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The regulation of GnRH neurons by kisspeptin is critical for normal puberty onset in mammals. In
the rodent the kisspeptin neurons innervating GnRH neurons are thought to reside in the rostral
periventricular area of the third ventricle (RP3V). Using kisspeptin immunocytochemistry we show
that kisspeptin peptide expression in the RP3V of female mice begins around postnatal d 15 (P15)
and rapidly increases to achieve adult-like levels by P30, the time of puberty onset. Ovariectomy
of female pups at P15 resulted in a 70–90% reduction (P � 0.01) in kisspeptin peptide expression
within the RP3V of P30 or P60 mice. Replacement of 17-�-estradiol (E2) in P15-ovariectomized mice
from P15–30 or P22–30 resulted in a complete restoration of kisspeptin peptide expression in the
RP3V (P � 0.01). Kisspeptin-immunoreactive fibers throughout the hypothalamus, including the
arcuate nucleus, followed the same pattern of estrogen-dependent expression. To test the abso-
lute necessity of estrogen for kisspeptin expression in the RP3V, aromatase knockout mice were
examined. Kisspeptin-immunoreactive cells were detected in the arcuate nucleus, but there was a
complete absence of kisspeptin peptide in RP3V neurons of aromatase knockout adult females.
These results demonstrate that E2 is essential for the prepubertal development of kisspeptin
peptide within RP3V neurons and suggest that an E2-kisspeptin positive feedback mechanism exists
before puberty. This implies that RP3V kisspeptin neurons are E2-dependent amplifiers of GnRH
neuron activity in the prepubertal period. (Endocrinology 150: 3214–3220, 2009)

Activation of the GnRH neuronal population is an essential
primary event for puberty onset in all mammalian species.

However, the mechanisms responsible for GnRH neuron acti-
vation remain unresolved (1), with key roles being proposed for
specific neuronal inputs releasing amino acids and neuropeptides
(2, 3), as well as neuronal-glial interactions (4).

A major insight into GnRH neuron activation at puberty was
obtained in 2003 when the kisspeptin receptor GPR54 was rec-
ognized to be essential for puberty onset in humans and mice
(5–7). Investigations by many laboratories over the last 5 yr have
led to the widely held concept that kisspeptin impacts upon re-
productive functioning through hypothalamic kisspeptin neu-
rons that project to and directly activate GnRH neurons (8–10).
Nearly all GnRH neurons express GPR54 mRNA and are in-
tensely activated by kisspeptin (11–13). Whereas the expression
of GPR54 mRNA by GnRH neurons appears relatively stable

over the postnatal period (12), kisspeptin peptide is only ob-
served within fibers around GnRH neuron cell bodies just before
the onset of puberty in mice (14). These findings have suggested
that the primary developmental step in kisspeptin-GPR54-
GnRH neuron signaling at puberty is the up-regulation of
kisspeptin biosynthesis within neurons targeting the GnRH neu-
ron cell body. A key role for kisspeptin release in initiating pu-
berty is further evidenced by in vivo studies showing that late
juvenile administration of exogenous kisspeptin advances the
onset of puberty in primates (15) and rodents (16, 17). Further-
more, an activating mutation of GPR54 has recently been found
associated with precocious puberty in girls (18).

Because kisspeptin activation of GnRH neurons appears to be
essential to evoke puberty onset, it is critical to understand the
mechanisms underlying the late juvenile activation of kisspeptin
neurons targeting GnRH neurons. Previous studies in the

ISSN Print 0013-7227 ISSN Online 1945-7170
Printed in U.S.A.
Copyright © 2009 by The Endocrine Society
doi: 10.1210/en.2008-1733 Received December 12, 2008. Accepted March 6, 2009.
First Published Online March 19, 2009

Abbreviations: ArKO, Aromatase knockout; ARN, arcuate nucleus; AVPV, anteroventral
periventricular nucleus; cPVpo, caudal preoptic periventricular nucleus; E2, 17�-estradiol;
OVX, ovariectomized; P21, postnatal d 21; RP3V, rostral periventricular area of the third
ventricle; rPVpo, rostral preoptic periventricular nucleus; VO, vaginal opening.

N E U R O E N D O C R I N O L O G Y

3214 endo.endojournals.org Endocrinology, July 2009, 150(7):3214–3220

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article/150/7/3214/2456165 by guest on 11 April 2024



mouse have identified the kisspeptin neurons of the rostral
periventricular area of the third ventricle (RP3V) as the pri-
mary kisspeptin neuron population innervating GnRH neu-
ron cell bodies during development (14). Accordingly, we
have performed experiments aimed at determining the mech-
anisms underlying the development of kisspeptin expression
in RP3V neurons. We report here the unexpected finding that
the postnatal expression of kisspeptin within the RP3V is en-
tirely dependent upon 17�-estradiol (E2).

Materials and Methods

Animals
Female C57BL/6J or aromatase knockout (ArKO) and control wild-

type mice (C57BL/6J/J129) were used. All mice were housed under con-
ditions of 12-h light, 12-h dark cycles (lights on 0600 h) with food and
water ad libitum. Mice younger than postnatal d 21 (P21) were housed
with their dam. Upon weaning, mice were housed three to four per cage.
The sex of P10 mice was confirmed with sry PCR, as detailed previously
(19). All procedures were approved by the University of Otago Animal
Ethics Committee or the Monash Medical Centre Animal Ethics Com-
mittee “B” under approval no. MMCB 2007/30.

Experiment 1: profile of postnatal kisspeptin peptide
expression in RP3V

Our previous study had examined the developmental profile of
kisspeptin expression in the RP3V of the female mouse at P10, P25, and
P31 (14). To gain a more detailed temporal profile, we reexamined fe-
male mice at P10, P15, P20, P25, and P30, and as adults. Female mice at
these ages were killed by a pentobarbital anesthetic overdose and per-
fused through the heart with 4% paraformaldehyde in 0.1 M phosphate
buffer (pH 7.6). The brains were removed and postfixed in the same
fixative for 60 min, then transferred to a 30% sucrose/Tris-buffered
saline (0.2 M Tris, 0.15 M sodium chloride) solution overnight. The fol-
lowing day, brains were frozen on the stage of a sliding microtome, and
three sets of 30 �m thick coronal sections were cut from the level of the
medial septum through to the end of the hypothalamus.

Two of the three sets of sections from each mouse were used for
kisspeptin immunocytochemistry as reported previously (14). In brief,
sections were incubated in a polyclonal rabbit kisspeptin-10 primary
antiserum (1:10,000, no. 566; Dr. A. Caraty, INRA-Tours, Nouzilly,
France) for 48 h at 4 C, followed by biotinylated goat-antirabbit sec-
ondary antibody (Vector Laboratories, Burlingame, CA) at 1:400 for 90
min at room temperature. Sections were then placed in Vector Elite
avidin-peroxidase (Vector Laboratories) at 1:100 for 90 min at room
temperature, and immunoreactivity revealed using glucose oxidase,
nickel-enhanced diaminobenzidine hydrochloride. The sections were
washed thoroughly in Tris-buffered saline, mounted onto gelatin-coated
glass slides, air-dried, dehydrated in ethanol followed by xylene, and then
coverslipped with DPX (Scharlau Chemie, Sentmenat, Spain). Controls
consisted of experiments in which the primary antibody was omitted.

Experiment 2: effect of ovariectomy at P15 on
kisspeptin peptide expression in the RP3V

To evaluate the role of ovarian steroids in the postnatal up-regulation
of kisspeptin immunoreactivity in the RP3V, female mice were ovariec-
tomized (OVX) on P15 and then killed at P30 or P60. P15 female mice
were anesthetized with halothane inhalation (2%) and underwent either
bilateral ovariectomy or sham operation. The mice were allowed to re-
cover from the anesthetic on a heat pad before being returned to their
dam. Mice were weaned at P21 and checked daily for vaginal opening
(VO). On P30 (n � 4 per group) and P60 (n � 6 per group), mice were
anesthetized, and the stage of the estrous cycle was determined using

vaginal cytology (in mice that had exhibited VO). Then an atrial blood
sample was collected for LH and mice perfusion fixed.

Experiment 3: effect of E2 replacement on kisspeptin
peptide expression in P15 OVX mice

The role of E2 in the postnatal up-regulation of kisspeptin expression
in the RP3V was examined by giving E2 to P15 OVX mice from P15–30
or P22–30. In the first group, P15 female mice were OVX with half
receiving a sc E2-filled SILASTIC brand capsule (Dow Corning, Mid-
land, MI) at surgery, while the other half received a vehicle capsule (n �
6–7 per group). Estradiol capsules were constructed as described previ-
ously (20) according to the method of Bronson (21). Briefly, SILASTIC
brand tubing (1.0 mm internal, 2.1 mm external diameter) was filled with
SILASTIC brand medical grade adhesive containing 0.1 mg E2/ml ad-
hesive. Approximately 10 �l estradiol-adhesive mixture is required to fill
10 mm tubing, therefore, 10 �l � 0.1 mg/ml � 1 �g estradiol per 10 mm
tubing. Vehicle capsules were constructed in the same manner except that
E2 was omitted. Female mice grow to approximately 10 g by P30, there-
fore, capsules 5 mm in length (1 �g E2/20 g body weight) were implanted.
This dose of E2 establishes estrogen-negative feedback in adult mice (20,
22). To ensure that E2 was delivered consistently over the 15-d period,
the E2 capsule was replaced with a fresh capsule on P22. Vehicle capsules
were also replaced, and sham-OVX mice underwent incision and wound
closure. The second experimental group received the same treatment as
described previously, with the exception that it only received a single E2
capsule from P22 onwards. All mice were killed by anesthetic overdose
and perfused as described previously.

Experiment 4: kisspeptin peptide expression in the RP3V
of aromatase-null mice

To evaluate the development of RP3V kisspeptin expression in the
complete absence of estrogens, female ArKO mice (23) and wild-type
littermates (C57BL/6J/J129) were examined. These mice lack a func-
tional aromatase enzyme and, consequently, are unable to produce es-
trogens. P60 ArKO and wild-type littermates (n � 6 each) were perfusion
fixed, and immunocytochemistry for kisspeptin was undertaken as de-
scribed previously.

Analysis
The number of kisspeptin-immunoreactive cell bodies located within

the RP3V was counted using bright-field microscopy. As described pre-
viously (24), the RP3V is comprised of the anteroventral periventricular
nucleus (AVPV), rostral preoptic periventricular nucleus (rPVpo), and
caudal preoptic periventricular nucleus (cPVpo). Detailed topographical
information on these brain areas in the C57BL/6J mouse brain has now
been published (See Fig. 4) (24). Kisspeptin neurons were counted at
three levels of the RP3V: the AVPV (Fig. 1A), rPVpo (Fig. 1B), and cPVpo
(Fig. 1C) in the first and third set of sections from the 1:3 series. The
distribution of kisspeptin neurons is such that they essentially define the
AVPV and PVpo (Fig. 1). All kisspeptin-immunoreactive cell bodies at
the level of the AVPV are confined to the AVPV. For the PVpo, all cells
within 200 �m of the ventricle were counted. Two brain sections at each
level of the RP3V were analyzed in each mouse, and the number of cells
was counted bilaterally on an Olympus BZX51 microscope (Olympus,
Hamburg, Germany) at �60 objective power. A cell was considered
positive if it exhibited a cytoplasmic immunoreactive profile with nuclear
exclusion. Mean cell counts for each area in each mouse were deter-
mined and grouped to provide mean � SEM values for the experimental
groups. Statistical analysis was undertaken using ANOVA with post
hoc Student-Newman-Keuls tests. The analyzer was blind to the treat-
ment of the animals.

RIA for LH
LH levels were determined by RIA using the anti-rLH-S-11 antiserum

and mLH-RP reference provided by Dr. A. F. Parlow (National Hormone
and Pituitary Program, Torrance, CA). The sensitivity was 0.20 ng/ml

Endocrinology, July 2009, 150(7):3214–3220 endo.endojournals.org 3215

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article/150/7/3214/2456165 by guest on 11 April 2024



and had an intraassay coefficient of variation of 4.03%. All plasma
samples for this series of experiments were run in a single assay.

Results

Postnatal profile of kisspeptin-10-expression in the RP3V
As noted previously (14), kisspeptin-immunoreactive cell

bodies existed as a periventricular continuum of cells within the
AVPV and PVpo (RP3V), with no cell bodies detected elsewhere
in the rostral hypothalamus (Fig. 1, A–C). Omission of the
kisspeptin-10 primary antisera resulted in a complete absence of
labeling.

At P10, no kisspeptin-immunoreactive cell bodies were de-
tected in the RP3V. At P15, three to five immunoreactive cell
bodies were detected per section throughout the RP3V, with
numbers steadily increasing from P15–25 (P � 0.01; Fig. 1D). In
all three RP3V subdivisions, there was then a doubling of
kisspeptin cell numbers between P25 and P30 (P � 0.01), with
P30 cell numbers resembling adult P60 values in the AVPv and
rPVpo. These observations indicate that the major period of de-
velopment of kisspeptin peptide expression in the RP3V occurs
over a 15-d time period between P15 and P30.

The development of kisspeptin peptide expression in
the RP3V depends on ovarian steroids

Ovariectomy at P15 resulted in a substantial 70–90% (P �

0.001) decrease in the number of kisspeptin-immunoreactive
neurons (Fig. 2) detected throughout the RP3V in P30 (Fig. 2C)
and P60 (Fig. 2D) female mice compared with sham-operated
animals. Although kisspeptin-immunoreactive fiber density was
not measured, we noted a similar marked reduction in kisspeptin

fibers within the RP3V and adjacent nuclei in OVX mice (Fig.
2B). The number of kisspeptin-immunoreactive cell bodies in the
arcuate nucleus (ARN) was not quantified due to the difficulty of
discerning immunoreactive cell bodies from the heavy fiber la-
beling in this nucleus (Fig. 3A). However, qualitatively, a reduc-
tion in kisspeptin-immunoreactive fiber staining in the ARN was
also noted in P30 and P60 mice OVX at P15 compared with
controls (Fig. 3, A and B).

FIG. 1. Development of kisspeptin-10 immunoreactivity in the AVPV, rPVpo, and
cPVpo of P10, P15, P20, P25, P30, and P60 female mice. A–C, Representative
sections of kisspeptin immunoreactivity in the AVPV, rPVpo, and cPVpo. D,
Histogram shows the mean (�SEM) number of kisspeptin cell bodies per section
at the three levels of the RP3V across postnatal development. Bars with different
letters are significantly different from one another (P � 0.05; ANOVA with
Student-Newman-Keuls post hoc test). Scale bar in A–C is 200 �m.

FIG. 2. Ovarian steroids control the developmental increase in kisspeptin
immunoreactivity in the RP3V. A and B, Kisspeptin-10 immunoreactivity in the
rPVpo of sham (A) and P15 OVX (B) mice killed at P30. C and D, Quantitative
analysis of kisspeptin immunoreactive cell bodies in the AVPV, rPVpo, and cPVpo
of the RP3V given as the mean (�SEM) number of immunoreactive cell bodies
detected per section in P15 OVX and sham-treated mice killed at P30 (n � 4 per
group) (C) and P60 (n � 6 per group) (D). ***, P � 0.001 compared with
respective sham. Scale bars, 100 �m. 3V, Third ventricle.

FIG. 3. Effects of P15 OVX and E2 replacement on kisspeptin immunoreactivity
in the ARN. Kisspeptin immunoreactivity in the ARN at P30 in sham (A), P15 OVX
(B), P15 OVX with E2 replacement from P15–30 (C), and P15 OVX with E2
replacement from P22–30 (D). Scale bar, 200 �m. 3V, Third ventricle.
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None of the P30 mice exhibited VO at perfusion. In the P60
group, all of the sham mice, but none of the OVX mice, exhibited
VO. LH levels were increased significantly in OVX mice killed at
P30 (P � 0.05) or P60 (P � 0.01), compared with sham-treated
mice (Table 1).

E2 regulates kisspeptin peptide expression in the RP3V
during postnatal development

Because the number of kisspeptin neurons identified in the
RP3V at P30 is essentially the same as at P60 (Fig. 1D), P30 was
used subsequently as the single time point for examining the
effects of steroid manipulations. The first set of experiments ex-
amined the effects on kisspeptin of replacing E2 from the time of
ovariectomy at P15 until death at P30. As noted in the prior
experiment, there was a substantial (P � 0.001) reduction in
kisspeptin cell body numbers throughout the RP3V in OVX mice
compared with sham-treated animals (Fig. 4, A, B, and E). Treat-
ment with an E2 capsule from P15 resulted in a complete resto-
ration of kisspeptin cell body numbers throughout the RP3V
(Fig. 4, C and E). In the second set of experiments, mice were
OVX at P15 but only given E2 from P22–30. This shorter 7-d E2
treatment also resulted in a complete restoration of kisspeptin
cell body numbers throughout the RP3V (P � 0.001; Fig. 4, D
and F). The P15–30 and P22–30 E2 treatments also increased
kisspeptin fiber staining within the RP3V (Fig. 4, C and D) as well
as within the ARN (Fig. 3, C and D).

Mice that were OVX and given E2 from P15–30 and P22–30
exhibited VO on P24.3 � 0.2 and P25, respectively. Plasma LH
levels were elevated significantly (P � 0.05) by ovariectomy and
returned to basal levels by E2 treatment in both groups of mice
(Table 1).

Complete dependence of RP3V kisspeptin peptide
expression on estrogen

Kisspeptin immunoreactivity in wild-type littermates of
ArKO mice (C57BL/6J/J129) was the same as that observed in
C57BL/6J wild-type mice (Fig. 5A), with identical numbers of
kisspeptin neurons/section throughout the RP3V (compare Figs.

2D and 5E). However, there were no kisspeptin-immunoreactive
neurons in the RP3V of any of the six ArKO mice (Fig. 5, B and
E). There was also a complete absence of kisspeptin fibers within
the rostral hypothalamus (Fig. 5B). However, kisspeptin-immu-
noreactive cell bodies were detected in the ARN, but, again, a
substantial reduction in kisspeptin fiber density was observed in
all mice (Fig. 5D).

Discussion

We show here that kisspeptin peptide begins to appear in RP3V
neurons between P10 and P15, and thereafter, increases in an
exponential-like manner to reach adult levels by the time of pu-

TABLE 1. Mean (�SEM) plasma LH levels in mice OVX or sham
operated at P15, with or without estradiol replacement (E2)

Treatment LH (ng/ml)

P30, sham/OVX at P15
Sham 0.32 � 0.10
OVX 1.83 � 0.40a

P60, sham/OVX at P15
Sham 0.20 � 0.01
OVX 4.07 � 0.53b

P30, sham/OVX at P15 � E2 P15–30
Sham 0.29 � 0.05
OVX � vehicle 1.50 � 0.23a

OVX � E2 0.39 � 0.13
P30, sham/OVX at P15 � E2 P22–30

Sham 0.24 � 0.02
OVX � vehicle 1.98 � 0.26a

OVX � E2 0.77 � 0.21

a P � 0.05 compared with sham, and OVX plus E2 where included.
b P � 0.01 compared with sham, and OVX plus E2 where included.

FIG. 4. E2 involvement in the developmental increase in kisspeptin expression in
the RP3V. A–D, Representative coronal sections through the rPVpo of P30 mice
showing kisspeptin immunoreactivity in sham (A), P15 OVX plus vehicle capsule
(B), P15 OVX plus E2 capsule from P15–30 (C), and P15 OVX plus E2 capsule
from P22–30 (D) animals. E, Quantitative analysis of kisspeptin immunoreactivity
in the AVPV, rPVpo, and cPVpo given as the mean (�SEM) number of cell bodies
detected per section in sham, P15 OVX, and P15 OVX plus E2 capsule from P15–
30-treated mice. F, Same data from the experiment in which P15 OVX mice were
given the E2 capsule for only the last 7 d (P22–30). ***, P � 0.001 compared
with respective sham and E2-treated group.
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berty onset around P30 in C57BL/6J mice. The increase in
kisspeptin-immunoreactive cell bodies detected here very likely
represents an increase in kisspeptin synthesis because Kiss1
mRNA expression follows the same developmental pattern (12).
The expression of kisspeptin peptide in the RP3V was markedly
reduced by ovariectomy at P15 and returned to normal by E2
administration, either from P15–30 or just in the week before
puberty onset. In addition, using the ArKO mouse, we found that
RP3V kisspeptin expression is totally dependent upon estrogens.
Because ArKO mice exhibit a female-like pattern of sexual dif-
ferentiation (25), it seems unlikely that the absence of RP3V
kisspeptin neurons in ArKO female mice results from an absence
of perinatal organizational E2 actions. Together, these findings
demonstrate that E2 is essential for the postnatal increase in
RP3V kisspeptin peptide expression leading up to puberty.

Whether E2 is permissive for this process or actually driving
the increase in RP3V kisspeptin synthesis is not known at this
time. The presence of estrogen response element motifs in the
Kiss1 promotor and evidence for estrogen-dependent up-regu-
lation of Kiss1 mRNA in the adult AVPV (26) would support the
latter possibility.

Two main populations of kisspeptin neurons exist in the
mammalian brain: one located in the ARN/infundibular nucleus;

and one in the preoptic area, known as the RP3V in rodents.
Several studies point to the RP3V kisspeptin neurons as being the
population that directly innervates GnRH neuron cell bodies. As
noted previously (14), a very close correlation exists between the
number of kisspeptin cell bodies in the RP3V and kisspeptin fiber
density around GnRH neuron cell bodies and dendrites, as well
as the hypothalamus in general. Furthermore, neurons located in
the RP3V provide one of the largest direct inputs to GnRH neu-
rons (22), and RP3V kisspeptin neurons are activated coincident
with GnRH neurons at the time of the GnRH/LH surge (27, 28).
In contrast, no correlation exists between the number of kisspep-
tin neurons in the ARN and fibers around GnRH neurons. Ar-
cuate kisspeptin neurons can be identified as early as embryonic
d 12 in the mouse (29) and show no developmental change across
the postnatal period (12, 30).

In both primates and rodents, gonadal steroids regulate cir-
culating gonadotropin concentrations before puberty (3, 31). In
the rodent the ovaries are steroidogenically quiescent during the
first week of life but thereafter, are subject to strong gonado-
tropin-dependent regulation involving both negative and posi-
tive feedback control mechanisms (31). Whereas estrogen neg-
ative feedback can be demonstrated to exist from P9 onwards
(32, 33), positive feedback, evident as afternoon mini surges of
LH (34), is not apparent until around P20 in the rat (35). In the
primate, estrogen negative feedback only exists during the juve-
nile, prepubertal period, whereas estrogen positive feedback is
not evident until after menarche (2, 3). In line with the dominant
role of estrogen negative feedback both before and after puberty,
we show here that ovariectomy of mice at P15 results in increased
LH levels at P30. Although the role of varying estrogen negative
feedback (the gonadostat hypothesis) in bringing about puberty
in rodents is debatable (3, 31), the gradual development of es-
trogen positive feedback nearer the time of puberty onset seems
likely to represent the forerunner of the GnRH/LH surge mech-
anism (31).

To our knowledge the circulating levels of E2 have not been
reported for mice at any prepubertal stage. Therefore, we have
adapted (by body weight) an adult OVX plus E2 experimental
protocol for use in the P15–30 mouse. Although it is not possible
to determine how closely the replaced E2 approaches normal
circulating concentrations, it is apparent that it returned LH
levels to the normal suppressed state when measured at P30. It
also resulted in VO at approximately P25, slightly in advance of
approximately P28, when we would normally observe VO in our
mice (20).

We report here that kisspeptin peptide is not present in the
RP3V until P15, and thereafter is dependent upon circulating E2.
Because gonadotrophic control of ovarian function occurs be-
fore P15 in the mouse (36), this suggests that RP3V kisspeptin
neurons are not required for the low basal levels of activity in the
hypothalamo-gonadal axis observed soon after birth. Evidence
has accrued for important roles of �-aminobutyric acid and glu-
tamate in regulating GnRH neuron function throughout the em-
bryonic and postnatal period (3, 37, 38), and we suggest that
these, or other, neurotransmitters are responsible for the early
activity of GnRH neurons. However, with increasing availability
of E2 through enhanced ovarian production and/or reduced cir-

FIG. 5. Complete absence of RP3V kisspeptin expression in ArKO mice. A–D,
Representative coronal sections throughout the rPVpo (A and B) and ARN (C and
D) showing kisspeptin immunoreactivity in wild-type littermates (A and C) and
ArKO (B and D) adult female mice. E, Quantitative analysis of kisspeptin
immunoreactive cell bodies in the AVPV, rPVpo, and cPVpo given as the mean
(�SEM) number of cells detected per section in wild-type littermates and ArKO
mice (n � 6 per group). ***, P � 0.001 compared with wild-type. Scale bars,
200 �m. OC, Optic chiasm.
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culating �-fetoprotein levels (39, 40), kisspeptin peptide expres-
sion in RP3V neurons begins in the third postnatal week and
rapidly increases to adult levels over the next 15 d (Fig. 6). Al-
though other sources of E2 exist, the 70–90% decrease in
kisspeptin expression after ovariectomy at P15 suggests that the
ovary is the principal source of E2 with respect to the RP3V
kisspeptin neurons.

Although not quantified, we observed that the number of
ARN kisspeptin neurons appears unchanged throughout the var-
ious manipulations performed. In contrast, the density of
kisspeptin fibers within the ARN changes dramatically and in
parallel with the number of RP3V kisspeptin cell bodies. This
increase in ARN kisspeptin fiber density in the presence of E2 is
at odds with the reported down-regulation of Kiss1 mRNA in the
ARN of adult mice (26). One explanation for this apparent con-
tradiction is that the great majority of kisspeptin fibers in the
ARN originate from RP3V kisspeptin neurons.

A role for E2 in driving kisspeptin expression in the RP3V has
been elucidated previously in the adult rodent. E2 increases
RP3V Kiss1 mRNA expression through an estrogen receptor
�-dependent mechanism (26), and this has been implicated in the
estrogen positive feedback mechanism responsible for the pre-
ovulatory GnRH/LH surge in rats and mice (27, 28, 41). We
show here that kisspeptin peptide expression is similarly regu-
lated by E2 in the prepubertal period.

Brought together, we speculate that RP3V kisspeptin neurons
are involved in a positive feedback circuit (E23 kisspeptin3
GnRH neurons3 gonadotropins3 E2) that is essential for the
full elaboration of puberty onset (Fig. 6). As such, the RP3V
kisspeptin neurons would be best viewed as E2-dependent “am-
plifiers” of GnRH neuron activity. Humans and mice with mu-
tated Grp54 or Kiss1 (5, 42, 43) fail to enter puberty, suggesting
that, even though RP3V kisspeptin neurons are not required for
baseline hypothalamo-gonadal activity, the proposed amplify-
ing role of kisspeptin to enhance pulsatile gonadotropin secre-
tion is crucial for puberty to proceed. This idea is supported
further by humans with inactivating mutations of grp54 that,
nevertheless, are able to exhibit small LH pulses (44, 45).

In summary, we demonstrate that E2 is essential for the emer-
gence of kisspeptin expression in RP3V neurons in the prepu-
bertal period. We propose that the gradual development of an
E2-kisspeptin positive feedback relationship provides a GnRH
neuron amplification mechanism that is used to facilitate the
emergence of pulsatile gonadotropin secretion necessary for pu-
berty onset, as well as the preovulatory estrogen-dependent
GnRH/LH surge (Fig. 6).
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