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Abstract
Low levels of the adipocyte hormone leptin are considered to be the key signal contributing to
inhibited gonadotrophin-releasing hormone (GnRH) release and reproductive acyclicity during
negative energy balance. Hypoleptinaemia-induced inhibition of GnRH may be initiated with
upstream inhibition of the secretagogue kisspeptin (Kiss1) because GnRH neurones do not express
leptin receptors. The present study aimed to determine whether eliminating the hypoleptinaemia
associated with caloric restriction (CR), by restoring leptin to normal basal levels, could reverse
the suppression of the reproductive neuroendocrine axis. Fifty percent CR resulted in significant
suppression of anteroventral periventricular Kiss1 mRNA, arcuate nucleus (ARH) Kiss1 and
neurokinin B (NKB) mRNA levels and serum luteinising hormone (LH). Restoring leptin to
normal basal levels did not restore Kiss1 or NKB mRNA or LH levels. Surprisingly, leptin did not
activate expression of phosphorylated signal-transducer and activator of transcription-3 in ARC
Kiss1 neurones, indicating that these neurones may not relay leptin signalling to GnRH neurones.
Previous work in fasting models showing restoration of LH used a pharmacological dose of leptin.
Therefore, in a 48-h fast study, replacement of leptin to pharmacological levels was compared
with replacement of leptin to normal basal levels. Maintaining leptin at normal basal levels during
the fast did not prevent inhibition of LH. By contrast, pharmacological levels of leptin did
maintain LH at control values. These results suggest that, although leptin may be a permissive
signal for reproductive function, hypoleptinaemia is unlikely to be the critical signal responsible
for ARC Kiss1 and LH inhibition during negative energy balance.
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Negative energy balance is the metabolic state in which energy input is insufficient for
energy output. In mammals, negative energy balance results in a halting of cyclic
reproductive function that is considered to be triggered by decreased release of
gonadotrophin-releasing hormone (GnRH), which then results in lowered levels of
luteinising hormone (LH) (1–3). However, the signal mediating this inhibition of GnRH
release is still unclear.
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Leptin is considered to be a key metabolic signal conveying energy reserve to the brain
(4,5). Leptin is produced in adipocytes, and during negative energy balance, decreases in fat
mass result in lowered levels of circulating leptin (6). Importantly, leptin has been
implicated in stimulating LH release (7–10); therefore, it has been hypothesised that low
levels of leptin during negative energy balance are critical for lowered GnRH release.
Indeed, many studies have found that giving exogenous leptin during a 48-h fast maintains
normal LH release (7,11–13). However, GnRH neurones do not appear to express leptin
receptors (10,14) and it has long been hypothesised that an intermediate cell population
likely mediates the effects of leptin on GnRH.

The GnRH secretagogue kisspeptin (Kiss1) is critical to our understanding of GnRH
regulation because Kiss1 populations in the anteroventral periventricular nucleus (AVPV)
and arcuate nucleus (ARC) have been implicated in positive and negative steroid feedback,
respectively (15–18). ARC Kiss1 cells are of particular interest because they also express
two other neuropeptides, neurokinin B (NKB) and dynorphin (DYN) across many species
(19–24), and are referred to as KNDy neurones. NKB is also considered to be stimulatory
for GnRH release (21,25,26), and may act autosynaptically to stimulate Kiss1 release
(22,24). ARC KNDy cells were found to express leptin receptors in the mouse, and leptin
has been demonstrated to stimulate Kiss1 (27,28), making them a likely candidate for the
intermediate cells involved in the regulation of GnRH by leptin (27,29–33). Both AVPV
Kiss1 and ARC Kiss1/NKB mRNA levels appear to be inhibited in some models of negative
energy balance (19,28,34–38), suggesting that decreases in Kiss1 or NKB could translate to
decreased stimulation of GnRH release. Taken together, the above findings have led to the
updated hypothesis that low leptin levels during negative energy balance may drive the
inhibition of Kiss1, and possibly NKB, which, in turn, leads to less stimulation of GnRH
release.

To date, the effects of leptin on LH release during negative energy balance have primarily
been studied at pharmacological doses. A recent study in our laboratory using the lactation
model of negative energy balance demonstrated that eliminating hypoleptinaemia by
restoring leptin to normal basal levels did not relieve inhibition of ARC Kiss1, NKB or LH
(36). Importantly, when animals exit negative energy balance, leptin levels rise but only to
levels observed in conditions of normal energy balance (36). Therefore, although high
concentrations of leptin may be capable of stimulating Kiss1 and LH (7,12,13,28), the
natural restoration of leptin levels after negative energy balance may not be a sufficient
signal alone to relieve reproductive inhibition.

It is possible that, in our lactation study (36), leptin restoration to normal basal levels did not
restore LH because its effects were masked by continued inhibitory signals specific to the
suckling stimulus (39). The first goal of the present study was to determine whether AVPV
Kiss1 and ARC KNDy mRNA levels were reduced with long-term caloric restriction (CR)
and whether eliminating hypoleptinaemia was capable of restoring these reproductive
neuropeptides or serum LH in this model lacking the suckling stimulus. The second goal
was to compare the relative effectiveness of maintaining leptin at normal basal levels or at
pharmacological levels in preventing the inhibition of LH secretion in animals fasted for 48
h. The 48-h fast was chosen for this comparative study because pharmacological leptin
doses have been previously shown to be effective at maintaining LH in this model.

Materials and methods
Animals and tissue collection

Adult female Wistar rats (Simonsen, Gilroy, CA, USA), weighing between 200 and 220 g,
were used in all studies. Animals were singly housed and maintained under a 12 : 12 h light/

True et al. Page 2

J Neuroendocrinol. Author manuscript; available in PMC 2013 May 07.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



dark cycle (lights on 06.00 h) and allowed water ad lib. All protocols were approved by the
Oregon Health & Science University Institutional Animal Care and Use Committee and
conducted in accordance with NIH Guidelines for Care and Use of Laboratory Animals.

At tissue collection, animals were briefly anaesthetised under isoflurane and decapitated.
Trunk blood was collected and the brain was rapidly removed. A 1-mm coronal slice was
made at the level of the optic chiasm, and a 2-mm2 punch was made from this slice
corresponding to the AVPV and rapidly frozen. The remainder of the brain was further
blocked with a caudal boundary of the mammillary bodies and lateral boundaries of the
temporal sulci. This brain block was mounted ventral side up for vibratome sectioning in
Kreb’s solution and the bottom 600 μm of the brain pertaining to the ARC was removed and
rapidly frozen, as described previously (36). In addition, the uterus was dissected and
weighed at the time of tissue collection. The remaining carcasses were then frozen until
dual-energy X-ray absorptiometry (DEXA) was performed at a later time.

Experiment 1: 40% caloric restriction
All animals were ovariectomised (OVX) under a mixture of isoflurane/oxygen gas
anaesthesia and during the same surgery implanted s.c. with silastic capsules (10 mm in
length/100 g of body weight) containing either 30 μg/ml 17β-oestradiol dissolved in oil or
oil alone. This method and dose of oestradiol replacement has been previously shown to
result in low physiological levels of oestradiol corresponding to those observed during
dioestrus (40) or negative energy balance (41). Importantly, this low dose of oestradiol does
not significantly blunt the OVX-induced LH rise unless also combined with progesterone
treatment (40); therefore, LH levels remain high and differences between groups can be
more easily detected. Animals were given 5 mg/kg of the analgesic carprofen s.c. for
recovery. The animals receiving oestradiol were split into three groups (Table 1): (i) control
animals that were ad lib fed [OVX + oestradiol (E), n = 8]; (ii) animals on a 40% CR
receiving 40% less calories than the OVX + E group for 14 days (OVX + E CR, n = 8); and
(iii) animals on 40% CR also receiving leptin for the final 48 h of CR (OVX + E CR + L, n
= 8). To assess the requirement of low levels of oestradiol for LH inhibition during CR, we
included OVX control ad lib fed animals without oestradiol replacement (OVX, n = 8), as
well as OVX animals weight matched (OVX CR*, n = 8) to the CR group with oestradiol
replacement (OVX + E CR) to determine whether a primary action of oestradiol is required
beyond its known effects on metabolism and body weight (Table 1). CR began 4 days after
OVX and implantation of silastic implants to allow recovery from surgery before food
intake manipulations.

The 40% CR for the OVX + E CR and OVX + E CR + L groups was calculated each day
based on the average food intake of the OVX + E group from the previous day. Food intake
for the OVX CR* group was adjusted daily so that animals lost a comparable amount of
weight as the OVX + E CR group, thus controlling for the metabolic effects of oestradiol.
Animals on CR received food at 07.00 h. Leptin treatment for the OVX + E CR + L group
was administered continuously through an osmotic minipump (Alzet, Cupertino, CA, USA)
at a rate of 500 ng of recombinant rat leptin (400-21; Peprotech, Rocky Hill, NJ, USA) per
hour; this dose restores leptin to normal basal levels, as previously described in our lactation
studies (36). The biological efficacy of this leptin dose was demonstrated by its ability to
induce phosphorylated signal-transducer and activator of transcription-3 (pSTAT3), a
downstream effector of leptin-receptor activation, within 2 h after minipump implantation
during a hypoleptinemic state (48-h fast; see also Supporting information, Fig. S1). The four
remaining groups received minipumps containing saline. Osomotic minipumps were
incubated in a 37 °C water bath for 12–24 h before s.c. implantation under isoflurane/
oxygen anaesthesia at 07.00 h on day 12 of CR. Tissue was collected on day 14 of CR
beginning at 07.00 h.

True et al. Page 3

J Neuroendocrinol. Author manuscript; available in PMC 2013 May 07.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Experiment 2: 50% caloric restriction
There were three groups in the 50% CR experiments (Table 1): (i) OVX and oestradiol-
replaced ad lib fed controls (CTRL, n = 8); (ii) OVX and oestradiolreplaced receiving 50%
less calories than control for 14 days (50% CR, n = 8); and (iii) OVX and oestradiol-
replaced animals on a 50% CR receiving leptin treatment (50% CR + L, n = 8). This
experiment was carried out similarly to the 40% CR, with food intake and body weights
measured and food allotment given daily at 07.00 h for each animal. Leptin treatment was
also similar as described for the 40% CR study, except that it began on day 11 of CR so that
animals were exposed to 72 h of leptin treatment. Tissue was once again collected at 07.00 h
on day 14 of CR.

Experiment 3: 48-h fast
Animals were OVX and oestradiol replaced as described for the CR studies and split into
four groups (Table 1): (i) ad lib fed controls (CTRL, n = 6); (ii) 48-h fast (F, n = 6); (iii) 48-
h fast combined with minipump infusion of leptin as described for the CR studies (F +
Leptin, n = 6); and (iv) 48-h fast combined with a pharmacological leptin treatment (F +
High Leptin, n = 6). Fasting and leptin treatments began on the fourth day after OVX. The
administration of leptin to achieve normal basal levels was the same as described for
Experiments 1 and 2, and minipumps were implanted at 07.00 on the first day of the fast.
The pharmacological leptin treatment was modified from the protocol used by Nagatani et
al. (12). Animals in the F + High Leptin group were given two i.p. injections of 3 μg of
leptin per gram of body weight at 07.00 h and 17.00 h each day of the fast. Animals in all
other groups received i.p. saline injections. These different methods of leptin administration
were used to replicate previously published results for both normal (36) and high (12) levels
of leptin. Animals were euthanised and tissues were collected at 07.00 h on the third day of
the experiment.

Experiment 4: leptin induction of pSTAT3 in ARC Kiss1 neurones
To determine whether leptin acts directly at ARC Kiss1 neurones, acute leptin injections
were given followed by immunohistochemistry to investigate potential colocalisation of
ARC Kiss1 and pSTAT3. Female rats were OVX, but not oestradiol replaced to keep ARC
Kiss1 staining as high as possible and, 4 days later, given an acute i.p. injection of either
leptin (1 μg/g of body weight; n = 4) or saline (n = 4) at 09.00. A high pharmacological dose
of leptin was used to ensure maximum stimulation of pSTAT3. Forty-five minutes later
animals were anaesthetised with tribromoethanol and perfused transcardially with saline and
4% paraformaldehyde. Brains were removed and kept in 4% paraformaldehyde overnight
followed by 24 h in a 25% sucrose solution. Brains were then rapidly frozen and later cut
into a one-in-six series of 20-μm sections using a sliding microtome.

RNA isolation and quantitative polymerase chain reaction (PCR) (Experiments 1–3)
RNA was isolated from ARCs and AVPVs using a Qiagen MiniPrep kit (Qiagen, Valencia,
CA, USA), quantified with a Nanodrop Spectrophotomter (ND1000; Thermo Scientific,
Wilmington, DE, USA) and treated with DNase (1 μg/μg RNA) before reverse transcription
using random hexamer primers (Promega Corp., Madison, WI, USA). Quantitative PCR was
carried out in 10-μl reactions consisting of 5 μl of Taqman universal PCR master mix, 2 μl
of cDNA used at dilutions of 1 : 50 for ARC samples and 1 : 20 for AVPV samples, 300 nM
of the primer and probe of interest, 80 nM of 18 s primers and 250 nM of the 18 s probe.
Amplification was performed using the ABI/Prism 7700 sequences detector system (Applied
Biosystems, Carlsbad, CA, USA) with 2 min at 50 °C, 10 min at 90 °C, and then 40 cycles
each at 95 °C for 15 s followed by 60 °C for 60 s. The following primer probe sets were all
purchased from Applied Biosystems: Kiss1 (Rn00710914_m1), NKB (Rn00569758_m1),
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Pro-DYN (PDYN). (Rn00571351_m1), agouti-related peptide (AgRP) (Rn01431702_g1),
neuropeptide Y (NPY) (Rn01410146_m1), pro-opiomelanocortin (POMC)
(Rn00595020_m1) and Suppressor of Cytokine Signaling 3 (SOCS3). (Rn00585674_s1).

The threshold for raw CT values for each gene of interest was adjusted to be in the
exponential range of amplification. Standard curves on serial dilutions of pooled ARC
cDNA were drawn on the basis of the log of the input RNA versus the critical threshold
(CT) cycle. The efficiencies of these primers, as determined by the R2 value from standard
curves, were all at or above 0.95. Once CT values were normalised for cDNA content using
the line of best fit for the standard curve, CT values for genes of interest were normalised to
18 s CT values, which was the house-keeping gene used previously in the lactation study
(36). Normalised CT values were then averaged across triplicates. Quantitative (q)PCR
results were required to meet stringent criteria before they were included for analysis.
Samples were excluded if: (i) at least two CT values did not fall within one logarithmic
degree of each other; (ii) 18 s CT values were 3 or more logarithmic degrees away from the
mean 18 s CT value; or (iii) normalised CT values were more than 2 SD away from the
group mean.

Immunohistochemistry for Kiss1 and pSTAT3 (Experiment 4)
One series of tissue sections per animal was used for immunohistochemistry (IHC). Tissue
prepared for pSTAT3/Kiss1 IHC was rinsed with potassium phosphate buffer and incubated
in 1% NaOH/H2O2 solution for 20 min, followed by 10 min incubations in 3% glycine and
0.03% SDS. Tissue was then blocked in 2% normal donkey serum followed by incubation in
the primary mouse anti-pSTAT3 antibody (dilution 1 : 2000; catalogue number 4113, Cell
Signaling Technology, Beverly, MA, USA) for 1 h at room temperature followed by 24 h at
4 °C. For NiDAB detection, tissue was rinsed and incubated for an hour in either a
biotinylated donkey anti-mouse or anti-rabbit antibody (dilution 1 : 600; catalogue number
715-065-150; Jackson Laboratories, Bar Harbor, ME, USA), followed by an half hour
incubation in A/B solution (Vectostain Elite ABC kit; Vector Laboratories, Burlingame, CA,
USA, dilution 1 : 222 for both the A and B solution). Tissue was then incubated in a NiDAB
solution (SK 4100; Vector Laboratories) until adequate staining was observed. Tissue was
then rinsed and incubated for an hour at room temperature, and 48 h at 4 °C in the rabbit
anti-Kiss1 antibody (#564, a gift from Alan Caraty (Centre National de la Recherche
Scientifique, Nouzilly, France). This antibody has been previously characterised and
demonstrates highly specific Kiss1 detection in the ARC (42). After primary incubation,
tissue was processed as above except DAB staining was used instead of NiDAB. All tissue
was mounted and dehydrated through a series of increasing concentrations of ethanol,
followed by xylene treatment and finally slides were coverslipped with Permount. For cell
counts, the total number of Kiss1-immunoreactive (ir) cells and Kiss/pSTAT3-ir cells were
counted in 5 s pertaining to the medial ARC for each animal.

Radioimmunoassay
Trunk blood was put on ice immediately after collection until it was spun at 2500 r.p.m.
(4000g) for 25 min. Serum was collected from these samples and aliquoted for each
radioimmunoassay (RIA) before storage at −20 °C. Leptin RIAs were performed by the
Oregon National Primate Research Center Endocrine Services Laboratory using the leptin
RIA kit with a lower detection threshold of 0.5 ng/ml (Linco Research, Inc., St Charles, MO,
USA). All LH RIA assays were performed by the University of Virginia Center for Research
in Reproduction Ligand Assay and Analysis Core and had a reported lower detection
threshold of 0.4 ng/ml.
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Statistical analysis
All analyses of group differences for qPCR, immunohistochemistry, RIA, DEXA and
uterine weight results were performed by a one-way ANOVA with a Newman–Keul’s post-
hoc test used for pairwise multiple comparisons. The group differences in the percent
change in body weight for the 48-h fast study was also measured with this test. Repeated
measures for daily differences in body weights were determined using a two-way ANOVA
and Bonferroni post-hoc test. ARC Kiss1/pSTAT3 cell counts were analysed using a two-
way ANOVA. All values are presented as the mean ± SE.

Results
Experiment 1: 40% caloric restriction

Low levels of oestradiol have previously been shown to be required for LH inhibition during
a 48-h fast; therefore, to determine the possible necessity of oestradiol for LH inhibition
during CR, we included OVX control animals without oestradiol replacement, as well as
OVX animals weight-matched (OVX CR*) to the CR group with oestradiol replacement
(OVX + E CR). Ad lib fed controls with low oestradiol (OVX + E) gained significantly less
weight than those without oestradiol (OVX), despite similar levels of food intake (Fig. 1A;
for daily body weight and food intake measurements, see Supporting information, Fig. S2).
Consistent with these observed metabolic effects of oestradiol in the control groups, the
OVX CR* group did receive slightly less food than the OVX + E CR group to achieve
comparable loss in body weight (see Supporting information, Fig. S2); however, the
cumulative food intake over the CR period was not significantly different (Fig. 1A). The
total percent change in body weight was greater in the OVX CR* group compared to the
OVX + E CR group; however, a two-way ANOVA to determine differences between
changes in body weight on a daily basis (see Supporting information, Fig. S2) did not reveal
significant differences between the two groups (P > 0.05). The OVX CR* and OVX + E CR
groups had similar body compositions as determined by DEXA measurements, with both
groups showing significant loss in both total body fat and lean mass (Fig. 1B). This
comparable loss in both fat and lean mass, as well as a similar final loss in body weight,
suggests that similar levels of negative energy balance were achieved regardless of steroid
environment. Final uterine weights were significantly increased in groups receiving
oestradiol (Fig. 1B), confirming the efficacy of the low oestradiol treatment.

Leptin was significantly inhibited in the OVX + E CR and OVX CR* groups (Fig. 1C), with
the OVX CR* group having lower leptin values compared to the OVX + E CR group. Leptin
replacement resulted in serum levels slightly higher than those seen in controls; however,
these leptin levels are still within the physiological range. Consistent with previous work,
the low oestradiol treatment did not significantly blunt LH levels (40) because there was no
difference in LH levels between the two control groups (Fig. 1C). LH levels were
significantly inhibited in the OVX + E CR group compared to controls; however, LH levels
were not significantly inhibited in the OVX CR* group (Fig. 1C), suggesting that oestradiol
is required for CR-induced LH inhibition. Leptin replacement had a small effect on LH,
resulting in levels not significantly different from the OVX + E or OVX + E CR group;
however, a large amount of variability was observed in the LH values for the three CR
groups (Fig. 1C).

Hypothalamic mRNA levels—ARC Kiss1 mRNA was significantly suppressed with
CR, regardless of oestradiol replacement, suggesting that, although oestradiol is required for
CR-induced LH inhibition, it is not required for ARC Kiss1 inhibition (Fig. 2A). Restoration
of leptin to normal basal levels had no effect on inhibited ARC Kiss1 levels. ARC Kiss1
mRNA levels were not significantly different between the OVX + E and OVX groups.
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AVPV Kiss1 mRNA was not significantly inhibited in the OVX + E CR group; however,
levels were significantly lower in the OVX + E CR + L group, suggesting a possible
combined effect of CR and leptin treatment (Fig. 2A). AVPV Kiss1 levels were significantly
higher in the OVX + E group compared to OVX animals, consistent with the stimulatory
effect of oestradiol on this nucleus and a previously reported higher level of sensitivity to
oestradiol compared to the ARC Kiss1 population (43).

Despite significant suppression of ARC Kiss1 with CR, NKB mRNA was only partially
inhibited in the OVX + E CR group, and leptin appeared to have no effect on NKB mRNA
levels (Fig. 2B). Similar to the results in the lactation model (36), PDYN mRNA levels were
not differentially regulated by negative energy balance or leptin treatment (Fig. 2B). SOCS3,
a downstream signalling molecule of the leptin receptor, was significantly inhibited with CR
and restoration of leptin to normal basal levels partially attenuated this inhibition (Fig. 2B).
The negative energy balance condition was confirmed by the presence of increased ARC
NPY and AgRP mRNA levels, although POMC mRNA levels were unchanged by CR (see
Supporting information, Fig. S3A). Leptin had a small effect to attenuate the rises in AgRP
and NPY levels, but had no affect on POMC levels.

Experiment 2: 50% caloric restriction
We hypothesised that the highly variable LH levels seen in the 40% CR groups were the
result of animals being at a threshold of sufficient weight loss required for LH inhibition. To
reduce the LH variability observed with 40% CR, and discern the true effects of leptin on
LH, a more severe 50% CR was performed to induce more severe negative energy balance
and weight loss. Because oestradiol appeared to be necessary for LH inhibition in 40% CR,
only oestradiol replaced groups were included in this experiment. Fifty percent CR did result
in a greater loss in body weight compared to the 40% CR (Fig. 3A), with animals losing a
significant amount of both total body fat and lean mass (Fig. 3B). Leptin treatment was
carried out for 72 h to determine whether more significant effects of leptin are observed with
longer treatment. Despite the longer administration, leptin treatment could not attenuate CR-
induced LH inhibition (Fig. 3C). By contrast to the variable LH levels in the 40% CR
experiment (Fig. 1C), there was little LH variability in either the 50% CR or 50% CR + L
group (Fig. 3C), suggesting there may be a threshold of sufficient weight loss required for
LH inhibition during CR.

Hypothalamic mRNA levels—ARC Kiss1 mRNA was significantly suppressed by 50%
CR, and leptin had no effect to restore ARC Kiss1 (Fig. 4A). Unlike the 40% CR, AVPV
Kiss1 mRNA was also significantly suppressed by 50% CR and restoring leptin had no
effect to restore AVPV Kiss1. NKB mRNA was also significantly suppressed by 50% CR,
and leptin treatment had no effect to attenuate this inhibition (Fig. 4B). Once again, PDYN
mRNA levels were similar across all groups, suggesting that PDYN does not appear to be
regulated by CR or by leptin. Similar to the results with a 40% CR, leptin treatment partially
restored the suppressed levels of ARC SOCS3 mRNA (Fig. 4B). Orexigenic AgRP and NPY
mRNA levels were significantly increased by CR, and leptin partially reversed these
increases. Similar to Experiment 1, POMC mRNA levels were unaffected by CR and leptin
treatment (see Supporting information, Fig. S3B).

Experiment 3: 48-h fast
To determine whether the lack of the effects of leptin on LH observed in Experiments 1 and
2 was specific to the CR model, the leptin infusion regimen producing normal basal levels
was given during a 48-h fast and compared with the previously reported effects of
pharmacological doses (12). Control (CTRL) animals had a slight increase in body weight
over the 48-h period, whereas all three fasted groups lost a comparable percentage of body

True et al. Page 7

J Neuroendocrinol. Author manuscript; available in PMC 2013 May 07.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



weight (Fig. 5A). Leptin levels were not significantly inhibited by the 48-h fast; however,
many samples in the fasted group (F) were below the detectable range; therefore, the
reported leptin levels for this group are an overestimate of true levels (Fig. 5B). The leptin
infusion (F + Leptin) once again resulted in leptin levels slightly higher than controls at the
time of tissue collection (Fig. 5A). The pharmacological leptin treatment (F + High Leptin)
resulted in significantly higher serum levels of leptin, even when measured 14 h after the
last bolus injection (Fig. 5A).

Serum LH was significantly inhibited by the 48 h fast (Fig. 5B) and, consistent with
previous results (7,12), the pharmacological dose of leptin did prevent LH inhibition. Unlike
the pharmacological dose, maintaining leptin at normal basal levels was incapable of
preventing the inhibition of LH. ARC Kiss1 mRNA was also significantly suppressed with a
48 h fast and, unexpectedly, both doses of leptin appeared to have a small effect to partially
restore ARC Kiss1 mRNA levels (Fig. 5B).

Experiment 4: leptin induction of pSTAT3 in ARC Kiss1 neurones
To determine whether leptin exerts a strong direct effect on ARC Kiss1 neurones,
immunohistochemistry for ARC Kiss1 and pSTAT3 was performed in brains taken from
animals receiving acute i.p. injections of either saline or leptin (1 μg/g body weight).
Abundant pSTAT3-ir was observed in the hypothalamus ARC of leptin-injected animals
(Fig. 6A), although few colocalised Kiss1/pSTAT3-ir cells were observed and there were no
differences in the number of colocalised cells between saline and leptin-injected animals
(Fig. 6B).

Discussion
The present study investigated whether abolishing hypoleptinaemia with a physiologically-
relevant dose of leptin was capable of restoring GnRH/LH secretion during negative energy
balance. The results obtained demonstrate that restoring leptin to normal basal values does
not attenuate LH inhibition in a 50% CR. This dose of leptin was also incapable of
maintaining LH levels during a 48-h fast. Therefore, although leptin may be a permissive
signal for the suppression of cyclic reproductive function during negative energy balance, it
appears unlikely that elimination of hypoleptinaemia is the critical driver of LH restoration.
ARC Kiss1 is also suppressed with CR and fasting, and exogenous leptin could not restore
ARC Kiss1 levels in the CR models, although there was a small effect of leptin in the fasting
study.

There is a wealth of literature on the importance of leptin for normal reproductive function.
Leptin is required for normal reproductive development because mutations in leptin or leptin
receptors result in abnormal reproductive function (9,44,45), and exogenous leptin
administration results in early onset of pubertal development (46). Studies across many
species have also shown stimulation of LH by exogenous leptin under both normal and
metabolically challenged conditions (7–10,47) and, critically, human studies suggest that
leptin may be a viable treatment for women with exercise-induced hypothalamic amenorrhea
(48).

Although the literature clearly points to an important role for leptin in reproductive function,
recent studies have complicated the hypothesised role of leptin for negative energy balance-
induced reproductive inhibition (49) found that when food restricted ewes are refed, LH
parameters were restored before any increases in circulating leptin levels, suggesting that the
elimination of hypoleptinaemia is not required for restoration of LH after negative energy
balance. A recent study from our laboratory found that restoring leptin to normal basal levels
had no effect to restore LH levels in the lactation model of negative energy balance (36).
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This dose of leptin, also used in the present study, resulted in normal basal leptin levels that
are at least 50-fold lower than the levels reported with a standard pharmacological dose
previously shown to attenuate LH inhibition (7). Indeed, the vast majority of studies
demonstrating leptin-induced attenuation of LH inhibition have used similarly large
pharmacological doses (7,10,12,13). However, it is important to acknowledge that although
the administration of leptin by minipump in the present study resulted in serum levels in the
normal physiological range, this administration cannot itself be termed ‘physiological’
because the diurnal leptin pattern was disrupted with continuous leptin infusion. Therefore,
it remains possible that the effects of leptin in the present study were not observed as the
result of a lack of diurnal rhythm.

Our previous work demonstrating a lack of effects of leptin upon negative energy balance-
induced LH inhibition was performed in the lactation model (36), and we hypothesised that
the effects of leptin in this model may have been masked by other inhibitory signals specific
to lactation, such as the suckling stimulus (39). Therefore, the present study was designed to
determine if leptin was ineffective during lactation as a result of the redundant inhibitory
signals specific to this model or the lower dose of leptin administered. Seventy-two hours of
exogenous leptin treatment, which restored leptin to normal basal levels, was incapable of
restoring LH during 50% CR, suggesting the previously demonstrated lack of effects of
leptin during lactation may not be a characteristic specific to this model. Additionally,
although pharmacological leptin did prevent LH inhibition during a fast, consistent with
previous results (7,12), maintaining leptin at normal basal levels did not. Leptin levels rise
modestly when animals exit negative energy balance to return to normal basal levels and do
not reach the very high levels observed with pharmacological doses (7,50). Therefore,
although leptin appears to be required for normal reproductive development and can
stimulate LH at pharmacological concentrations, hypoleptinaemia may not be the critical
signal responsible for suppression of LH during negative energy balance.

In addition to LH inhibition, the present study has demonstrated that ARC Kiss1 is inhibited
in both fasting and CR models of negative energy balance. Previous data describing fasting
effects on ARC Kiss1 have been inconsistent, with data arguing both for and against
inhibition of these cells (34,35,37,51,52). Given previous results suggesting a role for ARC
Kiss1 in negative steroid feedback of GnRH release, the current results of ARC Kiss1
inhibition in the present study are consistent with previous work demonstrating a loss of
pulsatile LH during a 48-h fast (12). AVPV Kiss1, which is considered to contribute to
positive steroid feedback and the GnRH/LH surge, was only significantly inhibited in the
50% CR study, and not during fasting or the 40% CR experiments. An unexpected finding in
the 40% CR study was the significant inhibition of AVPV Kiss1 in the presence of leptin.
There are no obvious explanations for this result because inhibitory effects of leptin on
AVPV Kiss1 have not been reported. AVPV Kiss1 is also suppressed during lactation (19),
indicating this population may only be inhibited under severe conditions of negative energy
balance. Interestingly, NKB and PDYN, which are coexpressed within the ARC KNDy
neurones, were not consistently inhibited with negative energy balance, although NKB
levels were inhibited with the more severe 50% CR, similar to lactation (19). More research
is needed to understand how differential regulation of these three reproductive neuropeptides
within the same KNDy cells may contribute to reproductive inhibition.

Similar to the LH results, restoring leptin to normal basal values was unable to attenuate
inhibition of ARC Kiss1 or NKB mRNA or AVPV Kiss1 mRNA inhibition in the 50% CR
experiment. Despite previous results showing leptin-receptor expression on ARC KNDy
neurones in the mouse (27), the present study found a dramatic lack of ARC Kiss1/pSTAT3
colocalisation after acute treatment with a pharmacological dose of leptin, arguing against a
strong direct regulatory relationship in the rat. Taken together with recent evidence
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observing a lack of leptin-receptor signalling in AVPV Kiss1 neurones (52), these findings
suggest Kiss1 neurones are unlikely to be the cell population relaying leptin signalling to
GnRH neurones. Pharmacological leptin treatment has been shown to stimulate Kiss1 levels
(27,28) and, in the present study, leptin replacement to normal basal levels appeared to
partially attenuate inhibition of ARC Kiss1 in the least severe model of negative energy
balance (i.e. the 48-h fast model), suggesting there may be differential regulation of ARC
Kiss1 by leptin depending on the model of negative energy balance.

Because of the lack of effects of leptin on Kiss1 mRNA and LH levels in the present study,
it was important to demonstrate that the physiologically-relevant dose of leptin administered
by minipump infusion was biologically active in the brain. To definitively answer this
question, pSTAT3 staining was measured in fasted animals receiving either saline or the
physiologically-relevant dose of leptin via osmotic minipump. Two hours of the
physiologically-relevant leptin dose significantly increased pSTAT3 staining compared to
animals receiving saline, confirming the biological activity of this dose in the brain.
Although it is conceivable that leptin may be degraded at body temperature with longer
minipump treatments such as those employed in Experiments 1–3, this appears unlikely
given the abundance of studies showing significant effects of leptin after prolonged
minipump administration for up to 2 weeks (53–59). In addition to pSTAT3 staining, ARC
SOCS3 mRNA was also increased in the 40% CR and the 50% CR with the low leptin
treatment, although this difference only reached statistical significance in the former model.
Furthermore, this dose of leptin was used previously in our laboratory and shown to
completely reverse the suppression of POMC in lactating rats (36), confirming that this dose
is biologically relevant in the brain.

Unexpectedly, in the present study, POMC was not significantly inhibited in either CR
model. This lack of POMC regulation with CR suggests that decreases in POMC may not be
as strongly regulated with negative energy balance in females as has been previously
reported for males (60–63), and therefore POMC inhibition is only observed in female rats
with the severe hyperphagia and negative energy balance of lactation (36). Given the lack of
POMC inhibition with CR, it was not surprising that leptin administration had no affect on
POMC levels. Leptin infusion was also incapable of completely attenuating the large
increases in NPY and AgRP in response to CR, consistent with previous work from our
laboratory finding no effect of restoring leptin to normal basal levels on NPY and AgRP
levels in lactating rats (36). Although this lack of leptin regulation on NPY and AgRP may
appear controversial, it should be noted that previous effects of leptin on NPY and AgRP
have been demonstrated with male mice using pharmacological doses (60,62,64). It appears
likely that differences between the present study and previously reported leptin affects on
NPY and AgRP are likely a result of either gender or doses of leptin.

Consistent with earlier fasting studies, our results found a requirement of oestradiol for
negative energy balance-induced LH inhibition (12,65). As expected, the low dose of
oestradiol administered alone did not blunt the OVX-induced LH rise (40); however, the
oestradiol levels were clearly biologically active because significant effects on body weight,
uterine weight and AVPV Kiss1 were observed. Interestingly, the results of the present
study demonstrate that, although oestradiol is required for inhibition of LH, it is not required
for of the inhibition of ARC Kiss1. In the 40% CR studies, ARC Kiss1 was uniformly
suppressed in all CR groups with or without oestradiol treatment, whereas the LH values
were widely variable, with some in the normal control range. Thus, it appears that
suppression of ARC Kiss1 is not always tightly coupled to the suppression of LH secretion,
lending support to the notion of Kiss1-independent regulation of LH secretion (66). The
variable LH levels with a 14-day 40% CR suggest that there may be a threshold of sufficient
weight loss required for LH inhibition. The uniform suppression of LH with 50% CR
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suggests all animals had achieved sufficient weight loss for LH inhibition. Importantly, it
appears that once animals are in a severe enough state of negative energy balance, as
demonstrated with the 50% CR, restoring leptin to normal basal levels has no effect to
restore LH. These findings highlight the fact that many aspects of LH inhibition remain
poorly understood, and further studies are needed to understand the multitude of signals
contributing to LH inhibition.

The findings of the present study, coupled with our earlier studies of lactation (36), suggest
that metabolic factors other than low leptin likely contribute to inhibition of reproductive
pathways in models of negative energy balance. Previously studied candidates include
ghrelin, insulin, glucose and NPY, amongst others (67,68). NPY and insulin do not appear
be to critical players because insulin replacement during lactation did not restore
reproductive function, and attenuation of elevated levels of NPY in both lactation and 50%
CR were not accompanied with changes in LH (36). Ghrelin is also an interesting candidate
for linking metabolic and reproductive function because ghrelin has been shown to be
inhibitory to LH (69). However, although the elevated levels of ghrelin during fasting are
consistent with a potential role in the inhibition of LH (70), during lactation, ghrelin levels
are low (71) and exogenous ghrelin has no affect on LH (72), suggesting that it is unlikely to
contribute to the suppression of LH. Clearly, much remains to be learned about the
metabolic regulation of reproduction, although the results obtained in the present study
argue against a critical role of hypoleptinaemia in the suppression of LH during negative
energy balance because restoration of leptin to normal basal levels does not restore LH.
Taken together with previous work clearly demonstrating a strong role for leptin in
reproductive regulation, it is becoming clear that this pathway is more complex than
previously hypothesised. Therefore, understanding the neurocircuitry involved in the
inhibition of Kiss1 and GnRH release and the potential multitude of metabolic signals that
could be involved in this process still remain two critical and unresolved questions in the
field.
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Fig. 1.
Body composition and serum leptin and luteinising hormone (LH) levels in response to 40%
caloric restriction (CR). (A) Change in body weight and cumulative food intake.
Ovariectomised (OVX) + oestradiol (E), ad lib fed controls receiving a 2.5-cm silastic
implant containing 30 μg/ml oestradiol; OVX + E CR, oestradiol replaced animals on 40%
CR (compared to OVX + E group); OVX + E CR + L, oestradiol replaced animals on 40%
CR implanted with an osmotic minipump delivering 500 ng of leptin per hour for the last 48
h of CR; OVX, ad lib fed controls not receiving oestradiol replacement; OVX CR*, animals
without oestradiol that were CR to achieve comparable weight-loss as the OVX + E CR
group. (B) Both body fat and lean mass were measured by dual-energy X-ray absorptiometry
post mortem. Uteri were dissected and weighed at the time of euthanisation to verify
effectiveness of oestradiol treatment. (C) Serum leptin and LH were measured by
radioimmunoassay. LH results are presented both as a bar graph and scatterplot to
demonstrate high variability in LH levels in all three CR groups (OVX + E CR, OVX + E
CR + L, OVX CR*). Columns with different letters are significantly different (P < 0.05).
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Fig. 2.
Hypothalamic mRNA expression in response to 40% caloric restriction (CR). (A) Kiss1
mRNA was measured by real-time polymerase chain reaction from microdissected arcuate
nucleus (ARC) and anteroventral periventricular nucleus (AVPV) samples. (B) ARC
reproductive mRNAs (NKB, neurokinin B; PDYN, Pro-DYN and Suppressor of Cytokine
Signaling 3, SOCS3. mRNA were also measured from the microdissected ARCs. Columns
with different letters are significantly different, P < 0.05; numbers inside histograms
represent group size.
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Fig. 3.
Body composition and serum leptin and luteinising hormone (LH) levels in response to 50%
caloric restriction (CR). (A) Body weight was measured daily and is presented as the daily
accumulative average of percent change in body weight. Food intake represents the average
amount of food consumed per day. Ovariectomy and oestradiol silastic implantation were
performed on day 0, and the dotted line marks the beginning of CR treatments on day 4.
Leptin treatment had no additional effect on body weight in CR animals and changes in
body weight were significantly different in CR groups compared to the control (CTRL)
group beginning on day 5, 1 day after beginning CR. Right panel: Comparison of total
weight loss for experimental groups across CR studies: 40% CR, ovariectomised (OVX) +
oestradiol (E) CR group from Experiment 1; 50% CR, 50% CR group from Experiment 2.
(B) Body fat and lean mass were determined by dual-energy X-ray absorptiometry post
mortem. (C) Serum leptin and LH were measured by radioimmunoassay (RIA). Horizontal
line in the leptin bar graph represents the lower threshold of detectability for the leptin RIA.
LH data are presented both as bar graph and scatterplot. Columns with different letters are
significantly different (P < 0.05).
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Fig. 4.
Hypothalamic mRNA expression in response to 50% caloric restriction (CR). (A) Kiss1
mRNA was measured by real-time polymerase chain reaction from microdissected arcuate
nucleus (ARC) and anteroventral periventricular nucleus (AVPV) samples. (B) ARC
reproductive mRNAs (NKB, neurokinin B; PDYN, Pro-DYN and Supressor of Cytokine
Signaling 3 (SOCS3). mRNA were also measured from the microdissected ARCs. Columns
with different letters are significantly different (P < 0.05); numbers inside histograms
represent group size.
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Fig. 5.
Changes in body weight, serum leptin, serum luteinising hormone (LH), and arcuate nucleus
(ARC) Kiss1 mRNA levels in response to the 48-h fast. (A) Change in body weight was
calculated as the total % change in body weight over the 48 h period; CTRL, control; F,
fasted; F + Leptin, fasted with 500 ng/g of body weight leptin treatment via osmotic
minipump; F + High Leptin, fasted with twice daily injections of 3 μg/g of body weight
leptin. Serum leptin was measured by radioimmunoassay (RIA) and the dotted line denotes
the lower threshold of detectability for the leptin RIA. (B) Serum LH was also measured by
RIA. Kiss1 mRNA was measured by real-time polymerase chain reaction from
microdissected ARC samples. Columns with different letters are significantly different (P <
0.05).
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Fig. 6.
Phosphorylated signal-transducer and activator of transcription-3 (pSTAT3) and kisspeptin
(Kiss1) immunohistochemistry following acute pharmacological leptin administration. (A)
pSTAT3-immunoreactivity (ir) (NiDAB, dark brown nuclear staining) in the hypothalamus
after saline (left) and leptin (right) treatment. (B) Arcuate nucleus (ARC) Kiss1-ir cells
(DAB, brown staining, arrows) predominantly lacked pSTAT3-ir. The number of
colocalised Kiss1/pSTAT3-ir cells was not different between saline and leptin-treated
groups (right). Scale bar = 100 μm.
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Table 1

Experimental Group Descriptions.

Experiment Group
name Steroids Food

intake
Leptin
treatment

40% CR OVX + E OVX + E Ad lib None

OVX + E CR OVX + E 40% CR
for 14 days None

OVX +
E CR + L OVX + E 40% CR

for 14 days
500 ng/h
for last 48 h

OVX OVX Ad lib None

OVX CR* OVX CR to weight-match
‘OVX + E CR’ group None

50% CR CTRL OVX + E Ad lib None

50% CR OVX + E 50% CR
for 14 days None

50%
CR + L OVX + E 50% CR

for 14 days
500 ng/h
for last 72 h

48-h fast CTRL OVX + E Ad lib None

F OVX + E 48 h fast None

F + Leptin OVX + E 48 h fast 500 ng/h,
for 48 h

F + High
Leptin OVX + E 48 h fast 3 μg/g twice

daily, for 48 h

CR, caloric restriction; CTRL, control; F, fasted; L, leptin; E, oestradiol; OVX, ovariectomised.
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