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To further test the hypothesis that melanocortins stimulate the reproductive axis, we treated ewes
with melanocortin agonist (MTII) in the luteal phase of the estrous cycle and during seasonal
anestrus. Lateral ventricular infusion of MTII (10 �g/h) during the luteal phase increased LH se-
cretion. Retrograde neuronal tracing in the brain showed few proopiomelanocortin or kisspeptin
cells in the arcuate nucleus, but more than 70% of kisspeptin cells in the dorsolateral preoptic area
(POA), projecting to the ventromedial POA in which GnRH cells are located. MTII infusion (20 h) was
repeated in luteal phase ewes and brains were harvested to measure gene expression of prepro-
orexin and kisspeptin. Expression of orexin in the dorsomedial hypothalamus and kisspeptin in the
POA was up-regulated by MTII treatment and Kiss1 in the arcuate nucleus was down-regulated.
Seasonally anestrous ewes were progesterone primed and then treated (lateral ventricular) with
MTII (10 �g/h) or vehicle for 30 h, and blood samples were collected every 2 h from 4 h before
infusion until 6 h afterward to monitor acute response in terms of LH levels. A rise in basal LH levels
was seen, but samples collected around the time of the predicted LH surge did not indicate that
an ovulatory event occurred. We conclude that melanocortins are positive regulators of the re-
productive neuroendocrine system, but treatment with melanocortins does not fully overcome
seasonal acyclicity. The stimulatory effect of melanocortin in the luteal phase of the estrous cycle
may be via the activation of kisspeptin cells in the POA and/or orexin cells in the dorsomedial
hypothalamus. (Endocrinology 150: 5488–5497, 2009)

Posttranslational processing of the proopiomelanocor-
tin (POMC) gene results in the formation of endorphin

and melanocortin products in the hypothalamus (1).
Whereas POMC mRNA expression in the arcuate nucleus
(ARC) appears to be unchanged across the estrous cycle in
the ewe (2), sex steroid effects on posttranslational pro-
cessing of POMC remains to be determined and differen-
tial processing of the POMC precursor peptide could oc-
cur. In the rat, POMC mRNA expression is reduced at the
time of the preovulatory LH surge (3, 4), and treatment of
ovariectomized (OVX) rats with estrogen reduces POMC
mRNA (5–7); progesterone treatment is able to attenuate
or reverse this effect (3, 6). On the other hand, others have

shown that a reduction in POMC mRNA does not occur
in OVX rats when an LH surge is activated by estrogen/
progesterone treatment (7). These studies were predicated
on the notion that ß-endorphin derived from the POMC
precursor negatively regulates GnRH cells and that reduc-
tion in expression of the precursor gene would reduce opi-
oid tone at the time of the preovulatory GnRH/LH surge.

Melanocortins stimulate the reproductive axis in vari-
ous species including rats, sheep, and humans (8). For
example, �MSH induced ovulation in female rats pre-
treated with progesterone (9). Administration of a mela-
nocortin antagonist reduced the magnitude of the LH
surge in OVX steroid-primed rats (10), and treatment of
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human males with �MSH increased plasma LH levels
(11). Moreover, �MSH stimulates GnRH release in im-
mortalized GnRH cell lines and hypothalamic explants in
vitro and plasma LH levels in vivo (12). Recent studies of
lean OVX ewes showed that a melanocortin agonist can
overcome the hypogonadotropic state of these animals,
stimulating pulsatile LH secretion (13). Because the
POMC cells are important in the regulation of energy bal-
ance (14, 15), these cells (and the melanocortins) could
provide a mechanism by which energy status and repro-
duction are linked. Whether these POMC cells synapse
directly with GnRH neurons is unknown; however, we
have shown previously that very few cells from the ARC
actually synapse with GnRH neurons in the ventral pre-
optic area (POA) (16). Conversely, others, using retro-
grade (17) and anterograde (18) tracers, detected input
from the ARC to GnRH cells. These latter studies, how-
ever, report large injection volumes and do not limit the
injection sites to the region of interest in which GnRH or
ARC cells are located, and we believe an interneuronal
pathway between the ARC cells and GnRH neurons is
likely. Orexin (ORX) (19) and kisspeptin (20–23) have
both been reported as positive regulators of the neuroen-
docrine reproductive axis, and both these cell types have
demonstrated direct input to GnRH cells in the sheep (24,
25) and rodent (26). It is therefore possible that these cells
act as a conduit for melanocortin feedback, but this is yet
to be elucidated.

To further investigate the role of melanocortins in the
regulation of reproduction, we carried out studies in the
ewe, using a melanocortin agonist melanotan II (MTII).
First, we performed lateral ventricular (LV) infusions of
the agonist in ewes during the luteal phase of the estrous
cycle, which is a period when gonadotropin secretion is
held under negative feedback by the combined effects of
estrogen and progesterone (27). Because we observed a
stimulatory effect of the agonist on plasma LH levels, we
then treated animals in the luteal phase of the cycle with
the agonist and examined gene expression for prepro-
ORX and kisspeptin (Kiss1) because these may act as neu-
rotransmitter intermediaries to regulate the GnRH cells
(24, 25). To determine whether melanocortin action can
overcome photoperiodic suppression of the reproductive
axis, we infused MTII (LV) into seasonally anestrous ewes
to examine acute response in terms of LH secretion and
possible stimulation of ovulation.

Materials and Methods

Animals
The experiments used adult Corriedale ewes, which were

maintained on pasture or in feedlots under natural conditions.

For intensive experimentation, the animals were housed in in-
dividual pens with natural lighting and had access to lucerne
chaff and water ad libitum. The animals were conditioned to pen
housing and handling for 1 wk before experimentation and LV
cannulation was carried out at least 2 wk before experimentation
as previously described (28). All animal procedures were con-
ducted with prior institutional ethical approval of the Animal
Experimentation Ethics Committee of Monash University ful-
filling the requirements of the Australian Prevention of Cruelty
to Animals Act 1986 and the National Health and Medical Re-
search Council/Commonwealth Scientific and Industrial Re-
search Organization/Australian Animal Commission Code of
Practice for the Care and Use of Animals for Scientific Purposes.

Experiment 1: effect of MTII treatment during the
luteal phase of the estrous cycle on LH secretion

Eight adult Corriedale ewes received LV cannulae, as previ-
ously described (28), at least 1 month before use. Their estrous
cycles were synchronized by two sequential im injections of 125
�g of synthetic luteolysin Cloprostenol (Estrumate; Pitman-
Moore, Sydney, Australia) 10 d apart, and the experiment was
performed 10 d after the second injection (late luteal phase of the
estrous cycle). On the day before experimentation, the animals
received an external jugular venous cannula (Tuta Healthcare,
Sydney, New South Wales, Australia), which was kept patent
with heparinized (50 U/ml) saline. The cannula was extended to
the side of the animal pens with polyethylene tubing and closed
with a three-way stopcock. Verification of the stage of cycle was
by measurement of plasma progesterone levels (29), which were
4.1 � 0.7 ng/ml. Serial blood sampling commenced at 0900 h and
samples (5 ml) were taken every 10 min for 3 h before treatment
and for 3 h during infusion. MTII (10 �g/h; n � 4) or artificial
cerebrospinal fluid (aCSF) as vehicle (n � 4) was administered by
LV infusion (55 �l/h) using MS16A Grasby minipumps (Graseby
Medical Ltd., Gold Coast, Australia). Plasma was harvested and
stored at �20 C until assayed for LH.

Experiment 2: retrograde tracing from the POA to
the POMC and kisspeptin cells in the ARC and the
kisspeptin cells of the dorsolateral POA

Retrograde labeling from the ventromedial POA was per-
formed to determine whether ARC POMC and/or kisspeptin
cells and POA kisspeptin cells project to the ventromedial POA,
in which the majority of GnRH cells are found (30). Analysis of
kisspeptin cells was included because of the possibility that MTII
acts via these cells to affect GnRH secretion (vide infra). Adult
Corriedale ewes (n � 4) received 75 nl injections of 4% Fluoro-
Gold (FG; Fluorochrome Inc., Englewood, CO.) into the ven-
tromedial POA as previously described (24). Animals were then
returned to pasture for 3 wk to allow optimum retrograde trans-
port of FG to the ARC in the brain. After this time, the animals
were euthanized by iv injection of 20 ml sodium pentobarbital
(Lethabarb; May and Baker Pty. Ltd., Melbourne, Victoria, Aus-
tralia), and the brains were perfused and processed for immu-
nohistochemistry as described previously (31). Frozen sections
were cut in the coronal plane (40 �m), collected into cryopro-
tectant at �20 C until processed. For each animal, three sections
representing rostral, middle, and caudal ARC and three sections
throughout the POA were processed for fluorescent immuno-
histochemistry (vide infra).
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Experiment 3: ORX and Kiss1 gene expression
after MTII treatment

MTII stimulated LH secretion in experiment 1, but the results
of experiment 2 showed that very few POMC or kisspeptin cells
projected to the ventral POA. We repeated the treatments of
experiment 1 in the same animals to ascertain whether MTII
affected expression of genes for neuropeptides that may act as
interneurons between POMC cells and GnRH cells, namely
kisspeptin cells and ORX cells. After experiment 1, the ewes were
allowed to progress through another estrous cycle and were in
the luteal phase of the estrous cycle when they were randomly
assigned to receive LV infusions of either MTII (10 �g/h) or
vehicle (aCSF) for 20 h. This time frame was chosen to allow
adequate time for possible changes in gene expression to occur.
The brains of the animals were perfused with paraformaldehyde
as previously described (32). The hypothalamus was dissected as
a block and postfixed at 4 C in fixative containing 30% sucrose
for 7 d. Frozen sections were cut in the coronal plane (20 �m),
collected into cryoprotectant with 2% paraformaldehyde, and
stored at �20 C until processed for in situ hybridization analysis
of ORX and Kiss1 mRNA.

Experiment 4: MTII treatment to acyclic anestrous
ewes

MTII treatment stimulated LH secretion in the breeding sea-
son, so we determined whether the melanocortin agonist could
stimulate gonadotropin secretion and induce ovulation in sea-
sonally acyclic anestrous ewes. Adult Corriedale ewes with LV
cannulae were treated during November (anestrous season for
this breed) and received LV infusions of either MTII (10 �g/h;
n � 6) or vehicle (aCSF; n � 6). Before the experiment all ewes
were treated with progesterone to prime the neuroendocrine sys-
tem to effects of estrogen (33). This was carried out by the in-
sertion of an intravaginal progesterone controlled delivery de-
vice (CIDR; InterAg, Hamilton, New Zealand). The CIDRs were
removed and 24 h later the animals received either MTII or ve-
hicle (aCSF) for 30 h (55 �l/h). Jugular blood samples were col-
lected every 2 h from 4 h before infusion until 6 h afterward to
monitor acute response in terms of LH levels. Then, from 28 to
35 h after the commencement of MTII infusion, additional blood
samples were collected hourly to detect the occurrence of an LH
surge. Finally, blood samples were taken every second day for
14 d for assay of plasma progesterone to determine whether
ovulation had occurred with an ensuing corpus luteum.

Immunohistochemistry and FG mapping
The FG injection sites were localized using fluorescence mi-

croscopy (for FG) on sections counterstained with cresyl fast
violet as previously described (31). Double-label immunohisto-
chemistry was then performed on injection sites to ensure the
spread of the injection had encompassed GnRH cell bodies.
GnRH cells were identified using a monoclonal antibody against
GnRH (dilution 1:2000; HU11B, courtesy of Professor H. Ur-
banski, Oregon Regional Primate Research, Beaverton, OR),
and a goat antimouse Alexa 488 (Molecular Probes Inc., Eugene,
OR) (dilution 1:500). FG injection sites were visualized using UV
light filter (excitation 330–380 nm, barrier 420 nm). Animals
with correct placement of FG injections within the POA were
selected for further study. Anatomically matching sections rep-
resenting rostral, middle, and caudal ARC and three anatomical
matching sections throughout the POA from each animal were

mounted onto superfrost slides and dried overnight. POMC-
containing cells were identified using a �MSH primary antibody
(Antibodies Australia, Melbourne, Australia) with specificity as
previously described (34). Preabsorption with 0.5 mg/ml of the
original peptide abolished all staining in the ovine ARC (data not
shown). To detect kisspeptin, we used a polyclonal rabbit anti-
body against mouse kisspeptin-10 (dilution1:100,000; gift from
A. Caraty, Institut National de la Recherche Agronomique,
Nouzilly, France) (35) previously validated for use in sheep tis-
sues (34). Secondary antibodies for �MSH and kisspeptin stain-
ing were anti-guinea pig and anti-rabbit respectively, conjugated
to Alexa 546 (1:500, Molecular Probes). After staining for
�MSH or kisspeptin, the sections were then labeled for FG (rab-
bit polyclonal antibody; dilution 1:2000; Chemicon Interna-
tional, Sydney, Australia) using a goat anti-rabbit conjugated to
Alexa 488 (1:500) as previously reported (31). Sections were
coverslipped using antifade medium (Dako, Botany Bay, New
South Wales, Australia). A microscope (BMX50; Olympus, To-
kyo, Japan) equipped with a UV light filter (excitation 330–
380nm, barrier 420 nm) was used to map the distribution of FG
cells, kisspeptin cells, and melanocortin cells, including the
counting of cells colocalizing FG and peptide, using the MD plot
system (version 5.0; AccuStage, Shoreview, MN.).

In situ hybridization
In situ hybridization (experiment 3) was performed using

35S-deoxyuridine 5-triphosphate-labeled riboprobes according
to a described protocol (36, 37). The cDNA and plasmid inserts
used were a 375-base ovine Kiss1 gene and a 207-base ovine
prepro-ORX gene, which were both inserted into a pGem T-easy
plasmid. The amplification and linearization of plasmid DNA
was performed using standard techniques (38). When analyzing
ORX gene expression, two anatomically matching sections
across the dorsomedial hypothalamus (DMH), perifornical
(PFA), zona incerta (ZI), and lateral hypothalamic (LHA) areas
were chosen for each animal because this is where the majority
of ORX-expressing cells are located in the ewe (24). For analysis
of Kiss1 expression, three sections from each ewe were taken to
represent rostral, middle, and caudal regions of the ARC, and
three to five sections through the dorsolateral POA were chosen
for analysis of Kiss1 expression in this region. After hybridiza-
tion, the slides were dipped in K5 photographic emulsion (Ilford
Imaging, Melbourne, Australia) and kept at 4 C in the dark and
developed after 4 d (ORX), 7 d (Kiss1 ARC), or 9 d (Kiss1 POA).
Sections were then counterstained with 1% cresyl violet, dehy-
drated, and coverslipped using DePex plastic resin (Grale Scien-
tific, Melbourne, Australia). Image analysis was carried out us-
ing coded slides, and the operator was blind to the treatments.
Cells were counted when silver grain density was greater than 5
times background and when there was a clearly discernible nu-
cleus. Computer-assisted grain counting was performed under
bright light field at �40 using an HC-2000 high-resolution dig-
ital camera (Fuji, Tokyo, Japan) and Analytical Imaging system
3.0 software (Image Pro Plus, Media Cybernetics, Silver Spring,
MD), as previously described (32). The number of silver grains
per cell for Kiss1 mRNA was estimated in 40 cells/section in the
ARC and 20 cells/section in the POA. ORX expression was an-
alyzed in the DMH, PFA, ZI, and LHA, and silver grains per cell
was estimated in 40 cells/region.
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RIAs
Plasma LH was measured by assaying samples in duplicate at

100 �l following the method of Lee et al. (39). Ovine standards
were NIH-oLH-S18 and ovine antiserum (NIDDK-anti-oLH-I)
was used with 125I-NIDDK-AFD-9598B as tracer. The sensitiv-
ity of the LH assays was 0.1 ng/ml (experiment 1) and 0.2 ng/ml
(experiment 4). For all oLH assays, the interassay coefficient
of variation (CV) was less than 15% and the intraassay CV less
than 8%. An LH pulse was defined as having occurred when
the assay value of a given sample exceeded the assay value of the
previous sample by at least 3 SD as well as other criteria detailed
previously (40).

Plasma progesterone levels were measured in a single assay
based on the method of (41), after hexane extraction of 100 �l
plasma with a sensitivity of 0.1 ng/ml and an intraassay CV of 5%.

Statistics
Data are presented as means (�SEM). Hormone data were

analyzed by repeated-measures ANOVA, with least significant
differences as a post hoc test. Measures of mRNA levels were
analyzed by one-way independent-measures ANOVA.

Results

Experiment 1: MTII treatment during the luteal
phase of the estrous cycle

Compared with preinfusion values, MTII treatment in-
creased pulsatile LH secretion (Fig, 1A) by increasing

mean plasma LH concentration (P �
0.05) and LH pulse frequency (P �
0.05), with no effect on LH pulse ampli-
tude (Table 1). Infusion of aCSF had no
effect on plasma LH levels (Fig. 1B). All
values obtained below the sensitivity of
the LH RIA were taken at the sensitivity
threshold of 0.1 ng/ml.

Experiment 2: projections of
kisspeptin and melanocortin cells
to the ventromedial POA
(retrograde labeling)

All FG injections sites were located in
the ventromedial POA and positioned
around the third ventricle (Fig. 2). Ret-

rograde labeling of POMC and kisspeptin cells in the ARC
was rarely seen, so that 1 � 0.6% of POMC (�MSH im-
munoreactive) and 1.9 � 0.2% of kisspeptin cells were
observed to be colabeled with FG. In the dorsolateral
POA, 76.4 � 5.1% (average of four animals) kisspeptin
cells were retrogradely labeled with FG.

Experiment 3: ORX and Kiss1 gene expression
after MTII treatment

MTII treatment increased ORX mRNA expression in the
DMH (Fig. 3) by increasing the number of detectable cells
(P � 0.05) and the level of expression (grains per cell, P �
0.01), but there was no effect of MTII treatment on ORX
gene expression in the PFA, ZI or LHA (Fig 3, A and B).

MTII treatment reduced (P � 0.05) Kiss1 mRNA ex-
pression in the ARC and increased (P � 0.05) Kiss1
mRNA expression in the POA. In both cases this was due
to a change in the level of expression per cell and not the
number of cells detected (Fig. 4).

Experiment 4: MTII treatment of acyclic anestrous
ewes

Although plasma LH levels rose immediately after the
start of infusion of MTII, from nondetectable to 1.0 � 0.4
ng/ml, this rise was not statistically significant (P � 0.09).

LH
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m
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Time (min)
0 60 120 180 240 300 360

0

1

0.5

B
vehicle Infusion

LH
 (n

g/
m

l)

0.5

0 60 120 180 240 300 360
0

1

Time (mins)

MTII Infusion (10μg/h)
A

FIG. 1. Representative profile of the effect of LV infusion of MTII (10 �g/h; n � 4) (A) or
aCSF (n � 4) (B) for 3 h on plasma LH levels from ewes in the luteal phase of the estrous
cycle. Plasma samples were collected every 10 min for 3 h before and after the start of
infusion. Dotted baseline is representative of LH assay sensitivity (0.09 ng/ml). Arrows
indicated significant pulses.

TABLE 1. Plasma LH levels prior to and after infusion of MTII or vehicle in ewes during the luteral phase of the
estrous cycle

Mean LH (ng/ml) LH pulse frequency (pulses/h) LH pulse amplitude (ng/ml)

Before After Before After Before After

MTII 0.16 � 0.16 0.46 � 0.09a 0.42 � 0.08 1.08 � 0.16a 0.73 � 0.22 0.68 � 0.03
Vehicle 0.10 � 0.08 0.05 � 0.04 0.250.25 � 0.25 0.17 � 0.09 0.21 � 0.21 0.25 � 0.18

Analysis of mean LH concentration (nanograms per milliliter), LH pulse frequency (pulses per hour), and LH pulse amplitude (nanograms per
milliliter) before and after MTII or aCSF intracerebroventricular infusion to ewes (n � 4/group) in the luteal phase of the estrous cycle. Data are
means � SEM.
a P � 0.05 compared with preinfusion values.
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Plasma LH levels were significantly (P � 0.05) elevated at
the 4-h time point. No discernible LH surges were detected
over the period during which we sampled (Fig. 5), nor was
there any evidence of an increase in mean postinfusion
progesterone levels between the two treatment groups
(MTII treated: 0.1 � 0.04 ng/ml; vehicle: 0.3 � 0.10
ng/ml), which would have indicated active corpora
lutea after ovulation. All values obtained below the sen-
sitivity of the LH RIA were taken at the sensitivity
threshold of 0.2 ng/ml.

Discussion

These studies substantiate a growing body of evidence to
indicate that the melanocortin system within the brain acts
to stimulate the reproductive axis. The present results sup-
port other recent data obtained in lean hypogonadotropic
ewes to suggest that the means by which leptin activates
the GnRH/gonadotropin axis is through the melanocortin
system (13). During the luteal phase, gonadotropin levels
are suppressed due to progesterone/estrogen negative
feedback, but melanocortin treatment can overcome this
negative clamp. The present study corroborates earlier
data (16), which showed that there is relatively poor direct
input to the ventromedial POA from the arcuate nucleus.

We expanded this earlier work to show that the melano-
cortin and Kiss1 cells of the ARC do not provide substan-
tial input to the ventromedial POA. There may, however,
be an indirect pathway to GnRH cells from the cells of the
ARC (16). Expression of ORX mRNA in cells of the DMH
and expression of Kiss1 mRNA in cells of the dorsolateral
POA was increased after melanocortin treatment to luteal
phase ewes, so these cells may act as intermediary neurons
to transmit melanocortin signals to the GnRH neurons.

We have shown that MTII treatment can overcome the
sex steroid-negative feedback effect on GnRH secretion
(43) during the luteal phase of the ewe. Earlier reports
showed that POMC mRNA in the ARC of the ewe brain
(2), and total �MSH protein levels in the mediobasal hy-
pothalamus and POA of the rat brain (44) remains un-
changed across the estrous cycle. These studies, however,
did not take into account the marked differences in the
biological properties of the different forms of �MSH.
Acetylated �MSH is much more potent the des-acetyl
form (45, 46), and levels of the former are reduced in
conditions of low gonadotropin production in lean ani-
mals. Importantly, this recent work showed that the major
change in melanocortin status that occurs with altered
reproductive state is the level of �MSH in the terminal
beds of melanocortin neurons and not in the ARC. To gain

FIG. 2. FG injections into the ventral POA in which GnRH neurons are located. Schematic representation of injection sites from all four animals
(A). Inner white circle indicates injection site, whereas the gray surrounding shading specifies the extent of the spread of tracer. Photomicrograph
example of FG injection site in the POA (B), overlapping GnRH neurons (indicated by arrows; C). Retrogradely labeled FG cells (red) in the ARC do
not colocalize with kisspeptin (green; D) or POMC cells (green; E). More than 70% of kisspeptin cells (green) in the dorsolateral POA colocalize
with FG cells (red; F–I). Scale bar, 20 �m. OC, Optic chiasm; AC, anterior commissure; 3V ,third ventricle. In D–H, arrows to red objects indicate
FG-labeled cells, and arrows to green objects indicate kisspeptin (D) and POMC (E). A kisspeptin cell in the dorsolateral POA (G; arrow) is labeled
with FG (H) and dual-labeling (yellow) of this cell is shown in I (arrow).
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a more comprehensive understanding of the operation of
the melanocortin system across the estrous cycle, further
investigation of the type of melanocortin that prevails at
each stage is required. Plasma levels of acetylated �MSH
in humans are at highest concentration during the late
follicular phase, when gonadotropin secretion is corre-
spondingly high (47). The present result obtained with
MTII treatment of ewes in the luteal phase of the estrous
cycle indicates that melanocortin signaling may be sup-
pressed at this time. This may be due to an effect on the
production of acetylated �MSH, but there may also be
effects on production of �- and/or �MSH, which also ac-
tivate the melanocortin receptor (MCR)-3 and -4 (48, 49).
Appropriate proteomic analysis is required to determine
whether there is any change in the levels and forms of
melanocortins in terminal beds in relevant regions of the
hypothalamus and POA across the estrous cycle.

We measured ORX gene expression in animals treated
with MTII because of earlier studies showing that approx-
imately one third of GnRH cells in the ovine brain appear
to receive direct input from ORX cells in the lateral hy-
pothalamus (24). ORX mRNA was up-regulated in the
DMH after melanocortin treatment of luteal phase ewes.
Because this treatment also caused increased plasma LH
levels, the data are consistent with earlier work in steroid

primed OVX rats showing an increase in LH secretion
after ORX treatment (19). Our earlier anatomical study,
however, showed that ORX cells of the DMH do not
project to the ventromedial POA in the sheep (24). To
reconcile these findings and invoke a role for these ORX
cells in the melanocortin stimulation of the reproductive
axis, it is necessary to consider the possibility of serial
connection to GnRH cells. It is possible that the ORX cells
of the DMH project to some other rostrally located area to
relay information to GnRH neurons. This pathway may
involve interneurons in the bed nucleus of the stria termi-
nalis and/or the median preoptic nucleus/lateral preoptic
area (50). It is also possible that these ORX cells in the
DMH act via the kisspeptin cells located in the dorsal-
lateral POA (35). Support for the notion that the ORX
cells of the DMH form at least part of the response to a
melanocortin agonist, that is relayed to GnRH cells is the
fact that this nucleus is highly innervated by �MSH-con-
taining axons and axon terminals originating from the
ARC in the rat (51), and ablation of the ARC results in a
discernible reduction of �MSH fibers in the DMH (52).
Finally, melanocortin receptors (MC3R and MC4R) are
found in the DMH in the ewe (53). An alternative rationale
for the increase in ORX gene expression with MTII treat-
ment may be related to appetite regulation, although this

FIG. 3. Effect of LV infusion of aCSF (n � 4) or MTII (10 �g/h; n � 4) for 20 h on ORX gene expression in the PFA, DMH, ZI, and LHA, expressed
by the average number of cells per section and the number of silver grains per cell (A and B). Dark-field (�10) and bright-field (�40)
photomicrographs of ORX expression in the DMH (C–F). 3V, Third ventricle. Solid bar, aCSF treatment; open bar, MTII treatment. Data are
means � SEM. *, P � 0.05; **, P � 0.01 compared with aCSF treatment.
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would seem contradictory because ORX stimulates food
intake (54) and melanocortins (55) have the reverse effect.

In sheep in the luteal phase of the cycle, MTII treatment
reduced Kiss1 mRNA levels in the ARC but increased ex-
pression in the POA. Sex steroids, particularly estradiol-
17�, negatively regulate Kiss1 mRNA expression in the

ARC (56) and up-regulate Kiss1 mRNA
expression in the POA (25), leading to
the perceived role of kisspeptin in facil-
itating both negative and positive feed-
back responses of sex steroids to GnRH
neurons (57). It is important, therefore,
to take account of the likely rise in es-
tradiol-17� levels, which result from the
increase in LH secretion after melano-
cortin treatment. It is unknown whether
the increase in Kiss1 mRNA in the POA
and the decrease in the ARC is a direct
effect of melanocortin treatment or is a
consequence of increased estradiol-17�

levels. It has been suggested that the
MC4R is the principal melanocortin re-
ceptor involved in stimulating the repro-
ductive axis (10), and this subtype is ex-
pressed at a high level in the POA but not
the ARC of the ewe (53). Furthermore,
virtually all of the Kiss1 cells of the ARC
express estrogen receptor-�, but only
50% of the same cell type in the POA
express the receptor (35). This leads us
to tentatively conclude that melanocort-
ins activate the Kiss1 cells of the POA
directly, but the decrease in Kiss1 ex-
pression seen in the ARC may be due to

a rise in sex steroid levels.
MTII treatment caused a small increase in LH levels in

anestrous ewes, but this did not translate into an LH surge,
ovulation, or the formation of corpora lutea. In this ex-
periment, the major objective was to determine whether
there was a positive feedback response to the treatment,
causing ovulation. Plasma LH levels in samples collected
before and shortly after commencement of treatment sug-
gest that MTII treatment can at least partly overcome the
enhanced negative feedback effect of estrogen that prevails
during anestrus (58). A more intense series of blood sam-
ples around this treatment may provide more detailed data
on this point, but it is clear from the present results that
MTII treatment cannot reverse the acyclic condition of
anestrus. The relatively short-lived response to MTII in
these animals may have been due to stimulation of ovarian
function, sufficient to increase estradiol-17� secretion and
effect a negative feedback response on GnRH/LH secre-
tion, thus preventing sustained activation of the reproduc-
tive axis and ovulation. Preovulatory-like LH surges did
not occur in any of the treated ewes, nor was there any
evidence of ovulation. It is possible that there is reduced
responsiveness to melanocortins in the anestrous season.
POMC mRNA is increased in anestrous ewes (59) and

FIG. 4. Effect of LV infusion of aCSF (n � 4) or MTII (10 �g/h; n � 4) for 20 h on Kiss1 gene
expression in the ARC and POA of the ewe, expressed by the average number of cells per
section and the number of silver grains per cell (A and B). Dark-field (�10) and bright-field
(�40) photomicrograph representations of ARC (C–F) and POA (F–J). Solid bar, aCSF
treatment; open bar, MTII treatment. Data are means �SEM *, P � 0.05 compared with aCSF
treatment. 3V, Third ventricle.

FIG. 5. Effect of LV infusion of aCSF (n � 6) or MTII (10 �g/h; n � 6)
for 30 h on LH secretion in anestrous ewes. Blood samples were
collected every 2 h. Continuous line, MTII-treated ewes; dashed line,
aCSF-treated ewes; dotted baseline, LH assay sensitivity (0.2 ng/ml).
Data are means � SEM. *, P � 0.05 compared with aCSF LH
concentration.
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rams (60), but it remains to be determined whether MC3R
and MC4R expression is changes with season in the ewe.

The present study confirms previous observations with
anterograde tracing, which indicated relatively poor direct
input to the ventromedial POA from the ARC (16). We
found that very few POMC or Kiss1 cells of the ARC were
retrogradely labeled when FG was placed in the ventral
POA. Our earlier results (16) were contradicted by those
of another group, using relatively large injections of ret-
rograde tracer placed in various regions of the POA and
diagonal band of Broca (18), but our present results con-
firm our earlier findings. We also demonstrate, in corrob-
oration with previous data from our laboratory, which
showed GnRH input from lateral regions of the POA (50),
that more than 70% of dorsolateral POA kisspeptin cells
were retrogradely labeled with FG injected into the ven-
tromedial POA. This suggests that the observed input to
GnRH cells from kisspeptin cells in the ovine brain arises
almost exclusively from the population of kisspeptin cells
in the dorsolateral POA and not from the population lo-
cated in the ARC. Thus, stimulation of the GnRH cells
from any elements in the ARC, especially kisspeptin
and/or melanocortins, is likely to be indirect, involving at
least one interneuron. Although only few projections were
noted from the ARC Kiss1 and POMC cells to the ven-
tromedial POA in which GnRH cells are found, it does not
preclude the projection of these cells to the dorsolateral
POA to activate Kiss1 neurons.

In support of this notion, Kiss1 mRNA was up-regu-
lated in the POA after melanocortin treatment in the luteal
phase. The functional significance of the Kiss1 cells in the
POA still remains to be fully elucidated in this species, but
it has been proposed that these may act in a similar manner
to the Kiss1 cells in the anteroventral periventricular nu-
cleus of the rodent, which positively regulate GnRH/LH
secretion during the preovulatory LH surge (57). In this
regard, it is notable that Kiss1 mRNA in the POA is up-
regulated in the periovulatory phase in monkeys and the
late follicular phase in sheep (Smith, J. T., and I. J, Clarke,
unpublished observations). It is therefore plausible that
the Kiss1 cells of the POA are involved in the positive
regulation of GnRH neurons and act as an interneuronal
pathway for the Kiss1 and/or melanocortin cells of the
ARC. Alternatively, GnRH secretion may be regulated by
melanocortins and/or kisspeptin cells at the level of the
median eminence. Recent studies suggest that there is
some association between kisspeptin fibers and GnRH fi-
bers in the median eminence (61), and several reports dem-
onstrate that POMC cells project to the median eminence
(62). On the other hand, there is no substantive evidence
for synaptic input to GnRH axons and terminals within

the median eminence, and communication may be by vol-
ume transmission (42, 64, 65).

In conclusion, this study adds further impetus to the
notion that the melanocortins are of fundamental impor-
tance to the normal reproductive process. We have rein-
forced the fact that melanocortin signaling positively reg-
ulates GnRH cells because MTII has a convincing effect to
increase pulsatile LH secretion in luteal phase ewes and is
likely to increase basal LH levels during seasonal anestrous.
Evidence is presented that this effect may be transmitted
via ORX and/or kisspeptin cells in the DMH and POA,
respectively. We further show that direct kisspeptin stim-
ulation of GnRH cells occurs from the population of
kisspeptin cells located in the dorsolateral POA and that
kisspeptin cells of the ARC likely regulate GnRH cells
indirectly. Understanding the involvement of the melano-
cortin system in stimulating the reproductive axis builds
evidence to support the use of melanocortins as a thera-
peutic target in times of reproductive suppression.
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