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Puberty in primates is timed by 2 hypothalamic events: during late infancy a decline in pulsatile
GnRH release occurs, leading to a hypogonadotropic state that maintains quiescence of the pre-
pubertal gonad; and in late juvenile development, pulsatile GnRH release is reactivated and pu-
berty initiated, a phase of development that is dependent on kisspeptin signaling. In the present
study, we determined whether the arrest of GnRH pulsatility in infancy was associated with a
change in kisspeptin expression in the mediobasal hypothalamus (MBH). Kisspeptin was deter-
mined using immunohistochemistry in coronal hypothalamic sections from agonadal male rhesus
monkeys during early infancy when GnRH release as reflected by circulating LH concentrations was
robust and compared with that in juveniles in which GnRH pulsatility was arrested. The distribution
of immunopositive kisspeptin neurons in the arcuate nucleus of the MBH of infants was similar to
that previously reported for adults. Kisspeptin cell body number was greater in infants compared
with juveniles, and at the middle to posterior level of the arcuate nucleus, this developmental
difference was statistically significant. Neurokinin B in the MBH exhibited a similar distribution to
that of kisspeptin and was colocalized with kisspeptin in approximately 60% of kisspeptin per-
ikarya at both developmental stages. Intensity of GnRH fiber staining in the median eminence was
robust at both stages. These findings indicate that the switch that shuts off pulsatile GnRH release
during infancy and that guarantees the subsequent quiescence of the prepubertal gonad involves
a reduction in a stimulatory kisspeptin tone to the GnRH neuronal network. (Endocrinology 154:
1845–1853, 2013)

In higher primates, the timing of puberty is regulated by
2 major hypothalamic events that govern the postnatal

pattern of pulsatile GnRH release in these species (1, 2).
The first occurs during late infancy and results in a decline
in GnRH release that leads, in turn, to the low levels of
gonadotropin secretion that are characteristic of the re-
mainder of prepubertal development in primates and that

thereby guarantee the relative quiescence of the ovary and
testis in children (human) and juveniles (1, 2). The second
occurs at the termination of the juvenile phase of develop-
ment and results in reactivation of a robust pattern of pul-
satile GnRH release that drives the pubertal rise in LH and
FSHsecretion,which leads, in turn, to initiationofmenstrual
cyclicity and spermatogenesis (1, 2). The characteristic on-
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off-on pattern of GnRH pulsatility from birth to puberty in
higher primates is independent of the gonads (1, 2).

The mechanisms underlying the hypothalamic switch
that leads to the reactivation of robust GnRH pulsatility at
the end of juvenile development and that therefore triggers
the onset of primate puberty, have been relatively exten-
sively investigated (1, 2). Compelling evidence has
emerged over the last decade from both primate and
nonprimate species to indicate that kisspeptin expressing
neurons in the arcuate nucleus of the mediobasal hypo-
thalamus (MBH) play an important role in the onset of
puberty and in maintaining the activity of the neuroendo-
crine axis regulating gonadal function postpubertally (3).
This breakthrough in our understanding of the impor-
tance of kisspeptin signaling in the hypothalamic control
of the pituitary-gonadal axis had its origin in 2003 when
2 landmark publications appeared demonstrating that
loss-of-function mutations of the kisspeptin receptor
(KISS1R) in man were associated with hypogonadotropic
hypogonadism and an absence or delay in puberty (4, 5).
Since then, studies by many laboratories of several species
have revealed the essential neurobiological bases for the
clinical phenotype associated with loss-of-function muta-
tions of KISS1R (3). In the monkey, KISS1, the gene that
encodes for kisspeptin, is expressed in the arcuate nucleus
of male and females and KISS1 mRNA content in the
MBH increases in association with the pubertal increase in
gonadotropin secretion (6). In the female, the release of
kisspeptin in the stalk-median eminence region of the
MBH is pulsatile and increases with the progression of
pubertal development (7), and inprepubertal females local
application of kisspeptin to the stalk-median eminence
elicits premature GnRH release (7, 8), whereas adminis-
tration of a KISS1R antagonist to the median eminence of
pubertal females results in a decrease in hypothalamic
GnRH release as assessed by microdialysis (9, 10).
Moreover, in the agonadal juvenile male, in which spon-
taneous GnRH and LH release is very low, chronic in-
termittent release of endogenous GnRH induced by a
pulsatile iv infusion of kisspeptin elicits a sustained
train of LH discharges that is reminiscent of the spon-
taneous pattern of release of the gonadotropin in pu-
bertal and adult animals (11)

In contrast to the switch that reactivates robust GnRH
pulsatility at the end of the juvenile phase of primate de-
velopment and triggers initiation of puberty, the nature of
the switch that suppresses GnRH pulsatility in the infant
primate and thereby guarantees the long delay to puberty
in these species has received little attention. The purpose
of the present study was therefore to begin to address this
hiatus in our knowledge by examining the hypothesis that
loss of robust GnRH pulsatility in the infant/juvenile tran-

sition in the male monkey is related to a reduction in ex-
pression of kisspeptin in the arcuate nucleus, ie, the inverse
of what takes place during the initiation of puberty.

In both nonprimate and primate species, many kiss-
peptin neurons in the arcuate nucleus coexpress neuro-
kinin B (NKB) and dynorphin and have therefore been
termed kisspeptin/neurokinin B/dynorphin (KNDy) neu-
rons (12, 13). In man, loss-of-function mutations in NKB
or its receptor (NK3R) are associated, at the expected time
of puberty, with a phenotype similar to that reported ear-
lier for KISS1R (14–16). Moreover, NKB has been shown
to stimulate GnRH release in the juvenile monkey, and the
site of this action of NKB appears to be upstream to that
of kisspeptin (17, 18). For these reasons, we used dual-
label immunohistochemistry to compare the expression of
these 2 hypothalamic neuropeptides in infant monkeys, in
which pulsatile GnRH release was robust, with that in
juvenile monkeys in which GnRH pulse generation had
been arrested. Lastly, we took the opportunity to compare
the distribution of GnRH immunopositive fibers in the
region of the median eminence of infantile and juvenile
animals.

Materials and Methods

Animals
Nine male rhesus monkeys, born at the Primate Core of the

Specialized Cooperative Centers Program in Infertility and Re-
production Research at the University of Pittsburgh, were used.
Seven of these monkeys were bilaterally orchidectomized at 3-9
days of age and remained with their mothers in individual cages
until the termination of the experiments. The remaining 2 ani-
mals were castrated between 33 and 42 weeks of age. All mon-
keys were maintained under controlled photoperiod (lights on
between 7:00 AM and 7:00 PM) and temperature (approximately
21°C). A high-protein monkey diet (LabDiet; PMI Nutrition In-
ternational, Richmond, Indiana) was fed at approximately 11:00
AM, and this was supplemented with fruit in the afternoon. Water
was available ad libitum. The study was approved by the Uni-
versity of Pittsburgh Institutional Animal Care and Use Com-
mittee and conducted in accordance with the National Institutes
of Health Guidelines for the Care and Use of Laboratory
Animals.

Experimental protocol

Experimental design
In the 7 monkeys castrated shortly after birth, pulsatile GnRH

release was tracked indirectly by measuring plasma LH concen-
trations in morning blood samples collected at weekly intervals.
Four of these monkeys were killed as infants at 7 weeks of age,
a time of robust GnRH pulse generator activity as reflected by
elevated LH levels (Figure 1). The remaining 3 animals were
killed as juveniles at 32–43 weeks of age after arrest of pulsatile
GnRH release was confirmed by the decline in circulating LH
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concentrations to undetectable values (Figure 1). Two proce-
dures were used to kill the animals and to subsequently process
the brain. In the first procedure, the brain was fixed by transcar-
dial perfusion of 4% paraformaldehyde as previously described
(19), while the animals were deeply anesthetized with sodium
pentobarbital (Nembutal sodium solution, �30 mg/kg; Abbott
Laboratories, North Chicago, Illinois). Brains were removed
from the cranium and the hypothalamus isolated as a single block
comprised of preoptic area and MBH. Tissue blocks were trans-
ferred to 30% sucrose in PBS and stored at 4°C for 48–72 hours
prior to sectioning. In the second procedure, animals were killed
with an overdose of sodium pentobarbital (�40 mg/kg), and the
brains were rapidly removed postmortem. The hypothalamus
was then isolated from the rest of the brain as described (19) and
the hypothalamus bisected. For the present study, 1 hemihypo-
thalamus was immersion fixed in 4% paraformaldehyde at 4°C
for 48–72 hours at which time tissue was transferred to 30%
sucrose in PBS at 4°C for 72–108 hours before sectioning.

Table 1 provides the identity of the infant (INF) and juvenile
(JUV) monkeys that were paired to provide a total of 6 hypo-
thalamic INF-JUV comparisons (pairs 1–6). The table also
shows how the hypothalamic pairs were fixed and the specific
experiment for which they were used. It may be seen that 1 infant
monkey was paired with 2 juvenile monkeys (pairs 3 and 4) and
1 juvenile was paired with 2 infants (pairs 3 and 5). It is important
to note, however, that pairs generated from the same monkey

were used for independent experiments. It is also important to
note that animals in any given pair were fixed in the same man-
ner. The ages at perfusion of the juveniles that were castrated as
juveniles (numbers 3285 and 3288) were 61 and 71 weeks of age,
respectively. The duration of the juvenile phase of development
in the rhesus monkey when the GnRH release is diminished ex-
tends from approximately 24 to 120 weeks of age (20).

Pairs 1–3 were used to determine kisspeptin neuron number
(immunoflourescence), kisspeptin/NKB colocalization (immu-
noflourescence) and kisspeptin cell body size (immunoperoxi-
dase). Pairs 4–6 were used to qualitatively examine the GnRH
fiber network in the median eminence. It is important to note that
for any given immunohistochemical procedure the infant and
juvenile comprising a particular pair were always processed
together.

Antibodies
The GnRH antibody (LR1; 1:100K), raised in rabbit against

[D-Lys (6)] GnRH and kindly provided by Robert Benoit (Mon-
tréal General Hospital, Montréal, Canada), kisspeptin antibody
(GQ2; 1:120K), raised in sheep against synthetic human kiss-
peptin-54 and kindly provided by Stephen R. Bloom (Imperial
Collage London, Hammersmith Hospital, London, United King-
dom) and NKB antibody (IS681; 1:6K), raised in rabbit against
human prepro-NKB and kindly provided by Philippe Ciofi (In-
stitut Francois Magendie and University of Bordeaux, Bordeau
Cedex, France) have been validated previously for fluorescence
immunohistochemistry on monkey hypothalamus (17, 19). For
the detection of GnRH and NKB immunoactivity, Cy3-conju-
gated AffiniPure donkey antirabbit IgG (Jackson ImmunoRe-
search Laboratories, Inc, West Grove, Pennsylvania) was used as
secondary antibody. For detection of kisspeptin immunofluo-
rescence, Alexa Fluor 488 donkey antisheep IgG (Invitrogen
Corp, Carlsbad, California) was used (17, 19). Dual-fluores-
cence immunohistochemistry was performed for localizing kiss-
peptin in combination with either NKB (pairs 1–3) or GnRH
(pairs 4–6).

Kisspeptin immunopositive neurons were also localized using
the 3, 3-diaminobenzidine (DAB) method. To this end, the pri-
mary antibody for kisspeptin (GQ2) was used at 1:120K and the
secondary antibody (biotinylated rabbit antisheep antibody;
Vector Laboratories, Inc, Burlingame, California) was used at
1:100. The staining was visualized by incubation in Vectastain
ABC kit followed by ImmPACT DAB precipitation (both from
Vector Laboratories). Pairs 1–3 were used for this purpose.
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Figure 1. Circulating LH concentrations in 7 male rhesus monkeys
that were castrated during the first week of postnatal life. In 4 animals,
the brain was collected at 7 weeks of age (infants, closed data points
and solid arrow). The brain from the remaining 3 animals was taken
after LH had declined to undetectable levels when the monkeys were
between 32 and 43 weeks of age (juveniles, open data points and
broken arrows).

Table 1. Summary of Monkey Identities Used to Generate the 6 INF-JUV Pairs, the Methods of Fixation, and the
Experiments for Which the Pairs Were Used

Pair
Monkey
INF-JUV

Fixation
(4% PFA)

KP Cell in ARC
(Immunofluor)

KP-NKB Colocalization
(Immunofluor)

KP-GnRH Fibers in
ME (Immunofluor)

KP Cell Size
(Peroxidase)

1 3342–3317 Immersion — — —
2 3336–3288a Perfusion — — —
3 3313–3341 Perfusion — — —
4 3313–3285a Perfusion —
5 3336–3341 Perfusion —
6 3295–3291 Immersion —

Abbreviations: ARC, arcuate nucleus; KP, kisspeptin; ME, median eminence; PFA, paraformaldehyde.
a, castrated when juvenile.
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Immunohistochemistry
Hypothalamic or hemihypothalamic blocks were sectioned at

25 �m in the coronal plane using a freezing microtome (Leica SM
2000R; Leica Instruments GMBH, Germany), and correspond-
ing sections were stored in cryoprotectant (21) in a series of 10
wells, each well containing sections collected at 250-�m intervals
throughout the block. The sections were stored in cryoprotectant
at �20°C until used for dual-label fluorescence immunohisto-
chemistry as described previously (17, 19) or immunoperoxidase
(see below).

For the detection of kisspeptin neurons by the DAB method,
hypothalamic sections (750 �m apart) representing anterior to
posterior MBH were mounted on Superfrost Plus slides (Fisher-
brand; Fisher Scientific, Pittsburgh, Pennsylvania), allowed to
dry at room temperature for 30 minutes and at 45°C for 2 hours,
and stored at �80°C until use. At that time sections were thawed
at room temperature for 30 minutes, washed twice for 15 min-
utes each in potassium PBS (KPBS; pH 7.3), incubated for 30
minutes in 3% hydrogen peroxide, and washed 6 times for 5
minutes each in KPBS. They were then incubated for 1 hour at
4°C on a shaker in the blocking serum buffer (5% normal horse
serum; Vector Laboratories) followed by 24 hours incubation in
the primary (kisspeptin) antibody at 4°C on a shaker. The next
day, the slides were washed 4 times for 5 minutes each in KPBS
followed by incubation in the second antibody for 1 hour at 4°C
on a shaker and washed again 4 times for 5 minutes each in KPBS.
They were then incubated in ABC Vector kit solution for 1 hour
at 4°C on a shaker, washed 4 times for 5 minutes each in KPBS,
and, finally, in the DAB solution for approximately 2 minutes for
the development of chromagen precipitation. The slides were
briefly washed in distilled water, air dried, and coverslipped us-
ing Permount (Fisher Scientific, Fair Lawn, New Jersey).

Confocal microscopy
Confocal imaging of dual-immunofluorescence staining of

kisspeptin-NKB or kisspeptin-GnRH was conducted as previ-
ously described (17, 19).

Cell counting and size determination
For enumerating the number of kisspeptin immunopositive

perikarya in the arcuate nucleus, a complete series of sections (ie,
1 section every 250 �m apart) of the MBH from pairs 1–3 (Table
1) was processed for fluorescence immunohistochemistry. The
first retrochiasmatic section was identified for each animal, and
4 sections, typically 750 �m apart, were then selected for cell
counting (hemisections counted), using a Leica fluorescence mi-
croscope (LEITZS DMRB; Leica, Wetzlar, Germany) fitted with
a motorized stage control (MAC 5000; Ludl Electronic Products
Ltd, Hawthorne, New York) in combination with Bioquant
Nova Prime software (Bioquant Image Analysis Corp, Nashville,
Tennessee).

Using the sequential imaging option of the Bioquant software,
the maximum number of frames required to overlay all kisspep-
tin neurons at the anteroposterior level of the arcuate nucleus in
which the cross-sectional area occupied by kisspeptin-immuno-
positive cells was greatest was first determined at low magnifi-
cation (�10) (Figure 2). Then, by controlling the motorized
stage, the preset grid of frames was moved systematically over the
area of immunopositive cells in any given hemisection as shown
in Figure 2. The number of kisspeptin perikarya in each frame

was counted under high power (�40) and recorded on a spread-
sheet. Consistent differences in kisspeptin immunostaining of
perfusion vs immersion-fixed sections were not noticed, and be-
cause the 2 animals in any given pair were fixed in the same
manner, this issue was not pursued further.

The percentage of kisspeptin cells immunopositive for NKB
were determined in 2 hemisections from each animal comprising
pairs 1–3 (Table 1) using a Leica fluorescent microscope. Typ-
ically these sections were taken in the midtuberal region and
contained between 15 and 109 (mean 60) kisspeptin neurons. All
neurons in each section were scored for colocalization. The effect
of fixation on double labeling was not examined.

The size of 10 kisspeptin-positive cell bodies in the arcuate
nucleus was determined from a hemisection taken at the middle
to posterior level of the nucleus and stained by the DAB protocol
by calculating perikaryal area using MetaMorph software (Mo-
lecular Devices, LLC, Sunnyvale, California).

Statistics
The significance of differences in the number of kisspeptin

neurons between infant and juvenile groups was determined us-
ing the Student’s t test and that of perikaryal area of kisspeptin
positive neurons using the Mann-Whitney U test. Significance
was accepted at P � .05.

Results

Immunopositive kisspeptin neurons were located in the
arcuate nucleus of the MBH of both infant and juvenile
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Figure 2. A montage of the frames of immunopositive kisspeptin
neurons in the arcuate nucleus produced by the sequential imaging
option of the Bioquant software that was used to count kisspeptin
neurons in coronal hemisections of this nucleus. The motorized stage
of the microscope was moved sequentially from frame 1 (bottom left)
to frame 12 (top right), and the number of kisspeptin perikarya in each
frame was counted under high power (�40) and recorded on a spread
sheet. ARC, arcuate nucleus; ME, median eminence; 3V, third
ventricle.
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monkeys (Figure 3). Typically, at both stages of develop-
ment, kisspeptin perikarya in the anteroposterior plane
were first observed in sections taken 750–1000 �m pos-
terior to the optic chiasm. The number of kisspeptin neu-
rons per hemisection progressively increased in the pos-
terior direction with greatest numbers observed in the
posterior tuberal/premammillary region of the arcuate nu-
cleus (Figure 4). Immunopositive NKB was colocalized in
59% and 61% of the arcuate kisspeptin perikarya in the
infant and juvenile MBH, respectively, and NKB-immu-
nopositive-only neurons were seldom observed (Figure 5).
At all levels of the arcuate nucleus, the number of kiss-
peptin cell bodies per section were greater in infants com-
pared with juveniles, and in sections taken 2250–3250 �m
posterior to the optic chiasm this developmental differ-

ences was statistically significant
(Figure 4). The area of kisspeptin-
immunopositive cell bodies in the ar-
cuate nucleus of the infants was
102.5 � 19.3 �m2 (mean � SEM),
and this compared with a value of
129.0 � 19.5 �m2 for the juveniles
(n � 3, P � .05)

In contrast to the marked decrease
in immunopositive kisspeptin cell
body number during the infant-juve-
nile transition, the intensity of
GnRH fiber staining in the median
eminence as assessed qualitatively
was robust at both stages of postna-
tal development (Figure 6).

The mean number of sections en-
compassing the MBH (first retrochi-
asmatic section to the final premam-
millary section) was 11 in both
infants and juveniles.

Discussion

The general distribution of immunopositive kisspeptin
neurons in the MBH of both infant and juvenile agonadal
male rhesus monkeys was similar to that previously re-
ported for castrated adult males (17, 19). These neurons
were absent from the anterior pole of the arcuate nucleus
(22) but were found in progressively increasing numbers
as more posterior sections were examined. The greatest
numbers of kisspeptin neurons were in the posterior tu-
beral/premamillary region of the arcuate nucleus. As in the
adult castrate male monkey, the number of immunoposi-
tive kisspeptin cell bodies was greater than those for NKB
at all anteroposterior levels of the arcuate nucleus (17).
This is in contrast to the situation in the normal human
male in which the number of NKB-immunopositve per-
ikarya in the arcuate nucleus was found to be 5-fold
greater than that of kisspeptin (23). The reasons for this
are unclear, but differences due to immunohistochemical
procedures used and/or gonadal status cannot be excluded
at the present time.

Typically and regardless of developmental stage of the
monkeys, approximately 60% of kisspeptin neurons were
also immunopositive for NKB: a proportion similar to that
previously reported for the castrated adult male rhesus
macaque (17). It should be noted that colocalization was
not systematically assessed throughout the entire anterior-
posterior extent of the arcuate nucleus, and therefore, the
degree of coexpression seen for the 2 peptides may not be

V
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JUVENILE

Figure 3. Confocal projections (�10, 1 �m optical sections) illustrating the distribution of
kisspeptin neurons (visualized with green Alexa Fluor 488) in coronal hemisections of the MBH at
3 anteroposterior levels (left to right, respectively) from an infant (top panels) and juvenile
(bottom panels) agonadal male rhesus monkey. Each projection is orientated with midline to the
right. V, third ventricle. Scale bar, 100 �m.
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Figure 4. Distribution of kisspeptin neurons/hemicoronal section
(mean � SEM) throughout the arcuate nucleus of infant (closed bars)
and juvenile (open bars) agonadal rhesus monkeys (pairs 1–3, n � 3/
group). Section number indicates distance posterior from the optic
chiasm with section 1 the first retrochiasmatic section. The distance
between 2 sequentially numbered sections was 250 �m. *P � .05
infant vs juvenile.
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representative for all regions of this nucleus. Although
most studies of other species indicate a similar or higher
percentage of kisspeptin neurons that coexpress NKB
(24–27), we consider there may be little comparative sig-

nificance to these differences because
the extent of double labeling will re-
flect, in part, the relative character-
istics of the 2 primary antibodies
used in any one study.

The number of kisspeptin neu-
rons per coronal section along the
anteroposterior plane of the arcuate
nucleus was greater in the infant
MBH than in the juvenile (Figure 4),
and at the posterior tuberal/prema-
millary level of the arcuate nucleus,
the mean number of kisspeptin cells
per section in the infant was 2.5-fold
greater than that in the juvenile. Al-
though neurogenesis in the primate
brain is completed prenatally (28),
the possibility that the developmen-
tal reduction in the number of kiss-
peptin neurons per section in the cor-
onal plane was due to postnatal
growth resulting in an increase of the
anteroposterior dimension of the ar-

cuate nucleus over the 6- to 11-month period of matura-
tion that separated the infant and juvenile stages is con-
sideredunlikely.This is because theanteroposterior length

of the MBH (and presumably there-
fore of the arcuate nucleus), as indi-
cated by the number of sequential
coronal sections encompassing the
entire MBH, was similar in both in-
fant and juvenile monkeys. Thus, it
is reasonable to propose that the
decline in pulsatile GnRH release
during the infant juvenile transi-
tion was associated with a decrease
in the number of kisspeptin-immu-
nopositive neurons of the arcuate
nucleus during this developmental
transition.

Although peptide content is di-
rectly related to peptide synthesis on
the one hand and inversely related to
terminal release of peptide on the
other, the decrease in kisspeptin-im-
munopositive neurons in the juvenile
is most likely explained by a decrease
in kisspeptin expression during the
infant-juvenile transition. The no-
tion that elevated expression of kiss-
peptin in KNDy neurons of the in-
fant primate is a critical component

V V V V

INFANT JUVENILE INFANT JUVENILE

Figure 6. Confocal projections �10, 1 �m optical sections) illustrating GnRH fiber projections
(red fluorescence, Cy 3) to the anterior (top row of panels), midtuberal (middle row of panels)
and posterior (bottom row of panels) level of the median eminence in coronal hemisections from
2 infant-juvenile pairs (left and right double panels, respectively) of agonadal male monkeys. The
relationship to kisspeptin (green fluorescence, Alexa Fluor 488) may also be seen. At the
posterior level of the median eminence, the arcuate nucleus with kisspeptin perikarya is also
included in the projection. Each projection is orientated with midline to the right. V, third
ventricle. Scale bar, 100 �m.

INFANT

JUVENILE

KP NKB KP+NKB

Figure 5. Confocal projections (�20, 1 �m optical sections) illustrating the relationship
between kisspeptin (KP; green fluorescence, Alexa Fluor 488, left hand panels) and NKB (red
fluorescence, Cy 3, center panels) in a coronal hemisection of the arcuate nucleus at a
premamillary anteroposterior level of an infant (top panels) and juvenile (bottom panels)
agonadal monkey. The right-hand panels show the merged projections and indicate
colocalization of the 2 peptides in neurons of the arcuate nucleus. Each projection is orientated
with midline to the right. V, third ventricle. Scale bar, 50 �m.
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of the mechanism responsible for robust pulsatile GnRH
release at this stage of development is consistent with the
finding from human genetics that an infant boy with a
loss-of-function mutation of KISS1R was reported to be
hypogonadotropic (29). In this regard, it is likely that the
stimulatory role of kisspeptin signaling in regulating
GnRH release develops prenatally in primates as indicated
by the recent finding in the human fetus that kisspeptin
perikarya are present in the MBH as early as 15 weeks of
gestation (30).

Studies of postnatal development of kisspeptin neurons
of nonprimate species are limited, and changes in number
of immunopositive kisspeptin cell bodies during neonatal
life have not been reported (31–33). KiSS1 mRNA has
been detected in the arcuate nucleus of male rats as early
as postnatal day 1, and expression of the gene increases
progressively throughout the prepubertal period (34, 35).
In the newborn male mouse, however, kisspeptin signaling
does not appear to be driving gonadotropin secretion at
this stage of postnatal development (36).

Interestingly, the size of the cell body of kisspeptin neu-
rons of the arcuate nucleus was unrelated to the arrest in
GnRH pulse generation during the infant-juvenile transi-
tion. Thus, the gonad-independent switch that turns off
GnRH pulse generation during infancy in primates ap-
pears to inhibit kisspeptin neuronal activity by a mecha-
nism that is distinct from that used by gonadal steroids to
restrain kisspeptin neuron activity post pubertally. In the
latter situation, the size of kisspeptin perikarya in the ar-
cuate nucleus in gonadally intact females is markedly
smaller than that observed in the hypergonadotropic state
induced by ovariectomy or associated with menopause in
the female (37, 38).

The neurobiology that is involved in relaying the de-
creased kisspeptin tone in KNDy neurons to the GnRH
neuronal network to affect reduced GnRH pulsatility dur-
ing the infant-juvenile transition in primates is unknown,
but a reasonable hypothesis is that it uses the same path-
way that underlies reactivation in pulsatile GnRH release
several years later at the onset of puberty, although at this
later stage of development, the kisspeptin signal to the
GnRH neuronal network is increasing rather than de-
creasing. In this regard, mammalian GnRH neurons are
considered to express KISS1R (39), and studies by Tera-
sawa and her colleagues (7, 8) in the female rhesus monkey
have shown using microdialysis that kisspeptin release in
the region of the arcuate nucleus/median eminence is pul-
satile and increases with the onset of puberty. The median
eminence is the site of GnRH release into the primary
plexus of the hypophysial portal circulation, and in the
monkey beaded kisspeptin axons come into intimate as-
sociation with GnRH fibers projecting to the portal vessels

(19). Moreover, local administration of a kisspeptin re-
ceptor antagonist to the arcuate nucleus-median eminence
region of the pubertal monkey hypothalamus results in a
suppression of pulsatile GnRH release (9, 10). Thus, it
seems reasonable to propose that the decrease in kisspep-
tin in KNDy neurons during the infant juvenile transition
is accompanied by a decrease in intermittent release of
kisspeptin in the median eminence near GnRH fibers/ter-
minals responsive to this peptide, and this reduction in
kisspeptinergic tone leads, in turn, to the hypogonado-
tropic state of juvenile development.

Because the degree of colocalization of kisspeptin with
NKB was similar in infant and juvenile animals, the num-
ber of NKB-immunopositive neurons must have declined
in association with those of kisspeptin during this devel-
opmental transition. NKB staining was generally much
weaker than that of kisspeptin, and the NKB signal (Cy3)
declined relatively rapidly under the sustained fluores-
cence required for counting, and therefore, NKB cell num-
ber has not been reported.

The foregoing considerations are consistent with
emerging models of GnRH pulse generation that posit that
this mode of GnRH release originates within the arcuate
nucleus as a result of reciprocal stimulatory and inhibitory
interactions between KNDy cell bodies that are mediated
by NKB and dynorphin signaling pathways, respectively,
and that the output of the pulse generator to the GnRH
neuronal network is mediated by kisspeptin (13, 18, 25,
27, 40). During the infantile-juvenile transition when
GnRH pulsatility is being restrained, kisspeptin expres-
sion in KNDy neurons and kisspeptin release in the me-
dian eminence is reduced, but during the juvenile-pubertal
transition when GnRH pulsatility is being reaugmented,
kisspeptin activity of KNDy neurons is again up-regu-
lated. According to this schemata, kisspeptin plays no reg-
ulatory role in timing the onset of puberty but rather is
simply the output of the GnRH pulse generator, the ac-
tivity of which during postnatal development in primates
is governed by an as-yet-unidentified puberty control sys-
tem that lies upstream of the GnRH pulse generator (3).

Although we have previously reported that overall
GnRH content in the MBH of agonadal infant and juve-
nile monkeys are identical, as are corresponding levels of
GnRH mRNA (41, 42), the strikingly intense staining of
GnRH fibers in the median eminence at both these stages
of development is nevertheless intriguing. This is because
the secretory output of the network of GnRH fibers in the
median eminence is dramatically different at these 2 stages
of development: in the infant a robust pulsatile discharge
of GnRH is produced that drives pituitary gonadotropin
secretion, whereas in the juvenile the network is quiescent,
and LH secretion, even in the absence of the testis, is ar-
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rested (1, 20). Similarly, during the juvenile-pubertal tran-
sition when robust GnRH pulsatility is reactivated, the
peptide content of the MBH remains unchanged (41).
Thus, the network of GnRH fibers in the median eminence
may be viewed as providing a reservoir of peptide, the
developmental release of which is dictated by the strength
of the intermittent kisspeptin output of the GnRH pulse
generator in the arcuate nucleus.

In summary, our finding that the number of immuno-
positive kisspeptin neurons in the arcuate nucleus of the
male monkey decline during the transition from the in-
fantile to the juvenile stage of development, indicates that
the switch that shuts off pulsatile GnRH release during
this critical period of primate development and that
thereby guarantees the subsequent quiescence of the pre-
pubertal gonad involves a reduction in a stimulatory kiss-
peptin output from this hypothalamic nucleus to the
GnRH neuronal network.
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