
Towards a serotonin-dependent leptin roadmap in the brain

Franck Oury and Gerard Karsenty
Columbia University, Department of Genetics and Development, Hammer Health Science Center,
701 West 168th Street, New York, NY 10032, USA

Abstract
Leptin exerts control over energy metabolism, reproduction and bone mass accrual, raising the
question does leptin act through a common neuronal circuit to mediate these effects? Historically,
the hypothalamus has been viewed as the site for leptin signaling in the brain. Recent genetic
studies, however, indicate that these physiological functions, notably the regulation of appetite and
bone mass accrual by leptin, take place for the most part through inhibition of serotonin (5-
hydroxytryptamine) synthesis and release by brainstem neurons. Here, we review how these
findings have redefined the roadmap of leptin signaling in the brain. This has led to proof-of-
principle studies showing that selective inhibition of the leptin–serotonin axis is a viable
therapeutic approach to treat appetite disorders.

Questions raised by the discovery of leptin
The discovery of leptin has been a major advance of modern endocrinology. With its
discovery came the appreciation that: (i) appetite is molecularly controlled; (ii) adipose
tissue is an important endocrine organ; and (iii) despite being produced by adipocytes, leptin
fulfills its function by acting in the brain [1–6]. Initially leptin functions were thought to be
limited to inhibiting appetite and favoring energy expenditure and reproduction; the
enthusiasm generated by leptin discovery overshadowed the surprising fact that leptin is
specifically expressed in vertebrates [7–9]. This observation was revealing because appetite,
energy expenditure and reproduction, the three functions initially described for leptin, are
also present in invertebrates. Perhaps even more interesting is that leptin appeared in
evolution at the same time as vertebrates, and then became restricted to bony vertebrates
[8,9].

Another question that arose from the discovery of leptin was whether its function is indeed
limited to energy metabolism and reproduction. Although not impossible, this would be
unusual for two reasons. First, most hormones have a broad spectrum of action; second,
energy metabolism and reproduction are dependent upon and affect many other aspects of
whole-body physiology. A final question that arose in elucidating the mode of action of
leptin was to define the precise road map of leptin signaling in the brain, a process that has
been rather elusive. Here we review how answers to these seemingly independent questions
are interlinked, at least in part, through a leptin–serotonin axis.

A broader view of leptin biology
Why does leptin appear specifically in bony vertebrates? Is this an irrelevant oddity of
biology or it is significant? Moreover, why did a hormone that limits food intake arise
during evolution at a time when food was scarce? Answers to evolutionary questions are
always subject to speculation and difficult to prove. This limitation being acknowledged,
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two observations suggest a solution to this conundrum. Those observations emerged from
testing the hypothesis that energy metabolism is coordinately regulated with bone mass
accrual, or bone growth, to prevent vertebrates from growing when there is no food, in other
words when an energy supply is unavailable. Genetic experiments have established that
leptin is a powerful inhibitor of bone mass accrual: in the absence of leptin, mice and
humans have increased bone mass [1,6]. This is an biological tour de force because mice
and humans lacking leptin signaling are also hypogonadic, a condition that typically leads to
bone loss rather than increased bone mass [3,4,10–14]. Is this an anecdotal finding that
deserved to be ignored, despite the fact that during evolution leptin appeared at the same
time as bone, or does it help us to understand leptin biology? One experiment among many
indicates that the latter is true. After groundbreaking work deciphering the function of
different types of phosphorylation of the leptin receptor (LepR), the group of M. Myers
engineered a mouse strain harboring a Lepr mutation conferring partial gain of function in
leptin signaling [15]. Because it is only a partial gain of function, this mutant mouse strain,
known as l/l, allowed a hierarchy of leptin functions to be uncovered. Remarkably, l/l mice
did not demonstrate, as one would expect, an increase in appetite when fed a normal diet,
nor did they show an increase in fertility. In fact, l/l mice appeared normal when fed a
normal diet except for one aspect: they demonstrated low bone mass – in other words
osteoporosis affecting axial and peripheral skeleton alike [16]. This experiment showed that
the threshold of leptin signaling that is necessary to inhibit bone mass accrual is lower than
the one needed to inhibit appetite or to favor fertility. These genetic data supported a more
complex view of leptin biology in which the overarching role of leptin would be to
coordinate bone growth and food (i.e. energy) intake. This raised the possibility that the
neuronal circuitry used by leptin to affect these two functions could overlap or even be
identical.

Leptin signaling in the brain: the hypothalamus and much more
Although the l/l mouse model provided convincing evidence for the dual role of leptin in
bone and energy metabolism, the question remained of how coordinated regulation takes
place in the brain. The hypothalamus has been viewed as the focal point of leptin signaling
[1,4,5,11,14,17,18], this is justified by many observations and in large remains true. The first
evidence for this, of correlative nature, is that the hypothalamus is implicated in the control
of many homeostatic functions. Because the control of appetite, reproduction and growth is
a homeostatic function, it makes biological sense to examine the hypothalamus as a nexus
for leptin signaling. Additional evidence suggesting that the hypothalamus plays a role in
leptin signaling comes from experiments conducted in the 1940s in which physiologists used
chemicals to destroy neurons of the arcuate or ventromedial hypothalamus (VMH) nuclei
and observed that rats became hyperphagic with a decrease in energy expenditure [5,19–23],
similar to that observed in leptin-deficient (ob/ob) mice [1,3,11,14,2]. Furthermore,
chemical destruction of VMH neurons in mice resulted in a high bone mass phenotype that
could not be corrected by intracerebroventricular infusion or injection of leptin [5]. A third
line of evidence suggesting that leptin signaling takes place in the hypothalamus is that Lepr
is more highly expressed in neurons of the arcuate and VMH nuclei than in most other parts
of the brain [4]. Finally, intracerebroventricular (ICV) infusion of leptin, which includes the
hypothalamus, corrects the phenotypes observed in ob/ob mice [1,5,24]. These seemingly
strong data, however, were squarely contradicted by one landmark genetic experiment that
ultimately changed the field.

In 2004, the groups of Elmquist and Lowell selectively inactivated the leptin receptor gene
specifically in VMH or in arcuate neurons [25]. Although one can always argue that the Cre
deleter they used to ablate this gene in these neurons did not cause 100% deletion, the results
were as stunning as they were unexpected. Mice lacking leptin receptor in VMH and/or in
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arcuate neurons had a normal appetite when fed normal chow, were fertile, and had normal
bone mass [25,26]. Were these genetic experiments contradicting the previous body of work,
as was initially feared, or were they enriching it? The chemical lesion experiments
demonstrated that leptin cannot regulate energy expenditure, reproduction and bone mass if
specific neuronal populations and connections are destroyed or disrupted in the
hypothalamus [5]. On the other hand, the genetic experiments showed that leptin does not
need to signal in VMH and acruate neurons to regulate appetite, reproduction and bone mass
accrual [25,26]. Therefore, the ‘old’/chemical and the ‘new’/genetic data complement each
other, suggesting a new and testable hypothesis that leptin might signal elsewhere in the
brain to favor or inhibit the synthesis of one or several neuropeptides, and these then act on
VMH and/or arcuate neurons of the hypothalamus. Before going further in explaining the
verification of this hypothesis, we should underscore the sobering fact that if the classical
chemical lesion experiments had not been performed, the results from the genetic
experiments would have been misleading.

Leptin: a brake on brain-derived serotonin signaling
As often happens, the clinic was able to provide an alternative viewpoint to this leptin
conflict and suggested a key experiment. Serotonin reuptake inhibitors are a class of drugs
widely used in psychiatry, that have side effects of osteoporosis and hyperphagia; this led
clinicians to hypothesize a yet-to-be-defined relationship between brain-derived serotonin,
bone mass accrual, and appetite [27–31]. Serotonin is a bioamine synthesized in neurons of
the brainstem and in enterochomaffin cells of the duodenum by two distinct enzymes:
tryptophan hydroxylase 2 (Tph2) in the brain and tryptophan hydroxylase 1 (Tph1) in the
duodenum [26,32,33]. Moreover, and importantly, serotonin does not cross the brain–blood
barrier [34]. In other words, inactivation of Tph2 in the mouse would result in a mutant
mouse strain lacking serotonin in the brain but with a normal pool of peripheral serotonin.
These Tph2-null mice demonstrate severe osteoporosis, a decrease in appetite and an
increase in energy expenditure. As a result, they are markedly leaner than wild-type
littermates [26,35,36]. Axon guidance experiments unambiguously demonstrated
connections between serotonergic neurons of the brainstem and arcuate neurons of the
hypothalamus where the ultimate control of appetite takes place (Figure 1). Arcuate neurons
express two of the 14 serotonin receptors, Htr1a and Htr2b, and inactivation of each receptor
gene selectively in these neurons also resulted in a decrease in appetite (Figures 1 and 2).
Moreover, compound heterozygous mice lacking one copy of Tph2 and one copy of Htr1a
or Htr2b in arcuate neurons were also hypophagic [26]. The role of Htr1a in the control of
food intake is consistent with the pharmacological effects of its agonists or antagonists [37–
40]. Taken together, these experiments established that, similar to its role in invertebrates
[41,42], serotonin in vertebrates is an orexigenic molecule acting through two receptors,
Htr1a and Htr2b. However, for the sake of clarity we should mention here that several
studies have reported that other serotonergic receptors can also inhibit food intake [43–47].
These observations support the notion that serotonin regulates appetite positively or
negatively depending on the receptor it binds to.

The question remained, however, of what the orexigenic function of serotonin has to do with
the anorexigenic function of leptin. One way to look at serotonin and leptin function is to
hypothesize that leptin can inhibit appetite (and bone mass accrual, for that matter) by
decreasing the synthesis and/or the release of serotonin by brainstem neurons [26]. Several
experimental arguments demonstrated that this is the case in vivo [26,48]. These studies also
provided the first indication of the biological and medical importance of leptin regulation of
serotonin [36]. First, the signaling form of LepR was found to be expressed in serotonergic
neurons of the brainstem; furthermore, following leptin ICV infusion, transcription factor
Stat3 (signal transducer and activator of transcription 3), the predominant transcriptional
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mediator of leptin signaling [49–52], becomes phosphorylated in serotonergic neurons of
wild-type mice, but not of mice lacking Lepr selectively in these neurons [26]. Second,
peripheral injection of leptin into wild-type mice decreases Tph2 expression (i.e. brain
serotonin synthesis) in a dose- and time-dependent manner [26]. Third, Tph2 expression and
brainstem serotonin content increase over time in ob/ob mice [26]. Lastly, neurophysiology
experiments using whole-cell patch recording performed on brain slices showed that leptin
decreased action potential frequency in serotonergic neurons of wild-type mice but not of
mice lacking the leptin receptor in neurons expressing Tph2 [26]. These results showed that
leptin inhibits synthesis and release of serotonin by the brainstem neurons. Although
suggestive, the results did not prove that mechanistically this is how leptin affects bone mass
accrual and energy metabolism. This could only be achieved through gene deletion
experiments performed in the mouse.

Perhaps the most definitive proof that leptin inhibits appetite and favors energy expenditure
through inhibition of serotonin synthesis and release from the brainstem neurons came
through genetic means (Figure 1). This was carried out in two complementary ways. First,
removing one allele of Tph2 from ob/ob mice normalized brain-derived serotonin content
and also appetite and energy expenditure [26]. Second, removing both Tph2 alleles from ob/
ob mice resulted in a mouse model that was anorexic, despite having no leptin [26]. Instead,
this was a novel leptin-deficient mouse that was unable to produce serotonin, demonstrating
that the altered function of serotonergic neurons was responsible for the anorexic phenotype.

To explore the consequences for appetite and energy expenditure of inactivating leptin
signaling only in serotonergic neurons, the converse genetic experiment was performed
where the Lepr gene was deleted specifically in serotonergic neurons. A Cre-deletor mouse
strain (tamoxifen- inducible Tph2–CreERT2 mice) was used that could delete Lepr both
during development and after birth [36]. In the Tph2–CreERT2 mice, conditional CreERT2
was inserted at the Tph2 ATG in a bacterial artificial chromosome clone containing the
entire mouse Tph2 gene [36]. Gene deletion in these mice is only achieved following
treatment with tamoxifen (1 mg per 20 g body weight each day over 5 d). This treatment can
be performed any time during the lifespan of the mice, and even in adults. Whereas deletion
of Lepr in VMH or arcuate neurons did not, as shown previously by others [25], affect
appetite or energy expenditure in mice fed a normal diet, its inactivation in serotonergic
neurons resulted in a hyperphagic mouse with decreased energy expenditure, resembling the
ob/ob phenotype [26]. At the cellular level, deletion of the leptin receptor in serotonergic
neurons led to decreased diameter of Pomc-expressing neurons in the arcuate nuclei of the
hypothalamus and reduced perikaryal synapse density of Pomc-expressing neurons, again
similar to ob/ob mice [26]. Deletion of Lepr in serotonergic neurons resulted in a decrease in
Mc4r and Pomc-1 and an increase in Npy and Agrp expression, also similar to the changes
observed in ob/ob mice [28]. Even though deletion of the leptin receptor occurred during
development in these mice, the experiments suggest a more important role than anticipated
for leptin-mediated inhibition of serotonin synthesis in regulating bone mass accrual and
energy metabolism. Indeed, the observations suggest that leptin does not itself act in the
hypothalamus to regulate energy metabolism (or bone mass accrual), but instead it appears
to act in the brainstem to inhibit the synthesis and the release of serotonin that acts on
hypothalamic neurons to favor appetite (and bone mass accrual). This model was attractive
conceptually because it provided an anatomic, cellular and molecular basis for explaining
the coregulation exerted by leptin on both appetite and bone mass accrual. However, the
model does not apply to leptin regulation of fertility.
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The leptin–serotonin axis after birth; therapeutic implications
This model, although attractive and genetically verified, nevertheless raised legitimate
questions that needed to be addressed to strengthen its case. For example, could these results
be reproduced with an even more cell-specific Cre driver, for example in a Tph2–Cre mouse
that only expresses Cre in serotonergic neurons? Also, is this mode of action of leptin at
work in adult mice? In other words, was this merely a developmental defect? A third
question – if this model holds true, is it possible to correct the orexigenic phenotype of ob/ob
mice by inhibiting serotonin signaling?

The answer to the first two questions came from the use of the same Cre driver mouse
described above. Deletion of the leptin receptor from serotonergic neurons in six-week-old
mice using the Tph2–CreERT2 mice resulted in a massive increase of appetite and a decrease
in energy expenditure [26,36]. These results established that the leptin–serotonin axis
operates in adult mice. Addressing the third question of whether inhibition of serotonin
signaling could rescue the orexigenic phenotype of ob/ob mice was more delicate because
serotonin acts to inhibit appetite through two receptors on arcuate neurons, Htr1a and Htr2b.
On treating ob/ob mice with 20 mg/kg of an Htr1a inhibitor it was observed that food intake
by the mutant mice was 20–25% lower than in those treated with vehicle (Figure 3).
Moreover, when ob/ob mice were administered this compound daily for over one month, a
30% decrease of food intake and body weight was consistently reported [36]. Taken
together, these data demonstrated firmly an important mechanism in which leptin inhibits
appetite by decreasing brain-derived serotonin synthesis and/or release by the serotonergic
neurons of the brainstem, which signals in arcuate neurons through Htr1a receptor (Figures
2 and 3).

Concluding remarks: therapeutic implications
Do the data from this longstanding investigation into leptin signaling in the brain suggest
that leptin exclusively signals via this pathway in the brain? Of course not, and these
experiments do not pretend to suggest this. For example, it is known that leptin acts directly
in hypothalamic neurons to control glucose metabolism [18,2], and there could be additional
ways for leptin to regulate this process. What these genetic experiments clearly show is that,
for the most part, leptin-mediated regulation of appetite and energy expenditure takes place
by inhibiting serotonin synthesis and release in the brainstem neurons. From a therapeutic
point of view, the results of the experiments using a small-molecule inhibitor of signaling
through the Htr1a are obviously encouraging (Figure 2). The challenge facing chemists and
biologists alike is that this receptor is broadly distributed in the brain and therefore its
inhibition in other parts of the brain could cause unacceptable side effects. Another way to
achieve the same effect could be to identify molecules whose expression are regulated by
serotonin in the hypothalamus and which are more amenable to therapeutic intervention.
Thus, from these observations there is still a long and difficult road ahead to the treatment of
appetite disorders.
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Figure 1.
Brain-derived serotonin synthesis is initiated by hydroxylation of tryptophan, a rate-limiting
reaction performed by the enzyme tryptophan hydroxylase 2 (Tph2) in the neurons of the
dorsal and median raphe nuclei in the brainstem. Leptin, an adipocyte-derived hormone, can
directly inhibit serotonin production and release by the raphe nuclei neurons of the
brainstem. The action of leptin is mediated by LepR, also known as the leptin/obese receptor
ObRb, expressed on these neurons. The asterisks (*) represent the genes that were cell-
specifically inactivated.
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Figure 2.
The serotonergic neurons of the brainstem project to the ventromedial (VMH) and arcuate
(Arc) neurons of the hypothalamus. Brain-derived serotonin regulates bone mass accrual
positively after binding to Htr2c receptors in neurons of VMH, whereas serotonin binding to
the Htr1a and Htr2b receptors on neurons of the arcuate nuclei (Arc) favors appetite. The
inactivation of Htr1a receptor signaling in arcuate neurons by a selective antagonist can
inhibit the positive regulation of appetite by serotonin. Asterisks (*) represent the genes that
were cell-specifically inactivated.
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Figure 3.
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