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Abstract

The cloning of leptin in 1994 was an important milestone in obesity research. In those days
obesity was stigmatized as a condition caused by lack of character and self-control. Mutations in
either leptin or its receptor were the first single gene mutations found to cause morbid obesity, and
it is now appreciated that obesity is caused by a dysregulation of central neuronal circuits. From
the first discovery of the leptin deficient obese mouse (ob/ob), to the cloning of leptin (ob aka lep)
and leptin receptor (db aka lepr) genes, much has been learned about leptin and its action in the
central nervous system. The initial high hopes that leptin would cure obesity were quickly
dampened by the discovery that most obese humans have increased leptin levels and develop
leptin resistance. Nevertheless, leptin target sites in the brain represent an excellent blueprint for
distinct neuronal circuits that control energy homeostasis. A better understanding of the regulation
and interconnection of these circuits will further guide and improve the development of safe and
effective interventions to treat obesity. This review will highlight our current knowledge about the
hormone leptin, its signaling pathways and its central actions to mediate distinct physiological
functions.
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1. Introduction

Even before leptin was cloned in 1994 [1], its presence was predicted based on ob/ob (leptin
deficient) and db/db (leptin receptor deficient) mice. Douglas Coleman and colleagues
performed parabiosis studies, where they joined the circulation of ob/ob and db/db mice.
They concluded from these studies that ob/ob mice were missing a circulating factor that
was plentiful in db/db mice. This circulating factor would cure obesity in ob/ob mice, while
db/db mice were unresponsive to it [2].

It took over 40 years for the discovery of the gene that was thought to be responsible for the
observed effect in ob/ob and db/db parabiosis studies; at a time when positional cloning was
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still in its infancy. The discovery of the hormone leptin by cloning was initially hailed as a
cure for human obesity, and the production of recombinant leptin followed quickly after that
[3]. As a proof of concept, daily injections of recombinant leptin fully corrected obesity and
other associated neuroendocrine abnormalities in rare cases of leptin deficient humans and
rodents [4,5]. However, for most obese patients leptin levels were high and correlated
positively with their adiposity [6]. Also, leptin injections were ineffective to reduce body
weight and food intake in obese mice compared to lean controls [7]; a condition now termed
leptin resistance (for more detailed reading on this topic please see [8]). Thus, the vast
majority of overweight and obese patients are unresponsive to leptin. Yet, despite its clinical
ineffectiveness to treat general obesity, the importance of leptin signaling for the
maintenance of normal energy homeostasis is undebated, and patients with leptin deficiency,
chronically low leptin levels (lipodystrophy or anorexia) or insulin deficiency may benefit
from leptin treatment [9].

The past decade of research progress has continually expanded and refined the sites and
mechanisms through which leptin acts to regulate energy homeostasis. Initial work
demonstrated that leptin acts predominantly via the long form leptin receptor (LepRDb) in the
central nervous system, as deletion of LepRb from peripheral tissues does not affect energy
homeostasis [10]. Attempts to understand leptin’s effect on central feeding circuits initially
highlighted the hypothalamic arcuate nucleus (ARC) [11], yet more recent work
demonstrates that non-ARC LepRb populations importantly contribute to distinct
physiologic aspects of leptin function [12]. This ever growing literature provides an
improved, but still incomplete, picture of leptin function within the complex neural systems
that control food intake and energy expenditure [13].

2. The leptin gene and peptide

Leptin (from the Greek word leptos, meaning “thin”) is derived from the lep gene, located
on chromosome 7, which transcribes a 167 amino acid peptide with a molecular weight of
16kD. The lep gene sequence is highly preserved across mammals, and leptin orthologs exist
in amphibians, reptiles and fish with considerable divergence in primary amino acid
sequences. The function of leptin is highly conserved in all mammalian and non-mammalian
leptin due to the preservation of key second and tertiary structures allowing the formation of
disulfide bridges [14]. Leptin belongs to the family of long-chain helical cytokines, which
includes leukemia inhibitory factor, ciliary neurotrophic factor (CNTF) and human growth
hormone, based on its crystal structure [15].

3. Leptin production

Leptin is produced and secreted predominantly from adipose tissue into the circulation.
Circulating leptin levels positively reflect adipose tissue size, and communicate energy
storage status to the brain [6,7]. Leptin expression and circulating levels show circadian
fluctuations, and also change with nutritional state [16]. Fasting decreases circulating leptin
levels, while feeding or obesity increases leptin levels [17]. Preventing the fasting induced
fall of leptin reverses common physiological adaptations to fasting [17,18], highlighting the
importance of leptin levels for energy homeostasis.
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Leptin expression and secretion are regulated by many factors, e.g. inflammatory cytokines,
glucocorticoids and insulin [19]. Also, sympathetic norepinephrine release and -adrenergic
receptor activation in adipose tissue are critical to decrease leptin gene expression in
response to leptin injections [20] and are required for the reduction in circulating leptin
levels during fasting [21]. Circulating leptin levels also reflect the physiological potency of
leptin, such that ob/ob mice show pronounced responses to injected leptin, while
hyperleptinemia results in diminished leptin response [22]. Indeed, hyperleptinemia is
sufficient and necessary to induce leptin resistance, even though weight gain and
hyperphagia are unaffected by the presence or absence of hyperleptinemia [23]. Overall
there is compelling evidence that hyperleptinemia induces leptin resistance, but the
importance of leptin resis-tance for whole body energy homeostasis and obesity develop-
ment remains to be conclusively resolved [8].

4. Central leptin access

Leptin is too large to passively cross the blood brain barrier (BBB) and is instead transported
across the BBB by a regulated, saturable transport system. Even though the molecular
identity of this leptin transporter system is still unclear, it acts independent of LepRb [24].
While it is often implied that the ARC is outside the BBB, the existence of a functional BBB
in the ARC is well established and indicated by a lack of fenestrated capillaries. Fenestrated
capillaries are found in select brain regions in close proximity to the ventricular space,
collectively termed circumventricular organs (CVO’s). The median eminence (ME) is a
CVO and as such clearly contains fenestrated capillaries. However, the border between the
ME and ARC is lined by tanycytes, which are highly specialized glial cells connected via
tight junctions. These tanycytes therefore shield the ARC from the circulation and the
adjacent median eminence [25].

These and other data strongly indicate that the ARC is protected from the general circulation
by the BBB and the ME/ ARC tanycyte barrier, and that circulating signals cannot reach
ARC neurons via passive diffusion. However, several lines of interesting data indicate that
ARC neurons, particularly those in close proximity to the ME, are uniquely positioned to
respond to circulating signals such as leptin,. First, fasting causes fenestrated capillaries to
extend from the ME to proximal parts of the ARC, possibly allowing the diffusion of leptin
to neurons at the ARC-ME border [26]. Second, tanycytes can transport leptin into the
cerebrospinal fluid (CSF) from where leptin reaches LepRb target cells [27]. Third, the
proximal ARC also connects to the perivascular space of the median eminence (Virchow—
Robin space), allowing blood-derived substances to reach proximal ARC neurons by
perivascular routes [28]. Finally, many ARC LepRb neurons send projections across the
tanycyte barrier and into the ME and thereby gain direct access to circulating leptin levels
[29]. While leptin likely reaches most central LepRb neurons via a saturable transport across
the BBB or through the CSF, ARC LepRb neurons are uniquely positioned to detect changes
in circulating leptin independent of a BBB and thereby respond to these changes with
increased time- and dose-dependent sensitivity [29]. This unique anatomy may also explain
why ARC LepRb neurons are prone to develop leptin resistance while other leptin target
sites remain leptin sensitive [30]. In line with this hypothesis, tanycyte-mediated leptin
transport is sensitive to leptin resistance, and select improvement of tanycyte transport
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reverses DIO and reinstates leptin sensitivity [27]. The different routes of leptin access to the
brain in ARC and non-ARC LepRb neurons that have been proposed in the literature are
summarized in Fig. 1.

5. Leptin receptors and signaling

Six leptin receptor isoforms (LepRa-f) are generated by alternative splicing of the lepr gene
(aka db gene). These isoforms share a common leptin binding domain but differ in their
intracellular domains. LepRa, b, ¢, d and f are trans-membrane receptors that all possess the
box 1 matif required for binding of janus kinase 2 (JAK2). LepRe uniquely lacks a
transmembrane domain and is a soluble LepR isoform, allowing LepRe to bind circulating
leptin and inhibit central leptin transport. LepRb features an extended intracellular signaling
domain that is phosphorylated at three distinct tyrosine residues by activated JAK2, and this
long form of the leptin receptor is responsible for the main effects of leptin on energy
homeostasis and other neuroendocrine functions [8].

LepRb is a typical class | cytokine receptor without intrinsic kinase activity; instead leptin
binding to LepRb allows the recruitment and activation of JAK2, which propagate
phosphorylation of JAK? itself and three tyrosine residues on LepRb (Y985, Y1077and
Y1138). Each of these phosphorylation sites induces a specific signaling pathway with
distinct physiological leptin functions. Y985 activates src-homology-2 domain protein
(SHP-2) and mitogen-activated-protein-kinase (MAPK) signaling and mediates negative
feedback signaling of the leptin signaling pathway. Y1077 activates signal-transducer-and-
activator-of-transcription-5 (STATS) signaling and mediates reproductive effects of leptin.
Finally, Y1138 activates STAT3 signaling and mediates the main effects of leptin on energy
homeostasis and neuroendocrine functions, but has little effect on reproduction [8]. Leptin-
induced pSTATS3 has also been used to indicate relative changes in leptin sensitivity and the
physiological state of leptin resistance is nicely recapitulated by decreased leptin-activated
STAT3 [30].

LepRb signaling is linked to two adaptor molecules, which serve as negative regulators of
leptin signaling: suppressor-of-cytokine-signaling-3 (SOCS-3) and phosphotyrosine
phospha-tase-1B (PTP1B). SOCS-3 gene expression is increased by leptin-induced pSTAT3
and SOCS-3 peptide binds to Y985 and JAK2 to block leptin signaling in a classic feedback
inhibition pathway [31]. Selective mutation of Y985, to prevent leptin-induced Y985
phosphorylation, results in lean mice with enhanced leptin signaling and demonstrates the
role of Y985 in negative feedback signaling [32]. Overexpression of SOCS-3 decreases
leptin signaling; conversely, heterozygote SOCS-3 deletions (homozygous animals are
embryonic lethal) enhance leptin sensitivity and decrease high-fat-diet (HFD) induced
weight gain [33,34]. Similarly, PTP1B mRNA is upregulated by STAT3 signaling and
PTP1B deficiency results in enhanced leptin action [35], even though the exact interaction
of PTP1B with LepRb is not exactly known. Most importantly, leptin resistant mice have
increased hypothalamic PTP1B and/or SOCS-3 mRNA expression, which contributes to
their leptin resistance [35-37]. Other LepRb regulated transcripts include several
hypothalam-ic neuropeptides like pro-opiomelanocortin (POMC), cocaine-and-

Metabolism. Author manuscript; available in PMC 2016 January 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Miinzberg and Morrison Page 5

amphetamine-regulated-transcript (CART), agouti-related-protein (AgRP), and neuropeptide
Y (NPY) [38,39].

JAK?2 can also be phosphorylated at several amino acid residues, which modulates JAK2
activity and LepRb signal transduction [40,41], e.g. phosphorylation of insulin-receptor-
substrates (IRS) and activate phosphoinositol-3-kinase (P13K) [42]. Leptin induced PI3K
signaling is required for leptin’s effects on food intake and sympathetic nerve activity, and
further involves activation of mammalian-target-of-rapamycin (mTOR) signaling [43,44].
Leptin also regulates 5’-adenosine monophosphate-activated protein kinase (AMPK)
phosphoryla-tion, a metabolic master switch that regulates energy fluxes. In peripheral
tissues leptin stimulates AMPK activity to promote catabolic pathways (fatty acid oxidation,
glucose transport) [45]. Conversely, in the brain leptin inhibits AMPK activity, which
specifically regulates food intake via regulation of hypothalamic neuropeptides [46] (Fig. 2).

6. Leptin and central control of energy homeostasis

After the discovery that leptin acts in the brain to regulate energy homeostasis, the
distribution of LepRb expressing neurons revealed the hypothalamus as main target for
central leptin action. This observation was consistent with earlier lesion studies
demonstrating that crude hypothalamic lesions, extending through several hypothalamic
nuclei, generally resulted in severe obesity [47]. We now appreciate that diverse
hypothalamic and extra-hypothalamic LepRb populations collectively contribute to leptin’s
overall effect on energy homeostasis (Fig. 3A — E).

6.1. Homeostatic feeding circuits

LepRb is strongly expressed in the ARC and LepRb expression co-localized with two
neuronal populations that were well known for their opposing effectson food intake and
differential regulation in response to changes in nutritional state: orexigenic NPY/AgRP
neurons and anorexigenic POMC/CART neurons. Leptin decreases anorexigenic NPY and
AgRP neuro-peptide gene expression and inhibits NPY/AgRP neurons, while fasting has the
opposite effect. Conversely, leptin promotes POMC and CART gene expression and
activates POMC/CART neurons, while fasting produces the opposite effect [11]. More
recently, in vivo pharmacogenetic and optogenetic activation or inhibition of AgPR and
POMC neurons confirmed the physiological importance of their neuronal activation states in
the control of food intake and energy expenditure [48,49]; where AgRP neurons caused
acute (within minutes) and POMC neurons long-term (24 h) changes in food intake [49].
Thus, anorexigenic leptin action differentially regulates orexigenic and anorexigenic
neurons and the expression and release of their neuropeptides onto second order neurons.
Here, homeostatic inputs from the ARC are conveyed via the melanocortin system within
the paraventricular nucleus (PVN) or lateral hypothalamic area (LHA), where POMC-
derived peptides (e.g.a-melanin-stimulating-hormone) activate melanocortin-4-recepotors
(MC4R), while AgRP inhibits MC4R function [11]. This elegant and simple leptin signaling
pathway is found in all newer physiology text books and is an important pathway for
homeostatic regulation of feeding (Fig. 3A).
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Even though this ARC-centric leptin signaling pathway remains valid, several excellent
studies have refined and revised the role of ARC neurons in the response to leptin (for a
recent excellent and detailed review on this topic see [50]). The availability of conditional
gene manipulation systems (Cre/loxP and derivatives) has provided the opportunity to test
the role of leptin signaling within specific tissue, cell type, or neuronal population. Contrary
to general expectations, the targeted deletion of LepRb from ARC neurons did not
recapitulate the severe obesity and hyperphagia observed in db/db mice, and instead only
caused a mild obese phenotype [51]. These results indicated that additional LepRb
populations were critical to mediate anorexic leptin action and body weight control.
Subsequent studies targeted LepRb neurons in other hypotha-lamic and extra-hypothalamic
sites [52-57]. Taken together, this work suggests that no single LepRb population explains
the severe obesity phenotype of db/db mice, but that the sum of leptin action on LepRb
neurons and their interaction with each other account for leptin’s effect on energy
homeostasis. It is now also appreciated that distinct LepRb populations are responsible for
different aspects of physiological leptin function (Fig. 3A-E) as further highlighted below.

6.2. Anorexia circuits

Central injection of AgRP or NPY robustly increased food intake, even though genetic
ablation of AgRP or NPY surprisingly failed to decrease food intake or body weight [58].
Compensatory mechanisms during development were suspected, and indeed later studies
demonstrated that ablation of AgRP neurons in adult mice caused severe hypophagia and
even death from starvation, while neonatal ablation had no effect on energy intake [59].
NPY/AgRP neurons are inhibitory neurons and co-express the inhibitory neurotransmitter -
amino-butyric-acid (GABA). Unexpectedly, the starvation behavior in ablated mice was
independent of melanocortin signaling [60], however, it could be fully prevented by
microinjections of the neurotransmitter GABA into the parabrachial nucleus (PB), while
injections into other classic second order structures like the PVVN and LHA had no effects
[60,61]. The PB is activated by visceral malaise, e.g. induced by toxins, lithium chloride, but
also by an excessive meal [62,63]. It was subsequently found that GABAergic AgRP inputs
to the PB oppose excitatory brainstem inputs to the PB that induce severe nausea [64]. As
noted above, leptin inhibits AgRP neurons and thus GABA release in the PB, which may
enhance meal-induced satiety. Furthermore, LepRb is also directly expressed within the
nucleus of the solitary tract (NTS) in the brainstem [65,66] and NTS leptin action promotes
anorexia independent of hypothalamic inputs [54,67]. Many NTS acting and satiety inducing
peptides (e.g. GLP-1) act via the PB and leptin action enhances their potency [68]. Thus,
leptin-induced anorexia may further diminish GABA inputs from AgRP neurons, or induce
excitatory NTS inputs to the PB to enhance meal induced satiety in addition to homeostatic
feeding circuits though the PVN (Fig. 3B).

6.3. Hedonic feeding circuits

An important aspect of food intake is the motivation to seek out food despite dangers from
predators or the environment. The organism’s nutritional state greatly influences the
motivation to eat, and fasting robustly enhances motivated behavior [69]. The drop in leptin
levels during fasting contributes to the increased motivation, while leptin administration
reduces the rewarding value of food and thus the motivation to eat [70,71].
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The master pathway involved in the regulation of motivated behavior is the mesolimbic
pathway where midbrain dopamine (DA) expressing neurons in the ventral tegmental area
(VTA) release DA into the nucleus accumbens (NAc). The release of DA into the NAc
encodes motivated events, which may be either positive (rewarding) or negative (aversive)
[72]. DA release thus modulates the motivation to work for reward, or how much the reward
is “wanted”. This is nicely demonstrated in hyperdopaminergic mice, where increased DA
release increases the motivation to work for a food treat [73].

It is well established that leptin impacts food reward, and that it does so at least in part via
VTA DA neurons [70,55,74,75]. LepRb is expressed directly on some VTA DA neurons,
with leptin inhibiting these VTA LepRb neurons [55] and preventing sucrose-induced DA
release into the NAc [76]; thus providing a valid explanation how leptin could decrease food
reward. In contrast, ob/ob mice show decreased NAc DA content and leptin stimulates
expression and activation of the rate limiting enzyme for DA production (tyrosine
hydroxylase) and increases DA content in the NAc [70,75]. Thus, dopamine deficiency in
the NAc of ob/ob mice may diminish reinforcement, which could cause compensatory
motivated behaviors, like food intake, in an attempt to enhance reinforcement [77,78]. The
stimulatory effects of leptin on VTA function are mediated via LepRb neurons in the LHA,
which innervate the VTA [75]. Finally, recent data demonstrated that the above mentioned
homeo-static and anorexic aspects of feeding substantially interact with hedonic feeding
paradigms [79,80], and complex behaviors like feeding should be understood as an
integration of distinct feeding behaviors [81] (Fig. 3C).

6.4. Energy expenditure circuits

Energy expenditure is the counterpart of food intake, and body weight is stable when energy
expenditure and intake are in balance. Energy expenditure is influenced by locomotor
activity, ambient temperature as well as nutritional state. Acute leptin injections in lean
normal mice do not influence energy expenditure per se, but lack of leptin in ob/ob mice or
lipodystrophic mice causes low body temperature (including frequent torpor bouts) and
cold-sensitivity. Leptin injections correct the reduced body temperature and cold sensitivity
[5,82], supporting an important role of leptin in thermoregu-Ilation. Leptin-deficient mice are
also characterized by brown adipose tissue (BAT) atrophy and decreased uncoupling
protein-1 (UCP1) expression, a key protein for BAT-derived heat production that is fueled
by lipolysis [83]. In addition, leptin also induces weight loss independent of food intake, via
mechanisms that require UCP1 [84], suggesting that food-independent body weight control
by leptin is mediated via BAT thermogenesis.

The dorsomedial hypothalamus and dorsal hypothalamic area (DMH/DHA) have been
highlighted as brain areas that regulate BAT thermogenesis, considering that cold exposure
activates DMH/DHA neurons [85]. The activity of DMH/DHA neurons also depends on
inhibitory and excitatory inputs from other central sites, e.g. the preoptic area (POA), which
acts as a temperature sensor and integrates local temperature with afferent information from
peripheral and deep-body thermoreceptors [86]. The POA connects with the DMH/DHA to
regulate further downstream effector neurons in the raphe pallidus (RPa) that control
sympathetic BAT activity [86]. LepRb is expressed in BAT-related neurons in the
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DMH/DHA and POA [87] and DMH/DHA LepRb neurons are sufficient and necessary to
regulate energy expenditure and body weight via mechanisms that are independent of food
intake [88] but involve sympathetic activation of BAT thermogenesis [89]. The DMH also
contains NPY expressing neurons that impact whole body energy expenditure by increasing
the sympathetic nervous system, even though these effects are largely independent of leptin
function [90].

Interestingly, the brainstem mediates thermoregulatory leptin functions independent of the
hypothalamus, as observed in decerebrate rats [91] and other systems [92]. Leptin injection
into the 4th ventricle of decerebrate rats mildly raises brown fat and body temperature, but
strikingly, co-injection of leptin with thyroid releasing hormone (TRH) robustly enhanced
the thermogenic capacities of TRH [92]. This sensitizing effect is mediated by direct leptin
effects on NTS LepRb neurons [93], which may innervate and stimulate RPa neurons to
induce BAT thermogenesis.

Changes in energy expenditure and thermogenesis always require the simultaneous
adaptation of cardiovascular outputs and lipolysis. Both are similarly regulated by the
sympathetic nervous system or in case of lipolysis also by the HPA axis [94], although
whether identical or parallel neuronal circuits are engaged is unclear. Circulating leptin
levels correlate with blood pressure [95] and leptin induces not only BAT, but also renal
sympathetic outputs via the ARC and NTS [96,97]. However, whether these circuits cross-
talk with DMH induced energy expenditure remains to be investigated. Furthermore,
intracel-lular leptin signaling cascades are involved in distinct effects of leptin. While leptin-
induced pSTATS3 is essential to maintain normal energy expenditure [98], leptin’s effect on
blood pressure requires PI3K activation [99]. These circuits are summarized in Fig. 3D.

6.5. Glucose homeostasis circuits

Leptin action in the CNS also exerts a powerful effect on blood glucose homeostasis [100].
The earliest evidence that leptin contributes directly to glucose homeostasis came from
exper-iments in leptin or leptin receptor deficient mice. Both ob/ob and db/db mice are
markedly hyperglycemic, hyperinsulinemic, and glucose intolerant, and this hyperglycemia
is independent of their excessive bodyweight [39]. However, the hyperglycemia of ob/ob
mice can be readily normalized by infusion of leptin into the brain [101,102], demonstrating
that leptin’s effects on blood glucose homeostasis are primarily mediated via the central
nervous system.

Defining the specific brain areas and neuronal populations that mediate leptin’s effects on
blood glucose remains an active area of investigation. Much as with energy balance, the
preponderance of studies support a critical role for the hypothalamus, and most studies have
focused particularly on the arcuate nucleus, in leptin-dependent regulation of glucose
homeostasis. Emphasis on the arcuate nucleus extends from data demonstrating that
restoration of leptin action within just the ARC is sufficient to normalize blood glucose
levels in LepRb deficient mice or rats [44,103], with recent data strongly implicating arcuate
AgRP neurons [104]. Additional work focused on signaling events downstream of LepRb
collectively indicate that PI3K, but not STATS3 signaling, mediates the effects of leptin on
glucose homeostasis. Mice lacking leptin-induced Stat3 signaling do not exhibit the marked
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hyperglycemia observed in db/db mice [98]. Conversely, pharmacological inhibition of
P13K signaling prevents leptin-enhanced insulin sensitivity and glucose tolerance [44], and
POMC-specific ablation of PI3K signaling alters glucose homeostasis [105]. These data
strongly implicate the ARC as a critical site for leptin-dependent regulation of blood glucose
homeostasis.

Leptin’s effect on blood glucose homeostasis is further processed via downstream systems
that regulate the autonomic nervous system. For instance, leptin acts in the hypothalamus to
suppress hepatic glucose production, and vagal innervation of the liver is an important
component of this effect [106]. Similarly, leptin alters glucose and lipid metabolism in
peripheral tissues via sympathetic outflow and activation of AMPK signaling [45,46]. Thus,
central leptin action is linked to autonomic pathways that control hepatic glucose production
and peripheral tissue glucose disposal. Leptin also engages pathways which indirectly
contribute to blood glucose levels. For instance, anorexic leptin action limits the
introduction of carbohydrate to the system, while both leptin and insulin act within the CNS
to alter peripheral lipid metabolism [107] (Fig. 3E).

Finally, the glucose lowering effect of brain leptin action involves both insulin-dependent
and insulin-independent mechanisms. Considering insulin’s established role in the
regulation of blood glucose homeostasis, several experiments have established that leptin
acts to improve insulin sensitivity [44,106,108]. Yet in addition to this insulin sensitizing
effect, recent studies indicate that leptin also lowers glucose levels independently of insulin.
This insulin independent effect was convincingly shown in mice and rats with ablated
pancreatic B-cells and insulin-deficiency using streptozotocin (STZ) treatment, where central
leptin fully normalizes their severe hyperglycemia [109]. Leptin receptor expression solely
within GABA and POMC neurons is sufficient to mediate this glucose lowering effect of
leptin. AgRP neurons are GABAergic neurons, and thus these data could implicate AgRP
and POMC neurons as key populations in leptin’s antidiabetic effects [110]. However, the
majority of leptin receptor expressing neurons signal via GABA, so that it is not entirely
clear if other non-ARC neurons contribute to the glucose lowering effect of leptin. Taken
together, these data not only demonstrate the powerful effects of central leptin action to
control blood glucose, they also indicate that this effect does not require insulin. This brain
centered glucoregulatory system has therefore been postulated to contribute significantly to
the regulation of blood glucose via mechanisms that are independent of, but synergize with,
the classic insulin-dependent model of blood glucose homeostasis [100].

Leptin’s ability to regulate blood glucose independent of food intake and body weight
provides strong evidence that leptin is not just an appetite or obesity hormone. Instead,
leptin acts in the brain to coordinate a series of physiological responses, with blood glucose
homeostasis being a critical and perhaps primary endpoint. Except for a relatively small
number of leptin deficient humans, leptin has been largely ineffective in the clinical
treatment of obesity. In contrast, leptin has shown positive effects in reducing the
hyperglyce-mia associated with leptin-deficient lipodystrophy, and there is enthusiasm that
leptin may also be an effective clinical treatment for insulin deficient, Type 1 diabetes [111].
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7. Conclusion and perspective

Over the last 20 years much has been learned about the distinct physiological functions
regulated by leptin and the central circuits that mediate these leptin-dependent effects. The
result is a more comprehensive understanding of the complex network that underlies leptin
regulated feeding behavior and other homeostatic functions. Several LepRb expression sites
remain unstudied and their physiological function is unclear. Specifically, the role of higher
brain structures, like sensory and prefrontal cortices, and their integration into homeostatic
leptin action are not well understood. The development of drugs to treat obesity has been
disappointing due to either safety issues or weight regain in the long term. It is hoped that a
more comprehensive understanding of neuronal circuits that control energy homeostasis will
help us to develop new strategies for the treatment of obesity.
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Abbreviations

ob/ob mice leptin deficient mice

db/db mice leptin receptor deficient mice
LepRb long form leptin receptor

ARC arcuate nucleus

CNTF ciliary neurotrophic factor

BBB blood brain barrier

CvO circumventricular organ

ME median eminence

CSF cerebrospinal fluid

JAK2 janus-kinase-2

Y 985/1077/1138 tyrosine residues 985/1077/1138
SHP-2 src homology-2 domain protein
MAPK mitogen-activated-protein-kinase
STAT3/5 signal-transducer-and-activator-of transcription-3/5
pSTAT3 phospho-STAT3

SOCS-3 suppressor-of-cytokine-signalig-3
PTP1B phosphotyrosinephosphatase-1B
HFD high-fat-diet

POMC pro-opiomelanocortin
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CART cocaine-and-amphetamine-regulated-transcript
AgRP agouti-related-protein
NPY neuropeptide Y
IRS insulin-receptor-substrates
PI3K phosphoinositol-3-kinase
mTOR mammalian-target-of-rapamycin (mTOR)
AMPK 5’-adenosine monophosphate-activated protein kinase
PVN paraventricular nucleus
LHA lateral hypothalamic area
MC4R melanocortin-4-recepotors
GABA y-amino-butyric-acid
PB parabrachial nucleus
NTS nucleus of the solitary tract
GLP-1 glucagone-like-peptide-1
DA dopamine
VTA ventral tegmental area
NAc nucleus accumbens
BAT brown adipose tissue
UCP1 uncoupling protein-1
DMH/DHA dorsomedial hypothalamus and dorsal hypothalamic area
POA preoptic area
RPa raphe pallidus
TRH thyroid releasing hormone
STZ streptozotocin.
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Fig. 1.

I\/Igchanisms of central leptin access. Schematic drawing depicting the border at the level of
the median eminence (ME) and arcuate nucleus (ARC) as an example to show different
mechanisms of central leptin access. A. Saturable transport of leptin across the blood brain
barrier (BBB). B. Direct access of leptin receptor neurons to the circulation via projections
close to fenestrated capillaries (perivascular space) in circumventricular organs (CVO’s, e.g.
median eminence, area postrema, organum vasculosum). C. Leptin transport via tanycytes
into cerebrospinal fluid (CSF) in the ventricular space (e.g. the third ventricle, 3V).
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Fig. 2.
Leptin signaling pathways and cellular leptin resistance. Schematic drawing of signaling

pathways induced via the long form leptin receptor (LepRb). PI3K = phosphatidylinositol-3-
kinase; IRS = insulin receptor substrate; JAK2 = janus kinase-2; ER = endoplasmatic
reticulum, STAT = signal-transducer-and-activator-of-transcription; SOCS-3 = suppressor-
of-cytokine-signaling-3; PTP1B = phosphotyrosine phosphatase 1B; TSC1/2 = tuberous-
sclerosis1/2; mTOR = mammalian-target-of-rapamycin; pS6 = phosphorylated ribosomal
protein S6; AMPK = AMP-activated protein kinase; ACC = acetyl-CoA carboxylase; SHP-2
= src-homology-2 containing phosphotyrosine phosphatase 2; MAPK = mitogen-activated-
protein-kinase.
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Fig. 3.

antral LepRb expression sites and related neuronal circuits. Leptin acts on diverse central
circuits to regulate distinct aspects of energy homeostasis. A—E: Examples of select central
circuits that have been studied in more detail for leptin function. Many other LepRb
populations (gray areas in top panel) remain to be studied and integrated into a
comprehensive picture of energy homeostasis. Specifically higher, cortical brain structures
and descending effector pathway have not been well integrated into leptin regulated energy
homeostasis. PVN = paraventricular nucleus; ARC = arcuate nucleus; NTS = nucleus of the
solitary tract; AgRP = agouti-related-peptide; POMC = proopiomelanocoritin; CeA =
amygdala; IPB = lateral parabrachial nucleus; GABA = y-aminobutyric acid; Glu =
glutamate; Nac = nucleus accumbens; LHA = lateral hypothalamic area; VTA = ventral
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tegmental area; POA = prooptic area; DMH = dorso-medial hypothalamus; RPa = raphe
pallidus; SNS = sympathetic nervous system, DMV = dorso-motor complex of vagus; PAG
= periaqueductal gray; SCs = sensory cortex; HPC = hippocampus.
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