effects caused by Kp on baboon LH and

GH release (Fig. 3). Interestingly, blockade of mamma-

lian target of rapamycin (mTOR) or phosphoinositol

3-kinase (PI3K) activity completely abolished the stim-

ulatory effect of Kp on LH secretion (Fig. 3A) but not

that of GH release (Fig. 3B). Administration of these

inhibitors alone did not modify basal LH or GH secre-

tion (Fig. 3).

To compare Kp- and GnRH-activated signaling path-

ways, a similar pharmacological approach was used after

GnRH stimulation of pituitary cell cultures, which is also

analogous to that used in our previous reports document-

ing GHRH- and ghrelin-induced intracellular signals in

pituitaries of baboons (23). However, owing to the limited

availability of cell preparations, we were able to study only

some selected signaling routes. In contrast to that observed

TABLE 1. Absolute cDNA copy number per 0.05 �g
total RNA of gene transcripts in the whole pituitary vs.

primary pituitary cell cultures (control groups) of female
baboons, as determined by quantitative rtRT-PCR

Whole pituitary
Primary pituitary

cell cultures

LH 18.683 � 3.429 20.345 � 4.122
GH 339.800 � 88.456 298.362 � 42.639
FSH 58.770 � 33.607 42.792 � 12.381
PRL 2.183.973 � 699.518 1.893.283 � 159.750
POMC 32.168 � 11.223 35.271 � 8.391
TSH 54.985 � 32.007 41.958 � 7.830
Kiss1r 984 � 197 1.163 � 241
Cyclophilin A 146.731 � 20.648 166.320 � 12.381

Values represent means � SEM �n � 12 separate whole pituitary
extracts and n � 5 separate primary pituitary cell cultures (three to five
wells per experiment)�.
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for Kp, our data suggest that the extracellular Ca2� influx

(through L-type channels) and NOS, but not AC, are es-

sential for the actions of GnRH on LH release from ba-

boon gonadotrophs (Supplemental Fig. 2).

Effect of E2 on Kp-mediated LH and GH release

Sex steroids are key modulators of gonadotroph and

somatotroph function. Thus, the influence of E2 on pitu-

itary responsiveness to Kp in terms of LH and GH secre-

tion was tested based on the previous experiments. Pre-

incubation (36 h) with 10 nM E2 increased spontaneous

LH release by 63% (Fig. 4A) and seemingly enhanced fur-

ther the relative LH-releasing action of Kp administered

alone or in combination with GnRH (Fig. 4A). In contrast,

preincubation with E2 decreased basal GH release from

cultured somatotrophs by 40% (Fig. 4B). In-

terestingly, although absolute stimulatory ef-

fects of GHRH and ghrelin on GH release in

the presence of E2 were concomitantly de-

creased, GH responses to Kp, either alone or in

combination with GHRH (but not with ghre-

lin), were preserved in the presence of E2, de-

spite the marked decrease in basal GH release,

thus resulting in an augmented capacity of so-

matotrophs to maintain its relative GH output

response to Kp (Fig. 4B).

In addition, the influence of E2 on the pat-

tern of response to Kp of the remaining pitu-

itary hormones was also evaluated (Supple-

mental Fig. 3). Similar to that observed for LH

secretion, preincubation with E2 increased

baseline FSH levels and uncovered an FSH-re-

leasing effect of Kp. On the other hand, E2 did

not alter basal PRL release; however, it sensi-

tized lactotropes to positively respond to Kp.

Finally, E2 failed to alter ACTH or TSH re-

lease, either in basal conditions or after Kp

stimulation.

Discussion

The unexpected emergence in 2003 of Kps as

novel, critical regulatory peptides for the re-

productive axis imparted a renewed interest to

the investigation of the neuroendocrine mech-

anisms underlying the control of gonadotropin

secretion. Such an interest was boosted, among

other ground-breaking findings, by the dem-

onstration of the essential roles and extraordi-

narily potent gonadotropin-releasing effects of

Kps in a wide variety of species, including ro-

dents, sheep, monkeys, and humans. Compel-

ling evidence accumulated during the last years offers no

hesitation as to the need of hypothalamic Kps and Kiss1r

to attain, and maintain, proper gonadotropin secretion

and reproductive capacity. Yet the paramount importance

of their hypothalamic actions might have obscured more

subtle, albeit discernable, actions of Kps at other levels of

the gonadotropic axis. Thus, despite early reports show-

ing high levels of expression of Kiss1r in the pituitary, the

numberof functional studiesdirectedatunderstanding the

role and mechanism of action of Kps on pituitary hormone

secretion are limited. Therefore, our present study pro-

vides comprehensive experimental evidence to support a

plausible role of Kps in the direct pituitary control of go-

nadotroph (and somatotroph) function in the baboon, a

FIG. 1. Direct actions of Kp-10 (10 nM) on baboon LH and GH synthesis and

secretion. A, Effect of 4 h treatment with Kp on LH (A1) and GH (A2) release. B,

Time-dependent effect of Kp on LH (B1) and GH (B2) release. C, Time-dependent

effect of Kp on LH (C1) and GH (C2) mRNA levels. Data are expressed as percent of

control (set at 100%) at 4 h (A) or 30 min (B and C). Values represent the mean �

SEM (n � 4 individual experiments, three to four wells/experiment). Values that do

not share a common letter (a, b, c, d) are statistically different. Asterisks indicate

values that significantly differ from their respective control values (same incubation

time period). *, P � 0.05; **, P � 0.01.
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primate model of likely interest for human physiology and

translational medicine (23, 25–28).

It is well known that a number of central and peripheral

factors can act directly on the pituitary to regulate the

release of hypophyseal hormones either independently of,

or cooperatively with, their putative hypothalamic driv-

ers, e.g. ghrelin also stimulates GH from primate soma-

totrophs in a GHRH-independent manner (23). In line

with this notion, mRNA expression and/or presence of

proteins for both Kiss1r and Kiss1 have been described

in the pituitary of humans, rodents, bovine, and ovine

(10, 15–17, 29), and Kp has been shown to induce LH

release in pituitary cultures of several species (9, 10, 21).

Despite this latter evidence, the actual biological sig-

nificance of this system in the pituitary still remains

controversial because contradictory results have also

been reported (7, 18, 19).

In the present work, we demonstrate that Kp-10 is able

to directly stimulate specific populations of baboon pitu-

itary cells in vitro. First, and most notably, Kp-10 signif-

icantly stimulated LH synthesis and release in a dose-de-

pendent manner in cultured gonadotrophs. Moreover,

this stimulation was additive to the GnRH action, sug-

gesting the possibility that the pathways mediating LH

release in response to GnRH and Kp at the gonadotroph

level may be partially independent. Consistent with this,

Kiss1r expression has been described in gonadotophs (12,

17) and immunocytochemical studies in rat pituitary have

shown colocalization of LH� and kiss1r, which would

enable and support a direct action of Kp on gonadotrophs

(17) because it is also substantiated by the ability of Kp-10

to evoke direct calcium responses from individual rat go-

nadotrophs in culture (10). Furthermore, our present data

also demonstrate that the stimulation of LH elicited by

Kp-10 upon Kiss1r activation at the pituitary is mediated

by mTOR, PI3K, MAPK, PLC, and intracellular Ca2� mo-

bilization, a complex set of second-messenger pathways,

which remarkably parallels that found previously to me-

diate the actions of kiss1r on GnRH neurons (11, 30, 31).

Interestingly, it should be noted that under the exper-

imental conditions used in this study, Kp-10 failed to alter

FSH release. Although LH and FSH are known to be cos-

tored in a subpopulation of bihormonal gonadotrophs

and are often coregulated and released in response to di-

verse stimuli (32), it has also been shown in a number of

studies that FSH release can follow a markedly different

pattern from that of LH. For example, the frequency of

GnRH can differentially affect LH and FSH release (33).

Therefore, it is possible that the pattern of delivery of Kp

to gonadotropes in vitro may also differentially regulate

LH and FSH release. It should also be noted that prein-

cubation of E2 unmasked a stimulatory effect of Kp on

FSH release; therefore, it is possible that the steroidal mi-

lieu may differently influence LH and FSH response to Kps

in vitro under the culture conditions used herein.

In addition to its effects on LH secretion, Kp-10 also

induced GH synthesis and release, at doses equivalent to

those effective for LH secretion. This stimulation, how-

ever, was of lower magnitude than that evoked by the

primary GH secretagogues, GHRH and ghrelin. Note-

worthy, Kp-dependent GH release is additive to GHRH

stimulation but not with ghrelin action. Specifically, the

coadministration of Kp-10 and GHRH leads to an addi-

tive effect, analogous to that previously observed after

coadministration of ghrelin and GHRH (23). Interest-

ingly, the set of second-messenger pathways required by

Kp-10 to stimulate GH release seems to be more limited

than that required for LH release, involving PLC and

MAPK activation and intracellular Ca2� mobilization.

This divergence in the kiss1r-mediated signaling suggests

that Kp-10 directly activates a distinct population of pi-

tuitary cells to induce GH release, presumably soma-

totrophs, which have been proposed to express kiss1r as

well (12, 17, 23).

An important question arising from our data is to what

extent the present observations represent a physiologically

relevant phenomenon in a species, such as the baboon, of

particular interest as a model to human biology (23, 25–

28). Our present observations extend and refine previous

FIG. 2. Interaction of Kp-10 (10 nM) with regulators of gonadotrope

and somatotrope function in primary pituitary cell cultures from

baboons. A, Effect of 4 h treatment of Kp and/or GnRH (10 nM) on LH

secretion. B, Effect of 4 h treatment of Kp and/or GHRH, ghrelin (10

nM), or SST (100 nM) on GH secretion. Values are expressed as

percentage of controls, set at 100% within each experiment, and

represent the mean � SEM of four independent experiments (three to

four wells/experiment). Values that do not share a common letter (a, b,

c, d) differ significantly (P � 0.05).
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findings describing the ability of Kp to directly elicit LH

secretion at the pituitary in other species; this might be a

contributing, fine-tuning mechanism for the well-charac-

terized ability of Kps to potently stimulate gonadotropin

release in primates. On the other hand, our results are

suggestive of putative regulatory actions of Kps on other

pituitary axes, such as the somatotrophic system. Admit-

tedly, although the capacity of Kp to potently activate

gonadotropin secretion (mainly through central mecha-

nisms) is indisputable, its action on GH release remains

controversial. Thus, although a number of in vitro studies

have documented a significant stimulation of GH (10, 21),

several in vivo studies, performed recently in cattle, pigs,

and other primates (Macaca mulatta), did not observe this

effect (7, 34, 35). In contrast, work by Kadokawa et al.

(20) documented a stimulatory action of Kp (iv) on GH

release in Holstein heifers, supporting the somatotrope

action of Kp described by the in vitro assays. Of note, mice

lacking a functional Kiss1r gene (Kiss1r knockout) show

a significant reduction in body weight in adulthood (36),

yet whether this effect is due to impairments in GH release

during development and/or to the absence of the anabolic

effect of sex steroids or other factors remains to be

elucidated.

A possible explanation for the differential results be-

tween in vitro and in vivo studies might be related to the

lower sensitivity of pituitary cells to Kp (picomolar range),

compared with GnRH neurons in which Kp has been

proven to be effective in the femtomolar range (11). There-

fore, it is not unreasonable to think that peripherally in-

jected Kp-10, which is considerably short lived, might not

achieve concentrations high enough to stimulate somato-

trope function. Of note, the main source of Kps acting on

the pituitary could be local because Kiss1 and Kp have

been described in gonadotrophs, somatotrophs, and lac-

totrophs (12). However, it should be noted that Kps are

detectible in hypophysial portal blood in ewes (12), and

kisspeptin-54 release has been reported to occur in vivo in

the stalk-median eminence of female rhesus monkeys at

the time of the pubertal increase in GnRH release (37).

Taken together these data suggest that centrally derived

Kps may reach their putative pituitary cell targets at suf-

ficient quantities to exert their direct actions, an issue that

certainly deserves investigation.

In addition, our results demonstrate that sex steroids

modulated the impact of kiss1 on the pituitary. Specifi-

cally, E2 enhanced the stimulatory action of Kp-10 upon

gonadotropin and prolactin release (the latter exclusively

FIG. 3. Intracellular signaling pathways of Kp-10-stimulated baboon LH and GH release. Effect of the inhibition of AC (MDL-12,330A; 10 �M),

protein kinase A (H89; 15 �M), PLC (U73122; 50 �M), protein kinase C (Go6983; 20 �M), MAPK (PD-98,059; 10 �M), extracellular Ca2� L-type

channels (nifedipine; 1 �M), intracellular Ca2� channels (thapsigargin; 10 �M), NOS (L-arginine methyl ester hydrochloride; 10 �M), mTOR

(rapamycin; 10 nM), and PI3K (wortmannin; 1 �M) on kisspeptin-stimulated LH (A) and GH (B) release. On the day of the experiment, inhibitors

were added to the incubation media 90 min before Kp treatment (4 h; 10 nM). Values are expressed as percentage of vehicle-treated controls

without inhibitor (set at 100%) within each experiment, and represent the mean � SEM of three to five independent experiments (three to four

wells/treatment per experiment). Values that do not share a common letter (a or b) significantly differ (P � 0.05).
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dependent on the presence of E2). Regulation of Kiss1

expression by E2 in the pituitary has been previously doc-

umented in rodent and bovine (9, 17) and coincides with the

regulationofKiss1expressionat theAVPVnucleusof female

rodents (4). Importantly, gonadotroph-specific estrogen re-

ceptor-� knockout mice are infertile due to impairments in

LH and FSH release (38), pointing to a crucial role for es-

tradiol signaling at the gonadotrophs in the control of re-

productive function, which might putatively involve its ca-

pacity to enhance Kp-induced gonadotropin secretion

directly at the pituitary level. In line with this, E2 has been

reported to enable kisspeptin-mediated increases in �-ami-

nobutyric acid and glutamate transmission to stimulate

GnRH neurons (39) and to enhance GnRH/gonadotropin

responsiveness to Kp-10 in rodents (40, 41). Moreover, re-

sults generated by other laboratories support a facilitative

role of E2 acting on the pituitary to increase LH release in

response to GnRH (42, 43), which is comparably observed

in the present study. The molecular mechanism underlying

this enhanced GnRH action seems to involve an increased

E2-induced cAMP level (43).

In the current study, data are not available as to

whether cAMP levels and/or, for instance, increased

Kiss1r expression could mediate the E2-induced Kp-10

enhanced stimulatory action. Although previous studies

did not show any variation in Kiss1r expression in relation

to sex steroid milieu at the hypothalamic level in rats (44),

recent work from our group suggest that E2 may enhance

the ability of kp-10 to augment Kiss1r expression from

cultured pituitary cells (our unpublished data). Neverthe-

less, further studies will be required to clarify this issue. In

any case, our current data further extend those original

observations, suggesting that such facilitative action of E2

on the Kp-mediated control of gonadotropin secretion

might include a pituitary site of action as well. In fact, E2

also influences somatotroph responsiveness to Kp, al-

though in a manner distinct from that observed for gona-

dotropes. Specifically the presence of E2 maintained Kp-

induced GH output but markedly reduced basal GH

release and blunted the GH response to the primary secre-

tagogues, GHRH and ghrelin. The mechanisms behind

these actions, as well as its physiological relevance, are yet

to be elucidated, but the action on different pituitary cell

populations and the apparent recruitment of distinct sub-

sets of intracellular signaling systems might help to explain

such divergence in E2 effects.

In summary, we report for the first time a detailed de-

scription of the stimulatory effect of Kps at the pituitary

level in the female baboon. Our results add further, con-

vincing evidence to reinforce previous observations ob-

tained in nonprimate species and strongly suggest that,

besides its major central actions, direct effects of Kps at the

pituitary may represent an additional level of regulation in

the control of hypophyseal hormone (prominently, LH)

release. In addition, our study offers new insights on the

molecular mechanisms whereby Kps elicit LH (and GH)

secretion directly at the pituitary level in a species of spe-

cial interest for human physiology and translational

medicine.
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