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Abstract
The adipose tissue-derived hormone, leptin, acts via its receptor (LepRb) in the brain to regulate
energy balance and neuroendocrine function. Parsing the biology of leptin requires understanding
LepRb signaling and the roles for specific signaling pathways in neural and physiological leptin
action. Since the leptin acts via a broadly distributed network of LepRb-expressing neurons,
understanding the function of each of these LepRb neural populations will also be crucial. Here, we
review the status of knowledge regarding the molecular mediators of leptin action and the neural
substrate via which leptin acts to regulate physiologic processes.

Leptin
Adipose tissue produces the hormone leptin in approximate proportion to fat stores. Circulating
leptin communicates the level of energy reserves in the periphery to the central nervous system
(CNS) in order to suppress food intake and permit energy expenditure (1–4). Adequate leptin
levels permit energy expenditure on the processes of reproduction and growth, and similarly
regulate other elements of the endocrine and immune systems (4–6). Conversely, lack of leptin
signaling due to mutation of leptin (e.g. ob/ob mice) or the leptin receptor (LepR) (e.g. db/db
mice) in rodents and humans results in increased food intake in combination with reduced
energy expenditure (and thus obesity), plus neuroendocrine dysfunction (including
hypothyroidism, decreased growth, infertility and decreased immune function) (1;7–9). Many
of the effects of leptin are attributable to effects in the CNS, particularly in the hypothalamus,
a site of high LepRb mRNA expression (2;3).

The Leptin Receptor
Leptin possesses a four-helix-bundle structure characteristic of the class-I family of cytokines
(10); LepR, similarly, represents a typical class-I cytokine receptor (11). Alernative splicing
generates several isoforms of LepR with identical ligand binding domains, but which possess
differing perimembrane and intracellular domains (12). Membrane-bound LepRs consist of
long (LepRb) and short (LepRa, among others) isoforms LepRb features an approximately 300
amino acid intracellular tail that contains several docking sites for proteins critical for signal
transduction. In contrast, short-form receptors contain 30–40 amino acid intracellular domains
lacking these sites and which therefore play no major role in signal transduction. Consistent
with the unique presence of signaling moieties on LepRb, db/db mice that lack only the LepRb
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isoform of the receptor phenocopy leptin-deficient ob/ob animals (12). Potentially important
roles for membrane bound short-form receptors include the endocytosis and transport of leptin
across the blood-brain barrier (13). Alternative splicing and proteolytic cleavage events also
produce circulating extracellular domain of LepR, which may affect the stability and/or
availability of circulating leptin (14;15).

LepRb and Jak2
Like other class-I cytokine receptors, LepRb has no intrinsic enzymatic activity; propagation
of downstream leptin signals requires the LepRb-associated tyrosine kinase, Jak2 (16).
Membrane-proximal residues on the intracellular tail of LepR including the proline-rich “Box
1” motif and the downstream “Box 2” mediate Jak2 interactions; while LepRa and other short
forms contain Box 1, they do not possess Box2 and poorly interact with Jak2 (16;17) (Figure
1).

Leptin binding stimulates the autophosphorylation of Jak2 on two key tyrosine residues in the
activation loop of the kinase domain that promote its enzymatic activation (18;19). While the
precise mechanism by which leptin triggers Jak2 activation is not completely understood, a
growing body of work supports a model in which leptin binding promotes LepR aggregation
into oligomers in such a way as to bring their constitutively-bound Jak2 molecules close to one
another to trans-autophosphorylate (20–22).

LepRb signals require Jak kinase activity and the phosphorylation of tyrosine residues on
LepRb and/or other signaling proteins. Not surprisingly, Jak2 also serves as a key point of
regulation for many factors that influence flux through the LepRb signaling, including an
increasingly complex set of phosphorylation events on Jak2 itself (23). In addition to the
activating phosphorylation of Tyr1007 and Tyr1008 in the activation loop, Tyr1007 also plays a
role in the recruitment of inhibitory proteins such as SOCS-1 and SOCS-3 (24;25).
Phosphorylation at Tyr813 recruits SH2B1, an SH2-domain containing protein that augments
the kinase function of Jak2, and which may mediate certain downstream signals (26).
Phosphorylation of Tyr119 disrupts Jak2/cytokine receptor interaction, and phosphorylation of
Ser523 and Tyr570 inhibits Jak2 kinase activity (27–30). Other regulatory Jak2 phosphorylation
events certainly exist, but remain to be elucidated.

LepRb tyrosine phosphorylation mediates important downstream signals
Once activated, Jak2 phosphorylates all three conserved tyrosine residues on the intracellular
tail of LepRb: Tyr985, Tyr1077, and Tyr1138, promoting their recruitment of downstream
signaling proteins (31). The family of signal transducers and activators of transcription
(STATs) represent the canonical Jak2/cytokine receptor-dependent signaling proteins (32).
These latent transcription factors are recruited to activated cytokine receptor/Jak kinase
complexes, whereupon tyrosine phosphorylation stimulates their nuclear translocation and
transcriptional activation. LepRb recruits multiple STAT isoforms, and leptin stimulates the
phosphorylation and activation of STAT3 and STAT5 in vivo (31;33;34).

Phosphorylation of Tyr985 recruits at least two different proteins: SHP-2 (SH2-domain
containing phosphatase-2), and SOCS-3 (suppressor of cytokine signaling-3): The consensus
phosphotyrosine recognition sequences of these two proteins are very similar (35). SHP-2 binds
to phosphorylated Tyr985 (36;37) to mediate the activation of ERK in cultured cells (38).
SOCS-3, a member of a family of SOCS-box containing proteins that attenuate cytokine
signaling, mediates feedback inhibition of LepRb signaling by binding to Tyr985 (37).

In order to understand the contribution of LepRb Tyr985 to leptin action and inhibition in
vivo, we generated mice in which LepRbL985 (containing a substitution of Tyr985 that abrogates
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phosphorylation of the site and prevents SHP2/SOCS3 binding) homologously replaced
normal LepRb (38–40) (41). Mutation of Tyr985 in these mice results in reduced feeding and
adiposity, decreased orexigenic ARC neuropeptide expression, and increased baseline STAT3
activation in mice-all in the face of low leptin levels. Coupled with the increased sensitivity of
LepRbL985 animals to exogenous leptin, these observations suggest that mutation of Tyr985
blocks the activation of an inhibitory Tyr985-dependent LepRb signal, ultimately leading to
increased leptin sensitivity in vivo. These results suggest an important role for Tyr985 in the
attenuation of leptin action in vivo, consistent with results from cultured cells suggesting an
important role for Tyr985 in the inhibition of LepRb signaling (33;37;40).

Since Tyr985 of LepRb recruits both SHP-2 and SOCS3 (36;37;40), the failure of LepRbL985

to recruit either of these proteins could theoretically underlie the lean, leptin-sensitive
phenotype of LepRbL985 mice. Most data from cultured cells and animals support a primary
role for SOCS3 in the inhibition of LepRb signaling, however (38;40;42–46).

The phosphorylation of LepRb Tyr1077 has been demonstrated only recently; indeed, it was
not clear initially that this site was phosphorylated, since mutating Tyr985 and Tyr1138
eliminated all immunoreactivity of LepRb with standard anti-phosphotyrosine antibodies
(36;39). The demonstration of a role for Tyr1077 in the activation of STAT5 (31;47) prompted
us to re-examine this residue using a site-and phosphorylation state-specific antibody, however,
revealing its ligand-dependent phosphorylation (31). The role for this site in the regulation of
physiology is not yet clear.

While Tyr1077 mediates the majority of LepRb-dependent STAT5 phosphorylation and
transcriptional activation, Tyr1138 also contributes to the phosphorylation of STAT5-although
the importance of Tyr1138 in the transcriptional activation of STAT5 is unclear (31;47). LepRb
Tyr1138 lies in a consensus YXXQ binding site for STAT3 (48), and is the sole residue
responsible for the activation of STAT3 during leptin action (31). LepRb activation initiates
feedback inhibition of leptin signaling by promoting the transcription of SOCS-3 in a
Tyr1138/STAT3-dependent manner. Thus, in addition to blocking positive STAT3-dependent
leptin actions, mutation of Tyr1138 eliminates LepRb-mediated SOCS-3 accumulation and
blocks the attenuation of Jak2 and STAT5 signaling during prolonged receptor stimulation
(42).

The physiological importance of Tyr1138 has been demonstrated using a knock-in mouse model
in which LepRbS1138 (mutant for Tyr1138) replaces endogenous LepRb. These mice are
hyperphagic and obese but lack some of the phenotypes that characterize the ob/ob and db/
db models including severe diabetes and infertility (49;50). Furthermore, some leptin actions,
including some aspects of immune function, are enhanced in Tyr1138-mutant mice compared
to wild-type mice (42;51). Thus, while LepRb Tyr1138→.STAT3 signaling is crucial for the
regulation of energy homeostasis, other LepRb signals also contribute to leptin action, and
Tyr1138 (along with Tyr985) may attenuate LepRb signaling in vivo.

Other Downstream Events
While STAT3, STAT5, and ERK activation can be conveniently assigned to specific
phosphorylation sites on LepRb, some downstream effects remain poorly understood. These
signals include activation of phosphoinositide-3 kinase (PI3-K) and the mammalian target of
Rapamycin (mTOR), and the inhibition of the AMP-activated protein kinase (AMPK) in the
arcuate nucleus of the hypothalamus (ARC) (52–54). The integrity and activity of these
pathways play a crucial role in leptin action in vivo: For instance, leptin increases PI 3-K activity
in the ARC, and PI3-K inhibitors administered directly to the brain abrogate leptin-mediated
changes in food intake and glucose homeostasis (52;55;56). The signaling events linking
LepRb activation to PI3-K activation remain unclear, though some studies suggest roles for
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the insulin receptor substrate-(IRS)-proteins in the regulation of PI3-K activity during leptin
signaling (52). Furthermore, at least in cultured cells, the Jak2-interacting protein SH2B1
interacts with Jak2 and IRS-2 and promotes IRS-1/2 mediated activation of PI3-K in response
to leptin (57). While this may not be the only protein connecting LepRb/Jak2 activation to PI3-
K activation, SH2B1 loss-of-function leads to significant metabolic defects in mice (58;59).

Leptin regulates neurophysiology via LepRb in the brain
LepRb-expressing neurons in the brain mediate most leptin action (60–62) (Figure 2). The
largest populations of LepRb neurons reside in hypothalamic nuclei, including the arcuate
(ARC), dorsomedial (DMH), ventromedial (VMH), lateral hypothalamic area (LHA), and
ventral premammillary (PMv) nuclei (63–66). Additional important populations of LepRb
neurons reside outside the hypothalamus, however, including in the ventral tegmental area
(VTA), raphe nuclei, brainstem, periaqueductal gray matter and elsewhere.

LepRb action in the ARC
In the ARC, two well-characterized populations of neurons express LepRb (although others
likely exist, as well): one population synthesizes the orexigenic neuropeptides agouti-related
peptide (AgRP) and neuropeptide Y (NPY); the other neural population synthesizes the
anorexigenic pro-hormone proopiomelanocortin (POMC) (63;67). Leptin activates/
depolarizes LepRb/POMC neurons and increases POMC synthesis (67;68) to decrease appetite
and increase energy expenditure by activating CNS melanocortin receptors (69–74). By
contrast, leptin inhibits NPY/AgRP neurons and suppresses expression of these orexigenic
neuropeptides (67;68). Collectively, leptin/LepRb modulates these ARC neurons to respond
to alterations in energy homeostasis. When energy stores are high and leptin is abundant, LepRb
signaling stimulates the production of anorectic POMC and suppresses levels of orexigenic
AgRP and NPY. Conversely, decreased or deficient leptin activity (e.g. during starvation and
in ob/ob and db/db mice) stimulates appetite by suppressing synthesis of anorectic
neuropeptides and increasing expression of orexigenic peptides.

Neuropeptide Regulation
The LepRb-proximal signaling events enumerated above initiate a long chain of events that
result in physiological changes; the regulation of neuropeptide gene expression represents one
important early link in this chain. In the ARC, STAT3 and Foxo1 play crucial roles in
neuropeptide gene regulation. Foxo1, a forkhead-family transcription factor, regulates gene
expression in a PI3-K dependent manner (75): PI3-K promotes Akt activity, and the Akt-
dependent phosphorylation of Foxo1 leads to its nuclear exclusion and proteosomal
degradation. Studies both in cell culture and in vivo demonstrate the key role for STAT3 in the
regulation of POMC expression by leptin (49;76–78). Data from LepRbS1138 mice suggest that
leptin regulates AgRP through both STAT3 dependent and independent mechanisms, while
STAT3 appears to play no role in the regulation of NPY expression (49). Foxo1 has been shown
to bind both the NPY and AgRP promotors and stimulate them both, however, while PI3-K
inhibits the expression of both (78;79). These studies suggest a model in which STAT3
primarily regulates POMC, STAT3 and Foxo1 each modulate AgRP expression, and Foxo1
modulates NPY expression independently of STAT3 in the ARC.

LepRb action beyond the ARC
While much attention has focused on understanding leptin regulation of ARC LepRb-
expressing neurons, the ARC does not explain the totality of leptin’s neurophysiological
effects. For example, although ablation of AgRP neurons results in hypophagia and ablation
of POMC or central melanocortin receptors results in severe obesity (70;80), deletion of LepRb
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from POMC and/or AgRP neurons or the restoration of LepRb in the ARC of db/db animals
results in only modest alteration in body weight (81–83). Furthermore, although interference
with LepRb→STAT3 signaling in LepRbS1138 mice results in dramatic hyperphagia and
obesity, deletion of STAT3 in POMC and NPY/AgRP neurons only modestly impacts body
energy homeostasis (49;84–86). So, while the melanocortins and ARC POMC and NPY/AgRP
neurons promulgate powerful appetitive signals, they probably do not mediate the majority of
the leptin-mediated anorectic signal. Furthermore, LepRb-expressing neurons lie in numerous
areas outside of the ARC, and ARC LepRb neurons comprise only 15–20% of the total number
of LepRb-expressing neurons within the CNS (66). Presumably, the distribution LepRb-
expressing neurons throughout the brain reflects the existence of multiple distinct neuronal
populations, each of which mediates a specific aspect or aspects of leptin action. This
arrangement represents an attractive means to explain how leptin may orchestrate diverse
neural processes ranging from neuroendocrine and sympathetic nervous system function, to
satiety, and to the perception of food reward.

Leptin Regulation of Satiety: the ARC, VMH and Hindbrain
Satiety is the perception of fullness that terminates feeding. The ARC and VMH are defined
as “satiety centers” because lesion of either blunts satiety and promotes hyperphagia and
obesity (2;3). The role of the ARC in leptin-mediated satiety, (e.g. via LepRb/POMC and
LepRb/NPY) is well understood, as discussed above. Additionally, VMH LepRb neurons
contribute to satiety via excitatory projections onto ARC POMC neurons (87). The density of
these projections are dynamically regulated by leptin availability (i.e. fasting or fed states)
demonstrating the exquisite sensitivity of the VMH to physiological changes (88). Leptin
activates a subpopulation of VMH LepRb neurons co-expressing the transcription factor SF-1
that contribute to leptin-mediated satiety (89), but the roles of other VMH LepRb neurons are
less clear.

The brainstem is also important in controlling satiety, particularly the nucleus of the solitary
tract (NTS) and nearby interconnected regions (2;3;90). The brainstem receives numerous
inputs from the gut and relays this information to hypothalamic satiety and feeding centers.
Leptin and the anorexigenic gut peptides GLP-1 and cholecystokinin (CCK) act synergistically
to regulate the neurons of the NTS, and thus contribute to satiety (91–93). While the NTS
contains LepRb neurons, whether these hindbrain LepRb neurons (as opposed to hypothalamic
LepRb neurons that project to the hindbrain) represent the major contributors to hindbrain
leptin action remains unclear.

Leptin Regulation of Glycemic Control
Mice null for leptin or LepRb display impaired glucose and insulin homeostasis, and
submaximal doses of leptin that are insufficient to induce weight loss in ob/ob mice rapidly
normalize blood glucose levels, suggesting that leptin effects on weight and glycemic control
are dissociable (94). Similarly, restoration of LepRb expression selectively in the ARC of
LepRb-null mice results in only a mild abrogation of obesity and hyperphagia, but normalizes
blood glucose levels and amelioarates insulinemia (95). Though the mechanism remains
unclear, LepRb/POMC neurons of the ARC specifically contribute to glucose homeostasis
(96;97) The adjacent VMH is also rich with glucose-sensing neurons and may also participate
in the regulation of glucose homeostasis (98). Hypothalamic LepRb-expressing glucose
responsive neurons send relays via the autonomic nervous system that innervate the liver to
mediate changes in glucose production and release (99). PI3-K plays a central role in regulating
hepatic glucose flux (55).
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Leptin Action in Reproduction
Leptin levels communicate whether there is sufficient energy available to undertake energy-
demanding physiological functions, including reproduction. Accordingly, leptin restores
reproduction to otherwise infertile leptin-deficient ob/ob mice (100). Leptin regulates the
reproductive system via gonadotropinreleasing hormone (GnRH)-secreting neurons in the
preoptic area, and these neurons in turn facilitate release of pituitary gonadotropins into the
circulation. GnRH neurons do not express LepRb, however, indicating that leptin must act
indirectly/trans-synaptically to regulate GnRH secretion (101). Several LepRb-expressing
regions project to GnRH neurons and play roles in reproduction, including the ARC, medial
preoptic area (MPOA) and the PMv. Leptin regulates expression of hypothalamic kisspeptin-1
(Kiss1) and galanin-like peptide (GALP), both of which regulate GnRH secretion, but it is
unclear whether Kiss1 and GALP neurons co-express LepRb or are indirectly modulated by
LepRb neurons (100;102). CART is also a facilitator of GnRH expression, and the large
population of CART neurons in the ARC and PMv that project onto GnRH neuron-containing
regions are potential sites of direct or indirect leptin regulation (103).

Leptin Regulation of Thyroid Function
Leptin regulates expression of the hypothalamic peptide thyrotropin-releasing hormone (TRH),
which is crucial for production of thyroid hormones that contribute to energy metabolism (5).
Fasting (i.e. low circulating leptin), suppresses TRH expression coordinately decreasing
thyroid hormone levels and thyroid-mediated actions on metabolic rate. Leptin differentially
regulates two subpopulations of TRH-expressing neurons of the PVN: one co-expresses TRH
and LepRb (i.e. direct leptin regulation); the other population expresses melanocortin receptors
and is regulated by ARC LepRb neurons (indirect leptin regulation) (104). While the function
of the TRH/LepRb neurons remains unclear, the population of TRH neurons indirectly
regulated by leptin feed into the hypothalamic-pituitary axis to regulate thyroid hormone
secretion.

Leptin Regulation of the Mesolimbic Dopamine System
The incentive salience of palatable food can prompt ingestion irrespective of satiety signals
(105;106). The most obvious analogy is that often we are full after eating a meal, but still eat
dessert because it looks appealing and tasty. Leptin regulates the incentive value of food (as
well as of other addictive substances, such as drugs of abuse) (105;107;108). Some of the neural
mechanisms by which leptin may control food reward are beginning to be elucidated via the
investigation of the interaction of leptin with the mesolimbic dopamine (DA) system (109–
112). The mesolimbic DA system is composed of a set of DA neurons in the ventral tegmental
area (VTA) that project forward to innervate the striatum, amygdala, and prefrontal cortex.
This system is the locus of action for the reinforcing effects of drugs of abuse, and is also
important to mediate the incentive salience of food and other natural rewards (106;113).

ARC LepRb neurons do not project to the VTA, but systemic leptin administration modulates
food reward, suggesting a different locus for the regulation of DA signaling (105). A number
of groups have reported the presence of LepRb-expressing VTA DA neurons and demonstrated
the ability of leptin to alter the physiology of the DA system (109–112). Leptin activates VTA
LepRb neurons and regulates DA synthesis and release to downstream mesolimbic system
components (110;114;115).

In addition to LepRb neurons in the VTA, leptin-sensitive neurons in the lateral hypothalamic
area (LHA) interact extensively with the mesolimbic DA system to regulate motivation and
reward, including food reward (106;108;116). LHA orexin (OX) neurons project to the VTA
and regulate drug and food-associated reward signaling; leptin inhibits activity of OX neurons,
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which could underly leptin suppression of hedonic reward signaling (116;117). Leptin also
inhibits expression of the LHA neuropeptide MCH, and thus may inhibit the MCH neurons
projecting to the NAc. Inhibition of OX and MCH signaling via their respective receptor
antagonists inhibit food intake and modulates DA signaling in rodent models similar to leptin,
and are thus being studied as potential drugs for anxiety and weight loss. We have also identified
a novel population of LepRbexpressing neurons in the LHA that project to the VTA to regulate
the mesolimbic DA system (our unpublished data). Thus, leptin acts via multiple ARC-
independent systems to control the VTA and the mesolimbic DA system at its inception in the
VTA, and these sites of leptin action likely regulate the incentive salience of food.

Summary
Leptin regulates a variety of diverse processes, from satiety to the incentive salience of food,
and from reproduction to autonomic nervous system activity. While some aspects of how leptin
signaling controls these diverse function remain to be established, it is clear that specific LepRb
signals control specific physiologic functions. In order to understand how leptin and specific
LepRb signals modulate all of its physiologic effects, it will be necessary to understand the
neural and physiologic function of all LepRb neurons in the CNS, and to define how individual
leptin signals contribute to the function of each population of neurons. Clearly, the field has a
great deal of work to do over the next years.
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Figure 1. The role of discreet LepRb functional sites in leptin signaling
Leptin binding to LepRb activates the associated Jak2 tyrosine kinase bound at the Box 1/2
motifs. Activated Jak2 undergoes robust autophosphorylation and phosphorylates Tyr985,
Tyr1077 and Tyr1138 on the LepRb intracellular tail. These phosphorylated residues act as
docking sites for SH2-domain containing proteins. Phosphorylated Tyr985 mediates docking
with SHP2 and subsequent activation of ERK through the MAPK signaling cascade.
Phosphorylated Tyr1077 mediates STAT5 activation. Phosphorylated Tyr1138 mediates both
STAT3 and STAT5 activation. STAT3 activation ultimately leads to increased expression of
SOCS3, which acts as a feedback inhibitor and negatively regulates LepRb signaling in part
by binding phosphorylated Tyr985. Leptin also activates PI3-K, although the intermediate steps
for this process remain obscure.
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Figure 2. Neuroanatomically discrete populations of LepRb neurons mediate distinct components
of leptin action
Clusters of LepRb-expressing neurons in the ARC and VMH contribute to the control of
various functions, including satiety and glycemic control, and likely also affect thyroid and
reproductive functions, perhaps via indirect connections with other areas. The hindbrain,
including the NTS, encodes much of satiety, and NTS LepRb neurons may contribute to this
effect of leptin. Leptin regulates thyroid function indirectly, at least in part via connections
from ARC LepRb neurons to the PVN. Populations of LepRbexpressing neurons in the MPOA
and the PMv could play a role in the modulation of the neuroendocrine reproductive axis.
Leptin also regulates the mesolimbic dopamine system via LepRb-expressing neurons in the
VTA and perhaps the LHA; this likely modulates the incentive value of food. Only by defining
the neuronal and physiologic functions of all LepRb neurons in the brain will we understand
the sum of leptin action.
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