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Abstract
The binding of leptin to hypothalamic neurons elicits inhibition of orexigenic NPY/AgRP neurons
and stimulation of anorexigenic POMC/CART neurons. Projections of serotonergic neurons onto
POMC neurons suggest that leptin and serotonin converge onto POMC neurons to regulate body
weight. We probed the interaction of these pathways by generating transgenic mice overexpressing
leptin (LepTg) without 5HT2c receptors. On a chow-diet, the lean phenotype of LepTg mice was
unaffected by the absence of 5HT2c receptors, whereas on a high fat diet, LepTg/5HT2c receptors
knockout mice showed an exacerbation of diet-induced obesity. POMC mRNA levels were low in
LepTg, 5HT2c receptors knockout and LepTg/5HT2c receptors knockout mice, demonstrating that
perturbations of the 5HT2c receptor and leptin pathways either alone or in combination, negatively
impact on POMC expression. Thus, on a chow diet, leptin action is independent of 5HT2c receptors
whereas on a high fat diet 5HT2c receptors are required for the attenuation of obesity.

INTRODUCTION
Leptin activates neurons located in the mediobasal hypothalamus as well as in the brainstem
[1,2]. The abundance of leptin receptors in the hypothalamus suggests that these regions are
intimately associated with the regulation of food intake. Leptin receptors have been identified
in orexigenic neurons that express neuropeptide Y (NPY), agouti-related protein (AgRP) and
anorexigenic proopiomelanocortin (POMC), cocaine-and-amphetamine-regulated transcript
(CART) peptides that are located in the ventromedial and ventrolateral arcuate nucleus,
respectively, [3,4]. Leptin affects these two populations of neurons in opposite directions
resulting in inhibition of NPY/AgRP neurons and stimulation of POMC/CART neurons [5–
7].

Thus, in a physiological milieu of low leptin levels (as in fasting), the orexigenic pathway
defined by NPY and AgRP is activated whereas the anorexigenic pathway mediated by POMC
and CART neurons is inhibited. The location of NPY/AgRP and POMC/CART neurons in the
arcuate nucleus (ARC) region of the hypothalamus define some the first-order of neurons
directly responsive to leptin whereas other neurons located in the lateral hypothalamic area
and in the perifornical area receive axonal projections from the ARC and constitute a second
order set of neurons [5]. While serotonin has been implicated in the control of eating behavior
and body weight [8], serotonergic neurons in Raphe nuclei of the brainstem contain leptin
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receptor mRNA and may be targets for leptin’s action [9]. Conversely, serotonin agonists
activate POMC neurons [10], an effect that is contributed by a projection of serotonergic
neurons to the arcuate nucleus [11]. Although serotonin binds to a variety of 5-
hydroxytryptamine (5HT) receptors, the 5HT2c receptor (5HT2c-R) has gained particular
interest in the regulation of food intake, namely because 5HT2c-R deficient mice exhibit late-
onset obesity caused by abnormal feeding behavior [12]. Thus, mechanisms involving leptin-
mediated melanocortin pathways as well as serotonin pathways appear to converge onto POMC
neurons.

Transgenic mice overexpressing leptin (LepTg) fed a chow diet, have a reduced food intake,
are lean and exhibit a severe lipodystrophy [13], which are altogether presumably owed to an
overstimulation of the leptin-melanocortin axis. Paradoxically, these LepTg mice develop
precipitous diet-induced obesity [14], thus serving as a switching animal model of leptin
sensitivity and resistance states. In this study, we set out to determine whether 5HT2c receptors
are required for the in the dual phenotypes of the LepTg mice and what would be the impact
of their absence to the LepTg phenotypes. First, we asked whether inactivation of POMC
signaling from the 5HT2c receptors, would revert or attenuate the effects of leptin
overexpression by reverting the lean phenotype of the LepTg mice. Second, we asked to what
extent would a leptin resistant state, which results in decreased leptin signaling to POMC
neurons, be affected by inactivation of the leptin-independent anorectic arm of the POMC
pathway via deletion of 5HT2c receptors. To address these two questions, we crossed the LepTg
mice with the 5HT2c-R null mice to generate LepTg mice with and without 5HT2c receptors.
Briefly, our results demonstrate that the absence of 5HT2c receptors from LepTg mice fails to
affect their lipodystrophy on the chow diet, but exacerbates their obesity on the high fat diet.
These findings demonstrate the dispensability of 5HT2c receptors in leptin action during a
chow diet and their indispensability for the attenuation of DIO. We also show that the latter
effect is partly mediated by a disturbance in the expression of the neuropeptides NPY, AgRP
and POMC.

MATERIALS AND METHODS
Generation of mice overexpressing leptin in the absence of 5HT2c receptors

The UCSF Committee on Animal Research approved all experimental procedures in this study.
5HT2c receptor knockout (5HT2c-R-KO) and LepTg mice were previously described [12,
13] and backcrossed each for over 15 generations onto the C57BL/6J genetic background. We
crossed LepTg males with heterozygous 5HT2c-R-KO females and generated 4 groups of male
mice consisting of normal, heterozygous LepTg, hemizygous 5HT2c-R-KO (The 5HT2c
receptor is on the X chromosome) and heterozygous/hemizygous LepTg/5HT2c-R-KO mice.
All mice were genotyped by PCR as previously described [12–13]. All mice in this study were
males.

Body weights, food intake and fat pad weights
The LepTg mice were weaned at 6 weeks of age due to their cold susceptibility [13]. Body
weights were monitored from 6–8 weeks of age to the nearest 0.1 g with an Ohaus precision
scale from normal (n=8), LepTg (n=4), 5HT2c-R-KO (n=11) and LepTg/5HT2c KO (n=6)
mice. At 8 weeks of age, four mice from each group were housed individually and monitored
for food consumption over 10 days by periodically weighing the chow pellets on the wiretop
of the cage, then killed to determine epidydimal white adipose tissue mass (WAT) since
epididymal fat is the only fat depot that is present in the LepTg mice.
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High fat diet treatment and metabolic assays
At 8 weeks of age, mice from the 4 groups (normal, n=7; LepTg, n=4; 5HT2c-R-KO, n=7;
5HT2c-R-KO/LepTg, n=5) were fed a high fat diet (Research Diets, Formula D12079B
containing 40% kcal as fat, 43% kcal as carbohydrates and 17% kcal as protein with a total
energy density of 4.7 kcal/g) for 12 weeks. Six weeks after the initiation of the high fat diet,
food consumption of the individually housed mice was determined over 7 days as described
above. At the end of the high fat diet treatment, the mice were brought to the laboratory from
the mouse room in the afternoon, anesthetized with 2% Avertin, bled through the retrorbital
and the resulting plasma frozen at −80°C. Glucose levels were determined at the time of killing
using a Glucometer. Mouse leptin and insulin levels were quantitated with radioimmunoassay
kits from Linco (St. Charles, MO).

Quantitation of neuropeptide mRNA expression
At the end of the high fat diet treatment, all mice were killed and their hypothalami removed,
immediately frozen in liquid nitrogen and stored at −80°C. RNA was extracted from each
hypothalamus with the Trizol reagent (Invitrogen, CA) according to the manufacturer’s
recommendations. Approximately 10 g of RNA were reverse transcribed into cDNA using
MMLV reverse transcriptase and random hexamers according to standard procedures. The
resulting cDNAs were then used in subsequent amplification reactions. Briefly, cDNAs were
amplified in either duplicates or triplicates in microtiter plates on the MJ Research Opticon
realtime PCR cycler using a sybergreen dNTP mix (Qiagen, CA). All PCR primers yielded
single PCR products as visualized by gel electrophoresis. The PCR primers for NPY (111 bp)
were 5′ CTCGTGTGTTTGGGCATTCT3′ and 5′GTAGTGTCGCAGAGCGGAGT3′, AgRP
(115bp) 5′TTCCCAGGTCTAAGTCTGAATGGC3′ and 5′
ACTCGCGGTTCTGTGGATCTA3′, POMC (116 bp) 5′ TTG CAT CCG GGC TTG CAA A
3′ and 5′ AGCGGAAGTGACCCATGACGTA 3′, CART (107 bp) 5′
GCTATGTTGCAGATCGAAGCGT 3′ and 5′AGCGTCACACATGGGGACTT 3′ and
cyclophilin (162 bp) 5′ ATAATGGCACTGGCGGCAGG 3′ and 5′
CCATCCAGCCATTCAGTCTTGG 3′. Reactions were denatured for 5 minutes at 95°C
followed by 45 cycles at 95°C, 54.8°C, 72°C for 30 seconds each. Relative expression levels
were calculated by the software Q-GENE [15,16] after selecting Ct values for each target and
reference genes in the linear portion of the amplification plot and taking into account the slope
m of each the target and reference genes standard curves according to the formula:

Amplification constant K = 10(−1/m); Normalized expression = K (cyclophilin)Ct reference / K(target gene)Ct target

All realtime amplifications reactions were carried out on the same cDNAs such that relative
expression levels could be compared across the 4 groups. Relative quantities of cDNA obtained
by realtime PCR for each amplicon were normalized to the means of the normal group in order
to compare the ratios of orexigenic and anorexigenic peptides in the experimental groups.

Statistical analysis
Data are expressed as means and s.e.m. and were evaluated for statistical significance by
student’s t-test for a two groups comparison or for multiple groups with analysis of variance
(ANOVA) followed by post-hoc tests.

RESULTS
LepTg mice without 5HT2c receptors remain lipodystrophic

Four groups of mice resulted from the cross between heterozygous LepTg males and
heterozygous 5HT2c-R-KO female mice. These were normal, hemizygous 5HT2c-R-KO,

WANG and CHEHAB Page 3

Biochem Biophys Res Commun. Author manuscript; available in PMC 2007 December 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



heterozygous LepTg and heterozygous/hemizygous LepTg/5HT2c-R-KO mice. On a chow
diet and from 6–8 weeks of age, the body weights of the 4 groups of mice fell in two distinct
groups consisting of high and low body weights (Fig. 1A). In the high body weight group, were
normal and 5HT2c-R-KO mice and in the lower body weight group were the LepTg and LepTg/
5HT2c-R-KO mice. The body weights of normal vs. 5HT2c-R-KO mice and LepTg vs. LepTg
5HT2c KO mice did not significantly differ from each other. However, the body weights of
both LepTg mice with or without 5HT2c receptors were significantly lower than those of
normal and 5HT2c-R-KO mice (p<0.01 in each comparison) by approximately 5g. Whereas
the non-significant differences between normal and 5HT2c-R-KO mice and the significant
differences between normal and LepTg mice are consistent with previous observations [12,
13], the lack of significant differences in body weights between LepTg and LepTg/5HT2c-R-
KO mice is novel and bears important implications for the downstream mechanisms of leptin
action. Consistent with the body weights of mice in the four groups, the WAT mass of the
LepTg/5HT2c-R-KO mice was significantly less than either normal or 5HT2c-R-KO mice
(p<0.01 in each comparison) and essentially indistinguishable from the minute WAT mass of
LepTg mice (Fig. 1B). This new finding demonstrates that the phenotype of LepTg/5HT2c-R-
KO mice defaults back to that of LepTg mice, revealing that mechanisms underlying the leptin-
mediated lipodystrophy of LepTg mice are independent of 5HT2c receptors. Broadly, our
findings suggest the absence of a critical link between leptin action and the serotonergic system
mediated by 5HT2c receptors on a chow diet. Furthermore, a 15–16% reduction in food intake
was found in LepTg and LepTg/5HT2c-R-KO mice compared to their respective controls
(p<0.05) (Fig. 1B).

Exacerbation of DIO in LepTg mice without 5HT2c receptors
Fig. 2A shows the changes in body weight among the 4 groups as a result of the HFD treatment.
The increase in body weights of the LepTg/5HT2c-R-KO mice at the end of the HFD treatment
consisted of 100.5±14.9% compared to 63± 7.5%, 48±7.6% and 40.5±5.3% in LepTg, 5HT2c-
R-KO and normal mice, respectively. Although the body weights of the normal and 5HT2cR
KO mice fed the HFD followed a similar trend to that previously observed [17], it is likely that
the lack of statistical significance between these two groups may have been caused by
differences in the types of high fat diet, which in our study contained 5% less fat and 8% more
carbohydrates than the original study [17].

The nature of the interaction between the leptin transgenic and 5HT2c-R-KO loci was
determined by subtracting the mean body weights of LepTg, 5HT2c-R-KO and LepTg/5HT2c-
R-KO mice from those of normal mice and then comparing the resulting values with each other,
thus asking whether such interaction was suppressive, additive or synergistic. Using this
analysis, we found that at the end of the HFD, the LepTg/5HT2c-R-KO mice had 60.1±9.5%
more elevated body weight than normal mice, whereas 5HT2c-R-KO and LepTg mice weighed
7.5±2.3% and 22.6±2.2%, more than normal mice, respectively. Thus, statistical comparison
of the normalized weights of the LepTg/5HT2c-R-KO mice vs. 5HT2c-R-KO and LepTg mice
revealed that the effect produced by the presence of these two loci in the same mouse (LepTg/
5HT2c-R-KO) was greater than the sum of the effects produced by these two loci separately
(LepTg+5HT2c-R-KO) (p<0.01), thereby revealing a positive epistatic interaction. To
determine adiposity in all mice, we measured at the end of the HFD treatment and in the
afternoon when leptin levels are the highest [18], endogenous circulatory mouse leptin levels,
which are proportional to fat mass and have been used as surrogate markers of adiposity [19–
20]. LepTg mice overexpress human leptin, which is not detected by the mouse RIA. We found
that leptin levels consisted in LepTg/5HT2c-R-KO mice of 106±35 ng/ml compared to 51±9
ng/ml, 36±8 ng/ml and 27± 4 ng/ml in LepTg, 5HT2c-R-KO and normal mice, respectively
(p<0.01 in each comparison). These values translate for the LepTg/5HT2c-R-KO mice into
increases of 4.1, 2.9 and 2.1 fold above those of normal, 5HT2c-R-KO, and LepTg mice,
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respectively (p<0.01 in each comparison). Similarly, the circulating insulin levels in LepTg/
5HT2c-R-KO mice reached 9.6±2.2 ng/ml and were 2.9, 2.3 and 2.2 fold over those of normal,
5HT2c-R-KO and LepTg mice, respectively (p<0.05 in each comparison). Glucose levels and
food consumption were not significantly different in mice across the 4 groups. (Fig. 2B).

Neuropeptide gene expression in DIO
Quantitation of the relative mRNA expression levels of the orexigenic peptides NPY, AgRP
and anorexigenic peptides POMC, CART in the hypothalamus of mice fed the HFD (Fig. 3)
revealed that CART was the highest expressed, but nevertheless not significantly different
across the 4 groups. However compared to normal mice, NPY and AgRP levels, were
significantly lower in the 5HT2c-R-KO mice, but not in LepTg and LepTg/5HT2c-R-KO mice.
In contrast compared to normal mice, POMC levels were significantly decreased in all
experimental groups by approximately 60% (p<0.01 in each group). Altogether, these
determinations show that relative to normal mice, the 5HT2c-R-KO mice display low AgRP,
NPY and POMC levels whereas the LepTg and LepTg/5HT2c-R-KO mice have low POMC
and elevated NPY/AgRP levels.

DISCUSSION
Antagonism at the melanocortin 4 receptor by agouti related protein (AgRP) and α-MSH is a
well-established downstream effector of leptin signaling, however, other factors, which feed
into these pathways, may contribute to the cascade of events initiated by leptin. Of these, the
serotonergic system has been implicated in the regulation of appetite and body weight [8,21,
22]. A supporting a role for 5HT2c receptors in energy metabolism was the finding that 5HT2c-
R-KO mice are hyperphagic, obese and under specific dietary manipulations predisposed to
diet-induced obesity [17]. Furthermore, stimulation of the 5HT2c/1B receptor in rats resulted
in decreased food intake and activation of neuronal activity in a manner similar to that induced
by the anorectic drug D-fenfluramine, which was previously used to treat obesity [11]. Thus,
the question arises whether a significant crosstalk exists between the 5HT2c receptor pathway
and the leptin pathway such that it would impact on the phenotypes of the LepTg mice.

Our findings that the LepTg mice are lean and almost fatless on a chow diet (13) but gain
substantial amounts of fat when fed a high fat diet (HFD) (14) provides an experimental model
to study the interaction of the 5HT2c receptor and leptin pathways. Thus, we investigated via
a genetic strategy, the role of 5HT2c receptors in LepTg mice. Our findings that the LepTg/
5HT2c-R-KO mice are similar in weight and adiposity to LepTg mice with intact 5HT2c
receptors demonstrate that leptin has a greater effect on body weight than 5HT2c-R signaling.

Thus, 5HT2c receptors may not constitute a critical component of the overall leptin pathway
with respect to body weight and adiposity. Rather, our data complement previous findings
[17] by strongly supporting the concept that the serotonergic system mediated by 5HT2c
receptors regulates body weight and food intake via a neuronal circuitry different from that of
leptin.

The cross between the LepTg and 5HT2c-R-KO mice followed by a HFD addressed the
question whether these two predispositions to DIO [12,14] would attenuate or exacerbate the
DIO of either strain, thus defining the roles of their individual or combined pathways. Our
findings indicate that these two predispositions synergistically interact to exacerbate DIO.
Thus, the coupling of a hyperactive leptin pathway at the beginning of the HFD coupled with
loss of 5HT2c-R function results in severe DIO. A corollary of this finding would suggest that
presence of 5HT2c receptor signaling might actually attenuate DIO.
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The nature of the mechanisms that underlie these differential effects on body weight and
adiposity in LepTg mice with and without 5HT2c receptors was addressed by measuring the
relative expression levels of the orexigenic neuropeptides NPY, AgRP and anorexigenic
neuropeptides POMC and CART, which are respectively downregulated and upregulated by
leptin [3–7,23–26].

Our findings that the LepTg, 5HT2c-R-KO and LepTg/5HT2c-R-KO mice have relatively low
and similar POMC levels suggest that perturbations in the 5HT2c-R and leptin pathways
downregulate POMC expression to the same extent, precluding their differential phenotypes
based on POMC expression alone.

Although, the elevated AgRP and NPY levels in LepTg and LepTg/5HT2c-R-KO but not
5HT2c-R-KO mice may account at least partly, for the shift of the leptin pathway from catabolic
on the chow diet to anabolic on the high fat diet, their differential phenotypes is likely to be
accounted for by the dysregulation of additional neuropathways regulating energy balance,
such as leptin signaling defects [27] in intra and extra hypothalamic brain regions [28,29].

In summary, our findings demonstrate that during low fat feeding states, mechanisms
downstream or independent of leptin signaling do not appear to require the presence of 5HT2c
receptors as determined by the continuous lipodystrophy of LepTg/5HT2c-R-KO mice.

Conversely, the exacerbation of DIO inflicted upon HFD fed mice with two genetic
susceptibilities to DIO indicates that the presence of 5HT2c receptors actually attenuates DIO,
which may be caused at least in part by a disturbance in the relative ratios of POMC, AgRP
and NPY levels. The extension of our findings suggest that although obesity treatment
modalities aimed at 5HT2c receptors or the leptin/melanocortin pathway might be beneficial
in DIO, a greater benefit could be derived from simultaneous pharmacological targeting of
both pathways resulting possibly in synergistic therapeutic effects.
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Figure 1.
Interaction of leptin overexpression with absence of 5HT2c receptors during a chow diet. (a)
Body weights of normal, LepTg, 5HT2c-R-KO and LepTg/5HT2c-R-KO mice from 6–8 weeks
of age. Statistical significance among the four groups is discussed in the text. (b) Epidydimal
white adipose tissue mass (WAT) and 10-day cumulative food intake of 4 mice from each of
group. ** and * denote p<0.01 and p<0.05, respectively.
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Figure 2.
Interaction of leptin overexpression with absence of 5HT2c receptors during a HFD. (a)
Changes in body weights of mice from the 4 groups during the course of the HFD. (b)
Circulatory levels of endogenous leptin, insulin, and glucose at the end of the HFD. 7-day food
consumption in mice from the 4 groups 6 weeks after the initiation of the HFD. ** and * denote
p<0.01 and p<0.05, respectively.

WANG and CHEHAB Page 10

Biochem Biophys Res Commun. Author manuscript; available in PMC 2007 December 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 3.
Relative mRNA expression levels of the neuropeptides NPY, AgRP, POMC and CART in the
hypothalamus of normal, 5HT2c-R-KO, LepTg and LepTg/5HT2c-R-KO mice at the end of
the HFD. * p<0.05; ** p<0.01.
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