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Leptin is an adipocytokine that circulates in proportion to body fat to signal the repletion of
long-term energy stores. Leptin acts via its receptor, LepRb, on specialized neuronal populations
in the brain (mainly in the hypothalamus and brainstem) to alter motivation and satiety, as well as
to permit energy expenditure and appropriate glucose homeostasis. Decreased leptin, as with
prolonged caloric restriction, promotes a powerful orexigenic signal, decreases energy use via a
number of neuroendocrine and autonomic axes, and disrupts glucose homeostasis. Here, we
review what is known about cellular leptin action and focus on the roles for specific populations
of LepRb-expressing neurons for leptin action. (Molecular Endocrinology 30: 3-12, 2016)

eptin is secreted primarily from white adipose tissue in
Lapproximate proportion to triglyceride content, and
signals the adequacy of adipose energy stores (1). Be-
cause leptin secretion is constitutive and tied to fat
stores, circulating levels fluctuate little over the short
term. Prolonged caloric restriction and/or inadequate
nutrition to meet chronically high energetic demands
decreases adipose fat stores and reduces leptin produc-
tion, however.

The loss of leptin action provokes an extensive physio-
logic response, increasing the drive to feed, decreasing sati-
ety, and altering a host of neuroendocrine and autonomic
systems to decrease energy use (2). Low leptin inhibits the
growth and reproductive axes, as well as decreasing overall
metabolic rate by blunting sympathetic tone and thyroid
function. Diminished leptin action also promotes increased
hepatic glucose production while decreasing glucose uptake
into muscle, ensuring the availability of glucose for organs
(such as the brain) that require this fuel (3, 4). Additionally,
low leptin changes a variety of brain systems that alter mood
and behavior, for instance, increasing motivation (to pro-
mote food seeking) and anxiety (increasing vigilance, and
presumably mitigating the possibility of predation due to
riskier food-seeking behaviors). Exogenous leptin blunts or
reverses these physiologic and behavioral responses to neg-
ative energy balance.
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Humans or animal models (eg, Lep°®’°® mice) that lack

leptin display increased feeding and decreased energy ex-
penditure (and thus obesity), along with infertility, short
stature, diabetes, and a variety of other endocrine, auto-
nomic, and behavioral abnormalities (1). Because leptin
plays a central role in the control of feeding, energy bal-
ance, and metabolism, understanding the cellular and
neuronal mechanisms by which it acts may ultimately
define targets for therapeutic intervention in a variety of
disorders, including obesity and diabetes.

Although leptin reverses the obesity of leptin-deficient
animals, most obese individuals or animals display ele-
vated circulating leptin concentrations, and exogenous
leptin does not substantially alter feeding, body weight, or
other parameters in obesity. Although some have postu-
lated that the failure of elevated or exogenous leptin to
promote leanness in most obese individuals results from a
failure of leptin action, a number of arguments suggest
that such “leptin resistance” is unlikely to underlie most
cases of obesity but rather that a ceiling may exist, beyond
which additional leptin promotes little additional effect
(5). Indeed, antagonizing leptin receptor (LepRb) in-

Abbreviations: AgRP, agouti-related peptide; ARC, hypothalamic arcuate nucleus; CCK,
cholecystokinin; CRR, counterregulatory response; DA, dopamine; DMH, dorsomedial
hypothalamic nucleus; DR, dorsal raphe; HCRT, hypocretin; icv, intracerebroventricular;
JAK2, Janus kinase-2; KISS1, kisspeptin; LepRb, leptin receptor; LHA, lateral hypothalamic
area; MC4R, melanocortin-4 receptor; NAc, nucleus accumbens; NOS1, nitric oxide syn-
thase-1; NPY, neuropeptide Y; NT, neurotensin; NTS, nucleus of the solitary tract; PACAP,
pituitary adenyl cyclase activating protein; PBN, parabrachial nucleus; PMv, ventral pre-
mammillary; POMC, proopiomelanocortin; PVH, paraventricular nucleus of the hypothal-
amus; SF1, steroidogenic factor-1; SNS, sympathetic nervous system; STAT, signal trans-
ducer and activator of transcription; STZ, streptozotocin; VGAT, vesicular GABA
transporter; VMN, ventromedial hypothalamic nucleus; VTA, ventral tegmental area.
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creases body weight and food intake in both lean and diet
induced obese mice, indicating that endogenous leptin
continues to suppress feeding, even in hyperleptinemic
diet-induced obese mice that fail to suppress food intake
in response to exogenous leptin (6). In either case, the
biology of leptin lies primarily in the robust response to
below-normal leptin, rather than in the minimal response
to increased leptin.

Leptin Signaling

Leptin acts via the long form of the leptin receptor
(LepRb) (see Figure 1) (7); although other forms of the

receptor exist,
dbldb)

the classical leptin receptor mutant

(Lepr mouse, which presents a phenotype not differ-
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Figure 1. LepRb signaling. Leptin binds to the extracellular domain of
LepRb, activating the associated Jak2 tyrosine kinase and promoting
the Jak2-mediated phosphorylation of tyrosine residues 985, 1077,
and 1138 of LepRb (note, numbering is that of the murine receptor).
Phosphorylated Tyr985 recruits PTPN11, which initiates the ERK
signaling cascade. Phosphorylated Tyr1077 and Tyr1138 recruit STAT5
and STAT3, respectively, permitting their trafficking to the nucleus to
mediate the control of cognate gene expression. In addition, mechanisms
that limit LepRb signaling have been defined: Socs3, whose expression is
increased by leptin, binds to phosphorylated Tyr985 to blunt LepRb
signaling. Also, the tyrosine phosphatases, PTP1B and TCPTP,
dephosphorylate Jak2 and/or LepRb to terminate LepRb signaling. In
addition, Rho kinase 1, adenosine monophosphate activated protein
kinase, insulin receptor substrate (IRS)2, and SH2B1 have been shown to
act downstream of LepRb, although the mechanisms by which LepRb
controls these pathways have yet to be defined.
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ent than Lep°®°’ mice, lacks only LepRb. Similarly, res-

toration of LepRb alone in mice lacking all leptin receptor
isoforms suffices to normalize physiology (8).

LepRb is a type I cytokine receptor of the IL-6 receptor
family (9). As for other members of this family, ligand
binding activates the associated Janus kinase-2 (JAK2)
tyrosine kinase, thereby promoting the tyrosine phos-
phorylation of LepRb and associated proteins (10, 11).
Distinct tyrosine phosphorylation sites on LepRb each
recruit different downstream signaling molecules. As for
other IL-6 receptor family members, LepRb recruits la-
tent transcription factors of the signal transducers and
activators of transcription (STATs) family, promoting their
phosphorylation and transcriptional activation. Although
STATS3 represents the dominant LepRb-mediated signal,
STATS and STAT1 are also activated by leptin under some
circumstances (10, 12, 13). Although STATS3 is crucial for
leptin—LepRb action in vivo (14), STATS is dispensable
(15, 16), although it contributes to the control of energy
balance by other cytokines (17, 18). Potential roles for
STAT1 in leptin action have yet to be examined.

Activated LepRb also recruits the tyrosine phosphatase
PTPN11 (previously known as SHP2 or SHPTP2), which
plays a role in ERK signaling (10). Other tyrosine phos-
phatases, including PTP1B and TCPTP, dephosphorylate
Jak2 and/or LepRb to decrease leptin action (19). Addi-
tionally, leptin activates phosphatidylinositol 3’ kinase,
at least in part through the combined actions of insulin
receptor substrate proteins and SH2B1 (20-24). In addi-
tion, Rho kinase-1 and the adenosine monophosphate
activated protein kinase are required for important com-
ponents of leptin action, although the mechanism(s) by
which LepRb controls these pathways remain unclear
(25-27).

Although no cell type-specific differences in the activa-
tion of downstream signaling molecules by leptin—LepRb
have been demonstrated, leptin mediates distinct effects on
different cell types, depolarizing (activating) some LepRb
neurons while hyperpolarizing (inhibiting) others (28-32).
The mechanisms by which the same initial LepRb-activated
signaling proteins mediate such distinct cell-specific effects
remain opaque.

Leptin Acts in the Brain, Especially the
Hypothalamus

The intracerebroventricular (icv) injection of leptin in
Lep®”°? or normal mice provokes at least as robust a
response as does peripheral delivery of the hormone (33,
34), suggesting that leptin mainly acts via the brain. In-
deed, not only is LepRb most highly expressed in the
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brain, but the restoration of LepRb expression in the
brain of LepRb-null (Lepr?®/?) animals suffices to nor-
malize physiology (8). Consistently, brain-specific dele-
tion of LepRb recapitulates the phenotypes of Leprd®/d®
(and Lep°®°?) mice (30, 35).

LepRb is not expressed uniformly throughout the
brain but is found mainly in subpopulations of neurons in
specific areas of the hypothalamus, midbrain and brain-
stem (see Figure 2) (36). Mice lacking LepRb in specifi-
cally in hypothalamic (Nkx2.1-expressing) neurons dis-
play phenotypes reminiscent of Lepr®@® mice (37),
revealing that leptin action on hypothalamic LepRb neu-
rons is crucial for leptin action.

Ablation of LepRb in at least 2 large, widely distrib-
uted subpopulations of hypothalamic neurons (ie, those
that contain vesicular GABA transporter [vGAT] or nitric
oxide synthase-1 [NOS1]) also produces a Lepr®®@°-like
obesity phenotype (30, 35), although LepRb disruption in
vGAT cells produces stronger effects on the reproductive
and other endocrine axes than does disruption in NOS1
cells. In contrast, disruption of LepRb in several other
smaller hypothalamic neural populations produces rela-
tively little effect on body weight (see below). Thus, a
network of hypothalamic LepRb neurons with sufficient
redundancy to compensate for the lack of LepRb on
smaller groups of cells may underlie the control of body
weight by leptin. At least some groups of LepRb neurons
play specific and nonredundant functions, however. Un-
derstanding the roles for specific subsets of LepRb neu-
rons, as well as the neural mechanisms by which they act,
represent a crucial areas of inquiry.

Roles for Hypothalamic Arcuate Nucleus
(ARC) LepRb Neurons in Leptin Action

The number of distinct regions throughout the brain that
contain LepRb neurons (along with the intermingling of
LepRb neurons with vastly greater numbers of non-
LepRb neurons in each region) present challenges to
studying and understanding the function of each group of
LepRb cells. Even the ARC, which contains more leptin-
responsive cells than any other area of the brain, contains
only about 15% of all LepRb neurons in the brain, and
LepRb neurons represent the minority of ARC cells (36,
38, 39).

The ARC lies lateral to the base of the third cerebral
ventricle and superior to the median eminence, rendering
it more rapidly accessible to circulating factors (nutrients,
hormones, etc) than areas deeper in the brain. Although
other types of ARC neurons contain LepRb, 2 prominent
populations of ARC neurons express LepRb: 1) lateral
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Figure 2. Major leptin-regulated neural systems and their outputs.
Shown is a schematic diagram of major leptin-regulate brain systems,
in a ventral (from the bottom) view of the rodent brain. Although all
structures are bilateral, they are shown on only 1 side of the brain for
the sake of simplicity. Note that the ARC, NTS, and PVH are bilateral
but straddle the midline. Three major roles for leptin include the
control of food intake and energy expenditure (red pathways), glucose
homeostasis (green pathways), and motivated behavior (blue
pathways). In the hindbrain, leptin action on the NTS increases satiety;
these NTS LepRb neurons make reciprocal connections with
hypothalamic nuclei (ARC, DMH, and PVH) that control food intake.
Leptin also acts directly on the ARC and DMH, which (in addition to
their reciprocal connections with each other) share strong reciprocal
connections with the major output nucleus of the hypothalamus, the
PVH. Leptin acts on these circuits to reduce food intake and increase
energy expenditure. Direct leptin action on the ARC and VMH
contribute to the suppression of glucose production and the
stimulation of glucose disposal. Leptin action on the PBN also
contributes to glycemic control, by suppressing glucose production
during the CRR; PBN LepRb neurons mediate this effect via projections
to the VMH. Leptin acts on LepRb neurons in the LHA to control the
mesolimbic DA system. Not only do LHA LepRb neurons project to the
VTA but also they modulate the activity of LHA HCRT neurons that
project to the VTA. Thus, LHA LepRb neurons control the VTA neurons
that project to the NAc to modulate the activity of the mesolimbic DA
system and motivated behavior.
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ARC neurons that contain proopiomelanocortin (POMC),
and 2) medial ARC neurons that express agouti-related pep-
tide (AgRP) and neuropeptide Y (NPY), along with media-
tors of inhibitory y-aminobutyric acid signaling (40). Leptin
activates POMC neurons (28), which produce a-melano-
cyte-stimulating hormone; a-melanocyte-stimulating hor-
mone activates the melanocortin-4 receptor (MC4R) on
downstream neurons to promote satiety and increase energy
expenditure (41, 42). In contrast, leptin inhibits AgRP neu-
rons, which promote feeding and suppress energy use (28,
43, 44),

POMC and AgRP neurons are each crucial for leptin
action and for the control of energy balance. Postnatal
deletion of AgRP neurons provokes lethal anorexia (45),
even in Lep®”°? animals, whereas animals null for POMC
or MC4R are obese and insensitive to leptin (46, 47). In
contrast, ablation of LepRb in AgRP and/or POMC neu-
rons produces only mild effects on body weight and food
intake (48, 49). Similarly, the loss of STAT3 (which is
crucial for LepRb signaling and leptin action) in POMC
and AgRP neurons provokes only modest effects on body
weight and food intake (50, 51). Thus, although LepRb-
expressing POMC and AgRP neurons are crucial for lep-
tin action, LepRb in these neurons is largely dispensable.
A number of mechanisms may underlie this apparent par-
adox. In the case of AgRP/NPY neurons, alterations in
these cells (including ablation of AgRP, NPY, or the
AgRP/NPY neuron) early in development yields little ef-
fect, whereas ablation in adults produces lethal anorexia
(45, 52). Thus, developmental compensation may miti-
gate the phenotype of mice null for LepRb in AgRP cells.

For POMC neurons, because early loss of POMC or
MCA4R, or the ablation of POMC neurons, promotes dra-
matic obesity (53, 54), developmental compensation is
unlikely to explain the minimal phenotype produced by
the POMC-specific loss of LepRb. Rather, leptin may
regulate POMC neurons in large part via indirect mech-
anisms: leptin modulates inhibitory inputs to POMC neu-
rons via vVGAT LepRb neurons (30), whereas NOS1
LepRb neurons control Pomc gene expression (POMC
neurons contain neither vGAT nor NOS1) (35). Aside
from the importance of large groups of hypothalamic
LepRb neurons that contain vGAT or NOS1, the molec-
ular fingerprint and location of LepRb neurons crucial for
the control of POMC cells and feeding/body weight re-
mains unclear. The dorsomedial hypothalamic nucleus
(DMH) represents the main region in which vGAT and
NOS1 LepRb neurons overlap, however, suggesting a po-
tential role for DMH LepRb neurons.

Mol Endocrinol, January 2016, 30(1):3-12

Leptin Action in the DMH and
Ventromedial Hypothalamic Nucleus
(VMN)

Nestled between the rostral aspects of the ARC and DMH
lies the VMN; the dorsomedial aspect of the VMN con-
tains a large population of LepRb neurons that express
the transcription factor, steroidogenic factor-1 (SF1)
(Nr5al) and the neuropeptide pituitary adenyl cyclase
activating protein (PACAP) (Adcyap). Ablation of LepRb
in SF1/PACAP neurons provokes little change in energy
balance at baseline (31, 55) but increases body weight and
adiposity on a palatable high-fat diet, due to a failure to
increase energy expenditure with weight gain.

Glutamatergic (vesicular glutamate transporter-2-ex-
pressing) LepRb neurons include those in the VMN and
ventral premammillary (PMv) nucleus in the hypothala-
mus, as well as several groups of cells in the brainstem
(30). Ablation of LepRb glutamate
transporter-2 cells provokes only a mild increase in body
weight (30), suggesting only minor roles for these regions
in the control of feeding and energy balance. Also, dele-
tion of LepRb in prodynorphin-expressing cells (which
includes most VMN LepRb cells, a few ARC cells, and
about one third of DMH LepRb neurons) yields a pheno-
type similar to that observed with SF1/PACAP-mediated
deletion (56), suggesting that if a set of DMH LepRb
neurons play a major role in the control of feeding and
energy balance by leptin, it is distinct from those that
contain prodynorphin.

Activation of dorsal DMH/dorsal hypothalamic area
LepRb neurons promotes energy expenditure, including
by increasing energy use for heat generation (57); ablation
of LepRb in these dorsal hypothalamic area cells or in
prolactin-releasing hormone neurons of the dorsal DMH
decreases heat output and energy expenditure in mice (57,
58). Thus, should the DMH contain a population of
LepRb neurons focused on the control of feeding and
crucial for overall energy balance, they presumably reside
in the ventral DMH. However, less is known about the
function of LepRb neurons in the more ventral aspects of

the DMH.

in vesicular

The Lateral Hypothalamus and the Control
of the Mesolimbic Dopamine (DA) System

Food intake is controlled jointly by the brain’s motiva-
tional circuits (which mediate food seeking and the initi-
ation of feeding) and the systems that modulate satiety to
terminate feeding (see below) (59). Food deprivation en-
hances motivation, increasing locomotor activity and
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food-secking behavior, as well as increasing the amount
of work animals are willing to expend to attain food.
Interestingly, caloric restriction enhances not only the
seeking and consumption of food, but also of other re-
wards (including drugs of abuse), suggesting a general
enhancement of motivation during negative energy bal-
ance. Importantly, although other hormones and cues
contribute to this effect, decreased leptin plays an impor-
tant role, because exogenous leptin blunts or reverses
many of these effects in food-restricted animals (60, 61).

The mesolimbic DA system is crucial for the expression
of motivated behaviors (59). At its core, this system con-
tains a set of DA neurons in the midbrain ventral tegmen-
tal area (VTA); these VTA DA neurons project widely
throughout the brain, including to the nucleus accumbens
(NAc), where DA release modulates motivation. A variety
of data demonstrate that leptin modulates the mesolimbic
DA system, including by the control of VTA tyrosine hy-
droxylase (Th) (the enzyme that mediates the committed
step in DA production) expression and the control of DA
reuptake and extracellular DA concentration in the NAc
(62, 63).

Although the VTA contains LepRb neurons, most of
which are dopaminergic, ablation of LepRb from DA cells
in the brain does not alter parameters of motivation, but
rather increases anxiety-like behaviors (64). Consistent
with this finding, VT A LepRb neurons project to the cen-
tral amygdala (which plays a major role in anxiety and
aversion) and associated structures (65). Interestingly, al-
though deletion of LepRb from DA neurons does not alter
motivation (64), short hairpin RNA-mediated suppres-
sion of LepRb expression in the VTA does influence he-
donic feeding and body weight (66), suggesting a poten-
tial role for the (mostly y-aminobutyric acid-ergic)
non-DA VTA LepRb neurons in the control of the me-
solimbic DA system.

Because VTA LepRb neurons do not strongly modu-
late the mesolimbic DA system and motivation, other
LepRb neurons must mediate this leptin effect, presum-
ably via projections into the mesolimbic DA system. Al-
though few LepRb neurons project directly to the NAc
(65), LepRb neurons in the lateral hypothalamic area
(LHA) project densely to the VTA and a few other mid-
brain structures (32, 62), suggesting a potential role for
LHA LepRb neurons in the control of mesolimbic DA
function. Consistently, the LHA has long been known to
control appetitive behavior: lesioning the LHA dimin-
ishes motivation and causes lethal hypophagia, whereas
stimulation of the LHA is motivating (67).

In support of a role for LHA LepRb neurons in the
control of food intake, body weight, and mesolimbic DA
function, intra-LHA leptin administration reduces food
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ob/ob mice and also

intake and body weight gain in Lep
increases VTA Th expression (62). Furthermore, a sub-
population (~60%) of LHA LepRb neurons contain neu-
rotensin (NT), and ablation of LepRb in LHA NT neu-
rons increases body weight, adiposity, and food intake
while decreasing overall activity and energy expenditure
(32). These animals also display decreased mesolimbic
DA function as a consequence of increased NAc DA re-
uptake (32).

NT-containing LHA LepRb neurons also inhibit
neighboring hypocretin (HCRT) (also known as Orexin)-
containing neurons in response to leptin (32, 68); this
represents an important mechanism by which leptin con-
trols the hypothalamus-pituitary-adrenal axis and related
stress responses (69). Some NT-containing LHA LepRb
neurons also contain the inhibitory neuropeptide, galanin
(70), which plays an important role in this inhibition (68).
Because HCRT neurons play a role in arousal, including
during fasting, the withdrawal of leptin from this circuit
increases activity and motivation.

The Brainstem: The Nucleus of the Solitary
Tract (NTS) and Satiety

A number of studies have focused on LepRb neurons in
the NTS in the caudal brainstem for the control of food
intake. The NTS receives important gastrointestinal sig-
nals via the vagus nerve, as well as from circulating fac-
tors, many of which act via area postrema neuron that
project into the NTS (71). These NTS neurons participate
in the control of feeding by modulating satiety to promote
meal termination, and leptin enhances the response of
these NTS cells to gut-derived satiety signals, including
cholecystokinin, amylin, and glucagon-like peptide 1
(72-74). Consistently, intra-NTS leptin administration
promotes satiety, whereas short hairpin RNA-mediated
suppression of NTS LepRb expression increases food in-
take and body weight gain, especially on a high-fat diet
(75, 76).

Other brainstem and midbrain regions also contain
significant populations of LepRb neurons, including the
parabrachial nucleus (PBN), periaqueductal gray, and
dorsal raphe (DR), among others (36, 39). Although roles
for leptin action via periaqueductal gray and DR LepRb
neurons have not been directly examined (note that the
large phenotype previously reported for DR LepRb neu-
rons [77] represents an artifact [78]), PBN LepRb neurons
modulate the response to hypoglycemia (see below).
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Endocrine Control

Of the neuroendocrine axes, perhaps the most attention
has been paid to the control of reproduction by leptin.
Reproduction is energetically very costly, especially for
females, who bear the burden of nourishing the offspring
both before birth and thereafter (via lactation). Thus, the
insufficiency of caloric reserves inhibits the reproductive
axis, especially in females. Leptin plays a major role in the
control of reproduction by nutritional status: Lep©®°®
and Lepr? mice generally fail to enter puberty (8, 79),
as do humans lacking leptin or LepRb (80), and fail to
lactate if they become pregnant; leptin administration to
Lep©?°? mice restores fertility (79, 81, 82). Furthermore,
exogenous leptin restores fertility in females with low
adipose mass due to caloric restriction (as in anorexia
nervosa) or lipodystrophy (83, 84).

GnRH neurons, which control the reproductive axis,
do not contain LepRb, suggesting that leptin must control
the reproductive axis indirectly, via LepRb neurons that
lie upstream of GnRH cells (85). Roles for several sets of
neurons known to lie afferent to GnRH neurons have
been investigated, including kisspeptin (KISS1)-express-
ing neurons of the ARC; very few KISS1 neurons contain
LepRb, however, and ablation of LepRb in KISS1 cells
does not alter reproductive function (86, 87). The PMv
receives and integrates a number of stimuli (including sex
steroids and opposite-sex pheromones) to modulate the
function of the reproductive system, and contains a large
population of LepRb neurons (88-90), suggesting a po-
tential role for PMv LepRb cells in the control of repro-
ductive function. Indeed, PMv LepRb neurons lie in syn-
aptic contact with GnRH neurons and are activated by
opposite-sex pheromones (85). Furthermore, lesioning
the PMV blocks the ability of leptin to modulate repro-
ductive function and restoration of PMv LepRb expres-
sion in a LepRb-null background restores reproductive
function (87, 91). PMv LepRb neurons may not be the
only LepRb neurons that contribute to the control of the
reproductive axis; however, the vast majority of PMv
LepRb neurons contain NOS1, but the ablation of LepRb
in NOS1 neurons only partially blunts estrus entry and
reproductive function in female mice (35). Furthermore,
although PMv LepRb neurons do not express vGAT, the
deletion of LepRb in vGAT neurons impairs reproduction
(92, 93). Additionally, it is not clear whether leptin may
control reproductive function indirectly (secondary to
changes in adrenal, thyroid, and other endocrine axes), as
well as by neural inputs directly onto GnRH neurons.

Fasting or leptin deficiency increases adrenal cortico-
steroid production while inhibiting the thyroid and
growth axes (1). Leptin reverses these effects, demonstrat-
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ing an important role for leptin in modulating a host of
endocrine parameters in line with energy balance (2).
There are few LepRb cells in the paraventricular nucleus
of the hypothalamus (PVH), where reside the neuroendo-
crine neurons produce TRH and CRH (which control the
thyroid and adrenal axes, respectively) (36, 39). Thus, the
control of these endocrine axes by leptin must be medi-
ated indirectly. Indeed, LHA LepRb cells may play an
important role in the control of the adrenal axis (69). In
contrast, many of the GHRH neurons that control the
growth axis contain LepRb (56), suggesting a more direct
control of the growth axis by leptin. Although circum-
scribed sets of LepRb neurons that control the adrenal
and thyroid axes have not been identified, the dense pro-
jections to the PVH from ARC and DMH LepRb neurons
suggest that LepRb neurons in these areas could play a
role. Furthermore, leptin action via vGAT LepRb cells is
required for the control of both thyroid and adrenal func-
tion (30); NOS1 LepRb neurons play a role in the control
of thyroid (but not adrenal) function (35). vGAT-contain-
ing cells include LHA LepRb neurons, which NOS1 cells
do not, consistent with the notion that LHA LepRb neu-
rons may play a crucial role in the control of the adrenal
axis by leptin (30, 35, 69).

Glucose Homeostasis

Loss of leptin action also dysregulates glucose homeosta-
sis: Lep®”°? and Lepr®@ mice display marked hypergly-
cemia, hyperinsulinemia, and glucose intolerance (33, 94,
95). Because caloric restriction/weight loss does not ame-
liorate these disturbances in glucose homeostasis (33, 96,
97), they are not likely to be caused solely by overnutri-
tion and obesity. Indeed, icv leptin administration in
Lep°?° mice rapidly corrects their defects in glucose ho-
meostasis before the onset of significant weight loss (98),
indicating that leptin acts in the brain to control glucose
homeostasis. Furthermore, systemic or icv leptin admin-
istration in Lep®®°® mice rapidly increases glucose clear-
ance; VMN LepRb neurons may participate in this effect,
because intra-VMN leptin injection promotes sympa-
thetic nervous system (SNS) activation and increases glu-
cose uptake into skeletal muscle (99).

Similarly, the loss of leptin action reduces hepatic in-
sulin sensitivity and increases hepatic glucose production,
and icv leptin reverses these effects (98, 100, 101). Al-
though it is clear that leptin increases glucose disposal in
unperturbed wild-type animals (102), leptin does not ap-
preciably alter hepatic glucose production in animals with
normal leptin function, however; this is consistent with
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the notion that excess leptin mediates little effect, whereas
decreased leptin promotes large physiologic changes.

Some studies also report direct leptin action on pan-
creatic B-cells (103-105), although direct effects of leptin
on insulin secretion have not been reported in vivo. In
contrast, glucagon, which is elevated in Lep®?°"
(106), is normalized by leptin administration (107); be-
cause icv leptin promotes this response (108, 109), this
effect is likely to be mediated by the suppression of SNS
activity on a-cells in the pancreatic islets.

A set of very exciting recent studies have revealed the
ability of leptin to normalize blood glucose independently
of insulin in a model of uncontrolled type 1 diabetes, in
which the pancreatic B-cells have been destroyed by treat-
ment with streptozotocin (STZ) (110). As with Lep®?°®
mice, these STZ mice exhibit low circulating leptin con-
centrations before leptin treatment, as a result of the cat-
abolic state produced by uncontrolled insulinopenic
diabetes.

A variety of data suggest potential important roles for
leptin action via LepRb on POMC neurons for at least
some control of glucose homeostasis. Although modestly
affecting body weight gain and food intake, the restora-
tion of leptin action in the ARC normalizes hyperinsulin-
emia and hyperglycemia in Lepr®™@ mice (111); simi-
larly, although POMC-specific LepRb restoration in a
LepRb-null background does little to alter feeding or
other parameters of energy balance, it ameliorates the
hyperglycemia and insulin resistance of these animals
(112, 113). Furthermore, ablation of LepRb in POMC
neurons blunts the ability of leptin to normalize glucose
concentrations in STZ mice (114). However, intra-VMN
leptin injection also normalizes glucose in STZ rodents
(115). Thus, the available evidence suggests that both
ARC and VMN LepRb neurons may contribute to the
control of glucose homeostasis by leptin; other, untested,
sets of neurons may also participate.

mice

Counterregulation

Recently, we demonstrated a role for leptin in the modu-
lation of the response to hypoglycemia (29). Hypoglyce-
mia most often occurs in response to insulin overdose
during diabetes therapy, and activates the counterregula-
tory response (CRR) to attempt to restore blood glucose
concentrations to normal. Low glucose concentrations in
the brain activate neurons (many of which reside in the
VMN) that promote SNS activation, glucagon secretion,
and hepatic glucose production as part of the CRR. Be-
cause an adequate CRR requires not only adequate en-
ergy stores to mobilize, but also adequate SNS activation,

press.endocrine.org/journal/mend 9

one would predict that it is important to augment the
CRR in animals with depleted energy stores (as in after a
prolonged fast) to compensate for low energy stores and
decreased SNS tone. Indeed, we found that mice mount a
more pronounced CRR to glucoprivation with 2-deoxy-
glucose (a competitive inhibitor of glycolysis that mimics
hypoglycemia at a cellular level) after a 24-hour fast. Fur-
thermore, leptin blunted this effect of fasting (29), sug-
gesting that low leptin enhances the CRR, presumably to
compensate for the low energy stores and decreased SNS
tone that accompany negative energy balance.

Recent evidence from our laboratory suggest that
leptin inhibits cholecystokinin (CCK)-containing PBN
LepRb neurons, which are activated by low glucose and
project to the VMN (which plays a crucial role in medi-
ating the CRR to hypoglycemia) (29). CCK“"*-mediated
leptin receptor ablation enhances the CRR to insulin and
2-deoxyglucose, elevating glucocorticoids, glucagon, cat-
echolamines, and hepatic gluconeogenic enzyme expres-
sion. Consistently, pharmacogenetic activation of these
cells increases circulating glucagon and glucocorticoids,
suppresses insulin, increases hepatic gluconeogenic en-
zyme expression, and increases blood glucose (29). The
response to these cells, and the CRR to glucoprivation,
require CCK-mediated neurotransmission and the VMN
(29, 116), suggesting that CCK from PBN LepRb neurons
acts via a set of CCK-responsive VMN neurons to control
the CRR.
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