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laboratories have found fewer than 5% of kisspeptin neurons
exhibit LepRs (Donato et al., 2011; Louis et al., 2011). The latter
results appear to be borne out by the lack of a reproductive phe-
notype in mice with a targeted deletion of LepRs from kisspeptin
neurons (Donato et al., 2011). Similarly, our preliminary data sug-
gest that insulin sensing directly by kisspeptin neurons plays a
minor role in mouse fertility (Qiu et al., 2011). Thus, leptin/insulin
sensing outside of the dedicated reproductive circuitry is likely to
play a role in their effects on reproduction.

POMC neurons are well positioned to be a direct target of lep-
tin and insulin signals. POMC neurons express LepRs (Cheung
et al., 1997; Elmquist et al., 1998; Baskin et al., 1999) and IRs
(Benoit et al., 2002). LepRs in POMC neurons mediate a portion
of leptin actions on energy homeostasis, as mice lacking LepRs
speci“cally in POMC neurons are mildly obese and hyperleptine-
mic (Balthasar et al., 2004). Although deletion of IRs from POMC
neurons does not affect body weight (Konner et al., 2007), simul-
taneous deletion of IRs and LepRs from POMC neurons produces
more severe insulin resistance and diabetes than deletion of each
individual receptor alone (Hill et al., 2010). Therefore, POMC
neurons appear to be one important site where insulin and leptin
signals interact to regulate energy and glucose homeostasis.

Our recent studies also pinpointed POMC neurons as a target
of leptin/insulin actions important for fertility. We have reported
that female mice lacking both leptin and IRs in POMC neurons
(IR/LepRPOMC) exhibit lengthened reproductive cycles, follicular
arrest,hyperandrogenemia,and infertility. These mice lack IRs and
LepRs in POMC-expressing cells in the hypothalamus and pitu-
itary corticotrophs and melanotrophs, but retain them in other
cell types and tissues, such as liver and ovary (Hill et al., 2010).

These results were con“rmed by an absence of altered IR and LepR
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Further studies are required to determine whether� -endorphin
production in these mice is reduced,and the signaling mechanisms
involved.

ESTROGENS ACT ON POMC NEURONS TO REGULATE BOTH
REPRODUCTION AND ENERGY HOMEOSTASIS
Steroid hormones such as E2 exert potent feedback at both the
neural and pituitary levels to regulate the HPG axis. During much
of the female reproductive cycle,E2 reduces the GnRH pulse ampli-
tude (Sarkar and Fink,1980;Caraty et al.,1989;Chongthammakun
and Terasawa, 1993; Evans et al., 1994) and inhibits LH release
via negative feedback actions on the hypothalamus as well as the
pituitary gonadotropes (Shupnik et al., 1988; Shupnik, 1996). A
similar mechanism appears to be at work in males via aromatiza-
tion of testosterone to E2 (Veldhuis and Dufau, 1987; Finkelstein
et al., 1991a,b; Bagatell et al., 1994; Hayes et al., 2000; Schnorr
et al., 2001). In the course of the later stage of the follicular phase,
circulating E2 levels rise resulting in a biphasic effect on GnRH
secretion, causing a noticeable suppression of pulsatile GnRH and
LH secretion, followed by an induction of a high amplitude GnRH
surge supplementary to the LH surge, a process termed positive
feedback (Crowder and Nett, 1984; Moenter et al., 1990). Lesion
studies performed in the rat and hamster (Shander and Barra-
clough, 1980; Wiegand et al., 1980) have implicated anatomically
distinct brain regions for the conveyance of the positive and nega-
tive feedback. These studies localized negative feedback to the ARC
and ME and positive feedback to the POA and the suprachiasmatic
nucleus.

Both positive and negative feedback regulation are primarily
mediated by ER� , but not by estrogen receptor-� (ER� ). This
is demonstrated by observations that global deletion of ER� in
mice abolishes the positive and negative feedback responses, while
mice with global ER� de“ciency appear to retain normal feedback
responses (Couse et al., 1995, 2003; Wintermantel et al., 2006).
However, the sites where estrogens act to regulate the HPG axis
have not been fully revealed.Wintermantel et al. (2006)demon-
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(VMH) may serve as an important connection point relaying
metabolic and reproductive cues.

The physiological relevance of VMH neurons to the regulation
of body weight homeostasis is well recognized.Ikeda et al. (1995)
discovered that a transcription factor, SF1, is expressed exclusively
in the VMH neurons within the brain. SF1 neurons constitute the
majority of VMH neurons (Stallings et al., 2002). During early
development, SF1 is essential for the formation of the VMH archi-
tecture, as mice with embryonic deletion of SF1 gene do not form
a VMH (Dellovade et al., 2000). These SF1 knockout mice develop
massive obesity (Majdic et al., 2002). It is important to note that
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FIGURE 2 | Reproductive phenotype of female mice lacking ER � in SF1
neurons (ER � lox/lox /SF1…Cre). (A). Estrus cycles from 12-week-old female
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