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The atypical antipsychotic risperidone targets
hypothalamic melanocortin 4 receptors to cause

weight gain

Li Li*@®, Eun-Seon Yoo®*®, Xiujuan Li*@®, Steven C. Wyler'®, Xiameng Chen'®, Rong Wan'®, Amanda G. Arnold'®, Shari G. Birnbaum?*®,

Lin Jia>®, Jong-Woo Sohn®®, and Chen Liu"*®

Atypical antipsychotics such as risperidone cause drug-induced metabolic syndrome. However, the underlying mechanisms
remain largely unknown. Here, we report a new mouse model that reliably reproduces risperidone-induced weight gain,
adiposity, and glucose intolerance. We found that risperidone treatment acutely altered energy balance in C57BL/6 mice and
that hyperphagia accounted for most of the weight gain. Transcriptomic analyses in the hypothalamus of risperidone-fed mice
revealed that risperidone treatment reduced the expression of Mc4r. Furthermore, Mc4r in Sim1 neurons was necessary for
risperidone-induced hyperphagia and weight gain. Moreover, we found that the same pathway underlies the obesogenic
effect of olanzapine—another commonly prescribed antipsychotic drug. Remarkably, whole-cell patch-clamp recording
demonstrated that risperidone acutely inhibited the activity of hypothalamic Mc4r neurons via the opening of a postsynaptic
potassium conductance. Finally, we showed that treatment with setmelanotide, an MC4R-specific agonist, mitigated
hyperphagia and obesity in both risperidone- and olanzapine-fed mice.

Introduction

Antipsychotics are essential medications for millions of patients
combating a wide variety of neuropsychiatric conditions such as
schizophrenia, bipolar disorder, and autism spectrum disorders
(Meltzer, 2013). Despite their broad efficacy, many antipsychotic
drugs, especially atypical antipsychotics (AAPs), have been
associated with drug-induced metabolic syndrome, which is
characterized by excessive weight gain, dyslipidemia, and in-
sulin resistance (Gohlke et al., 2012). Although morbid obesity
and type 2 diabetes typically take years to manifest in the
general population, these conditions develop shortly after AAP
treatment (Rojo et al., 2015). On the other hand, while con-
siderable resources and efforts have been spent studying obe-
sity and diabetes in the general population, relatively little
progress has been made toward understanding or mitigating
AAP-induced metabolic disturbances.

AAPs bind receptors for multiple neurotransmitters in the
brain (Kaar et al., 2020). While the psychotropic effects are
largely attributed to the blockade of dopamine D2 receptor
(Drd2) and serotonin 2a receptor (Meltzer and Huang, 2008), the

neural mechanisms that underlie their untoward metabolic ef-
fects remain poorly understood. Genome-wide association and
candidate gene studies in human patients have identified a large
number of risk alleles/genes that include the serotonin 2c re-
ceptor (Htr2c; Ellingrod et al., 2005), histamine H1 receptor (Kim
et al., 2007; Kroeze et al., 2003), and a-2 adrenergic receptor
(Park et al., 2006), just to name a few. However, few have been
validated using genetic models in vivo (Lett et al., 2012). This is
due, in part, to the difficulty of recapitulating human metabolic
syndrome in animal models after chronic AAP treatment. For
example, the half-life of AAPs such as olanzapine is much
shorter in rodents (~3 h) than that in humans (~30 h; Mattiuz
et al., 1997). Furthermore, their rapid degradation in liquid sol-
utions hinders chronic drug delivery in animals (van der Zwaal
et al., 2008). Finally, genetic backgrounds appear to be an im-
portant modifier for AAP-induced metabolic disturbances in
mice (Zapata and Osborn, 2020).

Risperidone (Risperdal) is one of the most prescribed AAPs. It
can cause significant weight gain in both youths and adults
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(Pozzi et al., 2020). In the current study, we develop a new
mouse model that reliably reproduces risperidone-induced
weight gain, adiposity, and glucose intolerance. We then use a
combination of mouse genetic, transcriptomic, and electro-
physiological approaches to investigate the molecular under-
pinnings of these metabolic perturbations.

Results and discussion

We developed a risperidone diet by compounding risperidone
into a control diet (D09092903; Research Diets) so that the two
diets have the same macronutrient composition and energy
density (see Materials and methods). Moreover, when both diets
were available in the same cage, mice did not show a preference
between the two (Fig. S1 A), suggesting that the added risper-
idone did not significantly alter the valence of the control diet.
We found that C57BL/6 mice fed the risperidone diet (25 mg/kg
diet; D18041008; Research Diets) gained significantly more
weight (26.18 + 1.20 g vs. 15.41 + 0.91 g) than those on the
control diet over a 16-wk period (Fig. 1 A). Of note, a higher dose
(100 mg/kg diet; D18041007; Research Diets) did not further
exacerbate the weight gain (Fig. S1 B). Nuclear magnetic reso-
nance analyses revealed that the excessive weight gain was
largely due to an increase in fat mass (Fig. 1 B), which was
evident in both the inguinal white adipose and gonadal white
adipose tissues but not in the brown adipose tissue (BAT; Fig. S1
C). Consistent with this finding, H&E staining showed in-
creased lipid accumulation in inguinal white adipose tissue and
gonadal white adipose tissue of risperidone-fed mice (Fig. S1D).
Moreover, plasma levels of insulin, leptin, triglyceride, and
nonesterified fatty acids (NEFAs) were significantly higher in
these mice (Fig. S1, E-H).

Concomitant with obesity were perturbations in glucose
homeostasis. For example, risperidone-fed mice exhibited a
deficit in glucose clearance in a glucose tolerance test (GTT; Fig. 1
C). Despite augmented insulin levels, these mice had higher
levels of plasma glucose under the fed state and were resistant to
the glucose-lowering effect of insulin in an insulin tolerance test
(ITT; Fig. 1 D). Collectively, these findings show that dietary
supplementation of risperidone reproduces key symptoms of
risperidone-induced metabolic syndrome in humans.

To determine risperidone’s effects on energy intake and ex-
penditure, we monitored individual mice before and after ris-
peridone treatment using a fully automated metabolic chamber
system (PhenoMaster; TSE Systems). Mice were fed the control
diet during acclimation and the first 3 d of the recording before
being switched to the risperidone diet for the next 6 d. The le-
thargic effect of AAPs is deemed a potential contributor to
weight gain in humans (Wichniak et al., 2011). As expected,
upon risperidone exposure, physical activity plummeted during
the dark phase of a day when mice were otherwise most active
(Fig. 1 E). Meanwhile, indirect calorimetry analyses showed that
energy expenditure (EE; Fig. 1 F), as well as the respiratory ex-
change ratio (Fig. 1 G), increased after mice were fed the ris-
peridone diet. Remarkably, mice quickly developed hyperphagia
following the dietary switch, as they consumed more food dur-
ing both light and dark phases of a day (Fig. 1 H). Furthermore,
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meal pattern analyses showed that meal sizes increased in
risperidone-fed mice (Fig. S1 I), whereas meal frequency or
duration did not change (data not shown). Together, our data
demonstrate that risperidone rapidly alters multiple metabolic
parameters in mice.

Using a pair-feeding paradigm, we investigated whether
hyperphagia was the driving force behind weight gain. When
fed ab libitum, individually housed mice on the risperidone diet
gained significantly more weight and adiposity than those fed
the control diet over a 28-d period (Fig. 1, I-K). In the pair-fed
(PF) group, however, overeating was avoided by restricting
risperidone-fed mice to the same amount of food consumed by
those fed the control diet. We found that pair feeding completely
prevented the risperidone-induced increases in body weight and
adiposity (Fig. 1, I and J), suggesting that hyperphagia is the
primary cause of obesity in risperidone-fed mice.

To uncover the molecular mechanisms behind risperidone-
induced hyperphagia, we employed whole-transcriptome RNA
sequencing (RNA-seq) to investigate how risperidone globally
alters gene transcription in the hypothalamus—a critical regu-
lator of food intake (Xu et al., 2011). To this end, we dissected
hypothalami from mice fed either the risperidone (RISP_Ad.lib;
n = 7) or the control (Ctrl_Ad.lib; n = 7) diet for 28 d, along with
those from a third group of “PF” mice (RISP_PF; n = 6) that were
given the risperidone diet but limited to the same amount that
Ctrl_Ad.lib mice had consumed. At the time of tissue collection,
weight gain was significantly higher in RISP_Ad.lib mice (6.15 *
0.79 g; one-way ANOVA; P < 0.001) but was comparable between
Ctrl_Ad.lib (3.71 + 0.33 g) and RISP_PF mice (3.06 + 0.37 g).

Comparative transcriptomic analyses identified 65 genes
that were differentially expressed (DEGs) in RISP_Ad.lib mice
(compared with Ctrl_Ad.lib mice; Fig. 2 A). Among them, Gene
Ontology analyses demonstrated enrichment of genes involved
in hormone secretion, transport, and release (Fig. 2 B). Fur-
thermore, Kyoto Encyclopedia of Genes and Genomes pathway
mapping showed that the identified DEGs are characteristic of
neuroactive ligand-receptor interaction and overlap with those
implicated in nicotine or amphetamine addiction (Fig. 2 C).
Meanwhile, similar analyses found 97 DEGs in RISP_PF mice
(compared with Ctrl_Ad.lib mice; Fig. 2 D) that were also ex-
posed to risperidone but did not gain extra weight. Cross-
referencing the two DEG sets identified 10 common genes that
were regulated in the same way (both up-regulated and
down-regulated) in RISP_Ad.lib and RISP_PF mice (Fig. 2 E),
suggesting that their expression responded directly to chronic
risperidone treatment. Interestingly, the melanocortin 4 re-
ceptor (Mcdr)—a critical regulator for appetite in mice and
humans (Huszar et al., 1997; Yeo et al., 1998) —was among the
genes that were down-regulated in the two risperidone-fed
groups (Fig. 2 E). Consistent with the RNA-seq results, quan-
titative PCR (qPCR) analyses confirmed the decrease of Mc4r
mRNAs in both RISP_Ad.lib and RISP_PF mice (Fig. 2 F). The
reduction of Mc4r can be detected as early as 5 d following
risperidone treatment (Fig. 2 G). In contrast, the hypothalamic
expression of other appetite regulators such as agouti-related
peptide, neuropeptide Y, Htr2c, or serotonin 1b receptor was
not affected after chronic risperidone treatment (Fig. 2 F).
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Figure 1. Chronic exposure to risperidone causes obesity and glucose intolerance in C57BL/6 mice. (A) Body weight of wild-type C57BL/6 mice fed
either the Ctrl or the risperidone (RISP) diet; n = 9 or 10; two-way ANOVA; F(16, 272) = 25.53; P < 0.001. (B) Body composition of mice in A after 16-wk
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treatment with the Ctrl or RISP diet; n = 9 or 10; two-way ANOVA; F(1, 17) = 13.9; P = 0.002. (C) GTT after 16-wk treatment with the Ctrl or RISP diet; n = 9 or
10; two-way ANOVA; F(5, 85) = 8.224; P < 0.001. (D) ITT after 16-wk treatment with the Ctrl or RISP diet; n = 9 or 10; two-way ANOVA; F(5, 85) = 6.334; P <
0.001. (E-H) Left: traces of continuous measurement in metabolic cages; right: summarized daily average (binned into 12-h light and dark phases) before
(black) and after (red) the dietary switch. (E) Physical activity, F(1, 22) = 41.49; P < 0.001. (F) EE, F(1, 22) = 26.64; P < 0.00L. (G) Respiratory exchange ratio, F(1,
22) = 8.01; P = 0.01). (H) Food intake, F(1, 22) = 5.982; P < 0.05; n = 12. (I-K) A 28-d PF experiment. Body weight (I; n = 8 or 9; two-way ANOVA; F[56, 643] =
9.425; P < 0.001) and food intake (K; two-way ANOVA; F[56, 588] = 3.597; P < 0.001) were measured daily, and body composition (J; n = 8 or 9; two-way
ANOVA; F[2, 46] = 7.505; P = 0.002) was measured at the end of the experiment. *, P < 0.05; **, P < 0.01; and ***, P < 0.001. Two-way ANOVA with Sidak’s
post hoc tests in A-K. All data were verified in at least two independent experiments. RER, respiratory exchange ratio. Data are presented as mean + SEM.

We investigated whether the down-regulation of Mc4r in
risperidone-fed mice contributed to their hyperphagia and
obesity. Inside the brain, Mc4r acts on hypothalamic single-
minded homolog 1 (Siml)-expressing neurons to regulate food
intake (Balthasar et al., 2005). To this end, we generated
Mc4rS'm-KO mice in which Mc4r was selectively deleted in Simi-
Cre-expressing neurons. We found that risperidone’s effect on
weight gain was absent in these mice, as young Mc4rSim-KO mice
on the risperidone diet gained similar weights compared with
those fed the control diet (Fig. 3 A). Consistent with this finding,
adiposity (Fig. 3 B) as well as plasma levels of insulin, leptin,
triglyceride, and NEFA were comparable between the two
groups (Fig. S2, A-D). Importantly, different from wild-type
mice, risperidone treatment did not increase food intake in
Mc4rSim-KO mice (Fig. 3 C). In comparison, an overnight fast
significantly boosted food intake in these mice (Fig. 3 D), sug-
gesting that they were still capable of consuming more food
when fed the risperidone diet. Altogether, our findings suggest
that risperidone-induced obesity and hyperphagia require
MC4Rs in Siml neurons. Additionally, we investigated whether
these receptors could underlie the obesogenic effect of other
AAPs. To this end, we tested olanzapine—another commonly
used AAP that causes the most weight gain in human patients
(Meltzer, 2013). We showed previously that wild-type mice fed
an olanzapine diet developed hyperphagic obesity (Lord et al.,
2017). In contrast, the same diet did not change food intake, body
weight, or adiposity in Mc4rS"K0 mice (Fig. 3, A-C). Likewise,
plasma levels of insulin, leptin, triglyceride, and NEFA remained
constant in olanzapine-fed Mc4rS™K0 mice (Fig. S2, A-D). Col-
lectively, these findings raise the intriguing possibility that
risperidone and olanzapine target a common hypothalamic
pathway to induce hyperphagia and weight gain.

In addition to MC4Rs, activities of MC4R-expressing neurons
in the paraventricular nucleus of the hypothalamus (PVH) di-
rectly regulate food intake (Garfield et al., 2015; Li et al., 2019).
As a result, we tested the effects of risperidone on the electrical
properties of PVH MC4R-expressing neurons (MC4RPVH neu-
rons). We conducted whole-cell patch-clamp recordings of
MC4RPVH neurons on acutely prepared hypothalamic slices from
Mcdr-T2A-Cre::tdTomato mice (Fig. 3 E). We found that bath
applications of risperidone (10 uM) hyperpolarized membrane
potentials of MCARPVH neurons by -7.8 + 0.7 mV (n = 23 of 49
cells, 46.9%, from -48.7 + 1.4 mV to -56.5 + 1.4 mV; Fig. 3, F and
L). Risperidone-induced inhibition of MC4RFYH neurons oc-
curred in a concentration-dependent manner, where the half-
maximal effective concentration was ~4.5 pM. Additionally,
risperidone inhibited MC4RFVH neurons in the presence of tet-
rodotoxin (0.5 uM) and a cocktail of synaptic blockers (1 mM

Li et al.

Mc4r mediates antipsychotics-induced weight gain

kynurenic acid and 50 pM picrotoxin; Fig. 3, G and L), which
was consistent with a postsynaptic effect. Moreover, risperidone-
induced hyperpolarization was accompanied by 20.3 + 1.7%
decrease of input resistance (n = 24; from 1,420.9 + 74.4 MQ to
1,132.4 + 65.4 MQ) with a reversal potential of -93.8 + 2.5 mV
(n = 24; Fig. 3, H, [, and L). These findings suggest that ris-
peridone inhibited MC4R*VH neurons via the opening of a
putative potassium conductance. Notably, the acute inhibi-
tory effects of risperidone on MC4RPVH neurons were not
affected by the pretreatment of hypothalamic slices with 1 uM
L-741626, a Drd2 antagonist, but were prevented by 20 nM
JKC-363, an MC4R antagonist (Fig. 3,] and L). Moreover, many
AAPs, including risperidone, exhibit inverse agonist proper-
ties at other G protein-coupled receptors (Rauser et al., 2001).
As a result, we tested whether the acute effects of risperidone
could be blunted by competitive binding with an MC4R agonist.
Indeed, we found that coapplications of either MTII (100 nM) or
setmelanotide (100 nM) completely blocked the risperidone-
induced hyperpolarization of MC4RPVH neurons (Fig. 3, K and
L; note: one neuron was depolarized after cotreatment of MTII
and risperidone, and two neurons were depolarized after co-
treatment of setmelanotide and risperidone in Fig. 3 L). Risper-
idone also inhibited a smaller percentage of PVH non-MC4R
neurons (Fig. S3 A) by -10.0 + 2.3 mV (n = 3 of 20 cells; 15.0%,
from -46.3 + 5.4 mV to -56.3 + 3.4 mV; Fig. S3, B and D).
However, different from MC4RPVH neurons, pretreatment with
JKC-363 failed to block risperidone-induced hyperpolarization in
PVH non-MC4R neurons (Fig. S3, C and D). Collectively, these
findings suggest that risperidone acutely inhibits the activity of
MC4RPVH neurons via its interaction with MC4Rs.

Inhibition of MC4RPVH neuron activity led to hyperphagia
and obesity in mice (Garfield et al., 2015; Li et al., 2019). Given
our observation that MC4R agonists blocked risperidone’s in-
hibitory effect on MC4RPVH neurons, we investigated whether
treatment with an MC4R agonist would ameliorate metabolic
syndrome in risperidone-fed mice. Notably, setmelanotide is a
selective MC4R agonist that binds and activates the human
MC4R with nanomolar potency (Collet et al., 2017). It reduces
food intake and body weight in animal models of diet-induced
obesity and humans with leptin receptor deficiency (Chen et al.,
2015; Clément et al., 2018; Kievit et al., 2013). Importantly, un-
like other MC4R agonists (e.g., MTII), it does not cause an acute
or long-term increase in blood pressure or heart rate in obese
primates or humans (Chen et al., 2015; Kievit et al., 2013). As a
result, it was recently approved for the treatment of several rare
genetic disorders of obesity.

Prior to the experiment, we first established that the ano-
rexigenic effect of setmelanotide (2 mg/kg) depended on the
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Figure 3. Risperidone acts on hypothalamic MC4Rs/Mc4r-expressing neurons to cause weight gain. (A) Body weight of Mc4rs™-K0 mice fed the control
(C), risperidone (R), or olanzapine (O) diet; n = 14 or 15; two-way ANOVA; F(22, 427) = 2.12; P = 0.46. (B) Body composition of mice in A after 10-wk treatment
of the C, R, or O diet; n = 14 or 15; two-way ANOVA; F(1, 54) = 0.4843; P = 0.49. (C) Daily food intake in the first 28 d of treatment with the C, R, or O diet; n = 4
or 5; two-way ANOVA; F(30, 240) = 1.022; P = 0.44. (D) Fast-induced refeeding in risperidone-fed Mc4rS™-K0 mice; n = 5; one-way ANOVA; F(2, 12) = 0.3575;
*** P < 0.001. (E) Bright-field, fluorescent illumination (TRITC [tetramethylrhodamine isothiocyanate] for Mc4r-T2A-Cre::tdTomato; FITC for Alexa Fluor 488)
and the merged image of a targeted MC4RPYM neuron for whole-cell patch-clamp experiments. Arrows indicate the targeted cell. Scale bars are 10 pm.
(F) Acute effects of RISP (10 uM) on MC4RPYH neurons. (G) Acute effects of RISP in the presence of tetrodotoxin (TTX; 0.5 uM), kynurenic acid (1 mM), and
picrotoxin (50 pM). SB, synaptic blocker. (H) Voltage responses to hyperpolarizing current steps (from —25 pA to O pA, applied as indicated by arrows in G.
(1) Current-voltage relationship demonstrates RISP-induced decreases of input resistance. E,, = reversal potential. (J) Pretreatment with JKC-363 (20 nM, an
MC4R antagonist) blocked the acute effects of RISP. (K) Co-treatment with setmelanotide (100 nM, an MC4R agonist) blocked the acute effects of RISP. (L) Bar
graphs summarize the acute effects of RISP. The dashed line in F, G, J, and K indicates resting membrane potential. Data are presented as mean + SEM. ****, P <
0.0001. One-way ANOVA with Sidak’s post hoc tests. All data were verified in at least two independent experiments.
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endogenous MC4Rs. For example, a single i.p. dose of setmela-
notide suppressed fast-induced refeeding in control mice
(Mc4rf/fl), However, such an effect was absent in Mc4rSimi-KO
mice (Fig. 4 A). We fed C57BL/6 mice the risperidone diet for
8 wk to induce hyperphagia and obesity. Using implanted os-
motic mini-pumps (model 1002; Alzet), we then treated them
with either setmelanotide (2 mg/kg/d) or vehicle (saline) while
they were still being fed the risperidone diet. We found that
infusion of setmelanotide attenuated hyperphagia in
risperidone-fed mice (Fig. 4 B). As a result, body weight signif-
icantly decreased after the 14-d treatment (Fig. 4 C; -3.42+ 1.14 g
or -11.16% + 3.72%). Consistent with this finding, nuclear mag-
netic resonance analyses revealed a selective decrease of fat mass
in these mice (Fig. 4 D). In comparison, body weight or adiposity
did not change in mice treated with saline (Fig. 4, C and D). In
addition to improvements in body weight, setmelanotide-treated
mice exhibited accelerated glucose clearance in a GTT (Fig. 4 E).
Moreover, similar experiments showed that setmelanotide
treatment also alleviated hyperphagia and obesity in olanzapine-
fed mice (Fig. 4, F-H). Collectively, these findings show that
setmelanotide treatment was effective in reversing AAP-induced
metabolic perturbations. Finally, we investigated whether co-
treatment with setmelanotide interfered with risperidone’s
psychotropic effect using a rodent model of schizophrenia (Van
Swearingen et al., 2013). It is well known that amphetamine
triggers schizophrenia-like psychotic episodes in healthy human
subjects (Janowsky and Risch, 1979), and this effect is amplified
in schizophrenic patients (Angrist et al., 1980). Similarly, am-
phetamine (2.5 mg/kg, i.p.) induced hyperactivity in C57BL/6
mice, an effect that was greatly attenuated by pretreatment with
risperidone (Fig. 4 I). Importantly, we found that cotreatment
with setmelanotide did not diminish the ability of risperidone to
suppress amphetamine-induced hyperlocomotion in an open
field test (Fig. 4 I).

General discussion and conclusions

Antipsychotic drug-induced metabolic syndrome is a pressing
clinical problem affecting millions of patients. However, diffi-
culty in modeling their metabolic effects in laboratory animals
has significantly hindered relevant mechanistic studies. For in-
stance, previous efforts to chronically administer risperidone to
rodents via either i.p. or s.c. injections or using peanut-butter
pills only produced a modest impact on body weight and adi-
posity (Kaur and Kulkarni, 2002; Li et al., 2013; Ota et al., 2002).
Furthermore, due to its potent sedative effect, an acute dose of
risperidone often renders mice immobile for hours, which
confounds subsequent metabolic analyses. In the current study,
we developed a risperidone diet that reliably caused excessive
weight gain, adiposity, and glucose intolerance in C57BL/6 mice.
Notably, the amount of risperidone administered daily through
the diet is comparable to that via other routes (Kaur and
Kulkarni, 2002; Li et al., 2013). However, dietary supplemen-
tation produced more pronounced metabolic disturbances. The
mechanism behind the increased efficacy is less clear. It is
possible that risperidone is more stable when mixed with the
diet (van der Zwaal et al., 2008). Moreover, oral delivery may
allow for interactions between risperidone and the gut
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microbiota, which could play a potential role in weight gain
(Morgan et al., 2014). Finally, intake of risperidone via multiple
meals throughout a day may produce a “slow-release” effect so
that mice can better cope with its sedative effect.

The success in modeling risperidone-induced metabolic
syndrome provided us with a unique opportunity to precisely
characterize the pathophysiology underlying risperidone-
induced metabolic perturbations. We found that risperidone
treatment profoundly altered energy intake and expenditure in
C57BL/6 mice. For example, hyperphagia developed shortly
after risperidone exposure. Most notably, food intake signifi-
cantly increased during the light phase of a day when mice
were usually inactive. It remains to be determined whether
risperidone treatment perturbs the circadian regulation of
metabolism, as eating at the “wrong” time could also contribute
to weight gain and metabolic dysfunction (Pickel and Sung,
2020). Both the increase in food intake and decrease in phys-
ical activity contributed to a positive energy balance. On the
other hand, risperidone acutely increased EE, which protected
against weight gain. The increase in EE could be due to ris-
peridone’s effect on thermogenic gene expression. Indeed, it
has been shown that risperidone treatment induces uncoupling
protein 1 (UCP1) expression in the BAT (Li et al., 2013; Ota et al.,
2002). Additionally, risperidone may promote thermogenesis
by enhancing activities of the sympathetic nerves that inner-
vate the BAT (Kalkman and Loetscher, 2003). Nevertheless, the
modest rise in EE was not sufficient to counterbalance the extra
energy intake. Indeed, results from the PF experiments re-
vealed that hyperphagia alone accounted for most of the weight
gain in risperidone-fed mice and therefore should be the focus
for prospective therapeutics treating risperidone-induced
obesity.

To uncover candidate genes and pathways behind
risperidone-induced hyperphagia, we studied how risperidone
treatment altered the transcriptomic landscape in the
hypothalamus—an essential regulator of food intake. Using
comparative transcriptomic analyses, we identified a hypo-
thalamic gene expression signature associated with chronic
risperidone exposure. It consisted of 10 genes whose expression
responded directly to risperidone treatment. Among them,
Mc4r plays a critical role in appetite control in both humans and
rodents. Of note, human genetic variants near the Mc4r locus
have been associated with AAP-induced weight gain (Malhotra
et al., 2012); however, whether or not Mcé4r plays a role in the
underlying pathophysiology has not been investigated. We
found that risperidone’s obesogenic effect depended on Mc4r in
Siml neurons. Unlike in wild-type mice, risperidone treatment
did not increase food intake or body weight in Mc4rSim-KO mjce.
Of note, a limitation of the Mc4r5im-KO model is that these mice
develop hyperphagic obesity. As a result, a ceiling effect could
exist that prevented these mice from eating more food and
gaining extra weight when fed the risperidone diet. To mitigate
this confounder, we began our chronic feeding study in young
(7-wk-old) Mc4rSim"KO mice, when they had not yet become
severely obese (~25 g). During the first 8 wk of the treatment,
risperidone-fed wild-type mice gained 20.71% more weight
than those fed the control diet, whereas risperidone-fed
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ANOVA with Sidak’s post hoc tests. All data were verified in at least two independent experiments.
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Mc4rSim-KO mice gained only 2.62% more weight during the
same period. Similarly, we measured daily food intake in young
McdrSim-KO mice when their intake (~4 g/d) was equivalent to
that of weight-matched wild-type mice. We found that risper-
idone did not increase food intake in young Mc4rS™-XO mijce.
Meanwhile, hyperphagia could still be induced in these mice by
an overnight fast. Collectively, these findings support the no-
tion that risperidone-induced hyperphagia and weight gain
were blunted in Mc4r5™-KO mice. Interestingly, we showed that
the same pathway was necessary for similar metabolic effects
of olanzapine, another AAP that is widely used for many mood
disorders. Our findings therefore raise the intriguing possibil-
ity that despite their distinct receptor-binding profiles in the
brain, different AAPs may target a common hypothalamic
pathway to cause weight gain. However, it is important to note
that our data do not support the notion that risperidone acts
exclusively on MC4Rs to cause weight gain. Rather, given its
promiscuous binding profiles, we suspect risperidone’s meta-
bolic effects are likely due to its interactions with multiple
central and peripheral receptor pathways (Lett et al., 2012).

Our study provides the first experimental evidence linking
deficits in hypothalamic MC4R signaling to AAP-induced meta-
bolic syndrome. We uncovered two mechanisms whereby
risperidone impairs energy balance through MC4Rs. First,
haploinsufficiency of Mc4r leads to hyperphagia and obesity
(Vaisse et al., 1998; Yeo et al., 1998). We found that risperidone
treatment decreased Mc4r mRNAs in the hypothalamus. The
reduction could be detected as early as 5 d after risperidone
exposure and occurred before the onset of obesity. An earlier
study suggested that Mc4r was a transcriptional target of the
transcription factor nescient helix-loop-helix 2 (Nhlh2;
Wankhade and Good, 2011). However, Nhlh2 expression did
not change in response to risperidone treatment. Therefore,
future work is warranted to investigate the transcriptional or the
post-transcriptional mechanisms whereby risperidone regulates
Mc4r expression. Second, chemogenetic silencing of MC4RPVH
neurons resulted in hyperphagia and obesity in mice (Garfield
et al., 2015; Li et al., 2019). Remarkably, whole-cell patch-clamp
recording demonstrated for the first time that risperidone acutely
inhibited the activity of genetically labeled MC4R*VH neurons. The
hyperpolarizing effect was observed in nearly half (46.9%) of the
neurons recorded and can be prevented by pretreatment with an
MCA4R blocker, JKC-363. Of note, while risperidone still inhibited a
smaller percentage of recorded PVH non-MC4R neurons (15%),
risperidone-induced hyperpolarization in these neurons cannot be
blocked by JKC-363. Moreover, the Drd2 is a common target of
antipsychotic drugs and is responsible for their antipsychotic ef-
fects (Lett et al., 2012). Interestingly, Drd2 is expressed by some
MC4R neurons (Oude Ophuis et al., 2014). Therefore, it raises the
possibility that risperidone may regulate activities of MC4RPVH
neurons through Drd2. However, L-741626, a dopamine D2 re-
ceptor antagonist, did not prevent risperidone-induced inhibition
of MC4RPVH neurons, suggesting that risperidone’s effect on
MC4RPVH neuron activity is independent of Drd2.

In addition to Drd2, risperidone directly binds other G
protein-coupled receptors and functions as an inverse agonist
(Lett et al., 2012). Our observation that risperidone-induced
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hyperpolarization was blocked by two MC4R agonists (MTII
and setmelanotide) suggests that risperidone could also act as an
inverse agonist for MC4R and compete with its endogenous
ligand a-melanocyte-stimulating hormone for direct binding.
Nevertheless, evidence supporting such a direct interaction is
lacking, which is a limitation of the current study. Similarly, the
intracellular signaling cascade that mediates risperidone’s effect
within MC4RPVH neurons remains to be determined. We found
that risperidone-induced hyperpolarization involved the open-
ing of a postsynaptic potassium conductance. Interestingly, Cone
and colleagues recently reported that regulation of firing activity
of MC4RPVH neurons was independent of Gs a-subunit signaling
but was mediated by ligand-induced coupling of the inwardly
rectifying potassium channel 7.1 (Ghamari-Langroudi et al.,
2015). Therefore, it remains to be determined whether risper-
idone hijacks the same pathway to inhibit MC4RPVH neurons. It
is worth mentioning that, in addition to MC4RFVH neurons,
MC4Rs in other hypothalamic and extra-hypothalamic neurons
have been implicated in the regulation of food intake and body
weight (Cui and Lutter, 2013; Rossi et al., 2011). Risperidone
treatment could have similar effects on Mc4r expression and/or
activity in these neurons. Therefore, risperidone-induced met-
abolic deficits could be the result of MC4Rs/MC4R neuron de-
ficiency at multiple brain nodes.

Finally, mechanism-based pharmacotherapies against ris-
peridone- or other AAP-induced metabolic syndromes have
been lacking. For many youths and adults taking risperidone,
lifestyle changes, nutritional consulting, and commonly used
anti-obesity medications only provide limited relief. Our find-
ings that hypothalamic MC4Rs mediate the obesogenic effect of
two commonly prescribed AAPs suggest that MC4R is a novel
therapeutic target for AAP-induced weight gain. Indeed, we
demonstrated that setmelanotide, an MC4R-specific agonist, was
effective in reversing hyperphagia and obesity in both risper-
idone- and olanzapine-fed mice. Mechanistically, we showed
that setmelanotide blocked risperidone-induced hyperpolariza-
tion of MC4RPVH neurons. We believe that disinhibition of these
neurons by setmelanotide treatment contributes to the relief of
metabolic syndrome in risperidone-fed mice. Moreover, since
risperidone inhibited MC4RPVH neurons in a concentration-
dependent manner, we suspect that the therapeutic effect of
setmelanotide may also be dose dependent. Notably, setmela-
notide has just been approved for treating rare genetic obesity
disorders in humans (Clément et al., 2018; Kithnen et al., 2016).
Results from recent clinical trials have shown that it is well
tolerated for long-term use with no detrimental effects on blood
pressure or heart rate (Haws et al., 2020). However, for set-
melanotide to become a potential therapy for risperidone-
induced weight gain, it must not compromise risperidone’s
psychotropic efficacy (Liu et al., 2014). To this end, we showed
that cotreatment of setmelanotide did not diminish risperidone’s
ability to suppress schizophrenia-like hyperlocomotion in mice.
These findings raise hope that risperidone’s psychotropic and
metabolic effects are mediated by distinct neural pathways and
therefore may be targeted separately. Furthermore, our findings
suggest that setmelanotide has the potential to become a novel
mechanism-based therapy for millions of affected patients.
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Materials and methods
All mice were housed in a temperature-controlled room with a

12-h light/12-h dark cycle (lights on at 6 a.m., lights off at 6 p.m.)
in the animal facility of University of Texas (UT) Southwestern
Medical Center. Mice were provided standard chow (No. 2016;
Harlan Teklad) as well as water ad libitum unless otherwise
noted. C57BL/6 mice were purchased from the UT Southwestern
Rodent Breeding Core Facility. All mouse experiments were
performed in female mice, as AAP treatment produced stronger
metabolic phenotypes in female mice than in males (Zapata and
Osborn, 2020). Siml-Cre*/~; Mc4r/fl and Mc4rf/f littermates were
maintained on a C57BL/6 background. The chronic drug infusion
study was conducted under isoflurane anesthesia followed by
carprofen analgesia. Setmelanotide (2 mg/kg/d) was adminis-
tered using s.c. osmotic mini-pumps (Alzet). All mouse experi-
ments were approved by the Institutional Animal Care and Use
Committee of the UT Southwestern Medical Center.

Diets

All diets were prepared by Research Diets and shared the same
macronutrients (21% kcal protein, 34% kcal carbohydrate, and
45% kcal fat), ingredient composition (Casein 800 kcal, DL-
Methionine 12 kcal, cornstarch 200 kcal, maltodextrin 400
kcal, sucrose 695 kcal, corn oil 450 kcal, lard 1,305 kcal, and
vitamin mix 40 kcal), and energy density (4.76 kcal/g). Risper-
idone (Cat# AC459390010; Acros Organics) was mixed into a
control diet D09092903 to make the risperidone diets
D18041008 (25 mg/kg) and D18041007 (100 mg/kg). Similarly,
olanzapine (Cat# 356941G; ChemPacific) was mixed into the
same control diet D09092903 to make the olanzapine diet as we
described previously (Lord et al., 2017). All diets are available
for purchase at the vendor.

Metabolic phenotype analysis

We used magnetic-resonance whole-body composition analyzer
(EchoMRI) to analyze a mouse’s body composition (fat mass,
lean mass, and water content). For chronic studies, body weight
and food intake were measured weekly. The acute effects of
risperidone on energy intake and expenditure were measured
using an indirect calorimetric system (PhenoMaster; TSE Sys-
tems) in the Metabolic Phenotyping Core of UT Southwestern
Medical Center.

Histology

Mouse adipose tissue was fixed in 4% paraformaldehyde over-
night and then dehydrated through a series of ethanol baths
with ascending concentrations (up to 100%). Paraffin embed-
ding, sectioning, and H&E staining were performed by the Histo
Pathology Core of the UT Southwestern Medical Center.

GTT and ITT

For the GTT, mice were fasted for 7 h with water provided ad
libitum from 8 a.m. on the experimental day. During GTT, blood
glucose levels were monitored at 0, 15, 30, 60, 90, and 120 min
after an i.p. dose of glucose (dextrose; 1.0 g/kg body weight).
Blood glucose was taken from the tail vein and analyzed using a
Glucometer (Johnson & Johnson). For the ITT, blood glucose
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levels were monitored at 0, 15, 30, 60, 90, and 120 min after an
i.p. dose of insulin (1 U/kg body weight).

Hormone measurements

Serum leptin and insulin levels were measured by ELISA kits
(Cat# 22-LEPMS-EO1 and Cat# 80-INSMSU-EO], respectively)
from Alpco Diagnostics. Serum levels of NEFAs were measured
using an in vitro enzymatic colorimetric method with an HR
series NEFA-HR(2) kit (Cat# 999-34691, 995-34791, 991-34891,
993-35191, 276-76491, 997-76491; WAKO Diagnostics). Triglyceride
was measured by Glycerol-3-phosphate oxidase and N-(3-sulfo-
propyl)-3-methoxy-5-methylaniline method using the L-Type Tri-
glyceridle M kit (Cat# 994-02891, 990-02991, 992-02892,
998-02992, 464-01601; WAKO Diagnostics). Blank and quality
controls were added in every measurement. All experimental
procedures were conducted according to manufacturers’
manuals.

qPCR
Total RNA was isolated by the Direct-zol RNA Kit (Zymo) ac-
cording to the manufacturer’s recommendations. 3 pg of total
RNA was used as the template for cDNA synthesis (Invitrogen).
Real-time PCR was performed using TagMan Universal PCR
Master Mix (Thermo Fisher Scientific), and qPCR reactions were
performed in triplicate on a 384-well PCR microplate for CFX384
Touch Real-Time PCR Detection System (Bio-Rad). Tagman
probes used include (agouti-related peptide, Mm00475829_gl;
serotonin 1b receptor, MmO00439377_s1; Htr2c, Mm00434127_ml1;
Mc4r, MmO00457483_sl; neuropeptide Y, MmO01410146_m1; and
Thp, Mm00446973_ml; Thermo Fisher Scientific). The relative
expression levels of each gene were normalized to the house-
keeping gene TATA-box binding protein (Tbp). The specificity of
amplified genes was verified by dissociation curves. RNA ex-
pression data were analyzed using the comparative cycle thresh-
old method.

Feeding studies

For the refeeding experiment, Mc4r5™-KO mjce and their lit-
termate controls were habituated with daily handling and i.p.
injections of saline for 3 d before the fasting-refed test. Mice
were fasted for 18 h (from 4 p.m. to 10 a.m.) before receiving an
i.p. dose of saline or setmelanotide (Cat# HY-19870; MedChem
Express; 2 mg/kg dissolved in saline). 30 min after the injection,
a chow pellet was given to singly housed mice. Food consump-
tion was monitored at 30, 60, 120, and 240 min.

For the PF experiment, 30 mice were individually housed and
fed with the control diet for a week before being randomly di-
vided into three groups with similar numbers. Mice in the
control group continued to be fed with the control diet. Mice in
the RISP_Ad.lib group were switched to the risperidone diet.
Mice in the RISP_PF group were given the risperidone diet but
were restricted to the same amount that the control mice had
consumed.

Amphetamine-induced hyperlocomotion
The amphetamine-induced hyperlocomotion test was performed
by the Rodent Behavior Core in the Peter O’Donnell Jr. Brain
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Institute at UT Southwestern Medical Center. Briefly, C57BL/6
mice were habituated for the open field test with daily single i.p.
injections of saline for 3 d. On the third day of habituation, all
mice were given D-amphetamine (2.5 mg/kg) 30 min after the
saline injection. Following the habituation, all mice were ran-
domly divided into four groups: (1) mice in the saline group re-
ceived an i.p. dose of saline; (2) mice in the setmelanotide group
received an i.p. dose of setmelanotide (2 mg/kg); (3) mice in the
RISP group received an i.p. dose of risperidone (0.2 mg/kg); and
(4) mice in the RISP + setmelanotide group received both ris-
peridone (0.2 mg/kg) and setmelanotide (2 mg/kg). Locomotor
activity (beam breaks) was immediately recorded after the first
injection. An i.p. dose of D-amphetamine (2.5 mg/kg) was ad-
ministered 30 min after the first injection.

RNA-seq and bioinformatics

Total RNA from the hypothalamus was extracted using the
Direct-zol RNA Kits (Zymo) according to the manufacturer’s
recommendations. RNA quality was validated using the Agilent
2100 Bioanalyzer. 150-bp paired-end reads were sequenced on
the DNBseq platform in BGI Americas Corporation. Full se-
quencing data are available online at National Center for Bio-
technology Information Gene Expression Omnibus database
(accession no. GSE158751). We obtained an average of 2.5 million
mapped reads per sample with 90% unique mapped efficiency.
The paired-end clean reads were aligned to the mouse reference
genome GRCm38_mml0 (release99) using STAR (Dobin et al.,
2013), and each gene’s reads numbers were counted by Featur-
eCounts (Liao et al., 2014). DEG analysis was performed by
DEseq2 package (Love et al., 2014), in which gene length and
dispersion bias were corrected. The resulting P values were
adjusted using Benjamini and Hochberg’s approach for con-
trolling the false discovery rate. Genes with an adjusted P value
<0.05 and logFold >0.3 by DESeq2 were defined as DEGs.

Electrophysiology

Whole-cell patch-clamp recordings from MC4RPVH neurons
were maintained in hypothalamic slice preparations from Mc4r-
T2A-iCre::itdTomato mice (Garfield et al., 2015), and data analysis
was performed as previously described (Sohn et al., 2016).
Mcdar-T2A-iCre::tdTomato mice were housed in a temperature-
controlled room with a 12-h light/12-h dark cycle (lights on at
7 a.m., lights off at 7 p.m.) in the animal facility of the Korea
Advanced Institute of Science and Technology. Mouse protocols
for electrophysiology experiments were approved by the Insti-
tutional Animal Care and Use Committee of Korea Advanced
Institute of Science and Technology. Briefly, 3-5-wk-old male
and female mice were deeply anesthetized with isoflurane in-
halations and transcardially perfused with a modified ice-cold
artificial CSF (ACSF; described below), in which an equimolar
amount of sucrose was substituted for NaCl. The mice were then
decapitated, and the entire brain was removed and immediately
submerged in ice-cold, carbogen-saturated (95% O, and 5% CO,)
ACSF (126 mM NaCl, 2.8 mM KCl, 1.2 mM MgS0y, 2.5 mM CaCl,,
1.25 mM NaH,PO,, 26 mM NaHCO3, and 5 mM glucose). A brain
block containing the hypothalamus was made. Coronal sections
(250 pwm) were cut with a Leica VT1200S Vibratome and then
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incubated in oxygenated ACSF at room temperature for at least
1 h for recovery. Slices were transferred to the recording
chamber and allowed to equilibrate for 10-20 min before re-
cording. The slices were bathed in oxygenated ACSF (32-34°C) at
a flow rate of ~4 ml/min. The pipette solution for whole-cell
recording was modified to include an intracellular dye (Alexa
Fluor 488) for whole-cell recording: 120 mM K-gluconate,
10 mM KCl, 10 mM Hepes, 5 mM EGTA, 1 mM CaCl,, 1 mM
MgCl,, 2 mM MgATP, and 0.03 mM Alexa Fluor 488 hydrazide
dye, pH 7.3. Epifluorescence was briefly used to target fluores-
cent cells, at which time the light source was switched to in-
frared differential interference contrast imaging to obtain the
whole-cell recording (Nikon Eclipse FNI equipped with a fixed
stage and an optiMOS scientific CMOS camera). Electrophysio-
logical signals were recorded using an Axopatch 700B amplifier
(Molecular Devices), low-pass filtered at 2-5 kHz, and analyzed
offline on a PC with pCLAMP programs (Molecular Devices).
Recording electrodes had resistances of 4-6 M when filled with
the K-gluconate internal solution. Input resistance was assessed
by measuring voltage deflection at the end of the response to
hyperpolarizing rectangular current pulse steps (500 ms of -25
to 0 pA). Membrane potential values were not compensated to
account for junction potential (-8 mV). Solutions containing
risperidone were typically perfused for ~5 min. A drug effect
was required to be associated temporally with peptide applica-
tion, and the response had to be stable within a few minutes. A
neuron was considered depolarized or hyperpolarized if a
change in membrane potential was at least 2 mV in amplitude.
MC4RPVE neurons from male and female mice had comparable
basic electrical properties (resting membrane potential, cell ca-
pacitance, and input resistance) and responses to risperidone,
and thus we pooled data from either sex for further analyses.

Quantification and statistical analyses

Replicate information is indicated in the figure legends. All re-
sults are presented as mean + SEM and analyzed using statistical
tools implemented in Prism (GraphPad version 8). Statistical anal-
yses were performed using the Student’s t test and regular one-way
or two-way ANOVA. Differences with P < 0.05 were considered to
be significant: *, P < 0.05; **, P < 0.01; and ***, P < 0.001.

Data availability
The transcriptomic data are now deposited in the Gene Ex-
pression Omnibus database under accession number GSE158751.

Online supplemental material

Fig. S1 demonstrates additional metabolic characterization of
risperidone-fed mice. Fig. S2 depicts plasma levels of insulin,
leptin, triglyceride, and NEFA in Mc4rSi™-K0 mjce treated with
either the control, risperidone, or olanzapine diet. Fig. S3 dem-
onstrates whole-cell patch-clamp recordings of PVH non-MC4R
neurons and their responses to acute risperidone treatment.
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Figure S1. Risperidone treatment alters energy metabolism. (A) Ratio of daily intake of the RISP diet (25 mg/kg) over that of the Ctrl diet when both diets
were available in the cage for 7 d; n = 9. (B) Body weight of wild-type C57BL/6 mice fed the Ctrl, RISP-25 (25 mg/kg), or RISP-100 (100 mg/kg) diet; n = 5-10;
two-way ANOVA; F(20, 220) = 2.71; P < 0.001. (C) Fat pad weight of mice after 16-wk treatment of the Ctrl or RISP diet. n = 9 or 10; F(2, 34) = 409.2; two-way
ANOVA; P < 0.001. (D) H&E staining in mice after 16-wk treatment of the Ctrl or RISP diet. Scale bar is 100 pm. (E-H) Plasma levels of insulin (E), leptin (F),
triglyceride (G), and NEFA (H) in mice after 16-wk treatment of the Ctrl or RISP diet. n = 9 or 10. (I) Meal size. Left: traces of continuous measurement in
metabolic cages; right: summarized daily average (binned into 12-h light and dark phases) before (black) and after (red) the dietary switch; n = 12; two-way
ANOVA; F(1, 22) = 7.452; P = 0.012. *, P < 0.05; **, P < 0.01; and ***, P < 0.001. Two-way ANOVA with Sidak’s post hoc tests in A-C and I. Unpaired t test in
E-H. All data were verified in at least two independent experiments. C, control; gWAT, gonadal white adipose tissue; iWAT, inguinal white adipose tissue; R,
risperidone. Data are presented as mean + SEM.
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Figure S2. Chronic treatment of risperidone or olanzapine did not change plasma levels of insulin, leptin, triglyceride, or NEFA in Mc4rSim1-K0 mice.
(A-D) Plasma levels of insulin (A), leptin (B), triglyceride (C), and NEFA (D) in mice treated with the control (C), risperidone (R), or olanzapine (0) diet; n = 9.
One-way ANOVA with Sidak’s post hoc tests. All data were verified in at least two independent experiments. Data are presented as mean + SEM.
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Figure S3. Risperidone inhibits PVH non-MC4R neurons independently of MC4R. (A) Bright-field, fluorescent illumination (TRITC [tetramethylrhodamine
isothiocyanate] for Mc4r-T2A-Cre::tdTomato; FITC for Alexa Fluor 488) and the merged image for whole-cell patch-clamp experiments. Arrows indicate the
targeted cell. Arrowheads indicate MC4R-positive cells. Scale bars are 10 pum. (B) Acute effects of RISP (10 pM) on PVH non-MC4R neurons. (C) Acute effects of
RISP in the presence of JKC-363 (20 nM). (D) Bar graphs summarize the acute effects of RISP. The dashed line in B and C indicates resting membrane potential.
Data are presented as mean + SEM. Unpaired t test. All data were verified in at least two independent experiments.
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