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Leptin directly acts within the hypothalamus to stimulate
gonadotropin-releasing hormone secretion in vivo in rats

Hajime Watanobe

Division of Internal Medicine, Clinical Research Center, International University of Health and Welfare, Otawara, Tochigi, Japan

It is still not known whether leptin, an adipocyte-derived hormone, acts directly within the
hypothalamus to stimulate the gonadotropin-releasing hormone (GnRH)-luteinizing hormone
(LH) system. In order to address this question, the present study examined the effects of direct intra-
hypothalamic perfusions with leptin on the in vivo release of GnRH in ovarian steroid-primed
ovariectomized rats utilizing the push—pull perfusion technique. Both a-melanocyte-stimulating
hormone (¢x-MSH) and neuropeptide Y were also measured in the hypothalamic perfusates. In
normally fed animals, the leptin infusion was without effect on the release of these three
hypothalamic peptides and also without effect on plasma LH and prolactin (PRL), whether leptin
was infused into the medial preoptic area (where the majority of GnRH neuronal cell bodies exist)
or the median eminence—arcuate nucleus complex (where axon terminals of GnRH neurons are
located). In contrast, in 3-day fasted rats leptin was effective in stimulating the secretion of GnRH,
a-MSH, and LH, regardless of the site of perfusion. These three hormones were increased in a
temporal order of a-MSH, GnRH and LH. Irrespective of the site of perfusion, leptin was without
effect on the release of neuropeptide Y. Only when leptin was infused into the median
eminence—arcuate nucleus complex was PRL secretion also stimulated, although its onset was 1 h
behind that of LH. The leptin-induced elevations of GnRH, a-MSH, LH and PRL were all dose-
dependently stimulated by subnormal (1.0 ng ml™') and normal (3.0 ng ml™") concentrations of
leptin, but at higher concentrations (10 ng ml™') it did not produce additional effects. Leptin
infusion into the anterior hypothalamic area, a control site equidistant from both the medial
preoptic area and the median eminence—arcuate nucleus complex, did not produce a significant
change in any of the hormones in either the fed or fasted rats. These results demonstrate for the first
time thatleptin can act at both the cell bodies and axon terminals of GnRH neurons to stimulate the
release of the neurohormone in vivo, and they also suggest that «-MSH may play a significant
intermediary role in linking leptin and GnRH secretion.
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Leptin, a polypeptide hormone secreted by adipose tissue,
plays an important role in body weight homeostasis through
reducing food intake and increasing thermogenesis. The
adipose hormone is transported via the circulatory system
into the CNS where it acts on leptin receptors (Fruhbeck et
al. 2001). Increasing evidence suggests that leptin may also
play a significant role in the regulation of a variety of
neuroendocrine functions (Smith ef al. 2002). Amongst
the neuroendocrine actions of leptin, its stimulating effect
on the hypothalamo—pituitary—gonadal axis seems to be of
particular physiological significance in consideration of
the well-established causal link between nutritional status
and reproduction (Wade et al. 1996; Ahima et al. 2000). It
is thus proposed that leptin may serve as a metabolic
regulator of reproductive capability by signalling to the
brain the amount of energy stored in the body (Smith et al.
2002).

Previous studies in vitro reported that leptin acts directly in
both the hypothalamus and the pituitary to stimulate the
release of gonadotropin-releasing hormone (GnRH) and
luteinizing hormone (LH), respectively (Yu et al. 1997a,b).
However, the well-known reduction of LH levels in food-
restricted animals, a phenomenon supposed to be mediated,
at least in part, by fasting-induced hypoleptinaemia, is
believed ultimately, to be a consequence of the decreased
release of GnRH from the hypothalamus (Smith et al.
2002). It is well established that the hypothalamus is a site
in the brain where leptin receptors are abundantly expressed
(Mercer et al. 1996b; Schwartz et al. 1996; Fei et al. 1997;
Elmquist et al. 1998; Friedman & Halaas, 1998). Although
several isoforms of leptin receptor identified to date were
all reported to mediate signal transduction (Bjorbaek et al.
1997), the long-form receptor is considered to play a major
role in intracellular signalling (Uotani et al. 1999). The
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long isoform of the leptin receptor is especially abundant
in the arcuate nucleus (ARC), the dorsomedial, para-
ventricular and ventromedial nuclei and the lateral
hypothalamus (Mercer et al. 1996b; Fei et al. 1997; Elmquist
etal. 1998).

Although a few reports have provided indirect evidence for
the facilitatory action of leptin on GnRH secretion in vivo
(Carro et al. 1997; Smith et al. 2002), no previous study has
demonstrated it directly. In order to clarify this unresolved
but important issue, the author has employed the technique
of push—pull perfusion (PPP) of the rat hypothalamus as in
previous studies (Watanobe & Takebe, 1993a,b, 1994).
Utilizing sex steroid-primed ovariectomized rats that have
dioestrous levels of oestradiol and progesterone in general
circulation, in vivo influences of leptin infused directly into
the medial preoptic area (MPOA) and the median eminence
(ME)—-ARC complex on the release of GnRH at these sites
of the hypothalamus have been studied. The MPOA is the
site where the majority of the GnRH neuronal cell bodies
exist, and the ME-ARC is the anatomical structure where
the axonal fibres of GnRH neurons are terminated before
the neurohormone is released into the portal circulation
(Lantos et al. 1995). In the hypothalamic perfusates, both
a-melanocyte-stimulating hormone (¢-MSH) and neuro-
peptide Y (NPY) were also measured. This is because both
neurohormones have been implicated in mediating the
actions of leptin on feeding and reproduction (Kalra et al.
1999). With respect to hormones in general circulation,
alterations not only in LH but also prolactin (PRL) were
determined before and during the leptin infusion. This
was done in consideration of several previous studies
including those of the author and others reporting a
stimulating action of leptin on PRL secretion (Yu et al.
1997a; Gonzalez et al. 1999; Kohsaka et al. 1999a; Watanobe
etal.1999a,b,2000).

Furthermore, in the present study, the author compares
the hormonal effects of leptin infusion between fed and
fasted rats. This attempt was made based on previous reports
that the hypothalamo—pituitary—gonadal axis showed
differential responses to exogenous leptin in fed vs. food-
restricted animals (Cheung et al. 1997b; Henry et al. 1999,
2001; Nagatani et al. 2001).

METHODS

Animals and PPP protocol

All the following procedures were approved by the Ethical
Committee for Animal Experimentation of the International
University of Health and Welfare. Animals were maintained in
accordance with the National Institutes of Health Guide for the
Care and Use of Laboratory Animals.

Female rats (240-250 g) of the Wistar strain were used. They were
housed in an air-conditioned room with controlled lighting (light
on from 08:00 to 20:00 h) and were given free access to laboratory
chow and tap water. Two weeks before PPP, the animals were
bilaterally ovariectomized under anaesthesia with sodium
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pentobarbitone (pentobarbital; 40 mg (kg body wt) ™', 1.p.). At the
same time, a guide cannula with a removable inner stylet was
stereotaxically implanted in the MPOA, the ME-ARC, or the
anterior hypothalamic area (AHA), consistently on the right side.
The AHA was chosen as a control site of perfusion, which is
equidistant from both the MPOA and the ME-ARC. Stereotaxic
co-ordinates for cannula placement were taken from the atlas of
Pellegrino et al. (1979). Co-ordinates for the MPOA were 1.8 mm
anterior to and 1.0 mm lateral to the bregma, and 7.8 mm ventral
from the dura. Co-ordinates for the ME-ARC were 0.0 mm
anterior to and 0.5 mm lateral to the bregma, and 9.8 mm ventral
from the dura. Co-ordinates for the AHA were 0.8 mm anterior to
and 1.2 mm lateral to the bregma, and 8.8 mm ventral from the
dura. According to these stereotaxic co-ordinates, the tip of the
guide cannula in the AHA was expected to be about 1.5 mm away
from those in both the MPOA and the ME-ARC. The PPP
cannulae used were the same as described in previous studies
(Watanobe & Takebe, 1993a,b, 1994). The device was fixed on to
the skull with anchor screws and dental cement. By 7 days after
ovariectomy and PPP cannula placement, the body weight of each
animal had returned to the presurgical level. On this postoperative
day, all animals started receiving hormone replacement with both
oestradiol and progesterone. The oestradiol treatment was
administered using a s.c. implantation of a single silastic capsule
(inner diameter, 1.5 mm; outer diameter, 3.0 mm,; length, 25 mm;
Dow Corning, Midland, MI, USA) containing oestradiol-174
(Sigma Chemical Company, St Louis, MO, USA) dissolved in
peanut oil at 20 ug ml™". This treatment has previously been
reported to produce physiological levels of plasma oestradiol
(about 30 pg ml™") in ovariectomized rats for a period of at least
2 weeks (Cagampang et al. 1991). This concentration of oestradiol
corresponds to that found on dioestrus day 2 of the oestrous cycle,
and is too low to elicit surge-like secretions of LH and PRL
(Freeman, 1988). A daily s.c. injection of progesterone (Sigma)
dissolved in peanut oil was given at a dose of 5 mg (kg body wt) ™,
which is the physiological dose used in previous studies
(Watanobe & Takebe, 1987; Watanobe & Suda, 1999). The last
injection of progesterone was performed 24 h before starting the
PPP experiment. The MPOA, ME-ARC, and AHA groups were
each divided into two subsets. One subset was allowed to feed
ad libitum (fed rats), and the other subset was deprived of food for
3 days (fasted rats) until the day of PPP. Two days prior to PPP
and under light ether anaesthesia, all animals were implanted with
ajugular vein catheter filled with heparin solution.

At about 08:00 h on the day of PPP, an extension of the jugular
vein catheter was installed for frequent blood sampling and the
inner stylet within the guide cannula was replaced with the inner
cannula perfusion assembly. Thereafter, artificial cerebrospinal
fluid (ACSF) that had the same composition as in previous reports
(Watanobe & Takebe, 1993a,b, 1994) was infused through the
push cannula and collected from the pull cannula at a flow rate of
15 l min~". The dead space of the pull system (from the tip of the
guide cannula to the distal end of the pull tubing) was adjusted to
150 ul (corresponding to a 10 min period of perfusion) so that
each blood sample could be drawn in the middle of each time
period for perfusate collection. Until the experiment was over, not
only the fasted but also the fed groups were deprived of food,
although they were given free access to drinking water. Aftera3 h
equilibration period, blood samples (200 xl) to measure LH and
PRL were collected from the freely moving animals every 20 min
between 11:00 and 17:00 h. At 11:00 h only, an additional 250 ul
of blood was drawn to measure leptin, oestradiol and progesterone
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also. An equivalent volume of red blood cells taken from donor
rats was suspended in 0.9% NaCl and replaced through the
jugular vein catheter after each blood sampling. Twenty minute
perfusion fractions (300 ul) were collected into tubes placed on
ice over a total period of 380 min (11:00-17:20 h). The reason for
collecting a further perfusate between 17:00 and 17:20 h is the
existence of the above-mentioned dead space within the pull
system. All the MPOA, ME-ARC and AHA groups were perfused
with 1.0, 3.0 or 10 ng ml™" of the recombinant rat leptin (R & D
Systems, Inc., Minneapolis, MN, USA) during the period of
14:00-17:20 h. The rat leptin was dissolved in the ACSF
immediately before use. Control groups were perfused with the
pure ACSF only throughout the period of 11:00-17:20 h. The
actual time of day during which leptin was infused was between
13:50 and 17:10 h because the dead space of the push system (from
the tip of the push cannula to the distal end of the push tubing)
was adjusted to 150 gl (corresponding to a 10 min period of
perfusion). The collected perfusates were immediately frozen on
dry ice, lyophilized, and stored at =70 °C until assayed for GnRH,
a-MSH, and NPY. The blood was collected into tubes containing
disodium EDTA (2.5 mg (ml blood) ™), centrifuged and the plasma
was stored at —70 °C until assayed for LH, PRL, leptin, oestradiol
and progesterone. Within 30 min after completion of the experiment,
the animals were killed by decapitation and their brains were
removed and stored at —70 °C for histological examination.

Hormone assays

The lyophilized perfusates were reconstituted with 300 xl of an
assay buffer (0.1% bovine serum albumin, 100 mmM phosphate-
buffered saline, 0.1 % sodium azide, 0.1 % Triton X-100, pH 7.4)
and subjected to radioimmunoassays (RIAs) for GnRH, a-MSH
and NPY. A 50 gl aliquot was applied to the GnRH RIA and 100 pl
aliquots to each of the a-MSH and NPY assays. lodinated GnRH
was purchased from New England Nuclear (Boston, MA, USA).
GnRH antibody (Ab) and GnRH peptide as standards were both
from the Peptide Institute, Inc. (Osaka, Japan). The GnRH Ab was
used at a final dilution of 1:480 000. -MSH was measured utilizing
an a-MSH RIA kit purchased from Peninsula Laboratories Inc.
(San Carlos, CA, USA). NPY RIA was carried out using iodinated
porcine NPY (New England Nuclear), Ab against the rat, human
NPY (Peninsula Laboratories Inc.), and the rat, human NPY
(Peninsula Laboratories Inc.) as the standard. The NPY Ab was
used at the final dilution of 1:160000. The sensitivities of these
assays (expressed per perfusate) were 0.2 pg for GnRH, 0.5 pg for
a-MSH and 10 pg for NPY. These three peptides were also
measured in reconstituted lyophilizates from blank perfusates
(five samples per rat) containing 300 xl of the pure ACSF, and
their mean values were subtracted from the levels in all the actual
perfusates from every animal. In the perfusates from the MPOA
and the ME-ARC, both GnRH and NPY were detectable in all
samples from every animal, although a-MSH was sometimes
undetectable (in fewer than three samples in one rat). By
convention, such samples that contained undetectable levels of
a-MSH were allotted the sensitivity threshold of the assay for
calculation. In contrast, in the perfusates from the AHA, both
GnRH and a-MSH were essentially undetectable, even though
only NPY was detectable in all samples from every animal. GnRH,
a-MSH and NPY did not cross-react with each other, or with their
respective related compounds. LH and PRL levels were determined
by RIA using reagents kindly donated by Dr A. F. Parlow
(National Institute of Diabetes and Digestive and Kidney Diseases,
USA). Rat LH-RP-3 and PRL-RP-3 were used as the standards.
The sensitivity of the LH assay was 0.2 ng ml™', and that of PRL
assay was 0.8 ng ml™'. For GnRH, «-MSH, NPY, LH and PRL,
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Table 1. Plasma concentrations of leptin, oestradiol and
progesterone in the six experimental groups examined
in this study

No. of

Group rats* Leptin  Oestradiol Progesterone

(ngml™) (pgml") (ng ml™")
MPOA (fed) 38 3.13+143 28+12 53+1.9
MPOA (fasted) 40 029+0.13 30x13 54125
ME-ARC (fed) 37 332%+146 2912 51+1.8
ME-ARC (fasted) 35 028%+0.06 31+18 53t1.8
AHA (fed) 35 3.18%+0.06 30x12 50t1.2
AHA (fasted) 38 031+0.06 32+12 52t19

4 The sum total of rats constituting the respective groups.
MPOA, medial preoptic area; ME-ARC, median eminence—
arcuate nucleus complex; AHA, anterior hypothalamic area.

samples from individual rats were analysed within the same assay.
Plasma concentrations of leptin, oestradiol and progesterone were
determined by a rat leptin enzyme-linked immunosorbent assay
kit (Morinaga Institute of Biological Science, Yokohama, Japan),
oestradiol RIA kit (DPC Corp., Los Angeles, CA, USA), and
progesterone RIA kit (DPC Corp.), respectively. The sensitivities
of these assays were 0.2 ngml™', 8.0 pgml™, and 0.1 ngml™’,
respectively. In these eight hormone assays, both intra- and
interassay coefficients of variation were less than 10 %.

Histology

Histological examination of the PPP cannula placement was
carried out in the same manner as previously reported (Watanobe
& Takebe, 1993a). Only animals that had the tip of the cannula
within the respective target regions contributed to the data given
in the Results.

Statistical analyses

To determine whether observed temporal fluctuations in
hypothalamic and plasma hormones constituted endogenous
pulses, results were analysed by the cluster analysis method
(Veldhuis & Johnson, 1986). A t statistic of 2.0 was selected to
maintain a maximal false-positive rate of 2.5% or less, by using
cluster sizes of one or two in the nadir and peak.

Results were expressed as means + s.0. For the purpose of
detecting significant differences from 11:00 h values, data of
individual experimental groups were analysed by two-way
ANOVA with repeated measures. One-way ANOVA was used to
compare data among different groups. When significant F values
were obtained, a Bonferroni multiple comparisons test was
performed. The data for GnRH, a-MSH, NPY, LH, and PRL were
also expressed as the area under the curve, which was calculated
using the trapezoidal rule. Differences were considered significant
if Pwas smaller than 0.05.

RESULTS

Table 1 shows the plasma concentrations of leptin, oestradiol
and progesterone in the six experimental groups examined
in this study. The leptin levels in the three fed groups were
similar to those in fed female rats with regular oestrous
cycles as reported in a previous study (Watanobe & Suda,
1999). The plasma leptin concentrations in the three fasted
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Figure 1. Effects of MPOA perfusion with leptin or
vehicle on local release of «-MSH, NPY and GnRH, as well
as on plasma levels of LH and PRL, in fed female rats

In this and subsequent figures (2,4 and 5): (1) data from only the
highest concentration of leptin (10 ng ml™") are shown; (2) the
horizontal bar indicates the period during which leptin (A) or
vehicle (ACSF, O) was infused; (3) the time of perfusate collection
in the upper three graphs is shifted 10 min ahead of the actual time
of perfusion because the dead space of the pull system (150 ul)
corresponds to a 10 min period of perfusion (flow rate,

15 ul min™"); (4) measurements of -MSH, NPY and GnRH in the
perfusates are expressed as point values at the centre of their
collection periods; and (5) dotted lines in the graphs for «-MSH,
NPY and GnRH indicate the limits of detection for each peptide.
Number of rats in each subgroup = 8-10.
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groups were also consistent with previous data (Watanobe
etal. 1999b). The plasmalevels of oestradiol and progesterone
indicated that all six groups had hormone levels that
correspond to those found during the dioestrous stage of
the oestrous cycle (Freeman, 1988).

Cluster analysis of results from any individual animal from
any group did not reveal a significant pulsatile release of
any hypothalamic or plasma hormone throughout the
sampling period. It may be that the 20 min sampling
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Figure 2. Effects of MPOA perfusion with leptin or
vehicle on local release of «-MSH, NPY and GnRH, as well
as on plasma levels of LH and PRL ,in fasted female rats

Number of rats in each subgroup = 8-11. * Statistically significant
vs. the control group.
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period was too long to detect the pulses of GnRH and LH
especially. Figure 1 shows the results of leptin perfusion in
the fed MPOA group. For clarity, the figure shows the data
from only the ACSF and leptin (10 ng ml™") groups. In the
rats perfused with ACSF (vehicle) alone, concentrations of
plasma or hypothalamic hormones examined showed no
significant changes over the entire period of observation.
This was also the case with the three different concentrations
of leptin infused. Data on the integrated release of the
hormones are not shown.

Figures 2 and 3 show the results of leptin perfusion in the
fasted MPOA group. For clarity, Fig. 2 shows the data from
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Figure 3. Integrated release of «-MSH, NPY, GnRH, LH
and PRL before (11:00-14:00 h) and during

(14:00-17:00 h) leptin or vehicle infusion into the MPOA
in fasted female rats

Open bars, ACSF (control); bars with horizontal lines, leptin
(1.0 ng ml™); bars with vertical lines, leptin (3.0 ng ml™"); filled
bars, leptin (10 ng ml™").* Statistically significant vs. the ‘before’
values of the respective groups. T Statistically significant vs. the
other three groups. f Statistically significant vs. the leptin

(1.0 ng ml™") group.
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only the ACSF and leptin (10 ng ml™') groups. As in the fed
MPOA group, the vehicle was without effect on any of the
five hormones measured. Differing from the data in the fed
MPOA group, however, all the three different concentrations
ofleptin given to the fasted MPOA group led to significant
elevations in the concentrations of a-MSH, GnRH and
LH. The levels of these three hormones were increased
dose dependently by 1.0 and 3.0 ng ml™' concentrations of
leptin. However, the effects of 10 ngml™' leptin were
statistically indistinguishable from those of 3.0 ng ml™
leptin (Fig. 3), which suggests that excitatory actions of
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Number of rats in each subgroup = 9 or 10.
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leptin on a-MSH, GnRH and LH may already be maximal
at its physiological concentration (3.0 ng ml™"). The time
courses of these three hormones during the infusion of
10 ng ml™" leptin were such that the significant rise in
o-MSH concentration occurred first, and this was tracked
by significant elevations in GnRH and LH levels with
delays of 20 and 40 min, respectively (Fig. 2). Similar
temporal patterns for these three hormones were also
observed during the infusion of the other two concentrations
of leptin (data not shown). The levels of NPY and PRL
were not significantly affected by the leptin infusion.

Figure 4 shows the data from the leptin perfusion in the fed
ME-ARC group. For clarity, the figure shows the data from

3
«© 104
0~
26 84
9o
86 61
e
=& 4
. 0 e e
11:00 12:00 13:00 14:00 15:00 16:00 17:00
g/\ 100
ég 80 -1
;‘é 60
Q& 40
et
.
[ 77—
11:00 12:00 13:00 14:00 15:00 16:00 17:00
3 20
o~
25
28 15
P v
88 10
A
cY-
=Y s
=8
S e e L B e S B s S S S s S
11:00 12:00 13:00 14:00 15:00 16:00 17:00
= 204
SN *x | x
10
© = —o—a—o0—&9
a o071 ——T T T T T T
11:00 12:00 13:00 14:00 15:00 16:00 17:00
= w0 I
£
=V]
£ 20 o *
: MH
o 10
«
1= 9
w
EOr'ﬁf'—ﬁl"l"l"r'*f
o 11:00  12:00  13:00  14:00  15:00  16:00  17:00

Time of day (h)

Figure 5. Effects of ME-ARC perfusion with leptin or
vehicle on local release of «-MSH, NPY and GnRH, as well
as on plasma levels of LH and PRL, in fasted female rats

Number of rats in each subgroup = 7-9. * Statistically significant
vs. the control group.
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the ACSF and leptin (10 ng ml™") groups only. Analogous
with that observed in the fed MPOA group, none of the
leptin concentrations exerted any significant influence on
the plasma or hypothalamic hormones examined. Data on
the integrated release of the hormones are not shown.

Figures 5 and 6 show the results of leptin perfusion in the
fasted ME-ARC group. For clarity, Fig. 5 shows the data
from the ACSF and leptin (10 ng ml™") groups only. Similar
to the data for the fasted MPOA group, all three different
concentrations of leptin given to the fasted ME-ARC
group resulted in significant elevations of «-MSH, GnRH
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Figure 6. Integrated release of «-MSH, NPY, GnRH, LH
and PRL before (11:00-14:00 h) and during
(14:00-17:00 h) leptin or vehicle infusion into the
ME-ARC in fasted female rats

Open bars, ACSF (control); bars with horizontal lines, leptin
(1.0 ng ml™"); bars with vertical lines, leptin (3.0 ng ml™"); filled
bars, leptin (10 ng ml™"). *Statistically significant vs. the ‘before’
values of the respective groups. T Statistically significant vs. the
other three groups. I Statistically significant vs. the leptin

(1.0 ng ml™") group. ** Statistically significant vs. the ACSF and
leptin (1.0 ng ml™") groups.
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and LH levels. As with MPOA perfusion, the levels of these
three hormones were dose-dependently increased by 1.0
and 3.0 ng ml™' concentrations of leptin, and the influence
of 10 ngml™ leptin was statistically similar to that of
3.0 ng ml ™ leptin (Fig. 6). During the infusion of 10 ng ml™*
leptin, a significant increase in a-MSH occurred 20 min
earlier than that in GnRH, and this elevation of GnRH was
followed by that of LH with a delay of 20 min (Fig. 5).
Similar temporal profiles for these three hormones were
also observed during the infusion of the other two
concentrations of leptin (data not shown). In addition, asa
finding observed only in the fasted ME-ARC group, leptin
was also stimulatory to PRL secretion. Prolactin levels
were significantly increased by both the 3.0 and 10 ng ml™
concentrations of leptin to a similar degree, although
1.0 ng ml™" leptin was without effect (Fig. 6). During the
infusion of 10 ng ml™" leptin, the first significant elevation
of PRL levels occurred 1 h later than that of LH (Fig. 5). A
similar time lag between these two hormones was also
observed during the infusion of 3.0 ng ml™" leptin (data
not shown).

Although data are not shown as figures, the leptin infusion
into the AHA was without effect on any of the hypothalamic
and pituitary hormones examined, irrespective of the
leptin concentration and the nutritional state of the
animals. In both the fed and fasted groups, NPY levels in
the AHA perfusates were measurable, but those of x-MSH
and GnRH were almost undetectable.

Figure 7 compares the integrated basal release of a-MSH
and NPY in the MPOA, ME-ARC, and AHA (no data for
a-MSH in the AHA) between the fed and fasted rats. The
release of a-MSH in both the MPOA and the ME-ARC
was significantly decreased after fast by 33 % (P < 0.05) or
38% (P < 0.05), respectively. In contrast, the basal outputs
of NPY in both the MPOA and the ME-ARC were
significantly higher in the fasted than in the fed rats by
39% (P <0.05) or 95% (P < 0.02), respectively. In the
AHA, however, NPY levels were statistically indistinguishable
between the two groups. Under both the fed and fasted
conditions, the basal levels of NPY release in the three
hypothalamic areas were significantly (P < 0.01-0.05)
different from each other (ME-ARC > MPOA > AHA).

DISCUSSION

Concentrations of leptin infused

In this study, the hypothalamus was perfused with three
different concentrations of leptin (1.0, 3.0and 10 ng ml™").
The middle concentration was chosen as the one similar
to that found in normally fed dioestrous female rats
(Watanobe & Suda, 1999). The lowest concentration was
set between this normal level and the value seen in 3-day
fasted female rats (about 0.3 ng ml™'; Watanobe et al.
1999b). The highest concentration was chosen as the one
comparable to that found in mildly obese humans and
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rats. Women with mild obesity are reported to have
3—4 times higher levels of circulating leptin than subjects of
normal weight (Oppert et al. 1997; Rissanen et al. 1999).
Normally fed female Otsuka-Long-Evans-Tokushima
Fatty rats, a genetically obese rat strain with non-insulin-
dependent diabetes mellitus and mild obesity, have about
10 ng ml™" of leptin in the general circulation (Watanobe
et al. 2001b). These concentrations of leptin are, however,
higher than those in cerebrospinal fluid (CSF) of rats. It
was reported that leptin levels in the CSF of normally fed
female rats (0.2-0.3 ng ml™') are about 10 times lower than
in the plasma (Grueso et al. 2001; Rocha et al. 2001). This
implies that the three concentrations of leptin infused in
the present study (1.0-10 ng ml™') are 350 times higher
than the adipose hormone levels normally existing in the
CSF and perhaps also the brain parenchyma of female rats.

Nutritional state and leptin actions on the
GnRH-LH system

Regardless of whether MPOA or ME-ARC was perfused,
there was a clear difference in hormonal responses to leptin
between fed and fasted rats. In the fasted rats, 1.0 and
3.0 ng ml ™' of leptin produced a dose-dependent stimulation

>
8

MPOA ME-ARC

a-MSH (pg - min)

AHA

5,000 -

0

Figure 7. Comparison between fed and fasted female
rats of the integrated basal release of a-MSH (A) and
NPY (B) in MPOA, ME-ARC, and AHA

In order to give a single group of data for either hormone, the four
different ‘before’ values from the respective four subgroups were
combined. The measurements of a-MSH are not shown for the
AHA because this hormone was undetectable in this site. Open
bars, fed rats; bars with horizontal lines, fasted rats. The number of
rats in each group is the same as shown in Table 1. Under both the
fed and fasted conditions, NPY outputs in the three sites of
perfusion were significantly different from each other.

* Statistically significant vs. its fed counterpart.
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of GnRH release from either site of the hypothalamus, and
this elevation of GnRH was followed by enhanced release
of LH from the pituitary. Regardless of the site of
perfusion, 10 ng ml™" of leptin did not further elevate the
GnRH or LH responses above the values seen after
infusing 3.0 ng ml™" of leptin. In the fed rats, both the 3.0
and 10 ng ml™' concentrations of leptin, regardless of the
1.0 ng ml™' concentration, were without effect on the
GnRH or LH release, whether MPOA or ME-ARC was
perfused. Overall, these results may suggest that the
stimulatory influences of leptin on the reproductive
hormones are already maximal at the concentration that
corresponds to the physiological plasma levels in normally
fed female rats. In contrast, however, Yu et al. (1997a) and
Lebrethon et al. (2000) reported that leptin was able to
stimulate static and pulsatile release of GnRH, respectively,
from hypothalamic explants of normally fed rats. Even so,
a close inspection of these reports reveals that the level of
significance of the leptin effects that they observed was
relatively small (only a 15-20% increase over control
values) when tested at the leptin concentrations similar to
those employed in this study (1.0-10 ng ml™" =6.25 x 10"
to 6.25 x 107" Mm). It is possible that such marginal effects
of leptin were statistically indiscernible in this study, in
which the data variation was relatively large. Alternatively,
this discrepancy might have been due to the in vivo vs. in
vitro experimental conditions. It should be remembered
that hypothalamic explants are deprived of humoral and
neuroanatomical connections with neighbouring extra-
hypothalamic tissues. Therefore, if some, as yet unidentified,
mediators originating outside the hypothalamus tonically
inhibit the interplay between leptin and GnRH, leptin
would not stimulate GnRH release from the in vivo
hypothalamus.

It is very probable that the levels of leptin existing in the
brain of normally fed rats are physiologically important to
upregulate the GnRH-LH system under this nutritional
state, because central administration of leptin Ab suppresses
the pulsatile and surge-like secretion of LH in well-fed
female rats (Carro et al. 1997; Kohsaka et al. 1999b). However,
it should also be noted that all the concentrations of leptin
employed in this study and previous ones in vitro (Yu et al.
1997a; Lebrethon et al. 2000) are supraphysiological given
the normal leptin concentrations in the rat CSF (see above
‘Concentrations of leptin infused’). In agreement with
present data, most of the previous studies in vivo reported
that leptin was effective in stimulating the GnRH-LH
system in fasted animals only, and excess leptin was
without effect on the reproductive axis under well-fed
conditions (Cheung et al. 1997b; Henry et al. 1999, 2001;
Watanobe et al. 1999b; Nagatani et al. 2001). All these in
vivo data, including the present ones, are consistent with
Flier’s view that an appropriate energy balance is sufficient
to restore and maintain reproductive competence in
sexually mature females (Flier, 1998).

J. Physiol. 545.1

Sites of leptin actions

The present data strongly suggest that leptin may directly
act at both the cell bodies (MPOA) and axon terminals
(ME-ARC) of GnRH neurons. The possibility of leptin
diffusing from one site to another must always be
considered when interpreting data from studies such as
this one. However, this author considers it unlikely that
such diffusion of leptin from MPOA to ME-ARC, or vice
versa, significantly affects the data obtained. This is because
the leptin infusion into the AHA, a control site, was totally
ineffective in affecting the secretion of either hormone
measured. The perfused site within the AHA is equidistant
by about 1.5 mm from those within the MPOA and
ME-ARC and this distance is shorter than that between
the latter two sites (about 2.7 mm; Pellegrino et al. 1979).

The finding that leptin can act at the ME-ARC may be in
agreement with previous studies reporting the existence
in this area of high concentrations of leptin receptors
demonstrated at both gene and protein levels (Mercer et al.
1996b; Schwartz et al. 1996; Fei et al. 1997; Elmquist et al.
1998; Friedman & Halaas, 1998). This suggests that leptin
directly binds to its receptors in the ME-ARC and
stimulates the release of GnRH stored in the ME. The
observed higher sensitivity of ME-ARC to leptin in the
fasted than in the fed rats may be similar to the fasting-
induced increase in leptin receptors in the ARC that was
shown at both its mRNA and protein levels (Baskin et al.
1998, 1999a). In contrast, little or no co-expression of the
leptin receptor was demonstrated in the GnRH cell bodies
in the MPOA, whether it was examined at its gene or
protein level (Finn et al. 1998; Friedman & Halaas, 1998).
These findings suggest that leptin may influence GnRH
secretion indirectly through interneurons. However, the
possibility cannot be excluded that a small population of
GnRH neurons expressing the leptin receptor mediates the
stimulatory influence of leptin on the neurohormone.
Indeed, Magni et al. (1999) reported that leptin receptors
are expressed in mouse immortalized GnRH neurons
(GT1-7 cells) at both gene and protein levels. They also
found that these leptin receptors are functional in
modulating GnRH secretion. As the GT1-7 and similar
GT1-1 cells are clonal cell lines which retain many of the
properties of GnRH neurons (Mellon et al. 1990), the
study of Magni et al. (1999) suggests that leptin may act
directly on GnRH neurons to stimulate the release of
neurohormone. Data in this paper obtained from the
MPOA perfusion in fasted rats agree with this possibility.

Inasmuch as the ME is one of the structures known as
circumventricular organs thatlack the blood-brain barrier
(Broadwell & Brightman, 1976), it is not surprising that
the GnRH output in the ME-ARC of the fasted rats
increased in response to the three concentrations of leptin
that are within the physiological range in the plasma. In
contrast, however, MPOA is not a circumventricular
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organ and therefore circulating leptin may not reach
deeper brain structures including the MPOA to a significant
degree (Banks et al. 1996, 1999). In this context, intriguing
data were reported by several authors that the brain is also
the site of leptin production (Wilkinson et al. 2000; Knerr
etal. 2001; Ehrhardt et al. 2002) and leptin mRNA levels in
the hypothalamus are subject to change under altered
nutritional states (Wilkinson et al. 2000). It is thus possible
that this brain-derived leptin acts directly on GnRH
neuronal cell bodies in the MPOA to regulate the synthesis
and/or secretion of GnRH under physiological circumstances.
In addition, it is also interesting that leptin similarly
stimulated the GnRH-LH system whether it was infused
into the MPOA or ME-ARC despite the fact that the MPOA
contains a small population of GnRH-containing nerve
terminals (Lantos et al. 1995). However, it appears that
neuroendocrine cells are capable of releasing neuro-
secretory granules by exocytosis at virtually any part of
their plasmalemma, such as dendrites, cell bodies and
axon collaterals, not merely the well-known perivascular
nerve endings (Pow & Morris, 1989; Landgraf & Ludwig,
1991). Indeed, this author and collaborators have previously
reported that in female rats infusion of a nitric oxide donor
into MPOA or ME-ARC stimulated the local output of
GnRH to a similar extent (Kohsaka et al. 1999b).

Leptin can also act directly on the anterior pituitary to
stimulate LH secretion (Yu et al. 1997a, 1997b), and the
expression of leptin receptors in this endocrine gland has
also been demonstrated (Zamorano et al. 1997; Shimon et
al. 1998; Jin et al. 1999, 2000; Igbal et al. 2000; Lin et al.
2000; Sone et al. 2001). However, in the present study the
lack of hormonal effects of leptin infusion into the AHA, in
contrast to its positive actions when infused into the
MPOA and ME-ARC, makes it unlikely that intrapituitary
actions of leptin diffusing from the hypothalamus formed
a significant proportion of the stimulated LH release.
Furthermore, it was reported that within the rat anterior
pituitary gland the leptin receptor is most abundantly
expressed in somatotrophs, but is expressed in less than
1 % of gonadotrophs (Sone et al. 2001).

Roles of NPY and «-MSH

Several lines of evidence suggest that the ARC-NPY
neurons are important targets of leptin. This may be in
keeping with the morphological evidence that some
populations of ARC-NPY neurons abundantly co-express
leptin receptors (Mercer et al. 1996a; Finn et al. 1998;
Baskin et al. 1999b). It has been reported that NPY
mediates at least part of leptin actions on neuroendocrine
functions (Kalra et al. 1999; Ahima et al. 2000). In
addition, it is well established that NPY plays a crucial role
in regulating the GnRH-LH system (Kalra et al. 1999).
This author thus hypothesizes that leptin infusion into the
hypothalamus would alter the local release of NPY, if
leptin were able to stimulate the release of GnRH and LH.
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However, leptin did not affect the NPY release in either the
MPOA or ME-ARC in fasted rats, which are the group that
showed stimulation of the GnRH-LH system during
leptin infusion. Here, it is shown that basal outputs of
NPY in both the ME-ARC and MPOA were significantly
increased by fasting, which may parallel reports that
hypoleptinaemia upregulates the NPY synthesis in the
ARC (Stephens et al. 1995; Schwartz et al. 1996, 1998) and
also with the report that ARC-NPY neurons send
projections to the MPOA (Li et al. 1999). This significant
difference in the basal NPY release between these two
nutritional states may endorse the effectiveness of the PPP
method used here, which thus lends credence to the
negative NPY data during leptin infusion. Collectively, the
present results suggest that NPY does not mediate the
acute effects of leptin on the GanRH-LH system, although
it has been repeatedly shown that leptin modulates NPY
neuronal activity and gene expression in a more chronic
manner (Stephens et al. 1995; Schwartz et al. 1996, 1998;
Baskin et al. 1999b). In agreement with these current in
vivo data, recent in vitro studies in normal mice and rats
reported that leptin does not acutely affect NPY release
from the hypothalamus (Jang et al. 2000; King et al. 2000).
In addition, the finding from NPY-deficient mice that these
animals normally respond to exogenous leptin indicates
that the ARC-NPY neurons are not the sole target of leptin
(Erickson etal. 1996, 1997).

In contrast, the leptin infusion caused a significant
stimulation of a-MSH in both the MPOA and ME-ARCin
fasted, but not fed, rats. This elevation of a-MSH was
sequentially tracked by that of GnRH and then of LH.
These results seem to be consistent with the recent in vitro
study of Kim et al. (2000) showing that leptin increased
a-MSH release from hypothalamic explants from fasted,
but not fed, rats. The present data that fasted animals had a
significantly lower basal release of «-MSH in both the
ME-ARC and MPOA than the fed animals, may be
consistent with the previous reports that a decreased leptin
signal lowers pro-opiomelanocortin (POMC) mRNA levels
in ARC (Schwartz et al. 1997; Thornton et al. 1997; Mizuno
et al. 1998), and also that ARC-POMC neurons send
a-MSH-immunoreactive fibres to the MPOA (Leranth
etal. 1988; Thind & Goldsmith, 1988; Chen et al. 1989). As
it is known that the ARC-POMC neurons abundantly
co-express leptin receptors (Cheung et al. 1997a; Finn et al.
1998), and the a-MSH-containing axon terminals make
direct synaptic contacts with GnRH neurons (Leranth et
al. 1988; Thind & Goldsmith, 1988; Chen et al. 1989), the
temporal relationship between a-MSH and GnRH release
during leptin infusion may suggest an intermediary role of
a-MSH in linking leptin and the activation of GnRH
neurons. This view seems to be in keeping with several
previous studies in vivo and in vitro conducted in both rats
(Alde & Celis, 1980; Durando et al. 1989; Caballero &
Celis, 1993) and humans (Reid et al. 1981; Limone et al.
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1997) that were in favour of @-MSH as a stimulator to the
GnRH-LH system, although a few conflicting reports also
exist (Khorram et al. 1984; Scimonelli & Celis, 1990). In
addition, it is also possible that the leptin-induced release
of «-MSH, an anorectic peptide, is associated with
ingestive behaviour. It is generally accepted that the ARC
plays a pivotal role in the central regulation of food intake
and energy balance through synthesizing and integrating a
number of appetite-regulating factors (Kalra et al. 1999).

It is known that among the five melanocortin (MC)
receptors cloned to date, the MC4-R serves a crucial role in
the central regulation of body weight homeostasis (Schioth
et al. 2001). Collaborators and I have previously reported
that the MC4-R also plays a significant role in mediating
the leptin-induced stimulation of LH surge in female rats
(Watanobe et al. 1999a; Schioth et al. 2001). As «-MSH is a
potent endogenous agonist of the MC4-R (Schioth, 2001),
the present data suggest the existence of a functional
communication of leptin - a-MSH — MC4-R — GnRH,
in addition to the above-mentioned mechanism that
leptin may directly activate GnRH neurons (Magni et al.
1999). To date, there are no published data demonstrating
the existence of MC4-Rs in GnRH neurons in vivo, but a
very recent report of Khong et al. (2001) supports this
possibility. They reported that mouse immortalized GnRH
neurons (GT1-1 and GT1-7 cells) express functional MC4-Rs
that respond to a-MSH with the production of cAMP and
GnRH. Although Murray et al. (2000a,b) also reported, as
I have, a significant contribution of MC4-R to leptin-
stimulated LH release, two other reports are in obvious
contrast to our conclusion. Hohmann et al. (2000) and
Raposinho et al. (2000) reported a lack of involvement of
MC4-R signalling in the regulation of reproductive
function in mice and rats. Although the author has no clear
explanation for this discrepancy, it is possible that these
conflicting results may reflect a sexually dimorphic manner
by which MC4-R regulates the reproductive system. It may
be important that the present and previous (Watanobe
et al. 1999a; Schioth et al. 2001) data of colleagues and
myself and those of Murray et al. (2000a, 2000b) were all
obtained from female rats, whereas the results of Hohmann
et al. (2000) and Raposinho ef al. (2000) were from male
rodents. In this context, it may be informative to note that
Parent et al. (2000) found leptin stimulatory to the pulsatile
GnRH release from rat hypothalami in vitro only in
females, and not in males.

Leptin and PRL secretion

Of note, the leptin infusion into the ME-ARC of fasted rats
led to the stimulation of not only LH but also PRL. As
observed for LH, leptin exerted its maximal effects on PRL
release at 3.0 ng ml™' concentration. This excitatory action
of leptin on PRL secretion agrees with recent studies (Yu
et al. 1997; Gonzalez et al. 1999; Kohsaka et al. 1999;
Watanobe et al. 1999a,b, 2000), and also with a recent
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molecular study reporting that leptin upregulates PRL
mRNA levels in mouse pituitary gland (Renz et al. 2000).

This author has found that leptin stimulated PRL secretion
only when it was infused into the ME-ARC, but not into
the MPOA. These results strongly suggest that the
functional substrate mediating the leptin-induced PRL
secretion may exist within the ME-ARC or its vicinity. It is
well established that ARC plays a crucial role in the neuro-
endocrine regulation of PRL secretion (Freeman et al.
2000). My previous data suggest that the central MC4-R
mediates not only the LH but also PRL surges (Watanobe
et al. 19994, 2001a; Schioth et al. 2001). It is known that
a-MSH exerts a stimulatory effect on PRL secretion
(Freeman et al. 2000), and that MC4-R is the only MC-R
subtype that exists in ME (Harrold et al. 1999). On the
basis of these reports, my present data suggest that the
stimulatory effects of leptin on PRL secretion, in analogy
with its actions on the GnRH-LH system, may be mediated
by thea-MSH — MC4-R line of communication, although
additional roles for other PRL-regulating molecules cannot
be excluded.

It deserves attention that in this study the leptin-induced
release of PRL did not occur as early as that of LH. This
finding is not surprising, if a-MSH triggers the PRL
secretion. As a-MSH is considered to facilitate PRL release
through enhancing the responsiveness of mammotrophs
to physiologically relevant PRL secretagogues (Hill et al.
1991; Nunez & Frawley, 1998), it may be reasonable that
mammotrophs need to be exposed to a-MSH for a sustained,
not brief, period of time until a-MSH manifests its PRL-
releasing action. In support of this view, my recent study
demonstrates that chronic, but not acute, administration
of leptin is able to stimulate PRL secretion in rats
(Watanobe et al. 2000). It is also possible that in this study
the leptin infused to the ME-ARC diffused into and acted
on the pituitary gland to stimulate PRL release. However,
the immunohistochemical evidence that leptin receptors
are expressed in less than 1 % of rat mammotrophs makes
this possibility unlikely (Sone et al. 2001).

Summary and conclusion

This study examines for the first time whether leptin acts
directly within the hypothalamus to modulate the secretion
of GnRH and LH in conscious, freely moving female rats.
The data obtained suggest that leptin may act at both the
cell bodies and axon terminals of GnRH neurons to
stimulate the release of the neurohormone. Leptin is also
stimulatory to PRL secretion when infused into ME-ARC.
It is suggested that «-MSH may be an intermediary
molecule linking leptin and these hormonal responses.
Inasmuch as these effects of leptin were observed only
in fasted rats and were maximal at its physiological
concentrations, it appears that an appropriate energy
balance is sufficient to restore and maintain reproductive
capability in female rats.
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