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Negative energy balance and insufficient adipose energy stores decrease the production of leptin,

thereby diminishing the leptin-supported secretion of GnRH from the hypothalamus and promot-

ing decreased reproductive function. Leptin acts via its receptor (LepRb) to support the neuroen-

docrine reproductive axis, but the nature and location of the relevant LepRb neurons remain poorly

understood. Possibilities include the direct or indirect action of leptin on hypothalamic GnRH

neurons, or on kisspeptin (Kiss1) neurons that are major regulators of GnRH neurons. To evaluate

these potential mechanisms, we employed immunohistochemical analysis of the female brain from

various molecular mouse models and sheep. Our analysis revealed no LepRb in GnRH neurons or

in anteroventral periventricular Kiss1 neurons, and very limited (0–6%) colocalization with arcuate

nucleus Kiss1 cells, suggesting that leptin does not modulate reproduction by direct action on any

of these neural populations. LepRb neurons, primarily in the hypothalamic ventral premammillary

nucleus and a subregion of the preoptic area, lie in close contact with GnRH neurons, however.

Furthermore, an unidentified population or populations of LepRb neurons lie in close contact with

arcuate nucleus and anteroventral periventricular Kiss1 neurons. Taken together, these findings

suggest that leptin communicates with the neuroendocrine reproductive axis via multiple popu-

lations of LepRb neurons that lie afferent to both Kiss1 and GnRH neurons. (Endocrinology 152:

2302–2310, 2011)

The hormone leptin plays a central role in the control of

reproduction by energy status (1, 2). Secreted by adi-

pose tissue in proportion to fat stores, leptin communi-

cates the sufficiency of energy reserves via the functional

form of the leptin receptor (LepRb) on specialized popu-

lations of neurons in the central nervous system (CNS)

(3–5). Thedecreased leptin levelsassociatedwithdiminished

fat reserves or elevated energy flux promote increased feed-

ing and energy conservation, in part by blocking energy ex-

penditure on functions not required for survival (1). Con-

versely, sufficient leptinpermitsbehaviorsandprocesses that

require energy, as well as suppressing feeding.

Leptin serves as a permissive metabolic signal for re-

production, and minimum leptin levels are required to

initiate puberty and for the maintenance of reproductive

capacity and the promotion of reproductive behaviors (6–

9). Leptin-deficient (Lepob/ob) mice display characteristics

similar to the starvation response (even in the face of nu-

trient excess and obesity), including hypothalamic infer-

tility, which is reversed by leptin administration (1–2, 10).

Leptin also reverses the hypogonadotropic hypogonadism

associated with reduced body fat (1, 2, 10–12). Thus, lep-

tin serves to link energy homeostasis and the neuroendo-

crine reproductive axis. Importantly, CNS leptin action is

sufficient to overcome reproductive dysfunction in low

leptin states (13–15). Leptin modulates pulsatile gonado-

tropin secretion from the anterior pituitary via the regu-

lation of hypothalamic GnRH neurons (2, 12, 16, 17).
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Because previous observations suggest that hypothalamic

GnRH neurons do not express LepRb (16–17), leptin pre-

sumably mediates the hypothalamic control of reproduc-

tion indirectly, by acting upstream of GnRH neurons.

Hypothalamic neurons that express the neuropeptide,

kisspeptin (Kiss1) have emerged as important modulators

of GnRH neurons and the reproductive axis. Kiss1 signals

through the GPR54 G protein-coupled receptor (18, 19),

which is expressed by most GnRH neurons (20–22). Mu-

tations of Kiss1 or GPR54 result in delayed or absent pu-

bertal maturation, low circulating gonadotropin levels,

and hypogonadotropic hypogonadism in humans (23)

and mice (22, 24–27). In female rodents, Kiss1-containing

neurons lie in the hypothalamic arcuate (ARC) and in the

anteroventral periventricular (AVPV) nuclei (males have

few AVPV Kiss1 neurons) (21, 28–30). The majority of

ARC Kiss1 neurons also coexpress neurokinin B [also

known as tachykinin 2 (Tac2)] and dynorphin A, and have

been termed “KNDy” neurons (31–33).

Kiss1 mRNA levels are regulated by nutritional status;

fasting suppresses Kiss1 expression in rodents (34, 35).

Furthermore, Lepob/ob mice demonstrate decreased hypo-

thalamic Kiss1 expression, which is partially reversed by

systemic leptin replacement (30). Central administration

of leptin also increases Kiss1 mRNA levels in other models

of decreased energy stores, including streptozotocin-in-

duced diabetic rats (36). Although these data suggest that

leptin modulates Kiss1 neurons, several reports disagree

on the extent of LepRb expression in Kiss1 neurons and

the potential mechanism of this regulation (30, 37). The

mechanisms by which LepRb-expressing neurons interact

with GnRH and/or Kiss1 neurons to potentially influence

reproduction remain incompletely understood, however.

We hypothesize that leptin acts upstream of GnRH and

Kiss1 neurons on multiple populations of cells to modu-

late these neurons indirectly. Here, we map the neural

pathways by which LepRb neurons may regulate Kiss1

and GnRH neurons to address this hypothesis.

Materials and Methods

Experimental animals

Mice. The generation of Leprcre/cre (LepRbCre), LepRbEGFP, and

LepRbWGA mice has been described previously (38,39)(Fig. 1).

Transgenic BIG mice, described previously (40), were obtained

from Drs. Linda Buck and Ulrich Boehm and propagated in our

colony. LepRbEGFP; BIG mice were generated by intercrossing

LepRbEGFP and BIG mice (Fig. 1). Tac2-enhanced green fluo-

rescent protein (EGFP) BAC transgenic mice [015495-UCD/

STOCK Tg (Tac2-EGFP)381Gsat] were obtained from Mouse

Mutant Regional Resource Center and propagated in our col-

ony. All care and procedures for mice were according to guide-

lines approved by the University of Michigan Committee on the

Use and Care of Animals.

Sheep. Adult, gonadal-intact Suffolk ewes were maintained at

the Sheep Research Facility of the University of Michigan in an

open barn with daily feeding and free access to water. Animals

for this study were taken off feed 2 d before receiving either iv

injections of either leptin (1 mg/kg) or vehicle. All experimental

procedures were approved by the University of Michigan Animal

Care and Use Committee.

Materials

Leptin for the mouse experiments was the generous gift of

Amylin Pharmaceuticals, Inc. (San Diego, CA). For sheep exper-

iments, recombinant human leptin was obtained from the Na-

tional Hormone and Peptide Program of the National Institute of

Diabetes and Digestive and Kidney Diseases.

FIG. 1. Genetic systems to probe the connections between LepRb neurons and the neuroendocrine reproductive axis. LepRb-cre mice were

crossed with either ROSA26-EGFP mice or with WAP-Tg mice to produce LepRbEGFP or LepRbWGA mice, respectively. LepRbEGFP mice were crossed

with BIG transgenic animals to produce LepRbEGFP;BIG mice. Tac2-EGFP mice are BAC transgenic animals that express EGPF from the Tac2

promoter. LoxP sites are indicated by solid black arrowheads.
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Perfusion and immunolabeling

Mice. Where noted, some animals received stereotaxic intrace-
rebroventricular injection of 10 �g of colchicine 2 d before eu-
thanasia to aid in the detection of neuronal cell bodies. Perfusion
and immunohistochemistry were performed as described (41) on
adult, postpubertal female mice. Briefly, mice were deeply anes-
thetized with a lethal dose of pentobarbital (150 mg/kg, ip) and
transcardially perfused with sterile PBS followed by 10% neutral
buffered formalin. Brains were removed, postfixed overnight in
10% formalin, and then dehydrated in a 30% sucrose solution.
Brains were sectioned into 30-�m coronal slices on a microtome,
collected in four consecutive series, and stored at �20 C in cryo-
protectant. Brain sections were washed, blocked in normal don-
key serum, and then incubated in primary antibodies overnight.
For pSTAT3 staining, sections were pretreated sequentially in
1% H2O2/1% NaOH, 0.6% glycine, and 0.3% sodium dodecyl
sulfate, before blocking in normal donkey serum and incubating
with primary antibodies. Labeling was visualized by immuno-
fluorescent secondary detection using species-specific Alexa 488
or 568 antibodies (1:200, Invitrogen, Carlsbad, CA). Sections
were mounted on slides and coverslipped with Prolong antifade
mounting medium (Invitrogen). Primary antibodies used for
these studies included: chicken anti-GFP (green fluorescent pro-
tein) (1:1000, Abcam, Inc., Cambridge, MA), goat anti-WGA
(wheat germ agglutinin) (1:1000, Vector), rabbit anti-Kiss1 (1:
2000, Chemicon, Temecula, CA), rabbit anti-GnRH (1:1000;
Abcam), and rabbit anti-pSTAT3 (1:1000, Cell Signaling Tech-
nology, Inc., Danvers, MA).

Sheep. Two hours after receiving either leptin (1 mg/kg, iv) or
vehicle injections, ewes were euthanized via an iv overdose of
sodium phenobarbital (�2 g in 7ml saline; Sigma, St. Louis,
MO). After they had stopped breathing, the head was perfused
through both carotid arteries with 6 liters of fixative (4% para-
formaldehyde in 0.1 M phosphate buffer containing 0.1% so-
dium nitrite). After perfusion, brains were removed, and preoptic
area (POA)/hypothalamic tissue was dissected out. Thetissuewas
then infiltrated with 30% sucrose, and coronal sections (45 �m
thick) were cut on a freezing microtome and stored at �20 C in
cryoprotectant (30% ethylene glycol, 1% polyvinylpyrrolidone,
30% sucrose in sodium phosphate buffer) until processing.

A dual-immunoperoxidase procedure was performed on a
series of every sixth POA and ARC section in each animal to
determine colocalization of leptin-induced pSTAT3 in Kiss1
neurons. For pSTAT3 staining, sections were preincubated in
30% hydrogen peroxide (catalog item H325; Fisher Scientific,
Pittsburgh, PA) in methanol for 10 min to eliminate endogenous
peroxidase activity and permeablilize the sections. After wash-
ing, sections were then incubated in rabbit polyclonal antibody
against pSTAT3 (1:100; Cell Signaling Technology) for 17 h at
room temperature (RT). This was followed by incubations (1 h
at RT) with biotinylated goat antirabbit IgG (1:500; Jackson
Immunoresearch Laboratories, Inc., West Grove, PA) and avi-
din-biotin-horseradish peroxidase complex (ABC-elite; 1:250;
1 h; Vector Laboratories, Burlingame, CA). Labeling was visu-
alized using nickel-enhanced diaminobenzidine (Sigma) as chro-
magen, producing a black/purple reaction product. For detection
of Kiss1, sections were next incubated in polyclonal rabbit an-
tiKiss1 10 serum (1:75,000; 17 h at RT; catalog no. 564, gift from
A. Caraty, Université Tours, Nouzilly, France), which has been
previously validated for use in sheep tissue (31, 42). After incu-

bation in primary antiserum, tissue was labeled (1 h at RT) with

biotinylated goat antirabbit IgG (1:500; Jackson Immunore-

search Laboratories, Inc.), and then incubated in ABC-elite (1:

500; 1 h at RT; Vector Laboratories). Kiss1 was visualized using

unenhanced diaminobenzidine as chromagen, which produced a

brown reaction product. Sections were then mounted onto plus-

charged slides, air dried, dehydrated, and coverslipped using

DPX mountant (Electron Microscopy Sciences, Hatfield, PA).

Control sections in which either primary antibody was omitted

resulted in complete elimination of staining for the correspond-

ing antigen. In addition, preabsorption of the diluted antibody

with 5–10 �g/ml purified pSTAT3 peptide (catalog no. 1195,

Cell Signaling) for 17 h at RT completely eliminated all pSTAT3

staining.

Data collection and analysis

Mice. Slides were analyzed by fluorescent microscopy using an

Olympus BX-51 microscope equipped with a DP30BW camera

(Olympus Corp., Lake Success, NY) and filters for Alexa 488 or

Alexa 568. Using Adobe Photoshop software (Adobe Systems,

San Jose CA), images were overlaid in different red-green-blue

channels to reveal possible overlap between red and green

channels.

Sheep. For each ewe, the numbers of single and dual labeled

Kiss1 and pSTAT3-positive cells were counted under bright field

illumination in sections through the POA and the middle division

of the ARC (the level containing the greatest number of Kiss1

cells) by an independent investigator blinded to the animal num-

ber or group. A cell was considered dual labeled when a brown

Kiss1 cytoplasm surrounded a black pSTAT3-positive nucleus.

Images of immunostained sections were captured using a digital

camera (Optronics Engineering, Goleta, CA) attached to a Leica

DMRD microscope (Leica Microsystems GmbH, Wetzlar,

Germany).

Results

Lack of LepRb in GnRH neurons

Previous reports used in situ hybridization (ISH) to ex-

amine the potential expression of LepRb in GnRH neu-

rons, demonstrating an absence of detectable Leprb

mRNA in GnRH cells of the hypothalamus (16, 17). Given

the difficulty of sensitively detecting the modest levels of

endogenous Leprb mRNA, however, we used the robust

detection of LepRb neurons by EGFP staining in LepRbEGFP

mice (38, 43, 44) to reexamine the possibility of LepRb/

GnRH colocalization in females (Fig. 2). Although this

analysis revealed the previously noted presence of EGFP-

immunoreactive (IR) LepRb neurons in the POA (43, 45,

46), and many nearby GnRH neurons, we observed no

colocalization of EGFP- and GnRH-IR anywhere in the

brain, confirming that GnRH neurons do not contain

LepRb and cannot directly respond to leptin. These data

suggest that leptin must regulate GnRH neurons by acting

on upstream neurons.

2304 Louis et al. LepRb Neurons Innervate Kiss1 and GnRH Neurons Endocrinology, June 2011, 152(6):2302–2310
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GnRH neurons receive input from LepRb neurons

In LepRbWGA mice (in which LepRb neurons express

the trans-synaptic tracer, WGA) (39), WGA-IR reveals

LepRb neurons and the neurons that lie in synaptic contact

with LepRb neurons. To determine whether there is close

contact between LepRb and GnRH neurons, we examined

the potential colocalization of WGA-IR and GnRH-IR in

female LepRbWGA mice (Fig. 3). This analysis revealed the

presence of POA GnRH neurons that also contained

WGA-IR. Because GnRH neurons do not express LepRb,

the accumulation of WGA in GnRH neurons indicates

close contact between LepRb and GnRH neurons.

Although LepRbWGA mice reveal synaptic connections

between LepRb and GnRH neurons, WGA is expressed in

LepRb neurons throughout the brain in this model, and

thus we cannot use these animals to identify which LepRb

populations might synapse with GnRH neurons. We thus

used transgenic BIG mice (40), in which GnRH neurons

express the WGA-related trans-synaptic tracer, barley lec-

tin (BL). Similarly to WGA, the release of BL into the

synapse permits its accumulation in efferent and afferent

neurons; thus, in BIG mice, WGA-IR (which detects BL)

identifies neurons pre- and postsynaptic to GnRH neu-

rons. To detect LepRb neurons that lie in close contact

with GnRH neurons, we bred BIG mice to LepRbEGFP

mice, producing LepRbEGFP;BIG mice, in which WGA-IR

identifies neurons that contact GnRH neurons and EGFP-IR

identifies LepRb neurons (Fig. 1). We examined the brains

from these animals for neurons containing WGA- and

EGFP-IR. As reported previously (43), EGFP-IR in these

animals revealed many LepRb neurons in a number of

hypothalamic nuclei, including the

ARC and dorsomedial portion of the

ventromedial hypothalamic nucleus

(Fig. 4, A–C), dorsomedial hypotha-

lamic nucleus, and lateral hypotha-

lamic area (data not shown), ventral

premammillary (PMv) (Fig. 4, D–F),

and POA (Fig. 4, G–J). Despite the

large number of EGFP-IR LepRb neu-

rons in the ARC and VMH, few WGA-

containing cells were detected, and al-

most no neurons containing both WGA- and EGFP-IR were

observed. As previously shown, the PMv contained large

populations of LepRb neurons and WGA-IR neurons, and

some of the PMv LepRb neurons contained WGA-IR, sug-

gesting their intimate connection with GnRH neurons.

Within the POA, a cluster of EGFP-IR LepRb neurons in the

striohypothalamic nucleus (StHy) extensively colocalized

with WGA-IR, suggesting that these LepRb neurons lie in

contact with GnRH cells. Because BL and WGA pass retro-

gradely as well as anterogradely, the presence of WGA-IR

cannot definitively distinguish the efferent vs. afferent nature

of the contact between neurons. In the BIG mice, however,

the absence of GnRH-IR axons in the region of the PMv and

the StHy/POA neurons that colocalize EGFP and WGA-IR

(Ref. 40 and data not shown) suggests that these LepRb pop-

ulations lie upstream of GnRH neurons, consistent with the

notion that these LepRb neurons regulate GnRH neurons

(rather than GnRH neurons modulating LepRb neurons).

Few Kiss1 neurons contain LepRb

Recent data have suggested a crucial role for Kiss1 neu-

rons in the modulation of GnRH neurons and the neu-

roendocrine reproductive axis, including a role in the re-

sponse to alterations in energy balance and/or leptin

action (30, 33). A number of groups have therefore ex-

amined the potential for LepRb expression in Kiss1 neu-

rons. Although most reports suggest that the AVPV Kiss1

neurons do not contain LepRb, LepRb expression has been

reported in up to 40% of ARC Kiss1 neurons in the mouse

(30). To address this issue directly, we employed several of

our molecular mouse models to facilitate

the detection of the neurons in question,

as well as examining colocalization in

ewes, where the immunohistochemi-

cal detection of neuropeptides (such

as Kiss1) is more robust than in mice

(Figs. 5 and 6).

We initially examined the potential

for LepRb expression in AVPV Kiss1

neurons (Fig. 5). Because AVPV Kiss1

neurons in the female mouse brain are

FIG. 2. Hypothalamic GnRH neurons do not express LepRb. Representative images of GFP-IR

(panel A, green), GnRH-IR (panel B, red), and merged (panel C) of the POA from colchicine-

treated LepRbEGFP animals. Inset represents digital zoom of the area indicated by white dashed

box in panel C. Scale bars, 100 �m. 3V, Third ventricle.

FIG. 3. GnRH neurons lie in close contact with LepRb neurons. Representative images of

GnRH-IR (panel A, green), WGA-IR (panel B, red) and merged (panel C) in the POA of a

LepRbWGA mouse. Inset represents digital zoom of the area indicated by white dashed box in

panel C. Yellow arrows indicate colocalization of GnRH-IR and WGA-IR. Scale bar, 100 �m.

3V, Third ventricle.
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robustly detected by IHC, we examined the potential co-

localization of EGFP- and Kiss1-IR in the AVPV of female

LepRbEGFP mice (Fig. 5, A–C). Although this analysis re-

vealed the presence of EGFP-IR LepRb neurons in the

region lateral to the AVPV Kiss1 neurons, it revealed no

evidence of LepRb/Kiss1 colocalization within the AVPV.

To confirm this in a separate species, we also examined the

potential colocalization of leptin-induced STAT3 phos-

phorylation (pSTAT3-IR; a marker of direct LepRb acti-

vation) (47–49) in the POA of the ewe (which contains

scattered Kiss1 neurons, but not in a nucleus that is ho-

mologous in location to the AVPV) (Fig. 5, D and E) (33).

This analysis revealed no pSTAT3-IR in Kiss1 neurons of

the ovine POA, suggesting that AVPV/POA Kiss1 neurons

do not contain functional LepRb in either species. Al-

though leptin stimulates multiple intracellular signaling

pathways via LepRb, most are difficult to detect by IHC

and may be modulated indirectly by leptin, whereas acti-

vated LepRb directly promotes pSTAT3 (50).

Kiss1-IR in the mouse ARC revealed copious fibers, but

very few cell bodies, even in colchicine-treated animals

(data not shown, and see Fig. 7D), rendering it impossible

to thoroughly examine potential LepRb/Kiss1 colocaliza-

tion by using Kiss1-IR in LepRbEGFP mice. ARC Kiss1

neurons coexpress Tac2 (also known as neurokinin B) and

dynorphin A (hence, KNDy neurons); similarly, ARC

Tac2 neurons coexpress Kiss1 (31, 32). We thus obtained

transgenic Tac2-EGFP mice, in which EGFP expression

robustly identifies Tac2 neurons, to permit the detection

of the ARC Kiss1/KNDy neurons by EGFP-IR. We exam-

ined the potential colocalization of ARC EGFP-IR and

leptin-stimulated pSTAT3-IR in the brains of female

Tac2-EGFP mice (Fig. 6, A–C). We counted all EGFP-IR

neurons in the ARC of three female mice and determined

the percentage that colocalized with pSTAT3-IR; al-

though this analysis revealed some colocalization, only

5–6% of EGFP-positive neurons in the Tac2-EGFP ARC

contained detectable pSTAT3, with most sections exhib-

iting no double-labeled cells. Given the poor detection of

Kiss1 soma in the murine ARC, it was difficult to examine

the extent of colocalization between Tac2-EGFP and

Kiss1 in the ARC, so we also used the robust detection of

Kiss1-IR in the ovine ARC to examine the potential co-

localization between Kiss1-IR and leptin-stimulated

pSTAT3-IR (Fig. 6, D and E). As was the case for Kiss1

cells of the ovine POA, we found no evidence of pSTAT3-

and Kiss1-IR colocalization in the ARC of the ewe. Thus,

these data suggest that the vast majority of ARC Kiss1/

KNDy neurons in mice and sheep do not express LepRb

and cannot directly respond to leptin.

Some Kiss1 neurons lie in contact with LepRb

neurons

The predominant lack of LepRb/Kiss1 colocalization

demonstrated above suggests that leptin modulates Kiss1

neurons by indirect (e.g. trans-synaptic) means. To obtain

further evidence for such a mechanism, we used our

FIG. 4. LepRb neurons that lie in close contact with GnRH neurons.

Representative images of GFP-IR (panels A, D, and H, green), WGA-IR

(panels B, E, and I, red) and merged (panels C, F, G, and J) in the Arc

(A–C), the PMv (D–F), and in the StHy (G–J) of a LepRbEGFP;BIG mouse.

H–J, Enlarged view of area indicated by dashed box in panel G. Yellow

arrows indicate colocalization of GFP-IR and WGA-IR. Insets represent

digital zoom of the areas indicated by white dashed boxes. Scale bars,

200 �m (panels A, D, and H) and 500 �m (panel G). 3V, Third

ventricle; ME, median eminence; SCN, suprachiasmatic nucleus; OX,

optic chiasm.
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LepRbWGA mice to examine the potential accumulation of

WGA in AVPV and ARC Kiss1 neurons (Fig. 7). This

analysis demonstrated the colocalization of WGA- and

Kiss1-IR in AVPV cells (Fig. 7, A–C), suggesting that a set

or sets of LepRb neurons lie in close contact with this

population of Kiss1 neurons. Although our analysis of the

ARC was limited by the poor detection of Kiss1 soma by

Kiss1-IR (Fig. 7D), we detected WGA-IR in many of the

identifiable Kiss1-IR soma in this analysis (Fig. 7, D–F),

consistent with the notion that ARC Kiss1 neurons lie in

close contact with some LepRb neurons.

Discussion

Using a number of molecular mouse

models, we have examined multiple

potential neural mechanisms by which

leptin may regulate the neuroendocrine

reproductive axis. We found that nei-

ther GnRH neurons nor AVPV Kiss1

neurons express LepRb, and that very

few ARC KNDy neurons express

LepRb and directly respond to leptin.

Each of these neuronal groups known

to be crucial for the CNS control of re-

production lie in synaptic contact with

LepRb neurons, however, and the

trans-synaptic regulation of Kiss1 and

GnRH neurons by LepRb neurons rep-

resents a reasonable mechanism for the

regulation of neuroendocrine repro-

ductive function by leptin. Although

our current models do not permit the

identification of the LepRb population(s) that synapse

with Kiss1 neurons, our data suggest that StHy/POA and

PMv LepRb neurons directly innervate GnRH neurons

(Fig. 8).

Taken together, our data also suggest that the control

of the neuroendocrine reproductive axis by leptin is un-

likely to be mediated by a single population of LepRb

neurons, but rather relies on the concerted action of mul-

tiple sets of LepRb neurons (including those in the PMv,

the StHy/POA, and potentially others) acting via at least

two downstream mechanisms (i.e. via Kiss1 and GnRH

neurons). Although our negative findings in this area can-

not unequivocally rule out the possibil-

ity that LepRb neurons in the brain

stem or elsewhere contact GnRH neu-

rons, we have no evidence to support

this idea. Although a potential role for

StHy/POA LepRb neurons in repro-

ductive control has not been examined,

numerous observations suggest roles

for PMv LepRb neurons in neuroendo-

crine reproductive function (51, 52).

Not only do PMv LepRb neurons re-

spond to sexual cues and lie in close

contact with GnRH neurons (38, 52),

but PMv lesions blunt the ability of ex-

ogenous leptin to support reproduc-

tion in low leptin states (52). Because

the PMv is also known as a point for the

control of reproductive behavior, it is

also possible that leptin action via PMv

neurons controls these behaviors (8), in

FIG. 5. Kiss1 neurons of the AVPV/preoptic region do not express LepRb. Representative

images of GFP-IR (panel A, green), Kiss1-IR (panel B, red), and merged (panel C) in the AVPV

of a colchicine-treated LepRbEGFP mouse (A–C). Inset represents digital zoom of the area

indicated by dashed box in panels C. D, and E, Representative images of Kiss1-IR (brown) and

leptin-induced pSTAT3-IR (black) in the ovine POA. E, Enlarged image of dashed box in panel

D. Arrows denote examples of Kiss1-IR neurons. Scale bars, 100 �m (panels A–C); 25 �m

(panel E).

FIG. 6. Minimal functional LepRb in ARC Tac2/Kiss1 neurons. Representative images of GFP-

IR (panel A, green), leptin-induced pSTAT3-IR (panel B, red) and merged (panel C) in the AARC

of a Tac2-EGFP mouse. Inset represents digital zoom of the area indicated by dashed box. D

and E, Representative images of Kiss1-IR (brown) and leptin-induced pSTAT3-IR (black) in the

ovine ARC. E, Enlarged image of dashed box in panel D. Arrows denote examples of Kiss1-IR

neurons. Scale bars, 100 �m (panels A–C); 25 �m (panel E). 3V, Third ventricle.
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addition to neuroendocrine reproductive function. A po-

tential role for ARC proopiomelanocortin neurons in the

control of reproduction has also been proposed (53); the

lack of substantial ARC WGA-IR in BIG mice may indi-

cate that proopiomelanocortin neurons do not directly

innervate GnRH soma (54), but might instead innervate

and modulate the function of Kiss1 neurons (55).

Although our data regarding the lack of LepRb expres-

sion in GnRH neurons and AVPV Kiss1 neurons are con-

sistent with most reports in the literature, some confusion

exists regarding the extent of potential LepRb expression

in ARC Kiss1/KNDy neurons. An initial report using ISH

suggested that as many as 40% of

mouse ARC Kiss1 neurons contain

Leprb mRNA (30). More recently, an-

other group estimated that 20% of

mouse ARC neurons containing Kiss1

mRNA colocalize with leptin-induced

pSTAT3-IR and that deletion of LepRb

from Kiss1 neurons decreases the

amount of colocalization (52). Using ge-

netic markers for Kiss1 neurons and

pSTAT3 colocalization, this same group

suggested that approximately 10% of

murine ARC Kiss1 neurons contain

functional LepRb, however (37). In con-

trast, our data suggest 5–6% of ARC

Tac2 KNDy neurons contain functional

LepRb in the mouse, and we were un-

able to detect functional LepRb in ovine

ARC Kiss1 neurons. Given the modest

anatomical resolution of ISH and the density of LepRb

neurons in the ARC, it is possible that the studies using

ISH in the ARC could overestimate the extent of LepRb/

Kiss1 coexpression, given that some neurons that appear

colocalized could merely overlie each other. The extent of

functional LepRb/Kiss1 coexpression in the murine ARC

is thus likely to lie on the lower end of the available

estimates (in the range of 5–10%) and may be lower in

other species (such as the sheep). Indeed, the deletion of

LepRb from Kiss1 neurons promoted no detectable

change in metabolic or reproductive function in mice

(52). Thus, these genetic data are consistent with the no-

tion that the amount of functional LepRb/Kiss1 coexpres-

sion is negligible and support the notion that leptin likely

acts trans-synaptically to modulate Kiss1 neurons.

Collectively, our present data elucidate mechanisms by

which leptin may modulate the neuroendocrine reproduc-

tive axis; leptin acts upstream of both Kiss1 and GnRH

neurons, via multiple population(s) of leptin-responsive

neurons. In addition to determining the specific roles for

PMv and StHy LepRb neurons in reproductive control, it

will be crucial in the future to identify the populations of

LepRb neurons that project to Kiss1 neurons and examine

their roles in reproductive homeostasis.
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FIG. 7. LepRb neurons lie in close contact with AVPV and Arc Kiss1 neurons. Representative
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the area indicated by dashed box. Scale bars, 200 �m. 3V, Third ventricle; ME, median
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FIG. 8. Multiple indirect routes for the regulation of GnRH neurons by

leptin. Leptin acts at multiple sites to indirectly modulate GnRH

neurons. Some LepRb neurons in the PMv lie in close contact with

GnRH neurons; a large number of LepRb neurons in the StHy nucleus

of the POA also contact GnRH neurons. Kiss1 neurons are thought to

be major regulators of GnRH neurons. No AVPV Kiss1 neurons and

very few ARC Kiss1 neurons express LepRb; therefore the majority of

their regulation by leptin is likely to be indirect. Kiss1 neurons receive

inputs from LepRb neurons, although the population(s) of LepRb

neurons that lie in contact with Kiss1 neurons remains unknown.
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