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Humangenetics indicatethatkisspeptinandneurokininB(NKB) signalingarenecessary forgenerating
pulsatile LH release and therefore for initiation of puberty and maintaining gonadal function. In the
present study, male monkeys were employed to examine 1) whether activation of the NKB receptor
(NK3R) is associated with GnRH release, and 2) hypothalamic localization of these peptides using
immunofluorescence histochemistry. Agonadal juveniles, in which pituitary responsiveness to GnRH
was heightened by GnRH priming, were employed to indirectly examine GnRH-releasing actions of
NK3RandkisspeptinreceptoragonistsbytrackingLHaftertheir iv injection.Castratedadultswereused
for immunohistochemistry. Single iv injections of NKB or senktide (an NK3R agonist) elicited robust LH
discharges that were abolished by GnRH receptor antagonism (acyline) confirming the ligands’ hypo-
thalamic action. Intermittent infusion of senktide (1-min pulse every hour for 4 h), in contrast to that
of kisspeptin, failed to sustain pulsatile GnRH release. Repetitive senktide injections did not compro-
mise the GnRH-releasing action of kisspeptin. NKB and kisspeptin were colocalized in perikarya of the
arcuatenucleusandinaxonalprojectionstothemedianeminence,confirmingearlierfindingsinsheep.
These results are consistent with the human genetics, and indicate that although brief activation of
NK3R stimulates GnRH release, repetitive stimulation of this pathway, in contrast to that of kisspeptin
receptor, fails to sustain pulsatile GnRH release. In addition, the data provide a platform for future
elucidation of the interactions between NKB and kisspeptin that are required for generating pulsatile
GnRH release in primates. (Endocrinology 151: 4494–4503, 2010)

The findings reported in 2003 that inactivation of
kisspeptin signaling due to mutations of G protein-

coupled receptor 54 [kisspeptin receptor (KISS1R)] are
associated with hypogonadotropic hypogonadism and
absent or delayed puberty in man (1, 2) provided the cat-
alyst for the many subsequent studies that together have
led to a kisspetinocentric view of the neural control of
GnRH release (3–5). With this in mind, the recent obser-
vations by Topaloglu et al. (6) and Topaloglu and co-
workers (7) that mutations of the genes encoding neuro-

kinin B (NKB) (TAC3) and its receptor (TAC3R) are also
associated with hypogonadotropic hypogonadism as re-
ported earlier for KISS1R mutations is therefore of con-
siderable interest. What is even more fascinating is a study
of sheep indicating that kisspeptin and NKB are coex-
pressed in neurons in the arcuate nucleus of the medio-
basal hypothalamus (MBH) (8). Taken together, these re-
sults suggest that coexpression of KISS1, the gene
encoding for kisspeptin (9), and TAC3 in arcuate neurons
is obligatory for sustained pulsatile release of GnRH that
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is necessary for initiation of puberty and for maintenance
of gonadal function in adult men and women (10).

Although transgenic mice with targeted deletions in
Kiss1R possess a phenotype similar to their human coun-
terparts (1), genetic disruption of the NKB pathway in
mice does not lead to infertility (11). Thus, elucidation of
the cellular and molecular interactions within the hypo-
thalamus that must underlie the requirement for both
kisspeptin and NKB signaling to generate pulsatile GnRH
release may be facilitated by the study of nonhuman pri-
mates. Indeed, studies of rodents, to date, indicate that
NKB has an inhibitory or no action on GnRH/LH release
(12–14), effects which are difficult to readily reconcile
with the human genetics (6, 7). Similar findings have been
reported for ovariectomized and estrogen treated ovari-
ectomized goats (see Ref. 15; also, see Discussion).

For these reasons, a series of experiments designed to
examine the action of NKB signaling on GnRH release
was initiated with the rhesus monkey, a higher primate
that exhibits a similar postnatal pattern of pulsatile GnRH
release to that in man (10). The juvenile male was selected,
because during this stage of development, the restraint on
spontaneous GnRH release is more marked than that in the
female (10), and therefore, it was considered that any stim-
ulatory action of NKB on GnRH release might be more
readily detected. Animals were castrated to eliminate any
confounding effects of testicular feedback on gonadotropin
secretion. GnRH was monitored indirectly by using the
GnRH primed in situ pituitary as a bioassay for hypotha-
lamic GnRH release, as described by us previously (16, 17).
The results of these experiments are described here.

Materials and Methods

Animals
Eight male rhesus monkeys (Macaca mulatta) were used. Four

were castrated juveniles (13–14 months, 2.3–2.6 kg) obtained
from the California National Primate Research Center (Davis,
CA). The age of these animals at the end of this study ranged from
21–22 months; the pubertal reactivation of GnRH release in the
absence of the testes typically occurs at around 30 months of age
(16, 18). The remaining four animals were adults (7–14 yr, 6–13
kg) born in Pittsburgh or obtained from U.S. vendors (Three
Springs Scientific, Perkasie, PA; and Valley Biosystems, West
Sacramento, CA). They had been castrated at least 1 month be-
fore this study. One of the four adults had provided hypotha-
lamic sections for a previously described study (19). Monkeys
were maintained under controlled photoperiod (lights on 0700–
1900 h) and temperature (21 C) in accordance with National
Institutes of Health guidelines. The Institutional Animal Care
and Use Committee approved the experimental procedures.

Receptor agonists and antagonists
NKB and human kisspeptin-10 (Kp-10) (amino acids 112–

121) were synthesized at the Peptide/Protein Core Facility of the

Massachusetts General Hospital Endocrine/Reproductive Endo-
crine Unit (Boston, MA). A stock NKB solution (5 �g/�l) was
made in dimethylsulfoxide (DMSO) and a stock Kp-10 solution
(1 �g/�l) in 5% DMSO in sterile physiological saline, both were
stored at �20 C. Senktide, a selective NKB receptor (NK3R)
peptide agonist (20), was obtained from Phoenix Pharmaceuti-
cals, Inc., (Burlingame, CA), and a stock solution (1 �g/�l) in
sterile physiological saline was stored at 4 C.

A stock solution (10 �g/�l) of the nonpeptide NK3R antag-
onist (SB222200; Tocris Bioscience, Ellisville, MO) was pre-
pared in 60% DMSO in sterile physiological saline and stored at
4 C. The NK3R and KISS1R ligands were administered as iv
boluses or brief infusions (1 min) in 1 ml of sterile saline (Kp-10
and senktide) or 60% DMSO in sterile saline (SB222200) or in
200 �l DMSO (NKB).

GnRH was obtained from the National Hormone and Peptide
Program, Harbor-University of California, Los Angeles Medical
Center (Torrance, CA); stock (1 mg/ml) and working (0.3–0.6
�g/ml) dilutions were prepared as previously described (21). A
stock solution (300 �g/ml) of the GnRH receptor (GnRH-R)
antagonist acyline (Bioqual, Rockville, MD) in 5% aqueous
mannitol (AMVET Scientific Products, Yaphank, NY) was
stored at 4 C.

Antibodies
The NKB antibody (IS-681) was raised in a rabbit against h

prepro-NKB (the hapten was a 28-amino acid-long carboxy-
terminal peptide coupled to bovine thyroglobulin by glutar-
aldehyde) and used at 1:6000. For preabsorption control, the
immunogen (hapten-glutaraldehyde-carrier) was used, and ab-
olition of labeling was obtained at a dilution of 1:400 corre-
sponding to a virtual concentration of 1.7 � 10�7 M of hapten
(see Supplemental Fig. 1, published on The Endocrine Society’s
Journals Online web site at http://endo.endojournals.org).

Thekisspeptinantibody(GQ2), raised insheepagainst synthetic
human Kp-54 and kindly provided by Stephen Bloom (Imperial
College London, Hammersmith Hospital, London, UK), has been
validated for immunohistochemical analysis of monkey hypothal-
amus (19). GQ2 was again used at a dilution of 1:120,000.

The GnRH antibody (HU4H), a mouse monoclonal antibody
(22), was kindly provided by Henryk Urbanski (Oregon Na-
tional Primate Research Center, Beaverton, OR) and used at
1:4000. Preabsorption of HU4H with synthetic GnRH (10 �g/
ml) eliminated GnRH labeling (Supplemental Fig. 2).

Alexa Fluor 488 donkey antisheep IgGs (Invitrogen Corp.,
Carlsbad, CA), Cy3-conjugated AffiniPure donkey antirabbit
IgGs (Jackson ImmunoResearch Laboratories, Inc., West Grove,
PA) and Alexa Fluor 488 donkey antimouse IgGs were used as
secondary antibodies at 1:200 dilution to detect kisspeptin,
NKB, and GnRH immunoactivity, respectively.

Surgical procedures
Surgeries were performed under sterile conditions after the

animals had been sedated with ketamine hydrochloride (10–20
mg/kg, im, Ketaject; Phoenix Scientific, Inc., St Joseph, MO) and
anesthetized with isoflurane inhalation (1–2%, in oxygen; Ab-
bott Animal House, North Chicago, IL) as previously described
(16, 23). On the day of surgery, animals received an im injection
of penicillin (Pen-G, 40,000 U/kg; Phoenix Scientific, Inc.). After
castration, the animals continued to receive daily injections of
penicillin and twice daily im injection of Ketofen (ketoprofen, 2
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mg/kg; Apothecon, Princeton, NJ) for 4 d. For animals with iv
catheters, twice daily iv injections of a broad-spectrum antibiotic
(Kefzol, 25 mg/kg; Apothecon) were given.

For access to the venous circulation, two indwelling catheters
(inner diameter, 0.040 inches; and outer diameter, 0.085 inches,
Stuart Bio-Sil; Sil-Med Corporation, Taunton, MA) were implant-
ed: one in an internal jugular vein and the other in a femoral vein.
Catheterization was performed 2–3 months after castration.

Remote iv sampling/infusion
A jacket and tether system was employed for remote collec-

tion of blood and infusion of receptor ligands, as previously
described (23). Blood samples (1–2 ml) were collected under
sterile conditions and during periods of frequent blood sampling,
packed blood cells were resuspended in sterile saline and re-
turned to the respective animal. Plasma was stored at �20 C.

RIA
Plasma LH levels were measured using a homologous RIA as

described previously (24). The sensitivity of the LH assay ranged
between 0.08 and 0.34 ng/ml, and the mean intra- and interassay
coefficient of variation at approximately 50% binding was less
than 5 and 9%, respectively. LH concentrations below detection
were assigned a value equivalent to the minimum detectable
concentration.

In situ GnRH bioassay
To use the pituitary of the juvenile monkey as an in situ bio-

assay to track endogenous GnRH release, pituitary responsive-
ness to GnRH was enhanced with an intermittent iv infusion of
synthetic GnRH (0.3–0.6 �g over 2 min every hour) as previ-
ously described (16, 17). GnRH priming was initiated on the day
of catheterization and maintained for several weeks. During this
period, pituitary LH response to GnRH was monitored weekly
until robust LH discharges were observed.

Transcardial perfusion and hypothalamus
sectioning

Animals were sedated with ketamine hydrochloride (10–20
mg/kg) and deeply anesthetized with sodium pentobarbital (�30
mg/kg, iv, nembutal sodium solution; Abbott Laboratories,
North Chicago, IL) as previously described (19). Brains were
perfused with approximately 1 liter of saline containing 2% so-
dium nitrite and 5000 U heparin/liter followed by approximately
2–3 liter of 4% paraformaldehyde in 0.1 M PBS (pH 7.2). The
hypothalamus was immersed in 30% sucrose (in 0.1 M PBS) for at
least24hbefore serial sectioningat25�monafreezingmicrotome.
Sections were stored in an cryoprotectant at �20 C (25).

Immunohistochemistry
Dual immunofluorescence histochemistry to localize NKB

and kisspeptin, and NKB and GnRH, in the hypothalamus was
performed as described previously (19). Sections were rinsed at
room temperature in 50 mm potassium PBS (KPBS) (pH 7.3)
(eight times 15 min), incubated for 30 min in 3% hydrogen per-
oxide (CVS Pharmacy, Inc., Woonsocket, RI), rinsed again in 50
mM KPBS (six times 5 min), and incubated overnight at 4 C in
KPBS buffer containing 5% horse serum (Vector Laboratories,
Inc., Burlingame, CA), 0.05% Triton X-100, and 5% BSA
(Sigma Chemical Co., St. Louis, MO) to block nonspecific bind-

ing. Sections were incubated for 48 h at 4 C in a cocktail of
primary antibodies in KPBS-horse serum buffer and washed in
50 mM KPBS (four times 5 min). Sections were incubated for 1 h
in the dark in a cocktail of the appropriate fluorescent secondary
antibodies in KPBS-horse serum buffer, both at a dilution of
1:200. After washing in 50 mM KPBS (four times 5 min), sections
were mounted on slides (Fisherbrand Superfrost Plus; Fisher Sci-
entific, Pittsburgh, PA) and coverslipped using GEL/MOUNT
aqueous mounting medium with antifading agents (Biomeda
Corp., Foster City, CA).

Confocal microscopy
Imaging of fluorescence labeling for NKB, kisspeptin, and

GnRH was performed using an Olympus FV1000 confocal micro-
scope (Olympus America, Inc., Melville, NY) as previously de-
scribed (19). For low (�10–�20) and high magnification (�40–
�100) profiles, optical sections along the z-axis were collected at
1-�m intervals. Composite digital images were then converted to
tagged image file format and imported into Adobe Photoshop
(Adobe Photoshop CS2, version 9.0; Adobe Systems, Inc., San Jose,
CA), and color balance was generally adjusted for presentation.

Statistical analyses
Significance differences between mean hormone concentra-

tions were determined using Student’s t test or ANOVA with
repeated measure followed by Student-Newman-Keuls multiple
range test using SigmaStat (version 2.0; SPSS, San Rafael, CA).
Significance was accepted at P � 0.05. Values are expressed as
mean � SEM.

Experimental design
Experiments 1–6 were conducted in GnRH primed juveniles.

For the first five experiments, GnRH priming was stopped at
approximately 1500 h on the day before the peptide challenges
and reinitiated upon completion of the experiments, unless oth-
erwise stated.

Experiment 1: effects of increasing doses of iv bolus
injections of senktide on LH secretion (n � 3)

On the day after termination of GnRH priming and for the
next 2 d, the animals received an iv bolus injection of one of three
doses of senktide (5, 15, and 50 �g or 6, 18, and 59 nmol,
respectively). A dose of senktide was given on each day with the
three animals receiving a different dose on a given day. GnRH
priming was restored for approximately 6 h between each sen-
ktide challenge. Changes in LH levels were monitored in blood
samples collected 10 min before and at 10, 20, 30, and 50 min after
each dose of peptide injected. On separate occasions, 100 �g (119
nmol, threeanimals)and500�g(593nmol,oneanimal)ofsenktide
were also administered.

Experiment 2: effect of single bolus iv injections of
senktide or NKB on LH release (n � 3)

Animals received bolus iv injections of senktide (50 �g), NKB
(100 �g or 83 nmol), or GnRH (0.3 �g or 250 pmol) at 2 h
interval. A GnRH dose of 0.3 �g was selected, because previous
studies indicate that this dose provides the gonadotrophs with a
hypophysiotropic signal comparable with that generated spon-
taneously in postpubertal males (21). The order in which the
peptides were administered was adjusted so that each animal
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received the three agonists in a unique sequence. Changes in LH
levels were monitored in blood samples collected 10 min before
and at 10, 20, 30, 50, 70, 90, and 110 min after each injection.

Using a similar protocol on a different occasion after GnRH
repriming, a control experiment was conducted to determine
whether DMSO (200 �l) influenced either spontaneous or sen-
ktide (50 �g)-induced LH release.

Experiment 3: effect of pretreatment with a GnRH-R
antagonist (acyline) on senktide or NKB-induced LH
release (n � 4)

On the day of the experiment, animals first received an iv
bolus of GnRH (0.3 �g). Thirty minutes later, a sc injection of
acyline (60 �g/kg) was administered. Three hours later, a bolus
iv injection of senktide (50 �g) was administered followed, at 2-h
intervals, by injections of NKB (100 �g) and GnRH (0.3 �g).
Changes in LH levels were monitored in blood samples collected
10 min before the first GnRH challenge and at frequent intervals
(10–45 min) thereafter. After an interval of 2–3 wk of GnRH
repriming and confirmation that the action of the GnRH-R an-
tagonist had dissipated, the experiment was repeated with the
acyline vehicle (5% mannitol). This time, however, LH responses
to NKB and the second GnRH challenge were not examined.

Experiment 4: comparison of the LH-releasing action
of single bolus iv injections of senktide or Kp-10 (n � 3)

Animals received bolus iv injections of senktide (50 �g),
Kp-10 (2 �g, 1.5 nmol), and GnRH (0.3 �g) with an interdose
interval of 2 h. The Kp-10 dose of 2 �g was selected, because
previous studies showed that it mimicked the LH-releasing ac-
tion of a “physiological” dose of GnRH (26). The order in which
the peptides were administered was adjusted so that each animal
received the three agonists in a unique sequence. Changes in LH
levels were monitored in blood samples collected 10 min before
and at 10, 20, 30, 50, 70, 90, and 110 min after each injection.

Experiment 5: effect of pretreatment with a selective
NK3R antagonist (SB222200) on senktide or Kp-10
induced LH release (n � 3)

Animals received a bolus iv injection of the NK3R antagonist
(500 �g or 1.3 �mol) followed 15 min later by a bolus iv injection
of senktide (50 �g). Changes in LH levels were monitored in blood
samples collected 30 and 15 min before and at 10, 20, 30, 50, 70,
90, and 110 min after the senktide injection. After GnRH reprim-
ing, the experiment was repeated with the NK3R antagonist vehi-
cle. Finally, after further repriming, the effect of the NK3R antag-
onist on Kp-10 (2 �g)-induced LH release was examined.

Experiment 6: effect of repetitive intermittent iv
injections of senktide or Kp-10 on LH release (n � 3)

In this experiment,GnRHprimingwasnot stoppeduntil theday
of the experiment. The LH discharge to the last GnRH-priming
pulsewasmonitoredbefore theGnRHinfusionwasterminatedand
immediately replaced with four bolus iv injections, at 1-h intervals,
of senktide (50 �g/pulse). One hour after the last senktide pulse, a
bolus iv injection of Kp-10 (2 �g) was administered. Changes in LH
levelsweremonitored inblood samples collected10minbeforeand
at 10, 20, 30, and 55 min after each pulse infusion of peptide.
Priming was reinitiated, and the protocol repeated, but this time,

fourpulsesofvehiclewereadministered insteadof senktide.Finally,
the response to five pulses of Kp-10 (2 �g/pulse) was examined
again after repriming.

Experiment 7: immunohistochemical localization of
NKB, kisspeptin, and GnRH in the MBH of castrated
adult male monkeys (n � 4)

A series of coronal sections taken every 250 �m throughout
the MBH of each of four castrated adult male monkeys were
stained for NKB and kisspeptin as described above and examined
for double labeled somata and fibers. In two monkeys, sections
through the arcuate nucleus median eminence at an anterio-
posterior level, established to contain double labeled (NKB and
kisspeptin) somata and axons, were stained for NKB and GnRH.
Hypothalamic sections from castrated adults were used here,
because intensely immunopositive kisspeptin neurons are de-
tected in abundance in the arcuate nucleus of postpubertal males
in the absence of testicular feedback (19). Moreover, these sec-
tions were available in our tissue bank.

Results

Experiment 1: effects of increasing doses of iv bolus
injections of senktide on LH secretion (n � 3)

The 15- and 50-�g bolus injections of senktide induced
unequivocal discharges of LH. At these doses, basal LH
concentrations of 0.56 � 0.13 ng/ml (mean � SEM) in-
creased rapidly after the senktide challenge, and at 10 min
after injection, LH levels had significantly increased to
1.32 � 0.22 and 2.52 � 0.42 ng/ml, respectively. Changes
in mean LH concentrations after the 5 �g dose of senktide
were not significant (0.81 � 0.43 and 0.98 � 0.52 ng/ml,
basal and 10 min post senktide, respectively).

On another occasion, a senktide dose of 100 �g was
administered and produced peak LH levels of approxi-
mately 3.5 ng/ml, whereas 500 �g of the NK3R agonist
given to one monkey produced a peak LH level of 7 ng/ml
(data not shown).

Experiment 2: effect of single bolus iv injections of
senktide and NKB on LH release (n � 3)

Senktide at the 50-�g dose again elicited a robust LH
discharge (Fig. 1) of similar magnitude to that observed in
the first experiment. Plasma LH concentrations were
tracked for 2 h after the senktide challenge, and at this
time, LH levels had returned to basal values (Fig. 1). A
bolus injection of 100 �g NKB also elicited a marked dis-
charge of LH, as did that of GnRH (0.3 �g) (Fig. 1). The
magnitude of the senktide-induced LH discharge was
comparable with that observed in response to GnRH. In-
jection of DMSO (NKB vehicle) was without effect on
plasma LH levels and did not interfere with the LH dis-
charge induced by senktide administered 2 h later (data
not shown).
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Experiment 3: effect of pretreatment with a GnRH-R
antagonist (acyline) on senktide or NKB-induced LH
release (n � 4)

Administration of a GnRH-R antagonist (acyline) abol-
ished the LH response to a senktide, NKB, and GnRH chal-
lenge administered 2.5, 4.5, and 6.5 h later, respectively (Fig.
2). Injection of vehicle used for the GnRH-R antagonist was
without effecton the senktide-inducedLHdischarge (Fig. 2).

Experiment 4: comparison of the LH-releasing
action of single bolus iv injections of senktide or
Kp-10 (n � 3)

The time course of the LH discharge in response to a 2-�g
iv bolus injection of Kp-10 was similar to that induced by
senktide (50 �g). The magnitude of the LH response to

Kp-10, however, was greater than that to senktide (Fig.
3). GnRH (0.3 �g) again elicited a LH discharge compa-
rable with that produced in response to senktide (Fig. 3).

Experiment 5: effect of pretreatment with a
selective NK3R antagonist (SB222200) on senktide
or Kp-10 induced LH release (n � 3)

Pretreatment with the NK3R antagonist 15 min before
a bolus injection of senktide abolished the LH response to
the NK3R agonist but did not interrupt the LH discharge
induced by Kp-10 (Fig. 4).

Experiment 6: effect of repetitive intermittent iv
injections of senktide or Kp-10 on LH release (n � 3)

As anticipated, repetitive iv injection of Kp-10 at hourly
intervals resulted in a sustained train of LH discharges
with a magnitude similar to that produced by the inter-
mittent GnRH-priming infusion (Fig. 5). Although the
first injection of a similar regimen of repetitive 50 �g of
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FIG. 3. Circulating concentrations of LH (mean � SEM) after bolus iv
injections (arrows) of senktide (S) (50 �g), Kp-10 (K) (2 �g), and GnRH
(G) (0.3 �g) given at 2-h intervals to agonadal juvenile male monkeys.
Note that the order of treatment with the three peptides was different
for each of the three animals (see experiment 4 under experimental
design in Materials and Methods), and for presentation, the responses
of two animals have been reordered to match those for the animal
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(G) (0.3 �g) given at 2-h intervals to agonadal juvenile male monkeys.
Note that the order of treatment with the three peptides was different for
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Materials and Methods), and for presentation, the responses of two
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GnRH (G) pulse of the priming infusion (open arrow) and sequential bolus
iv injections (arrows) of senktide (S) (50 �g), NKB (N) (100 �g), and GnRH
(0.3 �g) (black arrows) given at 2-h intervals to agonadal juvenile male
monkeys when a GnRH-R antagonist, acyline (A) (arrowhead), was given
30 min after the first GnRH challenge (closed data points). Note the
absence of LH discharges in response to the three peptides after
administration of acyline. Treatment with the vehicle for the GnRH-R
antagonist (V) (5% mannitol in saline; arrowhead) did not interrupt the LH
discharge induced by a bolus iv injection of senktide (open data points).
The response to NKB and the second GnRH challenge was not studied
after vehicle administration. n � 4.

4

6

8

(n
g

/m
l)

NK3R-A or V S or K

1209060300-15-30-45
0

2

Time (min)

L
H
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white arrow) at �15 min abolished the LH response to an iv bolus
injection of senktide (S) (50 �g; black arrow, triangle data points) given
at time 0 but did not interfere with LH release when an iv bolus of KP-
10 (K) (2 �g; black arrow, closed circle data points) was given at time
0. Administration of vehicle (V) at �15 min did not interfere with
senktide induced LH release (open data points). Mean LH
concentrations (�SEM) are shown. n � 3.
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senktide challenges elicited an LH discharge, responses to
subsequent senktide injection were markedly blunted, and
LH concentrations fell in parallel with those observed dur-
ing repetitive vehicle administration (Fig. 5). The mean LH
concentration during the gonadotropin discharge induced
by the 4th pulse of Kp-10 (2.63 � 0.69 ng/ml) was sig-
nificantly greater than that induced by the corresponding
pulse of either senktide (1.02 � 0.32 ng/ml) or vehicle
(0.60 � 0.28 ng/ml). The difference between senktide and
vehicle was not significant. The apparent down-regu-
lation of the LH response to repetitive senktide admin-
istration did not compromise the action of Kp-10 to
stimulate LH secretion 1 h after the last injection of the
NK3R agonist (Fig. 5).

Experiment 7: immunohistochemical localization of
NKB, kisspeptin, and GnRH in MBH of castrated
adult male monkeys (n � 4)

As anticipated, heavily immunolabeled kisspeptin
perikarya were found throughout the rostro-caudal extent
of the arcuate nucleus in the MBH of castrated adult mon-
keys. Although NKB staining of perikarya throughout the
arcuate nucleus was also robust, only 40–60% of kisspep-
tin immunopositive cell bodies were costained for NKB
(Figs. 6 and 7). Cell bodies immunopositive for only NKB
were not observed in the arcuate nucleus. The median
eminence, and particularly the internal zone, was richly

innervated with both double labeled and kisspeptin la-
beled fibers (Fig. 6E). Also as anticipated, dense networks
of GnRH axonal fibers were found throughout the median
eminence, and in the internal zone, these were frequently
associated with beaded NKB axons (Fig. 8).

Discussion

The present study was prompted by the recent findings
that inactivating mutations of the genes that encode for
either the ligand or receptor in the NKB-NK3R signaling
pathway is associated with hypogonadotropic-hypogo-
nadism in man (6, 7). Because the human genetics indicates
that NKB is likely to be involved in a pathway stimulatory
to GnRH and LH release, this possibility was examined in
the monkey employing an experimental paradigm, where
endogenous GnRH release is minimal to enhance the de-
tection of any stimulatory action of NK3R activation. As
for analogous earlier studies of the GnRH-releasing action
of kisspeptin (26), the juvenile male rhesus monkey was
again selected for this purpose, because at this stage of
development, administration of GnRH secretogogues
readily elicits robust discharges of the releasing factor in
the face of minimal spontaneous secretion. The monkeys
were again first castrated to eliminate the potential con-
founding effects of gonadal steroid feedback to the hypo-
thalamus and pituitary. GnRH release was monitored in-
directly by tracking LH secretion after the pituitary of the
juvenile males had been sensitized to the releasing action
of GnRH with a chronic intermittent infusion of the syn-
thetic decapeptide, as previously described on numerous
occasions (16, 17, 26).

Although NKB injected as a 100 �g iv bolus elicited a
robust discharge of LH from the GnRH-primed pituitary
of the juvenile monkey, we chose not to use the native
NK3R ligand routinely, because concentrated DMSO was
required as vehicle to keep the peptide in solution. Instead,
most experiments were conducted with senktide, a syn-
thetic peptide agonist of NK3R (20) soluble in saline. Sin-
gle iv boluses of senktide elicited a dose-related increase in
the amplitude of the LH discharge. Moreover, senktide
(and also NKB)-induced LH release was abolished by pre-
treatment with a GnRH-R antagonist (acyline), establish-
ing the GnRH dependency of the induced LH release, and
indicating that the site of action of the NK3R agonists, as
previously established for kisspeptin (26), was at the level
of the hypothalamus. Senktide administered as an iv bolus
of 50 �g elicited a discharge of LH comparable with that
observed in response to 0.3 �g of GnRH. This challenge of
GnRH elicits an LH discharge with a magnitude similar to
that released spontaneously in adult males in response to
endogenous pulsatile GnRH release (21), and therefore, it
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FIG. 5. Discharges of LH, as reflected by circulating concentrations of
the gonadotropin (mean � SEM), during the last priming pulse of GnRH
(G) (broken black arrow) in agonadal male monkeys were sustained
without decrement by an intermittent iv infusion of 2 �g Kp-10
administered as a 1-min pulse every hour for 5 h and initiated at time
0 (open data points) after concomitantly terminating the GnRH-
priming infusion. In striking contrast, a similar intermittent iv infusion
of senktide (50 �g/pulse) after termination of GnRH priming failed to
mimic the action of repetitive Kp-10 administration. Instead, LH levels
(closed data points) fell in parallel with those observed during
intermittent iv infusion of vehicle (gray data points). The down-
regulation of the LH response to repetitive senktide administration,
however, did not compromise the GnRH-releasing action of an iv bolus
of Kp-10 (K) (black arrow) administered after the last of four pulses of
senktide. White block arrows indicate time of hourly intermittent
infusions of Kp-10 (K) or senktide (S) or vehicle (V). Black arrow at 240
min indicates time of the last of 5 Kp-10 pulses or of the Kp-10
challenge after the intermittent infusion of either senktide or
vehicle. n � 3.
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seems reasonable to propose that the GnRH discharge
from the hypothalamus of the juvenile in response to a
single 50-�g dose of senktide administered iv is roughly
equivalent to that produced spontaneously in pubertal
and postpubertal animals. Previous studies had estab-
lished that the corresponding dose of Kp-10 that induces
a physiological discharge of LH was 2 �g (26), and in the
present study, this dose of Kp-10 produced an LH dis-
charge with an amplitude marginally greater than that
observed in response to 50 �g of senktide. If assumptions
are made that the clearance of injected Kp-10 (decapep-
tide) and senktide (hexapeptide) from the circulation is
similar and the distribution of the peptides to the hypo-
thalamus is comparable, it would be concluded that Kp-10
is the most potent releaser of GnRH.

The present finding that activation of hypothalamic
NK3R in the juvenile monkey is stimulatory to GnRH
release is entirely consistent with the human genetics (6, 7)
but is at variance with recent studies of male mice, in which
ip and intracerebroventricular (icv) administration of
NKB was not associated with LH release (14). The fore-

going difference is unlikely to be related to
agonist dose, because in the study by
Corander et al. (14), doses for ip injection of
NKB ranged from 5–50 nmol, i.e. equiva-
lent to 6–60 �g/mouse or approximately
30–300 �g/kg body weight, which com-
pares with an iv dose of 25 �g/kg body
weight in the present study. Similarly, addi-
tion of NKB to hypothalamic explants from
male rats did not influence GnRH release
(14). Studies of the effect on LH release of
activating NK3R signaling in the female are
inconsistent in nonprimates. Senktide ad-
ministered icv to ewes inthefollicularphaseof
the ovarian cycle and NKB to steroid (estradiol
plus progesterone)-treated goats elicited robust
LH secretion (15, 27), and recent experiments
with intact and estradiol-treated ovariecto-
mized adult rats have also revealed a stim-
ulatory action of icv senktide on LH release
(Navarro, V., M. Tena-Sempere, and R. A.
Steiner, unpublished data). On the other
hand, icv injection of senktide in ovariecto-
mized, estradiol-treated rats and in intact fe-
male mice (12, 13) and to ovariectomized
goats with and without estradiol replacement
(15) resulted in an overall decrease in circu-
lating LH concentrations. A reconciliation of
these puzzling results may now be close at
hand, because in the foregoing study of the
ovariectomized goat, NKB administration
consistently increased multiunit electrophysi-

ologicalactivityrecorded intheregionof thearcuatenucleus,
but unequivocal evidence of concomitant LH release was
only observed in the presence of progesterone when sponta-
neous GnRH pulse frequency was low (15). Thus, it seems
reasonable to propose that the ability to demonstrate NK3R
ligand-induced GnRH release, as monitored indirectly by
LH secretion, is dependent in part on spontaneous GnRH
pulse frequency.Thiswouldexplain therobustLHresponses
observed inthepresentstudyofaprepubertalprimate,where
GnRH pulsatility is developmentally restrained (10). It
should be noted that the present finding of NKB-induced
GnRH release in the juvenile monkey does not address the
relative importance of this tachykinin in driving GnRH re-
lease at those stages of primate development when GnRH
pulsatility is robust, i.e. during fetal, infantile, pubertal, and
postpubertal development (10). That the contribution of
NKBsignaling toGnRHpulsegenerationmayvary through-
out primate development has been proposed based on the
recent finding that the hypogonadotropism associated with
TAC3/TACR3 mutations in pubertal-aged children was at-
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FIG. 6. Confocal immunofluorescence projections showing colocalization of NKB (red
fluorescence, Cy3) and kisspeptin (green fluorescence, Alexa 488) positive perikarya and
fiber networks in the arcuate nucleus (ARC) and median eminence (ME), respectively, of
a castrated adult male rhesus monkey. A–C, Confocal projections (magnification, �10;
1-�m optical sections) showing immunopositive kisspeptin (A) and NKB (B) profiles and
their merged image (C) in a coronal hemisection taken through the ARC. The third
ventricle (3V) is seen on the right hand side of the half section. Note that the
colocalization of NKB with kisspeptin (yellow) in both ARC and ME. D and E, Higher
magnification (�40, 1-�m optical sections) confocal projections taken from the ARC (D) and
the ME (E) of the section shown in A–C. Note that the colocalization of NKB and kisspeptin
in many of the ARC kisspeptin positive perikarya (D) and in kisspeptin axonal projections in
the ME (E). Scale bar, 100 �m (A–C) and 20 �m (D and E).
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tenuated in several subjects after treatment for delayed pu-
bertal development (usually sex steroids) had been discon-
tinued (28).

The action of iv administered NKB or senktide on GnRH
release ismost likelytobeexerteddirectlyonGnRHneurons.
Elegant immunohistochemical studies of the rat hypothala-
mus by Rance and co-workers (29) have demonstrated

prominent punctate colocalization of NK3R on GnRH
axons innervating the internal and external layers of the
median eminence. In addition, because GnRH perikarya
in the rat hypothalamus were only occasionally found to
express NK3R (29), it is reasonable to propose that the site
of the stimulatory action of iv-administered NK3R ago-
nists may be at the level of GnRH fibers in the median
eminence, a suggestion consistent with the finding of inti-
mate interactions between NKB and GnRH fibers in the me-
dian eminence, as first reported for the rat (29), and con-
firmed in the present study for the monkey. A similar
argument has been put forward for a major site of the stim-
ulatory action of kisspeptin on GnRH release residing at the
level of the median eminence (19, 30), although other sites of
action on the GnRH neuron are not excluded.

The ability of intermittent iv bolus injections of Kp-10
at hourly intervals to elicit a corresponding train of sus-
tained GnRH discharges from the hypothalamus of the
agonadal juvenile, reported by this laboratory in 2006
(26), was again observed in the present study. In striking
contrast, however, repetitive activation of NK3R at a sim-
ilar hourly frequency with iv injections of 50 �g of senk-
tide failed to sustain robust GnRH pulsatility, and as a

FIG. 7. Confocal dual immunofluorescence projections (magnification,
�10; 1-�m optical sections) of a pair of coronal hemi-MBH sections
taken at the level of the arcuate nucleus (ARC)-median eminence (ME)
region from each of four castrated adult male monkeys stained for
NKB (red fluorescence, Cy3) and kisspeptin (green fluorescence, Alexa
488). The left hand section of each pair (A–D) is anterior with respect
to the more caudal section shown on the right (A�–D�). Note that
colocalization of the two peptides (yellow) in approximately 40–60%
of kisspeptin positive neurons of the ARC. 3V, Third ventricle. Scale
bar, 100 �m.

FIG. 8. A and B, Confocal immunofluorescence projections showing
the distribution of NKB fibers (red fluorescence, Cy3) in relation to
GnRH axons (green fluorescence, Alexa 488) in coronal hemisections
of the median eminence (ME) of two castrated adult male monkeys
(magnification, �10; 1-�m optical sections). A� and B�, Confocal
projections (magnification, �100; 1-�m optical sections) of NKB-GnRH
interactions in regions of the internal zone of the median eminence
shown in the area outlined by the rectangles in A and B, respectively.
Contacts between NKB and GnRH fibers (white arrows) were
confirmed by examination of individual optical sections. 3V, Third
ventricle; ARC, lateral arcuate nucleus. Scale bars, 100 �m (A and B)
and 10 �m (A� and B�).
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result, circulating LH concentrations fell in parallel with
those observed during vehicle administration. Although
the first injection of senktide elicited an LH discharge,
again with an amplitude marginally less than that of Kp-
10, as observed in the earlier experiment, responses to
subsequent injections of the NK3R agonist were blunted.
The apparent down-regulation of NK3R to repetitive
stimulation did not compromise the activity of KISS1R, as
reflected by the robust GnRH discharge observed in re-
sponse to Kp-10, 1 h after the last injection of senktide.
The latter finding also eliminated the possibility that fre-
quent injection of senktide compromised the pituitary re-
sponse to GnRH.

As was anticipated, pretreatment with the NK3R an-
tagonist, SB222200, abolished senktide-induced GnRH
release. Because SB222200 did not interfere with the stim-
ulatory action of Kp-10, it seems reasonable to propose
that NK3R and KISS1R signaling pathways are indepen-
dent or that NK3R is upstream from KISS1R, a suggestion
consistent with the finding that down-regulation of the
NKB pathway did not compromise KP-10-induced GnRH
release. The effect of blocking KISS1R on the NKB path-
way has not been studied to date, because kisspeptin an-
tagonists (31) are not available in quantities sufficient for
iv administration to large animals such as the monkey.

In addition to examining the neuroendocrine sequelae of
activating NK3R signaling in the monkey, we also studied
the anatomical relationship between NKB and kisspeptin-
expressing neurons in the hypothalamus of this primate us-
ing double label fluorescence immunohistochemistry. Ear-
lier studies of the mouse, ewe, and goat had demonstrated
that these two neuropeptides or their mRNAs are coex-
pressed by a population of neurons in the arcuate nucleus
(8, 13, 15), but this intriguing and important observation
had not been extended to primates. Our findings in the
adult monkey provide compelling evidence that, as in non-
primates, NKB is expressed in arcuate kisspeptin neurons
of primates. Although not systematically studied, dual la-
beled somata appeared to be distributed evenly through-
out the kisspeptin positive neurons that delineate the ar-
cuate nucleus, and neurons labeled for only NKB were not
observed. A similar situation was recapitulated for axonal
labeling in the median eminence. In the sheep, more than
75% of kisspeptin somata in the arcuate nucleus were
found to coexpress NKB whereas in the monkey only 40
to 60% of the kisspeptin neurons labeled for NKB. This
difference may be more apparent than real and simply
reflects differences in the relative abilities of the primary
antibodies to detect their respective antigens.

In summary, the present study of the monkey provides
the first description of a GnRH-releasing action of NK3R
agonists in a primate. Although a single iv bolus of NKB

and senktide, like that of kisspeptin, elicited a robust dis-
charge of GnRH, repetitive activation of NK3R, in con-
trast to that of KISS1R, failed to sustain robust pulsatile
GnRH release. Additionally, our immunohistochemical
analysis extends to the monkey the finding, made origi-
nally in sheep, that NKB and kisspeptin are coexpressed by
neurons in the arcuate nucleus and provides an anatomical
basis, indicating themedianeminenceasa likely site forNKB
signaling toGnRHneurons.Althoughthecurrentworkdoes
not allow us to determine whether NKB and kisspeptin sig-
naling interact hierarchically or in parallel to achieve pulsa-
tile GnRH release, it does provide a framework upon which
to begin to address this and other fascinating questions con-
cerning the action of these peptides in driving the neuroen-
docrine axis governing reproduction.
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