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SUMMARY

Similar to most humans with obesity, diet-induced obese (DIO) mice have high leptin levels and fail to
respond to the exogenous hormone, suggesting that their obesity is caused by leptin 
resistance, the patho-genesis of which is unknown. We found that leptin treatment reduced plasma levels of leucine 
and methio-nine, mTOR-activating ligands, leading us to hypothesize that chronic mTOR 
activation might reduce leptinsignaling. Rapamycin, an mTOR inhibitor, reduced fat mass and increased leptin 
sensitivity in DIO mice butnot in mice with defects in leptin signaling. Rapamycin restored leptin's actions on POMC neurons 
and failedto reduce the weight of mice with defects in melanocortin signaling. mTOR activation in POMC neurons
caused leptin resistance, whereas POMC-specific mutations in mTOR activators decreased weight gain of
DIO mice. Thus, increased mTOR activity in POMC neurons is necessary and sufficient for the development
of leptin resistance in DIO mice, establishing a key pathogenic mechanism leading to obesity.

INTRODUCTION

Obesity is the cardinal feature of metabolic syndrome and a
worldwide public health problem.' In lean animals, 
adipose tis-sue mass is tightly controlled by the hormone leptin (LEP), which

functions as the afferent signal in a negative feedback loop that

maintains energy balance. LEP reduces appetite, in part by acti-

vating a-MSH (POMC)-expressing neurons in the arcuate nu-
cleus (ARC) of the hypothalamus. Most of the known mutations

that cause obesity in humans and mice alter the production of

a-MSH or its target, the MC4R G-protein-coupled receptor,
leading to an inherited form of LEP resistance.2,3 
These LEP-resistant animals also show abrogated phosphorylation of the

STAT3 transcription factor, a canonical biochemical 
marker ofLEP signaling.

LEP resistance also develops when mice are fed a high-fat diet

(HFD) and become diet-induced obese (DIO), but the pathogen-

esis of this acquired form of LEP resistance is largely unknown.

Similar to DIO mice, most humans with obesity also show resis-

tance to LEP, and the response of DIO mice to anti-obesity ther-

apies is highly predictive of a human response.7,8 
Thus, delin-eating a cause of LEP resistance in DIO mice would advance
our understanding of the pathogenesis of obesity. Reversing
LEP resistance could also have clinical implications, particularly

because LEP spares lean body mass in contrast to the 
new pep-

tide-based therapeutics that can cause significant loss of lean

mass.° Here, we present a comprehensive set of 
physiologic,genetic, and neurobiological studies showing that increased ac-

tivity of the mTOR kinase in POMC-and possibly other neu-
rons-contributes to the development of LEP resistance and
obesity in DIO mice.

RESULTS

A metabolomic screen for biomarkers for LEP

resistance
Animals and humans with low LEP levels lose weight on LEP
therapy, and we sought to identify acute biomarkers that
predicted a LEP response as a possible means for 
identifying re-sponders before weight loss develops (Figures 1A-1l and S1A-

S1D). 3,7,8 We collected plasma from LEP-sensitive 
and LEP-resistant animals before and after LEP treatment: wild-type
(WT) mice fed a chow diet (WT-chow) or a HFD (WT-DIO) and

ob/ob mice fed a chow diet (OB-chow) or a HFD (OB-HFD).
We controlled for food intake by pair-feeding the OB-chow
group to chow-fed mice (WT-chow group) and by 
pair-feedingthe OB-HFD group to DIO mice (WT-DIO group), all for 18 weeks

(Figure 1A). Growth curves revealed that the WT-chow group re-

mained lean whereas the other three groups became increas-

ingly obese (Figures 1B, 1C, S1E, and S1F). Plasma was
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SUMMARY 

Similar to most humans with obesity, diet-induced obese (D10) mice have high leptin levels and fail to 
respond to the exogenous hormone, suggesting that their obesity is caused by leptin resistance, the patho­
genesis of which is unknown. We found that leptin treatment reduced plasma levels of leucine and methio­
nine, mTOR-activating ligands, leading us to hypothesize that chronic mTOR activation might reduce leptin 
signaling. Rapamycin, an mTOR inhibitor, reduced fat mass and increased leptin sensitivity in D10 mice but 
not in mice with defects in leptin signaling. Rapamycin restored leptin's actions on POMC neurons and failed 
to reduce the weight of mice with defects in melanocortin signaling. mTOR activation in POMC neurons 
caused leptin resistance, whereas POMC-specific mutations in mTOR activators decreased weight gain of 
D10 mice. Thus, increased mTOR activity in POMC neurons is necessary and sufficient for the development 
of leptin resistance in D10 mice, establishing a key pathogenic mechanism leading to obesity. 

INTRODUCTION 

Obesity is the cardinal feature of metabolic syndrome and a 
worldwide public health problem. ' In lean animals, adipose tis­
sue mass is tightly controlled by the hormone leptin (LEP), which 
functions as the afferent signal in a negative feedback loop that 
maintains energy balance. LEP reduces appetite, in part by acti­
vating ct·MSH (POMC)-expressing neurons in the arcuate nu­
cleus (ARC) of the hypothalamus. Most of the known mutations 
that cause obesity in humans and mice alter the production of 
ct-MSH or its target, the MC4R G-protein-coupled receptor, 
leading to an inherited form of LEP resistance. 2

•
3 These LEP­

resistant animals also show abrogated phosphorylation of the 
STAT3 transcription factor , a canonical biochemical marker of 
LEP signaling.4

-6 

LEP resistance also develops when mice are fed a high-fat diet 
(HFD) and become diet-induced obese (D1O), but the pathogen­
esis of this acquired form of LEP resistance is largely unknown. 
Similar to DIO mice, most humans with obesity also show resis­
tance to LEP, and the response of DIO mice to anti-obesity ther­
apies is highly predictive of a human response. 7·

8 Thus, delin­
eating a cause of LEP resistance in DIO mice would advance 
our understanding of the pathogenesis of obesity. Reversing 
LEP resistance could also have clinical implications , particularly 
because LEP spares lean body mass in contrast to the new pep-

tide-based therapeutics that can cause significant loss of lean 
mass.9 Here, we present a comprehensive set of physiologic, 
genetic, and neurobiological studies showing that increased ac­
tivity of the mTOR kinase in POMC-and possibly other neu­
rons-contributes to the development of LEP resistance and 
obesity in DIO mice. 

RESULTS 

A metabolomic screen for biomarkers for LEP 
resistance 
Animals and humans with low LEP levels lose weight on LEP 
therapy, and we sought to identify acute biomarkers that 
predicted a LEP response as a possible means for identifying re­
sponders before weight loss develops (Figures 1A-1I and S1A­
S1 D).3·

7
•
8 We collected plasma from LEP-sensitive and LEP­

resistant animals before and after LEP treatment: wild-type 
(WT) mice fed a chow diet (WT-chow) or a HFD (WT-DIO) and 
ob/ob mice fed a chow diet (OB-chow) or a HFD (OB-HFD). 
We controlled for food intake by pair-feeding the OB-chow 
group to chow-fed mice (WT-chow group) and by pair-feeding 
the OB-HFD group to DIO mice (WT-DIO group), all for 18 weeks 
(Figure 1A). Growth curves revealed that the WT-chow group re­
mained lean whereas the other three groups became increas­
ingly obese (Figures 1 B, 1 C, S1 E, and S1 F). Plasma was 
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Figure 1. Metabolomic and lipidomic profiling of plasma metabolites associated with LEP resistance
(A) Schematic of ob/ob (OB) animals pair-fed to WT animals for 18 weeks fed a chow or HFD. At the 19' week, mice were i.p. injected with vehicle 
(VEH) every 12 hfor 24 h, followed by blood collection. At the 20*h week, mice were i.p. injected with 12.5 mg/kg leptin (LEP) every 12 h for 24 h, followed by blood 
collection.(B) Time-course percentage of body weight relative to starting point (week 0).
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collected after vehicle (VEH) treatment at week 18 and again af-

ter LEP treatment at week 19 (Figure 1A). As expected, acute

LEP treatment decreased food intake and body weight in the
WT-chow, OB-chow, and OB-HFD groups, but not in LEP-resis-

tant WT-DIO mice (Figure 1D). Plasma metabolites were
measured and analyzed by first normalizing the samples at
each time point, followed by hierarchical clustering based on
levels of metabolites after LEP treatment (see heatmaps,
Figures 1E, S1A, and S1B). These clustered heatmaps revealed

a specific cluster of metabolites, including triglycerides and
amino acids that were higher in the DIO group after LEP treat-

ment vs. the other groups (Figures 1E, S1A, and S1B). As previ-

ously reported, 1° LEP decreased plasma triglycerides in LEP-

sensitive mice but not in WT-DIO mice (Figures 1F and S1B).
We also found increased levels of phosphatidic acids (PAs)
and glucosyl ceramides after LEP treatment of WT-DIO mice,

but these metabolites were unchanged in the other three groups

(Figures 1G and S1B-S1D), raising the possibility that LEP pre-

vented their accumulation in the sensitive animals. Finally, we

found a significant decrease of plasma leucine and methionine

levels in LEP-sensitive but not in LEP-resistant WT-DIO mice
(Figures 1H, 11, and S1A). Although the levels of other amino
acids also changed, none showed significant differences be-
tween the DIO and other groups (Figures S2A-S2H). Leucine
and methionine are canonical activators of mTOR signaling,
and phosphatidic acids and ceramides can also modulate the

phosphatidylinositol 3-kinase (PI3K)-mTOR 
pathway. '1-13 Ourfinding that LEP sensitivity was inversely associated with plasma

levels of mTOR activators led us to hypothesize that mTOR acti-

vation might diminish LEP sensitivity in DIO mice. We evaluated

this possibility by treating DIO mice with rapamycin (RAP), a spe-

cific mTOR inhibitor.

RAP reduces obesity by sensitizing DIO mice to LEP
DIO mice were treated with daily intraperitoneal (i.p.) injections of

RAP or VEH for 10 weeks. The RAP-treated DIO mice showed a

decrease in daily and cumulative food intake (RAP: 149.1 $ 4.1 g

vs. VEH: 186.6 5.5 g; p < 0.001), body weight (RAP: -27.6% $
2.0% vs. VEH: 3.7% + 2.1%; p < 0.0001), a marked decrease of

fat mass (RAP: -11.1 ≤ 1.4 g vs. VEH: 4.2 # 1.2 g; p < 0.0001), a

small decrease in lean mass (RAP: -4.8 ÷ 0.4 vs. VEH: -1.0 ÷
0.3; p = 0.0514), and a highly significant decrease in fat-to-lean

ratio (RAP: -0.3 ≤ 0.1 a.u. vs. VEH: 0.2 ≤ 0.0 a.u.; p < 0.0001)

(Figures 2A-2D and S3A). A similar decrease in lean mass after

RAP has been previously reported, possibly due to inhibition of

protein synthesis. 14,15 Thus, similar to the effects of 
LEP treat-ment of LEP-sensitive animals, treatment of LEP-resistant DIO

animals with RAP reduced food intake, body weight 
and prefer-entially reduced fat mass relative to lean mass (Figures 2C and

@ CellPress
OPEN ACCESS

2D). We then tested whether pre-treating DIO mice 
with RAPrestored their response to LEP.

We treated DIO mice with RAP for 3 weeks, followed by twice-

daily injections of LEP or VEH for 3 days (Figure 2E). In DIO mice

pre-treated with RAP, LEP injections elicited a further decrease

in food intake compared with those pre-treated with VEH (Fig-

ure 2F, 9.6 ≤ 0.9 vs. 7.2 ÷ 0.9 g; p < 0.01), as well as decreased

body weight (Figure 2G, 1.6% ÷ 0.5% vs. -2.9% # 0.9%;
p < 0.01) and a specific decrease in fat mass (Figures S3B and

S3C). Because pre-treatment with RAP reduced the 
weight ofDIO mice, and hence LEP levels (Figure 2H), a separate group

of DIO mice were treated with VEH for 5 weeks while being
pair-fed to the ad libitum-fed RAP-treated group on a HFD (Fig-

ure 21). We then tested LEP sensitivity in these pair-fed animals.

The response to LEP in the pair-fed DIO mice was significantly

reduced compared with the RAP-treated group, with higher
food intake (7.1 ≤ 0.6 vs. 5.1 ≤ 0.4 g; p < 0.05) and weight
(+2.4% ≤ 1.3% vs. -2.1% + 0.5%; p < 0.01). Consistent with
their lower weight, the plasma LEP levels were lower in RAP-
treated DIO mice compared with the pair-fed VEH group
(19.1 ≤ 3.7 VS. 41.5 ≤ 3.2 ng/mL; p < 0.01) (Figures 2J-2L,
S3D, and S3E). Indirect calorimetry revealed a decrease of res-

piratory exchange ratio (RER) in RAP-treated DIO mice (RAP
0.76 ÷ 0.00 RER vs. VEH 0.78 $ 0.01 RER; p < 0.01) and
increased energy expenditure (RAP 1.2 ≤ 0.1 kcal/g vs. VEH
1.0 ≤ 0.0 kcal/g; p < 0.05) compared with the VEH group
(Figures S3F-S3I).

As a further control, we fed DIO mice a HFD for 18 weeks, after

which the diet was changed to chow, while simultaneously
administering either RAP or VEH (Figure 2M). Consistent with

prior reports, 16,17 when VEH-treated mice were 
switched froma HFD to chow, a significant reduction of body weight of

~20% was observed (from 61.4 ÷ 1.0 to 48.1$ 3.0 g;
p = 0.007), associated with a decrease in fat mass and 
fat-to-lean ratio that plateaued by the 4th week at weights that were still

considerably higher than chow-fed controls that had never been

fed a HFD (35.0 ≤ 1.3 g; Figures 2N-2R; see Figure S1E). In
contrast, DIO mice transferred to a chow diet while receiving
RAP showed significantly greater weight loss, a 
greater reduc-tion of fat mass, and a more sustained reduction in food intake

than the VEH-treated group (from 58.2 $ 3.0 to 40.0 
$ 2.2 g;p < 0.0001, Figures 2N-2R). These data suggest that 
RAP, butnot weight loss (which develops after the mice are switched
from a HFD to chow), can re-sensitize DIO mice to their endog-

enous LEP. If true, RAP should not affect food intake or fat mass

in animals with defects in LEP signaling. We tested this by treat-

ing ob/ob (OB) and db/db (DB) mice with RAP.

Similar to 10 weeks of RAP treatment, DIO mice 
treated withRAP for 14 days showed a significantly decreased food intake

(C) Cumulative calories consumed (kcal) of WT mice fed a chow diet vs. a HFD over 18 weeks (n = 6, 6 for WT-chow, WT-DIO, respectively).

(D) Comparisons of 24-h food intake, 24-h % weight, and body temperature post VEH vs. post LEP (n = 6, 6, 9, 10 for WT-chow, WT-DIO, OB-chow, OB-HFD,

respectively).
(E) Heatmap of the clustered metabolites' levels, higher in DIO post LEP vs. VEH. Comparisons of representative metabolites' levels (ion count) post VEH vs.

(F-I) (F) TG_NH4 (56:6), (G) PA (48:0), (H) leucine, and (I) methionine (two-way ANOVA, with Fisher's LSD comparisons; n = 6 for WT-chow, n = 7, 6 for DIO that

received VEH vs. LEP, n = 9 for OB-chow, n = 10 for OB-HFD).

I ana u wo-wav ANova win lukev s murioe comparisons. ana r Iwo-wav ANovA win risners too comparisons
All error bars represent mean + SEM. ns, not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****р < 0.0001.
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collected after vehicle (VEH) treatment at week 18 and again af­
ter LEP treatment at week 19 (Figure 1A). As expected, acute 
LEP treatment decreased food intake and body weight in the 
WT-chow, OB-chow, and OB-HFD groups, but not in LEP-resis­
tant WT-DIO mice (Figure 1 D). Plasma metabolites were 
measured and analyzed by first normalizing the samples at 
each time point, followed by hierarchical clustering based on 
levels of metabolites after LEP treatment (see heatmaps, 
Figures 1 E, S1A, and S1 B). These clustered heatmaps revealed 
a specific cluster of metabolites, including triglycerides and 
amino acids that were higher in the DIO group after LEP treat­
ment vs. the other groups (Figures 1 E, S1 A, and S1 B). As previ­
ously reported, 10 LEP decreased plasma triglycerides in LEP­
sensitive mice but not in WT-DIO mice (Figures 1F and S1B). 
We also found increased levels of phosphatidic acids (PAs) 
and glucosyl ceramides after LEP treatment of WT-DIO mice, 
but these metabolites were unchanged in the other three groups 
(Figures 1 G and S1 B-S1 D), raising the possibility that LEP pre­
vented their accumulation in the sensitive animals. Finally, we 
found a significant decrease of plasma leucine and methionine 
levels in LEP-sensitive but not in LEP-resistant WT-DIO mice 
(Figures 1H, 11, and S1A). Although the levels of other amino 
acids also changed, none showed significant differences be­
tween the DIO and other groups (Figures S2A-S2H). Leucine 
and methionine are canonical activators of mTOR signaling, 
and phosphatidic acids and ceramides can also modulate the 
phosphatidylinositol 3-kinase (Pl3K)-mTOR pathway. 11

-
13 Our 

finding that LEP sensitivity was inversely associated with plasma 
levels of mTOR activators led us to hypothesize that mTOR acti­
vation might diminish LEP sensitivity in DIO mice. We evaluated 
this possibility by treating DIO mice with rapamycin (RAP), a spe­
cific mTOR inhibitor. 

RAP reduces obesity by sensitizing D10 mice to LEP 
DIO mice were treated with daily intraperitoneal (i.p.) injections of 
RAP or VEH for 10 weeks. The RAP-treated DIO mice showed a 
decrease in daily and cumulative food intake (RAP: 149.1 ± 4.1 g 
vs. VEH: 186.6 ± 5.5 g; p < 0.001), body weight (RAP: - 27.6% ± 

2.0% vs. VEH: 3.7% ± 2.1 %; p < 0.0001) , a marked decrease of 
fat mass (RAP: - 11.1 ± 1.4 g vs. VEH: 4.2 ± 1.2 g; p < 0.0001), a 
small decrease in lean mass (RAP: - 4.8 ± 0.4 vs. VEH: - 1.0 ± 

0.3; p = 0.0514), and a highly significant decrease in fat-to-lean 
ratio (RAP: - 0.3 ± 0.1 a.u. vs. VEH: 0.2 ± a.a a.u.; p < 0.0001) 
(Figures 2A- 2D and S3A). A similar decrease in lean mass after 
RAP has been previously reported, possibly due to inhibition of 
protein synthesis. 14

• 
15 Thus, similar to the effects of LEP treat­

ment of LEP-sensitive animals ,2 treatment of LEP-resistant DIO 
animals with RAP reduced food intake, body weight and prefer­
entially reduced fat mass relative to lean mass (Figures 2C and 

c'CelPress 
OPEN ACCESS 

2D). We then tested whether pre-treating DIO mice with RAP 
restored their response to LEP. 

We treated DIO mice with RAP for 3 weeks , followed by twice­
daily injections of LEP or VEH for 3 days (Figure 2E). In DIO mice 
pre-treated with RAP, LEP injections elicited a further decrease 
in food intake compared with those pre-treated with VEH (Fig­
ure 2F, 9.6 ± 0.9 vs. 7.2 ± 0.9 g; p < 0.01), as well as decreased 
body weight (Figure 2G, 1.6% ± 0.5% vs. - 2.9% ± 0.9%; 
p < 0.01) and a specific decrease in fat mass (Figures S3B and 
S3C). Because pre-treatment with RAP reduced the weight of 
DIO mice, and hence LEP levels (Figure 2H), a separate group 
of DIO mice were treated with VEH for 5 weeks while being 
pair-fed to the ad libitum-fed RAP-treated group on a HFD (Fig­
ure 21). We then tested LEP sensitivity in these pair-fed animals. 
The response to LEP in the pair-fed DIO mice was significantly 
reduced compared with the RAP-treated group, with higher 
food intake (7.1 ± 0.6 vs. 5.1 ± 0.4 g; p < 0.05) and weight 
(+2.4% ± 1.3% vs. - 2.1% ± 0.5%; p < 0.01). Consistent with 
their lower weight, the plasma LEP levels were lower in RAP­
treated DIO mice compared with the pair-fed VEH group 
(19.1 ± 3.7 vs. 41.5 ± 3.2 ng/ml; p < 0.01) (Figures 2J-2L, 
S3D, and S3E). Indirect calorimetry revealed a decrease of res­
piratory exchange ratio (RER) in RAP-treated DIO mice (RAP 
0.76 ± 0.00 RER vs. VEH 0.78 ± 0.01 RER; p < 0.01) and 
increased energy expenditure (RAP 1.2 ± 0.1 kcal/g vs. VEH 
1.0 ± 0.0 kcal/g; p < 0.05) compared with the VEH group 
(Figures S3F-S3I). 

As a further control, we fed DIO mice a HFD for 18 weeks, after 
which the diet was changed to chow, while simultaneously 
administering either RAP or VEH (Figure 2M). Consistent with 
prior reports, 16

• 
17 when VEH-treated mice were switched from 

a HFD to chow, a significant reduction of body weight of 
~ 20% was observed (from 61.4 ± 1.0 to 48.1 ± 3.0 g; 
p = 0.007), associated with a decrease in fat mass and fat-to­
lean ratio that plateaued by the 4th week at weights that were still 
considerably higher than chow-fed controls that had never been 
fed a HFD (35.0 ± 1.3 g; Figures 2N-2R; see Figure S1 E). In 
contrast, DIO mice transferred to a chow diet while receiving 
RAP showed significantly greater weight loss, a greater reduc­
tion of fat mass , and a more sustained reduction in food intake 
than the VEH-treated group (from 58.2 ± 3.0 to 40.0 ± 2.2 g; 
p < 0.0001, Figures 2N-2R). These data suggest that RAP, but 
not weight loss (which develops after the mice are switched 
from a HFD to chow), can re-sensitize DIO mice to their endog­
enous LEP. If true , RAP should not affect food intake or fat mass 
in animals with defects in LEP signaling. We tested this by treat­
ing ob/ob (OB) and db/db (DB) mice with RAP. 

Similar to 10 weeks of RAP treatment, DIO mice treated with 
RAP for 14 days showed a significantly dec reased food intake 

(C) Cumulative calories consumed (kcaO of WT mice fed a chow diet vs. a HFD over 18 weeks (n = 6, 6 for WT-chow, WT-DI0, respectively). 
(D) Comparisons of 24-h food intake, 24-h % weight, and body temperature post VEH vs. post LEP (n = 6, 6, 9, 10 for WT-chow, WT-DIO, OB-chow, O8 -HFD, 
respectively). 
(E) Heatmap of the clustered metabolites' levels, higher in DI0 post LEP vs. VEH. Comparisons of representative metabolites' levels (ion count) post VEH vs. 
post LEP. 
(F-l) (F) TG_NH4 (56:6), (G) PA (48:0), (H) leucine, and {I) methionine (two-way ANOVA, with Fisher's LSD comparisons; n = 6 for WT-chow, n = 7, 6 for D10 that 
received VEH vs. LEP, n = 9 for OB-chow, n = 10 for OB-HFD). 
(Band C) Two-way ANOVA with Tukey's multiple comparisons. (D and F- I) Two-way ANOVA with Fisher's LSD comparisons. 
All error bars represent mean ± SEM. ns, not significant, *p < 0.05 , **p < 0.01, ***p < 0.001 , ****p < 0.0001 . 
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Figure 2. RAP reduces food intake, fat mass, and fat-to-lean ratio in DIO mice and increases their responses to the exogenous LEP
(A-D) WT-DIO prolonged treatment: DIO mice were treated daily with 2 mg/kg i.p. rapamycin (RAP) or vehicle (VEH) for 10 weeks. (A) Cumulative food intake and

(B) weight; (C) A mass of weight, fat, and lean tissue; and (D) A fat/lean ratio (n = 9, 10, respectively, for cumulative food intake and weight; n = 8, 
10 for A mass andA fat/lean ratio; two-way ANOVA, with Sidák's multiple comparisons for A-C; two-tailed Student's t tests for D; a.u. refers to arbitrary unit).

(E) Schematic of DIO mice that were treated with daily i.p. injections of 2 mg/kg RAP vs. VEH, followed by a leptin sensitivity test. Each group was treated with i.p.

injections of VEH twice a day for 3 days, followed by 2 mg/kg LEP twice a day for 3 days.

(F and G) (F) Cumulative food intake and (G) weight during leptin sensitivity test (n = 8, 8 for each group; two-way ANOVA, with Sidák's multiple comparisons).

(legend continued on next page)
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Figure 2. RAP reduces food intake, fat mass, and fat-to-lean ratio in D10 mice and increases their responses to the exogenous LEP 
(A--0) WT-0I0 prolonged treatment: DI0 mice were treated dai ly with 2 mg/kg i.p . rapamycin (RAP) or vehic le (VEH) for 10 week s. (A) Cumulative food intake and 
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injections of VEH twice a day for 3 days, followed by 2 mg/kg LEP twice a day for 3 days . 
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(RAP: 32.4 $ 1.6 g vs. VEH: 39.7 ≤ 1.9 g; p < 0.001), body weight

(RAP: -10.2% ÷ 1.1% vs. VEH: 0.1% ≤ 1.1%; p < 0.0001), fat
mass (RAP: -5.2 ≤ 1.3 vs. VEH: 0.5 ≤ 0.6; p < 0.001), and fat-
to-lean ratio (RAP: -0.1 # 0.1 a.u. vs. VEH: 0.1 # 0.0 a.u,
p < 0.05), with a small decrease in lean mass (Figures 3A-3D
and S4A). In contrast, a 14-day course of RAP had little or no ef-

fect on food intake, body weight, or fat mass in lean, chow-fed

mice that have low endogenous hormone levels (Figures 3E-
3H and S4B). RAP also failed to decrease food intake or fat-to-

lean ratio in ob/ob and db/db mice fed a chow or a HFD
(Figures 3I-3P and S4C-S4J). RAP did lead to modest weight

loss in ob/ob and db/db mice that was primarily limited to lean

mass (in ob/ob Aweight: -3.9 ÷ 0.7 g, Alean mass: -2.8 $ 0.2;
db/db Aweight: -6.0 ÷ 2.1 g, Alean mass: -5.6 ÷ 0.7 g), which
was similar to the modest loss of lean mass observed in mice

fed a HFD (Figures 3I-3P and S4C-S4P). We next tested whether

LEP synergizes with RAP in lean or aged mice that also have
lower LEP levels than DIO mice.

We compared the effects of high-dose (600 ng/h) to low-dose

LEP (150 ng/h) in chow-fed mice, with or without RAP. As previ-

ously reported, the high dose of LEP resulted in a significantly

greater decrease of weight and fat mass than did the lower
dose (Figures S5A-S5D).3 A combination of low-dose LEP
(150 ng/h) with RAP elicited a significantly greater reduction of

food intake, body weight, and fat mass than did low-dose LEP

alone, and the final weight of the lean, chow-fed mice treated

with low-dose LEP (150 ng/mL) plus RAP was comparable to
that of mice treated with high-dose LEP (600 ng/h) (low-dose

LEP + RAP vs. high-dose LEP; weight: —10.1% ÷ 1.0% vs.
-8.6% ‡ 2.4%; p = ns, food intake: 59.8 ÷ 5.9 vs. 53.9 + 3.4 g;

p = ns, Afat mass: -1.2 ≤ 0.3 vs. -1.0 ≤ 0.2 g; p = ns)
(Figures S5E-S5H), with both groups showing a similar decrease

in fat mass relative to lean mass (Figures S5C and S5G). These

data show synergy between LEP and RAP in chow-
fed mice.Aged mice also develop obesity with modestly increased LEP

levels. 18 Although chow-fed, aged mice 
weighed more thanyounger mice, 16-month-old animals were significantly less
obese than DIO mice (aged weight: 39.8 $ 0.9 g, n = 23; DIO
weight: 53.9 ≤ 0.9 g, n = 19, p < 0.0001; aged fat: 24.4% ‡
1.5%, n = 14 vs. DIO fat: 45.1% # 0.6%; p < 0.0001) with lower

LEP levels (aged: 3.9 ÷ 1.0 vs. young: 1.3 ÷ 0.3 ng/
mL LEP, seeFigure S51). We next compared the effect of high-dose LEP
(600 ng/h), with or without RAP, in aged animals (Figures S5J-

S5M). LEP alone resulted in a small but significant decrease of

food intake, body weight, fat mass, and fat-to-lean ratio
(Figures S5J-S5M). However, the addition of RAP to LEP signif-

icantly reduced food intake (LEP + RAP: 46.9 ≤ 3.8 g 
vs. LEP:57.3 $ 4.8 g; p < 0.05), body weight (LEP + RAP: -13.8% ‡
3.3% vs. LEP: -5.4% + 2.8%; p < 0.01), and fat mass (LEP +
RAP: -4.9 ÷ 0.5 g vs. LEP: -2.8 ÷ 0.5 g; p < 0.05), with no effect

on lean mass (0 = 0.32) (Figures S5J-S5M). RAP treatment of

aged mice had no effect on food intake, body weight, or fat
mass compared with VEH-treated mice (Figures S5N-S5Q).

Finally, we compared the effect of RAP with and 
without high-dose LEP in DIO mice. Consistent with their high baseline LEP

levels (~48 ng/mL, Figure S6A), the food intake, body weight,

and fat mass of DIO mice was similar in animals treated with
RAP plus LEP (600 ng/h) vs. RAP alone (Figures S6B-S6E). How-

ever, the addition of LEP to RAP significantly improved glucose

tolerance. RAP has been shown to impair glucose tolerance,
whereas LEP has been shown to improve it. 19,20 Consistent
with previous studies, chronic RAP treatment increased plasma

glucose levels in chow-fed lean mice, ob/ob mice, and db/db

mice, whereas a combination of LEP and RAP treatment lowered

the baseline plasma glucose levels in WT-chow, WT-DIO, and
OB-chow animals (Figures S6F-S6l). In these animals, RAP
worsened glucose tolerance and the addition of exogenous
LEP mitigated this (Figures S6J-S6M), with a lower peak glucose

level in the chow-fed mice, a reduction of the area under the
curve in DIO and chow-fed mice (WT-chow: RAP 5.4 × 10* +
0.3 x 101 a.u. vs. RAP + LEP 3.2 x 101 + 0.2 x 
104 a.u.;p < 0.0001; DIO: RAP 9.3 x 104 ≤ 0.9 x 10* a.u. vs. RAP +
LEP 6.9 × 10* ÷ 0.5 × 10€ a.u.; p < 0.05), and the normalization

of plasma glucose after 90-120 min in both DIO and chow-fed

mice (Figures S6J-S6M).

In aggregate, these data show that RAP synergizes with exog-

enous LEP in chow-fed and aged mice that have lower baseline

hormone levels. In addition, LEP treatment improved 
the glucoseintolerance associated with RAP treatment. We next set out to

establish the mechanism responsible for the re-sensitization of

LEP signaling in DIO mice after RAP treatment.

The cellular target of RAP-mediated LEP sensitization
We mapped anatomic sites showing increased mTOR activity

DIO mice using whole-brain imaging for phosphoS6
(pS6),2' a canonical marker for mTOR activity. 
The hypothala-mus showed a significant increase of ps6 levels in DIO mice
compared with chow-fed mice (Figures S7A and S7B). Because

(H) Plasma leptin in DIO mice after 3-week RAP vs. VEH treatment prior to a leptin sensitivity test (n = 16, 14 for RAP, VEH, respectively; two-
tailed Student's
l lesls)
(I) Schematic of DIO mice that were treated with daily i.p. injections of RAP vs. VEH. The group of mice treated with VEH were pair-fed to the group of mice treated

with RAP for 5 weeks. Leptin sensitivity test was conducted after 5-week treatment. For the leptin sensitivitv test. each arous of mice were treated with i.o

injections of 2 mg/kg LEP twice daily for 3 days followed by i.p. injections of VEH twice daily for 3 days. Both groups of mice had ad libitum access to food during

ine test.
(J and K) (J) Cumulative food intake and (K) weight of RAP vs. pair-fed VEH-treated DIO mice following i.p. injections of leptin (n = 5, 5; two-tailed Mann-

(L) Plasma leptin in DIO mice after 3-week RAP vs. pair-fed VEH treatment prior to the leptin sensitivity test (n = 6, 6 for each group; two-tailed Student's t tests)

(M) Schematic of DIO mice that either remained on HFD with daily i.p. VEH injections or were transferred to a chow diet and administered daily i.p. injections of

KAr VS. VEH.
(N-R) (N) Weekly caloric food intake; (O) cumulative calorie intake; (P) weight; (Q) A mass of weight, fat, and lean tissue; and (R) A fat/lean ratio (n = 8, 8, 7 for HFD-

HFD + VEH, HFD-chow + VEH, HFD-chow + RAP, respectively; two-way ANOVA, with Tukey's multiple comparisons for N-Q; one-way ANOVA, with Tukey's

multiole comoar sons Tor ni.

All error bars represent mean # SEM. ns, not significant, *p < 0.05, **p < 
0.01, ***p < 0.001, ***р < 0.0001.
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(RAP: 32.4 ± 1.6 g vs. VEH: 39. 7 ± 1.9 g; p < 0.001), body weight 
(RAP: - 10.2% ± 1.1% vs. VEH: 0.1% ± 1.1%; p < 0.0001), fat 
mass (RAP: - 5.2 ± 1.3 vs. VEH: 0.5 ± 0.6; p < 0.001), and fat­
to-lean ratio (RAP: - 0.1 ± 0.1 a.u. vs. VEH: 0.1 ± 0.0 a.u, 
p < 0.05), with a small decrease in lean mass (Figures 3A-3D 
and S4A). In contrast, a 14-day course of RAP had little or no ef­
fect on food intake, body weight, or fat mass in lean, chow-fed 
mice that have low endogenous hormone levels (Figures 3E-
3H and S4B). RAP also failed to decrease food intake or fat-to­
lean ratio in ob/ob and db/db mice fed a chow or a HFD 
(Figures 3I-3P and S4C-s4J). RAP did lead to modest weight 
loss in ob/ob and db/db mice that was primarily limited to lean 
mass (in ob/ob <I.weight: - 3.9 ± 0.7 g, <I.lean mass: - 2.8 ± 0.2; 
db/db <I.weight: - 6.0 ± 2.1 g, <I.lean mass: - 5.6 ± 0.7 g), which 
was similar to the modest loss of lean mass observed in mice 
fed a HFD (Figures 3I-3P and S4C-S4P). We next tested whether 
LEP synergizes with RAP in lean or aged mice that also have 
lower LEP levels than DIO mice. 

We compared the effects of high-dose (600 ng/h) to low-dose 
LEP (150 ng/h) in chow-fed mice, with or without RAP. As previ­
ously reported, the high dose of LEP resulted in a significantly 
greater decrease of weight and fat mass than did the lower 
dose (Figures S5A-S5D). 3 A combination of low-dose LEP 
(150 ng/h) with RAP elicited a significantly greater reduction of 
food intake, body weight, and fat mass than did low-dose LEP 
alone, and the final weight of the lean, chow-fed mice treated 
with low-dose LEP (150 ng/ml) plus RAP was comparable to 
that of mice treated with high-dose LEP (600 ng/h) (low-dose 
LEP + RAP vs. high-dose LEP; weight: - 10.1% ± 1.0% vs. 
-8.6% ± 2.4%; p = ns, food intake: 59.8 ± 5.9 vs. 53.9 ± 3.4 g; 
p = ns, <I.fat mass: - 1.2 ± 0.3 vs. - 1.0 ± 0.2 g; p = ns) 
(Figures SSE-SSH), with both groups showing a similar decrease 
in fat mass relative to lean mass (Figures SSC and S5G). These 
data show synergy between LEP and RAP in chow-fed mice. 

Aged mice also develop obesity with modestly increased LEP 
levels.18 Although chow-fed, aged mice weighed more than 
younger mice, 16-month-old animals were significantly less 
obese than DIO mice (aged weight: 39.8 ± 0.9 g, n = 23; DIO 
weight: 53.9 ± 0.9 g, n = 19, p < 0.0001 ; aged fat: 24.4% ± 

1.5%, n = 14 vs. DIO fat: 45.1 % ± 0.6%; p < 0.0001) with lower 
LEP levels (aged: 3.9 ± 1.0 vs. young: 1.3 ± 0.3 ng/ml LEP, see 
Figure S5I). We next compared the effect of high-dose LEP 
(600 ng/h), with or without RAP, in aged animals (Figures S5J­
S5M). LEP alone resulted in a small but significant decrease of 
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food intake, body weight, fat mass, and fat-to-lean ratio 
(Figures S5J-S5M) . However, the addition of RAP to LEP signif­
icantly reduced food intake (LEP + RAP: 46.9 ± 3.8 g vs. LEP: 
57.3 ± 4.8 g; p < 0.05), body weight (LEP + RAP: - 13.8% ± 

3.3% vs. LEP: - 5.4% ± 2.8%; p < 0.01), and fat mass (LEP + 
RAP: -4.9 ± 0.5 g vs. LEP: - 2.8 ± 0.5 g; p < 0.05), with no effect 
on lean mass (p = 0.32) (Figures S5J-S5M). RAP treatment of 
aged mice had no effect on food intake, body weight, or fat 
mass compared with VEH-treated mice (Figures S5N-S5Q). 

Finally, we compared the effect of RAP with and without high­
dose LEP in DIO mice. Consistent with their high baseline LEP 
levels (~ 48 ng/ml, Figure S6A), the food intake, body weight, 
and fat mass of DIO mice was similar in animals treated with 
RAP plus LEP (600 ng/h) vs. RAP alone (Figures S6B-S6E). How­
ever, the addition of LEP to RAP significantly improved glucose 
tolerance. RAP has been shown to impair glucose tolerance, 
whereas LEP has been shown to improve it.19

•
2° Consistent 

with previous studies, chronic RAP treatment increased plasma 
glucose levels in chow-fed lean mice, ob/ob mice, and db/db 
mice, whereas a combination of LEP and RAP treatment lowered 
the baseline plasma glucose levels in WT-chow, WT-DIO, and 
OB-chow animals (Figures S6F-S6I). In these animals, RAP 
worsened glucose tolerance and the addition of exogenous 
LEP mitigated this (Figures S6J-S6M), with a lower peak glucose 
level in the chow-fed mice, a reduction of the area under the 
curve in DIO and chow-fed mice (WT-chow: RAP 5.4 x 104 ± 

0.3 x 104 a.u. vs. RAP + LEP 3.2 x 104 ± 0.2 x 104 a.u.; 
p < 0.0001; DIO: RAP 9.3 x 104 ± 0.9 x 104 a.u. vs. RAP+ 
LEP 6.9 x 104 ± 0.5 x 104 a.u.; p < 0.05), and the normalization 
of plasma glucose after 90-120 min in both DIO and chow-fed 
mice (Figures S6J-S6M). 

In aggregate, these data show that RAP synergizes with exog­
enous LEP in chow-fed and aged mice that have lower baseline 
hormone levels. In addition, LEP treatment improved the glucose 
intolerance associated with RAP treatment. We next set out to 
establish the mechanism responsible for the re-sensitization of 
LEP signaling in DIO mice after RAP treatment. 

The cellular target of RAP-mediated LEP sensitization 
We mapped anatomic sites showing increased mTOR activity 
in DIO mice using whole-brain imaging for phosphoS6 
(pS6),21 a canonical marker for mTOR activity. The hypothala­
mus showed a significant increase of pS6 levels in DIO mice 
compared with chow-fed mice (Figures S7 A and S7B). Because 

(H) Plasma leptin in 010 mice after 3-week RAP vs. VEH treatment prior to a leptin sensitivity test (n = 16, 14 for RAP, VEH, respectively; two-tailed Student's 
tt ests). 
(I) Schematic of D10 mice that were treated with daily i.p. injections of RAP vs. VEH. The group of mice treated with VEH were pair-fed to the group of mice treated 
with RAP for 5 weeks. Leptin sensitivity test was conducted after 5-week treatment. For the leptin sensitivity test, each group of mice were treated with i.p. 
injections of 2 mg/kg LEP twice daily for 3 days followed by i.p. injections of VEH twice daily for 3 days. Both groups of mice had ad libitum access to food during 
the test). 
(J and K) (J) Cumulative food intake and (K) weight of RAP vs. pair-fed VEH-treated 010 mice following i.p. injections of leptin (n = 5, 5; two-tailed Mann­
Whitney tests). 
(L) Plasma leptin in D10 mice after 3-week RAP vs. pair-fed VEH treatment prior to the leptin sensitivity test (n = 6, 6 for each group; two-tailed Student's t tests). 
(M) Schematic of D10 mice that either remained on HFD with daily i.p. VEH injections or were transferred to a chow diet and administered daily i.p. injections of 
RAP vs. VEH. 
(N-R) (N) Weekly caloric food intake; (0) cumulative calorie intake; (P) weight; (Q) fl. mass of weight, fat, and lean tissue; and (A) fl. faVlean ratio (n = 8, 8, 7 for HFD­
HFD + VEH, HFD-chow + VEH, HFD-chow + RAP, respectively; two-way ANOVA, with Tukey's multiple comparisons for N-Q ; one-way ANOVA, with Tukey's 
multiple comparisons for A). 
All error bars represent mean ± SEM. ns, not significant, *p < 0.05 , **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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Figure 3. RAP reduces food intake, fat mass, and fat-to-lean ratio in DIO mice but not in ob/ob or db/db mice

(A-D) WT-DIO: DIO mice were treated with RAP or VEH daily for 14 days. (A) Cumulative food intake and (B) weight; (C) A mass of weight, fat, and 
lean tissue; and(D) A fat/lean ratio. (n = 9, 10 for RAP, VEH group, respectively, in A and B; n = 11, 11 for each group in C and D; two-way ANOVA, with 
Sidák's multiplecomparisons for A-C; two-tailed Student's t tests for D.) WT-chow: chow-fed lean mice were treated with daily RAP plus 600 ng/h LEP, RAP plus 
VEH, LEP plusVEH, and VEH plus VEH for 14 days.

(E-H) (E) Cumulative food intake and (F) weight; (G) A mass of weight, fat, and lean tissue; and (H) fat/lean ratio at day 14. (n = 12, 14, 14, 13 for 
RAP + LEP, RAP,LEP, VEH, respectively, in E and F;n = 8, 10, 9, 9 for RAP + LEP, RAP, LEP, VEH, respectively, in G and H; two-way ANOVA with Tukey's multiple 
comparisons forE-G; one-way ANOVA with Tukey's multiple comparisons for H.) OB-HFD: ob/ob mice fed a HFD were treated with 2 mg/kg daily RAP plus 300 ng/h LEP, RAP

plus VEH, VEH plus LEP, and VEH plus VEH for 
14 days.(I-L) (1) Cumulative food intake; (J) weight; (K) A mass of weight, fat, and lean tissue; and (L) fat/lean ratio (a.u.) at day 14. (n = 10, 13, 11, 10 for RAP + LEP, RAP,

LEP, VEH, respectively, in I and J; n = 4, 7, 6, 5 for RAP + LEP, RAP, LEP, VEH, respectively, in K and L; two-way ANOVA with Tukey's multiple comparisons for I-

K; one-way ANOVA with Tukey's multiple comparisons for L.) DB-HFD: db/db mice fed a HFD were treated with daily i.p. 
injections of RAP (2 mg/kg) vs. VEH for

(M-P) (M) Cumulative food intake and (N) weight; (O) A mass of weight, fat, and lean tissue; and (P) A fat/lean ratio (a.u.), measured at days 0 and 13. (n = 4, 4,

respectively; two-way ANOVA, with Sidák's multiple comparisons for M-O; two-tailed Student's t tests for P) (I)-(P) included female animals.

All error bars represent mean + SEM. ns, not significant, *р < 0.05, **р < 0.01, ***р < 0.001, ****р 
< 0.0О01.

LEP acts directly on the ARC, 6,22,23 we then 
assayed pS6 levelsin ARC of DIO mice before and after RAP treatment using immu-

nohistochemistry (IC). Consistent with the data from brain
clearing, pS6 levels were significantly elevated in the ARC of

DIO mice vs. lean mice (Figure 4A). We then assayed pS6 levels

in four groups (WT-chow, WT-DIO, OB-chow, and OB-HFD)
receiving acute injections of VEH or LEP. These data showed
that acute, high-dose LEP treatment significantly elevated
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Figure 3. RAP reduces food intake , fat mass, and fat-to-lean ratio in D10 mice but not in ob/ob or db/db mice 
(A--0) WT-DI0: DI0 mice were treated with RAP or VEH daily for 14 days. (A) Cumulative food intake and (B) weight; (C) /:J,. mass of weight, fat, and lean tissue ; and 
(D) 6 fat/lean ratio . (n = 9, 10 for RAP, VEH group, respectively, in A and B; n = 11, n for each group in C and D; two-way ANOVA, with Sid8.k's multiple 

compa risons for A-C; two-tailed Stud ent's t tests for D.} WT-chow : chow -fed lean mice were treated with daily RAP plus 600 ng/h LEP, RAP plus VEH, LEP plus 

VEH, and VEH plus VEH for 14 days. 
(E-H) (E) Cumulative food intake and (F) weight; (G} 6. mass of weight, fat, and lean tissue ; and (H) faVlean ratio at day 14. (n = 12, 14, 14, 13 for RAP+ LEP, RAP, 
LEP, VEH, respective ly, in E and F; n = 8, 10, 9, 9for RAP + LEP, RAP, LEP, VEH, respectively, in G and H; two-way ANOVAwithTuke y's multiple comparisons for 
E-G ; one-way ANOVA with Tu key's multiple comparisons for H.) O8-HFD: ob/ob mice fed a HFD were treated with 2 mg/kg daily RAP plus 300 ng/h LEP, RAP 

plus VEH, VEH plus LEP, and VEH plus VEH for 14 days. 
(I-L) (I) Cumulative food intake; (J) we ight; (K) 6. mass of weight, fat , and lean tissue; and (L) faVlean ratio (a.u.) at day 14. (n = 10, 13, 11, 1 0 for RAP+ LEP, RAP, 

LEP, VEH, respec tively, in I and J; n = 4, 7, 6, Sfo r RAP + LEP, RAP, LEP, VEH, respec tively, in Kand L; two-way ANOVAwith Tukey 's mult iple compa risons for I­
K; one-way ANOVA wit h Tu key 's multiple comparison s for L.) DB-HFD: db/db mice fed a HFD were treated with daily i.p. injections of RAP (2 mg/kg) vs. VEH for 
13 days . 

(M-P} (M) Cumu lative food intake and (N) weight; (0) 6. mass of weig ht , fat, and lean tissue; and (P) 6. faVlean ratio (a.u.), measured at days O and 13. (n = 4, 4, 
respective ly; two -way ANOVA, with Sida.k's multiple co mpar isons for M-0; two -tailed Student's t tests fo r P) (IHP) included female animals. 
All error bars represen t mean ± SEM. ns, not significant , *p < 0.05, "p < 0.01, ***p < 0.001, ..... p < 0.0001. 

LEP acts directly on the ARC, 6•
22

•
23 we then assayed pS6 levels 

in ARC of D1O mice before and after RAP treatment using immu­
nohistochemistry (IHC). Consistent with the data from brain 
clearing, pS6 levels were significantly elevated in the ARC of 
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DIO mice vs. lean mice (Figure 4A). We then assayed pS6 levels 
in four groups (WT-chow, WT-D1O, OB-chow, and OB-HFD) 
receiving acute injection s of VEH or LEP. These data showed 
that acute, high-dose LEP treatment significantly elevated 
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pS6 levels in the ARC of LEP-sensitive animals, including the

WT-chow, OB-chow, and OB-HFD groups, but not in the
LEP-resistant DIO group (Figures S7C 
and S7D).We then performed single-nucleus RNA sequencing (snRNA-

seq) of ARC after 3 days of RAP treatment vs. VEH in chow-
fed lean, DIO, and chow-fed ob/ob mice (Figures 4C and S7E).

This short-term treatment did not significantly alter food intake

or body weight (Figures 3A, 3E, and S4A-S4D). Following micro-

dissection of ARC, single-nuclei libraries were prepared and
sequenced. Uniform manifold approximation and projection
(UMAP) defined 18 distinct cellular clusters shared among all

of the groups (Figure 4D) and generated a violin plot of enriched

molecular markers for each (Figure 4E). These analyses revealed

that RAP treatment of DIO mice significantly altered gene ex-

pressions only in cluster 12, which was defined by two marker

genes, Pomc and Spag16 (Figure 4F). The genes in this cluster

showed only minimal changes in RAP-treated chow-fed mice
and opposite effects were observed in ob/ob mice (Figures
S7E-S71). These data suggested that POMC neurons in this clus-

ter might be a cellular target of RAP in DIO mice.

We further characterized the response to RAP by analyzing
gene expression in ARC neurons expressing canonical marker

genes, including Pomct, Oxtt, Npyt, Leprt, Insrt, Glpirt,
Ghrh+, Crh+, Cckt, Cartptt, Bdnft, and Agrp+ neurons (Fig-
ure 4G). Here, again, Pomc+ neurons from DIO mice showed
the largest transcriptomic alterations in response to RAP (Fig-

ure 4G). Prior reports have indicated there are at least two
distinct subsets of POMC neurons expressing either Lepr or
Glp 1r,24-28 so we sub-clustered the POMC neurons into subtype

2 (corresponding to cluster 12), which included Lepr, Stat3, and

Spag16, and subtype 1, which included Htr2c (Figure 4H). Only

POMC subtype 2 showed significant transcriptional changes af-

ter RAP treatment of DIO mice (Figures 4H-4J), which decreased

the expression of Ptprm and Ptprt, enzymes that 
dephosphory-late pSTAT3,2° a key LEP signal transduction 
component, andGabrg3, a GABA receptor subunit that inhibits POMC neu-
rons. 30,31 RAP also increased the expression of 
Pomc, thea-MSH precursor; Posk2, a POMC processing enzyme; and
Trpm3, a cation channel (Figure 4J). The expression levels of

these genes were unchanged in POMC subtype 2 neurons
from lean mice receiving RAP (Figure 4J), and Pomc and Pcsk2

Cell Metabolism
Article

expression in these cells decreased in ob/ob mice (Figure S7H).

This suggested that RAP restored LEP action by suppressing
genes that diminish LEP signal transduction in 
POMC neuronsand increasing those that increase the levels of a-MSH there.

To assess this, we analyzed the levels of pSTAT3 and p56 in
POMC neurons after RAP in POMC-eGFP transgenic 
mice.* Atbaseline, ps6 levels were increased in POMC neurons of DIO
mice and pSTAT3 was low (Figures 4K and 4L). After 3 days of

RAP treatment, pS6 levels in POMC neurons decreased,
whereas pSTAT3 levels significantly increased vs. controls
(Figures 4K and 4L), suggesting that RAP re-sensitizes POMC

neurons to endogenous LEP.

We next evaluated the response of POMC neurons to LEP in

slices prepared from lean and DIO mice, DIO mice pre-treated

with VEH for 3 days (DIO + VEH), and DIO mice pre-treated
with RAP for 3 days (DIO + RAP). Representative cell-attached

traces at baseline (Figure 5A) and before and after LEP applica-

tion (100 nM, 20 min) to slices prepared from the four groups are

shown. Firing rate was decreased in DIO mice vs. chow (0.92
0.11 Hz, n = 155 vs. 2.00 ÷ 0.42 Hz, n = 51, р = 0.007) and
DIO-VEH vs. chow (0.81 ÷ 0.20 Hz, n = 36 vs. 2.00 ÷ 0.42 Hz,

n = 51, p = 0.003). RAP increased the firing rate in DIO-RAP rela-

tive to DIO-VEH (2.75 ÷ 0.64 Hz n = 28, vs. 0.81 ÷ 0.20 Hz, n = 36,

p = 0.0004, all Mann-Whitney tests) (Figure 5B). DIO mice had a

significantly smaller proportion of firing neurons compared with

chow-fed mice (57.80%, n = 154 vs. 90.2%, n = 51,
p < 0.0001, two-tailed binomial test) and RAP led to a significant

increase in the number of spiking neurons compared with mice

receiving VEH (90.2%, n = 51 vs. 47.22%, n = 36; p < 0.0001,

both binomial tests) (Figure 5C). Overall, LEP led to a significant

49% increase in firing rate of POMC neurons from lean mice
(2.95 ≤ 0.34 Hz n = 20 vs. 4.41 # 1.31 Hz; n = 20; p = 0.028)
(Figures 5D and 5E), with a smaller 18% increase in firing rates

of neurons from DIO mice (1.50 ÷ 0.29 vs. 1.77 ÷ 0.33 Hz;
n = 50 for both; p = 0.0238). Neurons in slices prepared after

RAP pre-treatment showed a 38% increase in firing rate after

LEP (3.58 ÷ 0.88 to 4.81 ÷ 1.03 Hz; n = 18, p = 0.0208) (Figure 5E),

whereas the firing rate of DIO + VEH mice did not 
change signif-icantly after application of LEP (1.38 ÷ 0.31 vs. 1.87 ÷ 0.67 Hz;

n = 18; p = 0.6095) (Figure 5E). RAP treatment also significantly

increased the proportion of LEP-excited neurons to 76.5%

Figure 4. SNKNA-sed reveals that nypothalamic Pome neurons primarily respond to KAr in a Lef-signaling-dependent manner
(A) Immunohistochemical staining of pS6 (red) levels and DAPI (blue) in DIO mice compared with chow-fed lean mice. Scale bar: 100 um.

(B) Quantification of pS6 densities in DIO mice compared with chow-fed lean mice (n = 9 sections from 3 mice for each group, two-tailed Mann-Whitney tests).

(C) Schematic of chow-fed lean mice or DIO mice followed by 3-day daily i.p. injections of 2 mg/kg RAP vs. VEH. 4-h after last treatment, ARC 
tissues weremicrodissected for snRNA-sea with integrated analysis across groups.

(D) UMAP representations of 18 clusters of cell types identified and shared across all lean-RAP, lean-VEH, DIO-RAP, and DIO-VEH groups (n = 
4,934, 5,182,5,992, 4,514 nuclei profiled from the ARC for 
each group).(E) Violin plot depicting the expression levels of enriched molecular markers for each cluster.

(F and G) Quantification of total numbers of regulated genes by RAP vs. VEH across unsupervised clusters and canonical cell types.

(H) A heatmap representing the enriched molecular markers for POMC subtypes that are shared across all groups.

(| and J) Volcano plots showing differentially expressed genes in POMC subtypes in response to RAP vs. VEH between lean (I) and DIO (J) groups.

(K) Immunostaining of pS6 (red) and POMC-GFP (green) levels in DIOs that received 3-day RAP vs. VEH treatment, followed by acute leptin treatment (2 mg/kg,

i.p. injections). Quantification of co-localization of pS6 and POMC-GFP (n = 5 sections from 3 mice for each group, two-tailed Mann-Whitney tests). Scale

(L) Immunostaining of pSTAT3 (yellow) and POMC-GFP (green) levels in DIOs that received 3-day RAP vs. VEH treatment, followed by acute leptin treatment

(2 mg/kg, i.p. injections). Scale bar: 100 um. Quantification of colocalization of pSTAT3 and POMC-GFP (n = 5 sections from 3 mice for each group, two-tailed

Mann-vunitnev tests.
All error bars represent mean + SEM. ns, not significant, *p < 0.05, **p < 0.01, ***р 
< 0.001, ****р < 0.0001.
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pS6 levels in the ARC of LEP-sensitive animals, including the 
WT-chow, OB-chow, and O8-HFD groups, but not in the 
LEP-resistant DIO group (Figures S7C and S7D). 

We then performed single-nucleus RNA sequencing (snRNA­
seq) of ARC after 3 days of RAP treatment vs. VEH in chow­
fed lean, DIO, and chow-fed ob/ob mice (Figures 4C and S7E). 
This short-term treatment did not significantly alter food intake 
or body weight (Figures 3A, 3E, and S4A-S4D). Following micro­
dissection of ARC, single-nuclei libraries were prepared and 
sequenced. Uniform manifold approximation and projection 
(UMAP) defined 18 distinct cellular clusters shared among all 
of the groups (Figure 4D) and generated a violin plot of enriched 
molecular markers for each (Figure 4E). These analyses revealed 
that RAP treatment of DIO mice significantly altered gene ex­
pressions only in cluster 12, which was defined by two marker 
genes, Pomc and Spag16 (Figure 4F). The genes in this cluster 
showed only minimal changes in RAP-treated chow-fed mice 
and opposite effects were observed in ob/ob mice (Figures 
S7E-S7I). These data suggested that POMC neurons in this clus­
ter might be a cellular target of RAP in DIO mice. 

We further characterized the response to RAP by analyzing 
gene expression in ARC neurons expressing canonical marker 
genes, including Pomc+, Oxt+, Npy+, Lepr+, lnsr+, Glp1r+, 
Ghrh+, Crh+, Cck+, Cartpt+, Bdnf+, and Agrp+ neurons (Fig­
ure 4G). Here, again, Pomc+ neurons from DIO mice showed 
the largest transcriptomic alterations in response to RAP (Fig­
ure 4G). Prior reports have indicated there are at least two 
distinct subsets of POMC neurons expressing either Lepr or 
Gip 1 r, 24

-
28 so we sub-clustered the POMC neurons into subtype 

2 (corresponding to cluster 12), which included Lepr, Stat3, and 
Spag16, and subtype 1, which included Htr2c (Figure 4H). Only 
POMC subtype 2 showed significant transcriptional changes af­
ter RAP treatment of DIO mice (Figures 4H-4J), which decreased 
the expression of Ptprm and Ptprt, enzymes that dephosphory­
late pSTAT3,29 a key LEP signal transduction component, and 
Gabrg3, a GABA receptor subunit that inhibits POMC neu­
rons. 30

•
31 RAP also increased the expression of Pomc, the 

o:-MSH precursor; Pcsk2, a POMC processing enzyme; and 
Trpm3, a cation channel (Figure 4J). The expression levels of 
these genes were unchanged in POMC subtype 2 neurons 
from lean mice receiving RAP (Figure 4J), and Pomc and Pcsk2 
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expression in these cells decreased in ob/ob mice (Figure S7H). 
This suggested that RAP restored LEP action by suppressing 
genes that diminish LEP signal transduction in POMC neurons 
and increasing those that increase the levels of o:-MSH there. 
To assess this, we analyzed the levels of pSTAT3 and pS6 in 
POMC neurons after RAP in POMC-eGFP transgenic mice.6 At 
baseline, pS6 levels were increased in POMC neurons of DIO 
mice and pSTAT3 was low (Figures 4K and 4L). After 3 days of 
RAP treatment, pS6 levels in POMC neurons decreased, 
whereas pSTAT3 levels significantly increased vs. controls 
(Figures 4K and 4L), suggesting that RAP re-sensitizes POMC 
neurons to endogenous LEP. 

We next evaluated the response of POMC neurons to LEP in 
slices prepared from lean and DIO mice, DIO mice pre-treated 
with VEH for 3 days (DIO + VEH), and DIO mice pre-treated 
with RAP for 3 days (DIO + RAP). Representative cell-attached 
traces at baseline (Figure 5A) and before and after LEP applica­
tion (100 nM, 20 min) to slices prepared from the four groups are 
shown. Firing rate was decreased in DIO mice vs. chow (0.92 ± 

0.11 Hz, n = 155 vs. 2.00 ± 0.42 Hz, n = 51, p = 0.007) and 
DIO-VEH vs. chow (0.81 ± 0.20 Hz, n = 36 vs. 2.00 ± 0.42 Hz, 
n = 51, p = 0.003). RAP increased the firing rate in DIO-RAP rela­
tive to DIO-VEH (2. 75 ± 0.64 Hz n = 28, vs. 0.81 ± 0.20 Hz, n = 36, 
p = 0.0004, all Mann-Whitney tests) (Figure 58). DIO mice had a 
significantly smaller proportion of firing neurons compared with 
chow-fed mice (57.80%, n = 154 vs. 90.2%, n = 51, 
p < 0.0001, two-tailed binomial test) and RAP led to a significant 
increase in the number of spiking neurons compared with mice 
receiving VEH (90.2%, n = 51 vs. 47.22%, n = 36; p < 0.0001, 
both binomial tests) (Figure 5C). Overall, LEP led to a significant 
49% increase in firing rate of POMC neurons from lean mice 
(2.95 ± 0.34 Hz n = 20 vs. 4.41 ± 1.31 Hz; n = 20; p = 0.028) 
(Figures 5D and 5E), with a smaller 18% increase in firing rates 
of neurons from DIO mice (1.50 ± 0.29 vs. 1. 77 ± 0.33 Hz; 
n = 50 for both; p = 0.0238). Neurons in slices prepared after 
RAP pre-treatment showed a 38% increase in firing rate after 
LEP (3.58 ± 0.88 to 4.81 ± 1.03 Hz; n = 18, p = 0.0208) (Figure 5E), 
whereas the firing rate of DIO + VEH mice did not change signif­
icantly after application of LEP (1.38 ± 0.31 vs. 1.87 ± 0.67 Hz; 
n = 18; p = 0.6095) (Figure 5E). RAP treatment also significantly 
increased the proportion of LEP-excited neurons to 76.5% 

Figure 4. snRNA-seq reveals that hypothalamic POMC neurons primarily respond to RAP in a LEP-signaling-dependent manner 
(A) tmmunohistochemical staining of pS6 (red) levels and DAPI (blue) in D10 mice compared with chow-fed lean mice. Scale bar: 100 µm. 
(B) Quantification of pS6 densities in D10 mice compared with chow-fed lean mice (n = 9 sections from 3 mice for each group, two-tailed Mann-Whitney tests). 
(C) Schematic of chow-fed lean mice or 010 mice followed by 3-day daily i.p. injections of 2 mg/kg RAP vs. VEH. 4-h after last treatment, ARC tissues were 
microdissected for snRNA-seq with integrated analysis across groups. 
(0) UMAP representations of 18 clusters of cell types identified and shared across all lean-RAP, lean-VEH, D10-RAP, and D10-VEH groups (n = 4,934, 5,182, 
5,992, 4,514 nuclei profiled from the ARC for each group). 
(E) Violin plot depicting the expression levels of enriched molecular markers for each cluster. 
(F and G) Quantification of total numbers of regulated genes by RAP vs. VEH across unsupervised clusters and canonical cell types. 
(H) A heatmap representing the enriched molecular markers for POMC subtypes that are shared across all groups. 
(I and J) Volcano plots showing differentially expressed genes in POMC subtypes in response to RAP vs. VEH between lean (I) and D10 (J) groups. 
(K) lmmunostaining of pS6 (red) and POMC-GFP (green) levels in DIOs that received 3-day RAP vs. VEH treatment, followed by acute leptin treatment (2 mg/kg, 
i.p. injections). Quantification of co-localization of pS6 and POMC-GFP (n = 5 sections from 3 mice for each group, two-tailed Mann-Whitney tests). Scale 
bar: 100 µm. 
(L) lmmunostaining of pSTAT3 (yellow) and POMC-GFP (green) levels in DIOs that received 3-day RAP vs. VEH treatment, followed by acute leptin treatment 
(2 mg/kg, i.p. injections). Scale bar: 100 µm. Quantification of colocalization of pSTAT3 and POMC-GFP (n = 5 sections from 3 mice for each group, two-tailed 
Mann-Whitney tests). 
All error bars represent mean ± SEM. ns, not significant, *p < 0.05, ....,p < 0.01, ***p < 0.001, ****p < 0.0001. 
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Figure 5. RAP increases baseline firing rate and proportion of LEP-excited POMC neurons in DIO mice
(A) Representative cell-attached recordings from a chow-fed, DIO, DIO treated with vehicle (DIO-VEH), and DIO treated with rapamycin (DIO-RAP) mouse (top to

bottom). Scale bar represents 50 pA for chow and DIO, 100 pA for vehicle, and 20 pA for RAP, and 2 s for all traces.

(B) Baseline firing rate (Hz) of POMC neurons recorded from chow-fed, DIO, DIO-VEH, and DIO-RAP mice (left to right). Firing rate is decreased in 
DIO (n = 155;p = 0.007) and DIO-VEH (n = 36; p = 0.003) compared with chow-fed mice (n = 51). Rapamycin (n = 28) increased the firing rate compared with DIO 
(n = 155,р < 0.0001) and DIO-VEH (n = 36, p = 0.0004, all Mann-Whitney tests). Error bars represent mean ≤ SEM.

(C) Percentage of spiking POMC neurons is decreased in DIO (n = 154) and DIO-VEH (n = 36) compared with chow (n = 51; both p < 0.0001, two-tailed binomial

test). Rapamycin increases the proportion of spiking POMC neurons compared with DIO mice (0 = 0.012) and DIO-VEH (o < 0.0001, both binomial test).

(D) Representative cell-attached recordings from POMC-eGFP neurons after bath application of leptin (100 nM, 20 min) from chow-fed, DIO, DIO-VEH, and DIO-

RAP mice (top to bottom). Scale bar represents 50 pA for chow and DIO, 100 pA for vehicle, and 20 pA for RAP, and 2 s for all traces.

(E) POMC firing rates (Hz) after bath application of leptin in aCSF (artificial cerebrospinal fluid, 100 nM, 20 min) recorded from chow-fed, DIO, DIO-
VEH, and DIO-RAP (left to right). Leptin increased firing rate in POMC neurons in chow-fed mice (n = 20; p = 0.028), in DIO mice (n = 50; p = 0.0238), and in DIO-RAP mice (n = 18,

p = 0.0208). Mean firing rate of POMC neurons of DIO-VEH mice does not change in the presence of leptin (n = 18; p = 0.6095, all Wilcoxon matched pairs). Mean

firing rate in leptin is higher in POMC neurons of DIO-RAP mice (n = 18) compared with DIO-VEH (n = 18; p = 0.0047) and untreated DIO 1.77 ÷ 0.33 
Hz (n = 50; p =0.0002, both Mann-Whitney test).

(F) Proportion of leptin-excited POMC neurons in chow-fed mice (n = 20), DIO mice (n = 50), DIO-VEH (n = 18), and DIO-RAP mice (n = 17) (from top to bottom).

Rapamvcin increases the proportion of leptin-excited neurons in DIO (n = 17) compared with DIO-VEH (o = 0.0148. two-tailed binomial test).

(G) Firing rate histograms for individual cells during bath application of leptin (100 nM, 20 min) from POMC neurons of chow fed, DIO, DIO-VEH, and DIO-RAP from

top to bottom. Firing rate (HZ) Is calculated in 10s bins. Leptin (lu nv) Is bath-applied tor zu min (indicated In the blue box). Calloration bar for the Did mice Is
1 Hz, whereas for all other traces it is 2 Hz and 5 min. *p < 0.05, **p < 0.01, 4**р < 0.001, ****р 
< 0.0001.
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Figure 5. RAP increases baseline firing rate and proportion of LEP-excited POMC neurons in D10 mice 
(A) Representative cell-attached recordings from a chow-fed, DI0, 010 treated with vehicle (0I0-VEH), and DI0 treated with rapamycin (0I0-RAP) mouse (top to 

bottom). Scale bar represents 50 pA for chow and D10, 100 pA for veh icle, and 20 pA for RAP, and 2 s for all traces. 

(B) Baseline firing rate (Hz) of POMC neuron s recorded from chow -fed , DI0, DI0 -VEH, and DI0 -RAP mice (left to right). Firing rate is decreased in DI0 (n = 155; 

p = 0.007) and DI0 -VEH (n = 36; p = 0.003) compared with chow -fed mice (n = 51). Rapamycin (n = 28) increased the firing rate compared with DI0 (n = 155, 

p < 0.0001) and DI0-VEH (n = 36, p = 0.0004, all Mann-Whitney tests). Error bars represent mean± SEM. 

(C) Percentage of spiking POMC neurons is decreased in DI0 (n = 154) and DI0-VEH (n = 36) compared with chow (n = 51; bothp < 0.0001 , two-tailed binomial 

test). Rapamycin increases the proportion of spiking POMC neurons compared with DI0 mice (p = 0.012) and DI0-VEH (p < 0.0001, both binomial test). 

(D) Representative cell -attached recordings from POMC -eGFP neurons after bath application of leptin (100 nM, 20 min) from chow -fed, DI0, DI0 -VEH, and DI0 -

RAP mice (top to bottom). Scale bar represent s 50 pA for chow and DI0, 100 pA for vehicle, and 20 pA for RAP, and 2 s for all trace s. 

(E) POMC firing rates (Hz} after bath application of leptin in aCSF (artificial cerebrospinal fluid, 100 nM, 20 min) recorded from chow-fed, DI0, DI0-VEH, and DI0-

RAP (left to right). Leptin increased firing rate in POMC neurons in chow-fed mice (n = 20; p = 0.028), in DI0 mice (n = 50; p = 0.0238), and in DI0-RAP mice (n = 18, 

p = 0.0208) . Mean firing rate of POMC neurons of DI0-VEH mice does not change in the presence of leptin (n = 18; p = 0.6095, all Wilcoxon matched pairs) . Mean 

firing rate in leptin is higher in POMC neurons of DI0 -RAP mice (n = 18)compar ed with DI0 -VEH (n = 18;p = 0.0047) and untreated D101.77 ± 0.33 Hz(n = SO;p = 
0.0002, both Mann -Whitney test}. 

(F) Proportion of leptin -excited POMC neurons in chow -fed mice (n = 20), DI0 mice (n = 50), DI0 -VEH (n = 18), and DI0 -RAP mice (n = 17) (from top to bottom). 

Rapamycin increases the proportion of leptin-excited neurons in DI0 (n = 17) compared with DI0-VEH (p = 0.0148, two-tailed binomial test). 
(G) Firing rate histograms for individual cells during bath application of leptin (100 nM , 20 min) from POMC neurons of chow fed, DI0, DI0-VEH , and D10-RAP from 

top to bottom. Firing rate (Hz) is calculated in 10 s bins. Leptin (100 nM) is bath-applied for 20 min (indicated in the blue box}. Calibration bar for the D10 mic e is 

1 Hz, where as for all other traces it is 2 Hz and 5 min . *p < 0.05,**p < 0.01 ,***p < 0.001 ,"'***p < 0.0001 . 
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(n = 17; p = 0.0148, two-tailed binomial) compared with 50% in

animals receiving VEH (n = 18; p = 0.0148, two-tailed binomial)

(Figure 5F). In these experiments, mean firing rates 
before andafter application of LEP were calculated in 10 s bins (see
Figure 
5G).
Melanocortin signaling is required for RAP-mediated
LEP sensitization
Mice with an ablation of POMC neurons develop 
obesity, 32 and,if POMC neurons are a target of RAP, they should show a
reduced response to RAP. Weinjected AAV5-hSyn-FLEX-
mCherry or AAV5-hSyn-FLEX-dTA (diphtheria toxin A) into the

ARC of POMC-Cre mice (referred to as POMC-dTA 
vs. POMC-mCherry mice, Figure 6A). 8 weeks post injection, POMC-dTA

mice were obese (Figure S8A; POMC-dTA: 45.5 ÷ 2.0 g vs.
POMC-mCherry: 29.0 ≤ 1.5 g), with a higher fat mass (42.5% ‡

1.3% vs. 14.9% + 2.3%; p < 0.0001), and POMC-mCherry
mice remained lean. LEP treatment of POMC-dTA animals with

a high dose of LEP (600 ng/h) had no effect on food intake or

weight, confirming they are LEP resistant (Figures S8D-S8F).

RAP treatment of POMC-dTA mice for 14 days did not signifi-

cantly alter food intake (Figure 6B; RAP: 66.5 ≤ 4.2 g vs. VEH:

78.2 ÷ 3.3 g; p = 0.27), Afat mass (-1.7 ÷ 0.3 vs. 0.2 ÷ 0.7 g;
n = 11, 13, p = 0.12), or fat-to-lean ratio, though there was a small

decrease in weight (RAP in dTA: -7.3% ÷ 1.1% vs. VEH in dTA:

3.1% ≤ 2.1%, p < 0.01) secondary to a reduced lean mass
compared with VEH (RAP in dTA: - 1.9 ÷ 0.3 g vs. VEH in dTA:

0.8 ≤ 0.5 g; p < 0.01; Figures 6C-6E and S8A). A combination

of RAP and LEP also failed to alter food intake in the POMC-
dTA animals (see Figures 
S8G-S81).Mice with a knockout of MC4R, the a-MSH receptor
G-protein-coupled receptor (Figure6F),develop 

obesity,33and, at baseline, mc4r-/ - animals were hyperphagic, obese,
and did not respond to LEP (Figures S8B and S8J-
S8L). Similarto POMC-dTA mice, RAP did not reduce food intake in mc4r-/-

mice (Figure 6G), and, although it induced a small decrease in

body weight (-5.0% ÷ 2.1% vs. 4.5% ₫ 2.4%; p < 0.001), this
was attributable to loss of lean mass (RAP: -2.0 ≤ 0.3 g vs.
VEH: -0.2 ÷ 0.2; p < 0.001), with no significant effect on fat
mass or fat-to-lean ratio (Figures 6H-6J and S8B). A combina-
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tion of RAP and LEP also failed to reduce weight in mc4r-/— mu-

tants vs. controls (Figures S8M-S8Q). Because mc4r-/- mice
fed a HFD were more obese than DIO mice, we also controlled

for possible weight effects by feeding mc4r-/- animals 10%
fewer calories than were consumed by DIO animals (Figures
6K and S8C). These mc4r-/- animals are referred to as "pairfat"

and, at 18 weeks, their weight was similar to DIO mice (Fig-
ure 6K). RAP-treated mc4r-/- pairfat mice consumed signifi-

cantly more food than the RAP-treated DIO mice 
(mcAr-/-:50.6 ÷ 2.9 g vs. DIO: 27.4 ÷ 0.9 g; p < 0.01) and even gained
weight during the treatment (mc4r-/-: +10.1% ≤ 2.2% vs.
DIO: -10.8% ‡ 0.7%; p < 0.001) (Figures 6L and 6M). After
14 days, fat mass and fat-to-lean ratios were significantly higher

in RAP-treated mc4r-/ - mice than in the RAP-treated DIO mice

(Figure 6N; Afat mass: mc4r-/-: 6.63 $ 1.9 g vs. DIO: -3.8 ÷ 0.4

g; p < 0.0001; fat-to-lean ratio: mc4r-/-: 0.2 ÷ 0.0 a.u. vs.
DIO: -0.1 ÷ 0.0 a.u.; p < 0.0001), whereas lean mass did not
change (Figures 6N and 60). After cessation of RAP, the weight

of DIO mice returned to pre-treatment levels, whereas that of the

mc4r-/- mice did not change (Figures 6P and 6Q).

Increased mTOR activity in POMC neurons leads to LEP

resistance
We next tested whether increased mTOR activity in POMC neu-

rons is sufficient to cause LEP resistance by breeding POMC-

Cre mice to Tsc1-flox mice. Tsc encodes an endogenous
mTOR inhibitor and germline Tsct knockout mice show
increased mTOR activity in numerous tissues (Figure 7A). Similar

to previous reports, 34,35 chow-
fed POMCisc1--

mice were hy-
perphagic and obese (Figures S9A-S9E), with increased endog-
enous LEP levels (POMCtsc1- - 12.3 + 3.4 ng/mL plasma 
LEP vs.1.3 ≤ 0.4 ng/mL in controls; p = 0.0136, Figure S9F). In contrast to

the response in control mice 
(POMCtsc1+/-

and 
POMCisc1+/+),LEP didMOnot mine to mine, and sTAte 

levels were
mice (Figures 7B-7D), and pSTAT3 levels were

significantly lower in the POMCtsc1-/- mice vs. 
controls followingLEP treatment (Figure S9G). To control for possible effects of

their obesity, we normalized the weight of the 
POMCisct-I-mice by pair-feeding them to the control mice. The pair-fed
POMC*sc1 - - mice also failed to respond to LEP and 
even gained

Figure 6. RAP minimally regulates food intake, fat mass, and fat-to-lean ratio in obese mice models 
deficient in melanocortin signaling(A) POMC ablation: schematic of POMC-dTA vs. POMC-mCherry mice that were treated with daily i.p. injections of 2 mg/kg (rapamycin) RAP vs. VEH for 14 days.

Diagram of the Interaction between the leptin, mion, and ruMe neurons
(B-E) (B) Cumulative food intake, (C) weight, (D) A mass of weight, fat, and lean tissue, and (E) A fat/lean ratio (a.u.) at days 0 vs. 14 (n = 10-11 for POMC-dTA +

RAP, n = 11-13 for POMC-dTA + VEH, n = 8 for POMC-mCherry + RAP, n = 7-8 for POMC-mCherry + VEH; two-way ANOVA with Tukey's multiple comparisons

tests for B-D; one-way ANOVA with Tukey's multiple comparisons for E).

(F) MC4R knockout: schematic of mc4r-/ - mice fed a chow diet treated with daily i.p. injections of RAP (2 mg/kg) vs. VEH for 14 days. Diagram of the interaction

between the leptin, mTOR, and POMC-MC4R pathway.

(G-J) (G) Cumulative food intake, (H) weight in chow-fed mc4r-/- mice; (l) A mass of weight, fat, and lean tissue; and (J) A fat/lean ratio (a.u.) at days 0 vs. 14

(n = 8, 10, for RAP, VEH groups, respectively, for G and H; n = 9, 10, for RAP, VEH groups, respectively, for I and J; two-way ANOVA, with Sidák's multiple

comparisons for G-I; two-tailed Student's t tests for J)

(K) Schematic of the study design: mc4r-/- mice fed a HFD pairfat to WT-DIO mice for 16 weeks, after which they were treated with 14-day daily 2 mg/kg RAP i.p.

injections followed by another 14-day daily i.p. VEH injections. Both groups of mice had ad libitum access to HFD throughout the 
pharmacological treatment.Schematic diagram of testing diet-dependent effects of RAP in HFD-mc4r-/— obese mice. Pairfat mc4r-/— and WT-DIO mice were treated with daily i.p. in-

jections of RAP (2 mg/kg) for 14 days while ad libitum-fed on HFD.

(L-O) (L) Cumulative food intake and (M) weight; (N) A mass of weight, fat, and lean tissue; and (O) A fat/lean ratio (a.u.) at days 0 and 14.

(P and Q) (P) Averaged daily food intake and (Q) weight in (previously pairfat) mc4r-/ - vs. WT-DIO mice after withdrawal from RAP followed by VEH for 14 days

(n = 7 for pairfat mc4r-/- mice, n= 6 for WT-DIO mice; two-way ANOVA, with Sidák's multiple comparisons for L-N, P, and Q; two-tailed Student's t 
tests for O).(G-®) included female animals.

All error bars represent mean + SEM. ns, not significant, *p < 0.05, **p < 0.01, ***р 
< 0.001, ****р < 0.0001.
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(n = 17; p = 0.0148, two-tailed binomial) compared with 50% in 
animals receiving VEH (n = 18; p = 0.0148, two-tailed binomial) 
(Figure 5F). In these experiments, mean firing rates before and 
after application of LEP were calculated in 10 s bins (see 
Figure 5G). 

Melanocortin signaling is required for RAP-mediated 
LEP sensitization 
Mice with an ablation of POMC neurons develop obesity ,32 and, 
if POMC neurons are a target of RAP, they should show a 
reduced response to RAP. We injected AAV5-hSyn-FLEX­
mCherry or AAV5-hSyn-FLEX-dTA (diphtheria toxin A) into the 
ARC of POMC-Cre mice (referred to as POMC-dTA vs. POMC­
mCherry mice, Figure 6A). 8 weeks post injection, POMC-dTA 
mice were obese (Figure SSA; POMC-dTA : 45.5 ± 2.0 g vs. 
POMC-mCherry: 29 .0 ± 1.5 g), with a higher fat mass (42.5% ± 

1.3% vs. 14.9% ± 2.3% ; p < 0.0001), and POMC-mCherry 
mice remained lean. LEP treatment of POMC-dTA animals with 
a high dose of LEP (600 ng/h) had no effect on food intake or 
weight , confirming they are LEP resistant (Figures SSD-SSF). 
RAP treatment of POMC-dTA mice for 14 days did not signifi­
cantly alter food intake (Figure 6B; RAP: 66.5 ± 4.2 g vs. VEH: 
78.2 ± 3.3 g; p = 0.27), Mat mass (- 1.7 ± 0.3 vs. 0.2 ± 0.7 g; 
n = 11, 13, p = 0.12), or fat-to-lean ratio , though there was a small 
decrease in weight (RAP in dTA: - 7.3% ± 1.1 % vs. VEH in dTA: 
3.1% ± 2.1% , p < 0.01) secondary to a reduced lean mass 
compared with VEH (RAP in dTA: - 1.9 ± 0.3 g vs. VEH in dTA: 
0.8 ± 0.5 g; p < 0.01; Figures 6C-6E and SSA). A combination 
of RAP and LEP also failed to alter food intake in the POMC­
dTA animals (see Figures SSG-SSI). 

Mice with a knockout of MC4R, the a-MSH receptor 
G-protein-coupled receptor (Figure 6F), develop obesity ,33 

and , at baseline , mc4r- l- animals were hyperphagic, obese , 
and did not respond to LEP (Figures SSB and S8J-S8L). Similar 
to POMC-dTA mice, RAP did not reduce food intake in mc4r- l ­
mice (Figure 6G), and, although it induced a small decrease in 
body weight (- 5.0% ± 2.1% vs. 4.5% ± 2.4%; p < 0.001), this 
was attributable to loss of lean mass (RAP: - 2.0 ± 0.3 g vs. 
VEH: - 0.2 ± 0.2; p < 0.001), with no significant effect on fat 
mass or fat-to-l ean ratio (Figures 6H-6J and S8B). A comb ina-
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lion of RAP and LEP also failed to reduce weight in mc4r-/- mu­
tants vs. controls (Figures SSM-SSQ). Because mc4r- l- mice 
fed a HFD were more obese than DIO mice, we also controlled 
for possible weight effects by feeding mc4r-l- animals 10% 
fewer calories than were consumed by DIO animals (Figures 
6K and SBC). These mc4r-l- animals are referred to as "pairfat" 
and, at 18 weeks, their weight was similar to DIO mice (Fig­
ure 6K). RAP-treated mc4r- l- pairfat mice consumed sign ifi­
cantly more food than the RAP-treated DIO mice (rnc4r-/- : 
50.6 ± 2.9 g vs. D1O: 27.4 ± 0.9 g; p < 0.01) and even gained 
weight during the treatment (mc4r- /- : +10.1% ± 2.2% vs. 
DIO: - 10.8% ± 0.7% ; p < 0.001) (Figures 6L and 6M). After 
14 days, fat mass and fat-to-lean ratios were significantly higher 
in RAP-treated mc4r- /- mice than in the RAP-treated DIO mice 
(Figure 6N; Mat mass: mc4r-/ - : 6.63 ± 1.9g vs. DIO: - 3.8 ± 0.4 
g; p < 0.0001; fat-to-lean ratio: mc4r- l- : 0.2 ± 0.0 a.u. vs. 
DIO: - 0.1 ± 0.0 a.u.; p < 0.0001), whereas lean mass did not 
change (Figures 6N and 60) . After cessation of RAP, the weight 
of DIO mice returned to pre-treatment levels, whereas that of the 
mc4r- l- mice did not change (Figures 6P and 60). 

Increased mTOR activity in POMC neurons leads to LEP 
resistance 
We next tested whether increased mTOR activity in POMC neu­
rons is sufficient to cause LEP resistance by breeding POMC­
Cre mice to Tsc1-flox mice. Tsc 1 encodes an endogenous 
mTOR inhibitor and germline Tsc1 knockout mice show 
increased mTOR activity in numerous tissues (Figure 7A). Simi lar 
to previous reports ,34 •35 chow-fed POMc 1sc7-i- mice were hy­
perphagic and obese (Figures S9A-S9E), with increased endog­
enous LEP levels (POMC'scl - /- 12.3 ± 3.4 ng/mL plasma LEP vs. 
1.3 ± 0.4 ng/mL in controls; p = 0.0136, Figure S9F). In contrast to 
the response in control mice (POMc•scl+/- and POMc•scl+/+), 

LEP did not reduce food intake or body weight in the 
POMCrsc,- ,_ mice (Figures 7B-7D) , and pSTAT3 levels we re 
significantly lower in the POMCtscl- t- mice vs. controls following 
LEP treatment (Figure S9G). To control for possible effect s of 
their obesity, we normalized the weight of the POMc tsc7-t­
mice by pair-feeding them to the control mice. The pair-fed 
POMc tscl- t- mice also failed to respond to LEP and even gained 

Figure 6. RAP minimally regulates food intake, fat mass, and fat•to~lean ratio in obese mice models deficient in melanocortin signaling 
(A) POMC ablation: schematic of POMC-dTA vs. POMC-mCherry mice that were treated with daily i.p. injections of 2 mg/kg (rapamycin) RAP vs. VEH for 14 days. 
Diagram of the interac tion between the leptin, mTOR, and PO MC neurons. 
(S-E) (B) Cumulative food intake, (C) weight, (D) /:J. mass of weight, fat , and lean tissue, and (E) 6. faVlean ratio (a.u.) at days 0 vs. 14 (n = 10- 11 for POMC-dTA + 
RAP, n = 11-13 for POMC-dTA + VEH, n = 6f or POMC-mCheny + RAP, n = 7-8 for POMC-mCherry + VEH; two-way ANOVAw ith Tukey's multiple comparisons 
tests for 8-0 ; one-way ANOVA with Tukey's multiple comparisons for E). 
(F) MC4R knockout: schematic of mc4r- l- mice fed a chow diet treated with daily i.p. injections of RAP (2 mg/kg) vs. VEH for 14 days. Diagram of the interaction 
between the leptin, mTOR, and POMC-MC4R pathway. 
(G--J) (G) Cumulative food intake, (H) weight in chow-fed mc4r- !- mice; (I) 6. mass of weight, fat , and lean tissue; and (J) 6. faVlean ratio (a.u.) at days O vs. 14 
(n = 8, 10, for RAP, VEH groups, respectively, for G and H; n = 9, 10, for RAP, VEH groups, respectively, for I and J; two-way ANOVA, with Sid8.k's multiple 
comparisons for G-I ; two-tailed Student's t tests for J). 
(K) Schematic of the study design: mc4r- l- mice fed a HFD pairfat to WT-DIO mice for 16 weeks, after which they were treated with 14-dayda ily 2 mg/kg RAP i.p. 

injections followed by another 14-day daily i.p. VEH injections. Both groups of mice had ad libitum access to HFD throughout the pharmacological treatment. 
Schematic diagram of testing diet-dependent effects of RAP in HFD-mc4r- / - obese mice. Pairfat mc4r- !- and WT-D1O mice were treated with daily i.p. in­
jections of RAP (2 mg/kg) for 14 days while ad Jibitum-fed on HFD. 
(L-0 ) (L) Cumulative food intake and (M) weight; (N) 6. mass of weight, fat, and lean tissue; and (0) 6. faVlean ratio (a.u.) at days O and 14. 
(P and Q) (P)Averaged daily food intake and (Q) weight in (previously pairfat) mc4r- l- vs. WT-D1O mice after withdrawal from RAP followed by VEH for 14 days 
(n = 7 for pairfat mc4r- l - mice, n = 6 for WT-DIO mice; two-way AN OVA, with Sid8.k's multiple comparisons for L-N , P, and Q; two-tailed Student's t tests for 0 ). 
(GHQ) included female animals. 
All error bars represent mean ± SEM. ns, not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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Figure 7. Genetic upregulation of mTOR activity in POMC cells causes LEP resistance, which is reversed by RAP in a LEP-signaling-depen-

(A) Diagram illustrates the deletion of the Tsc1 gene, resulting in mTOR activation in POMC cells and subsequent development of obesity.

(B) Schematic depicting the leptin (LEP)-sensitivity test in POMCtsc1-/- and WT littermate mice fed a chow diet. Both mice were treated with twice-
daily i.p.injections of VEH for 3 days, followed by twice-daily i.p. injections of 0.5 mg/kg LEP for another 3 days.

(C and D) (C) Averaged daily food intake and (D) weight during the 3-day LEP-sensitivity test in 
POMCtsc1-/- vs. WT mice ad libitum-fed on chow (n = 10 forPOMCisc1 - - mice, n = 12 for WT control mice; two-way ANOVA, with Sidák's 
multiple comparisons).(E) Schematic depicting LEP-sensitivity test in pairfat POMCtsc1-/- and WT mice fed a chow diet. Both 
groups were treated with twice-daily i.p. injections of0.5 mg/kg LEP for 3 days, followed by twice-daily i.p. injections of VEH for another 3 days. Both groups of mice had ad libitum access to food 
throughout VEH and

(legend continued on next page)
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Figure 7. Genetic upregulation of mTOR activity in POMC cells causes LEP resistance, which is reversed by RAP in a LEP-signaling-depen­
dent manner 
(A) Diagram illustrate s the deletion of the Tsc1 gene, resulting in mTOR activation in POMC cells and subsequent development of obesity . 
(B) Schematic depict ing the leptin (LEP)-sensitivity test in POMc tsc7-t- and WT littermat e mice fed a chow diet. Both mice were treated with twice -daily i.p. 
injections of VEH for 3 days, followed by twice-daily i.p. injections of 0.5 mg/kg LEP for another 3 days. 
(C and D) (C) Averaged daily food intake and (D) weight during the 3-day LEP-sensitivity test in POMc tsc7- 1- vs. WT mice ad Jibitum-fed on chow (n = 10 for 
POMC1sc7

- / - mice, n = 12 for WT control mice; two-way ANOVA, with Sidii.k's multiple comparisons). 
(E) Schematic depicting LEP-sensitivity test in pairlat POMCtscT-/- and WT mice fed a chow diet. Both groups were treated with twice-daily i.p. injections of 
0.5 mg/kg LEP for 3 days, followed by twice-daily i.p. injections of VEH for another 3 days. Both groups of mice had ad fibitum access to food throughout VEH and 
LEP treatment. 
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weight during LEP treatment (POMC*sc1--: 25.3% # 
5.0% vs.control: - 2.5% + 0.6%; p < 0.0001). At the end of LEP treatment,

pair-fed 
POMCtsc1--

and control mice were switched to VEH
and, whereas the food intake increased in controls, the food
intake of the POMCtsc1- - mice did not change 
(Figures 7E-7G).ob/ob mice are ultra-sensitive to LEP administration, and
we next tested whether increased mTOR activity in POMC neu-

rons can induce complete or partial LEP resistance in them
(Figures 7H and 7l). ob/ob animals that carried a POMC-specific

knockout of Tsc were generated and, at baseline, the ob/ob-
POMCISCI
-I

double-knockout (referred to hereafter as OB-
POMCisc1--) mice showed a slight increase of lean 
mass andbody weight compared with ob/ob controls (OB-control) (Fig-

ure S9H), lean mass: OB-POMCtsc1-1- 22.3 ÷ 0.3 g 
vs. OB-con-trol 19.8 ≤ 0.3 g; p < 0.05), though the adiposity was similar be-

tween the two groups (fat mass %: OB-POMC/sci-/- 52.3% +
0.7% vs. OB-control 50.9% ÷ 0.7%; p = 1.0). We treated both
groups with exogenous LEP for 4 weeks (Figure 71), and OB-
POMCtSC1
-1-

animals showed a diminished response to LEP,
with 37.4% greater food consumption (Figure 7J; 94.0 ÷ 9.7 vs.

68.4 ≤ 4.0 g; p < 0.0001), diminished weight loss (Figure 7K;
-26.5% ‡4.2% VS. -41.7% ≤ 1.3%; p < 0.0001), higher fat
mass (Figure 7L; -14.6 ≤ 1.8 vs. -19.1 ≤ 1.3 g), and higher
fat-to-lean ratio (Figure 7M) vs. controls. We then treated both

groups with RAP ≤ exogenous LEP (Figure 71). RAP alone had

no effect on fat mass in the absence of LEP, whereas the com-

bination of RAP and LEP normalized the LEP response of OB-

POMCIS
CT- I-

mice, with comparable reductions in food intake
(Figure 7N, RAP + LEP: OB-POMO scI--, 85.5 $ 16.2 
g vs.OB-control, 66.5 ÷ 6.4 g; p = ns), body weight (Figures 70 and
S9I. RAP + LEP: OB-POMCtsc1-I- , -38.8% ÷ 3.6% vs. OB-con-

trol, - 42.8% ‡ 3.3%; p = ns), fat mass (Figure 7P, RAP + LEP:

OB-POMC Sc1-/- -22.1 ≤ 2.4 g vs. OB-control, -22.4 $ 2.0 g;
p = ns), and fat-to-lean ratio (Figure 7Q) 
as controls.We next evaluated the effect of increasing mTOR activity in

AgRP neurons. In contrast to the severe early-onset obesity of

POMCisc1- - mice, AgRpisc1-- mice showed only a modest in-

crease in body weight with no change in daily food 
intake relativeto controls (Figures S9J-S9N). In addition, pS6 levels in AgRP

neurons were similar in chow-fed vs. DIO mice, and pSTAT3
levels in AgRP neurons were similar to those of DIO mice after

RAP treatment (Figures S90 and S9P).

Finally, we evaluated whether mutations that blunt mTOR acti-

vation in POMC neurons reduce weight gain in DIO mice.
Leucine and methionine activate mTOR via the GATOR2 com-
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plex, whereas the RHEB GTPase directly activates the mTOR
kinase and is inhibited by TSC1 (Figure S10A). 
36-39 POMC-spe-cific knockouts of Rheb and Wdr24, a key component of the
GATOR2 complex, were generated by delivering guide RNAs
for these two genes, as well as control guide RNAs, into the
ARC of POMC-Cas mice generated by mating POMC-Cre
mice to lox-stop-lox (LSL)-Cas9 mice. Although there was no dif-

ference when the groups were fed a chow diet for 3 weeks (Fig-

ure S10B), the POMC-specific knockouts of Wdr24 or Rheb
(Figures S10B-S10D) consumed less food and gained less
weight on a HFD (Figures S10B-S10F). In addition, the levels
of pSTAT3 in the ARC were significantly higher in POMC-specific

knockouts of Wdr24 or Rheb mice after LEP treatment vs. con-

trols (Figures S10G and S10H). Thus, consistent with the effect

of inhibiting mTOR with RAP, CRISPR-mediated knockouts of
these mTOR activators in ARCPOMC neurons 
attenuated thedevelopment of diet-induced obesity.

DISCUSSION

DIO mice develop LEP resistance, the cause of which is un-
known. 3,7,8 In an initial metabolomic screen for 
biomarkers indic-ative of a LEP response, we found that the levels of several
mTOR-activating ligands inversely correlate with LEP sensitivity,

leading us to test whether increased mTOR activity might
contribute to LEP resistance. We found that RAP, a specific
mTOR inhibitor, reduces body weight in DIO mice but not in
mice with defects in LEP signaling or low circulating levels of
the hormone. We then employed snRNA-seq to show that RAP

treatment of DIO, but not lean mice, specifically induced gene

expression in POMC neurons that promote LEP signaling and
melanocortin production. Further studies showed that POMC
neurons and melanocortin signaling are necessary 
for RAP'sweight reducing effects and that increased mTOR activity in
POMC neurons is sufficient to cause LEP resistance. These
data establish a cellular and molecular basis for LEP resistance

These conclusions are consistent with genetic studies of
obesity showing that defects in LEP-melanocortin signaling
cause obesity. 32,33,40 POMC encodes a 
protein precursor thatis processed by proteases PCSK1/2 to generate a-MSH, which

can potently reduce food intake and body weight through
broadly distributed receptors in the brain, 
including MC4R.41-Mutations in Pomc, Posk1, and Mc4r all cause severe early-
onset obesity in humans, 33,40 resulting in an 
inherited form of

(F and G) (F) Averaged daily food intake and (G) weight during the 3-day LEP-sensitivity test in 
POMCisc1-/- vs. WT mice ad libitum-fed on chow (n = 5 formice, n = 11 for WT control mice; two-way ANOVA, with Sidák's multiple 

comparisons).(H) Diagram illustrates a complete loss of LEP signaling in ob/ob/
POMCtsc1- - mice.(I) Schematic of ob/ob/POMCisc1-- (OB-POMCisc -**) and ob/ob controls (OB-control: ob/ob POMC-Cre+ tsc1fl/ - and ob/ob POMC-Cre- tsc1fl/f) mice fed on

chow that were treated with 150 ng/h LEP for 4 weeks, followed by an 8- to 12-week recovery period. After recovery, these mice were treated with 150 ng/h LEP

plus 2 mg/kg RAP (i.p. injections 3 times a week) vs. VEH plus 2 mg/kg RAP (i.p. injections 3 times a week).

(J-M) (J) Cumulative food intake and (K) weight during 4-week LEP treatment; (L) A mass of weight, fat, and lean tissue; and (M) A fat/lean ratio (a.u.) at week 0 vs.

at the end of week 4 (n = 19 for OB-POMCtsc1-'-, n = 25-26 for OB-control; two-way ANOVA, with Sidák's multiple comparisons for J-M; two-tailed 
Student's t

(N-Q) (N) Cumulative food intake and (O) weight during 4-week treatment; (P) A mass of weight, fat, and lean tissue; and (Q) A fat/lean ratio (a.u.) 
at week 0 vs. atthe end of week 4 in OB-
POMCtsc1-1-

vs. OB-control (n = 11 for RAP + LEP in OB-
POMCtsc1-1-

, n = 13 for RAP + LEP in OB-control, n = 6 for RAP + VEH in OB-

POMC'sc1-1-, n = 12-13 for RAP + VEH in OB-control; two-way ANOVA, with Sidák's multiple comparisons for N-P; two-tailed Student's t tests for 
Q). (U)-(Q)include female animals.

All error bars represent mean # SEM. ns, not significant, *p < 0.05, **p < 
0.01, ***p < 0.001, ****р < 0.0001.

Cell Metabolism 37, 723-741, March 4, 2025 735

Cell Metabolism 
Article 

weight during LEP treatment (POMctsc1- 1-: 25.3% ± 5.0% vs. 
control: - 2.5% ± 0.6%;p < 0.0001). At the end of LEPtreatment, 
pair-fed POMctscl - t- and control mice were switched to VEH 
and, whereas the food intake increased in controls, the food 
intake of the POMctsc 1- 1- mice did not change (Figures 7E-7G). 

ob/ob mice are ultra-sensitive to LEP administration, and 
we next tested whether increased mTOR activity in POMC neu­
rons can induce complete or partial LEP resistance in them 
(Figures 7H and 71). ob/ob animals that carried a POMC-specific 
knockout of Tsc1 were generated and, at baseline, the ob/ob­
POMC'sc, - t- double-knockout (referred to hereafter as OB­
POMC'sc1- 1- ) mice showed a slight increase of lean mass and 
body weight compared with ob/ob controls (OB-control} (Fig­
ure S9H), lean mass: OB-POMCtscl- t- 22.3 ± 0.3 g vs. OB-con­
trol 19.8 ± 0.3 g; p < 0.05), though the adiposity was similar be­
tween the two groups (fat mass%: OB-POMC'sc7- t- 52.3% ± 

0.7% vs. OB-control 50.9% ± 0.7%; p = 1.0). We treated both 
groups with exogenous LEP for 4 weeks (Figure 71), and OB­
POMC'sc,-t- animals showed a diminished response to LEP, 
with 37.4% greater food consumption (Figure 7J; 94.0 ± 9.7 vs. 
68.4 ± 4.0 g; p < 0.0001), diminished weight loss (Figure 7K; 
- 26.5% ± 4.2% vs. - 41.7% ± 1.3%; p < 0.0001), higher fat 
mass (Figure 7L; - 14.6 ± 1.8 vs. - 19.1 ± 1.3 g), and higher 
fat-to-lean ratio (Figure 7M) vs. controls. We then treated both 
groups with RAP ± exogenous LEP (Figure 71). RAP alone had 
no effect on fat mass in the absence of LEP, whereas the com­
bination of RAP and LEP normalized the LEP response of OB­
POMC'sc,-t- mice, with comparable reductions in food intake 
(Figure 7N, RAP + LEP: OB-POMCtsc7- t- , 85.5 ± 16.2 g vs. 
OB-control, 66.5 ± 6.4 g; p = ns), body weight (Figures 70 and 
S9I, RAP+ LEP: OB-POMC 'scl- t- . - 38.8% ± 3.6% vs. OB-con­
trol , - 42.8% ± 3.3%; p = ns), fat mass (Figure 7P, RAP + LEP: 
OB-POMCtsc7- t- , - 22.1 ± 2.4 g vs. OB-control, - 22.4 ± 2.0 g; 
p = ns), and fat-to-lean ratio (Figure 70) as controls. 

We next evaluated the effect of increasing mTOR activity in 
AgRP neurons. In contrast to the severe early-onset obesity of 
POMctsc 7-t- mice, AgRPtscl- t- mice showed only a modest in­

crease in body weight with no change in daily food intake relative 
to controls (Figures S9J-S9N). In addition , pS6 levels in AgRP 
neurons were similar in chow-fed vs. DIO mice, and pSTAT3 
levels in AgRP neurons were similar to those of DIO mice after 
RAP treatment (Figures S9O and S9P). 

Finally, we evaluated whether mutations that blunt mTOR acti­
vation in POMC neurons reduce weight gain in DIO mice. 
Leucine and methionine activate mTOR via the GATOR2 com-

c'CelPress 
OPEN ACCESS 

plex, whereas the RHEB GTPase directly activates the mTOR 
kinase and is inhibited by TSC1 (Figure S1 DA). 36-<!

9 POMC-spe­
cific knockouts of Rheb and Wdr24, a key component of the 
GATOR2 complex, were generated by delivering guide RNAs 
for these two genes, as well as control guide RNAs, into the 
ARC of POMC-Cas9 mice generated by mating POMC-Cre 
mice to lox-stop-lox (LSL)-Cas9 mice. Although there was no dif­
ference when the groups were fed a chow diet for 3 weeks (Fig­
ure S10B), the POMC-specific knockouts of Wdr24 or Rheb 
(Figures S10B-S10D) consumed less food and gained less 
weight on a HFD (Figures S10B-S10F). In addition, the levels 
of pSTAT3 in the ARC were significantly higher in POMC-specific 
knockouts of Wdr24 or Rheb mice after LEP treatment vs. con­
trols (Figures S1 0G and S1 OH). Thus, consistent with the effect 
of inhibiting mTOR with RAP, CRISPR-mediated knockouts of 
these mTOR activators in ARCPOMC neurons attenuated the 
development of diet-induced obesity. 

DISCUSSION 

DIO mice develop LEP resistance, the cause of which is un­
known.3·7·8 In an initial metabolomic screen for biomarkers indic­
ative of a LEP response, we found that the levels of several 
mTOR-activating ligands inversely correlate with LEP sensitivity, 
leading us to test whether increased mTOR activity might 
contribute to LEP resistance. We found that RAP, a specific 
mTOR inhibitor, reduces body weight in DIO mice but not in 
mice with defects in LEP signaling or low circulating levels of 
the hormone. We then employed snRNA-seq to show that RAP 
treatment of DIO, but not lean mice, specifically induced gene 
expression in POMC neurons that promote LEP signaling and 
melanocortin production. Further studies showed that POMC 
neurons and melanocortin signaling are necessary for RAP's 
weight reducing effects and that increased mTOR activity in 
POMC neurons is sufficient to cause LEP resistance. These 
data establish a cellular and molecular basis for LEP resistance 
in DIO mice. 

These conclusions are consistent with genetic studies of 
obesity showing that defects in LEP-melanocortin signaling 
cause obesity. 32 •33 .4° POMC encodes a protein precursor that 
is processed by proteases PCSK1/2 to generate c,-MSH, which 
can potently reduce food intake and body weight through 
broadly distributed receptors in the brain, including MC4R.41

-4
4 

Mutations in Pomc, Pcsk1, and Mc4r all cause severe early­
onset obesity in humans, 33 .4° resulting in an inherited form of 

(F and G) (F) Averaged daily food intake and (G) weight during the 3-day LEP-sensitivity test in POMc rsc1-
1
- vs. WT mice ad libitum-fed on chow (n = 5 for 

POMC'sc1-
1
- mice, n = 11 for WT control mice; two-way ANOVA, with Sid3k's multiple comparisons). 

(H) Diagram illustrates a complete loss of LEP signaling in oblob/POMC 1sc 1- 1- mice. 
(I) Schematic of ob/ob!POMCtsci- 1- (OB-POMCtsc7- 1-) and ob/ob controls (OB-control: ob/ob POMC-Cre+ tsc1fl/- and ob/ob POMC-Cre- tsc1fl/ffJ mice fed on 
chow that were treated with 150 ng/h LEP for 4 weeks, followed by an 8- to 12-week recovery period. After recovery, these mice were treated with 150 ng/h LEP 
plus 2 mg/kg RAP (i.p. injections 3 times a week) vs. VEH plus 2 mg/kg RAP (i.p. injections 3 times a week). 
(J- M) (J) Cumulative food intake and (K) weight during 4-week LEP treatment; (L) !l. mass of weight, fat, and lean tissue; and (M) !l. fat/lean ratio (a.u.) at week O vs. 
at the end of week 4 (n = 19 for OB-POMc tsc7- I - , n = 25- 26 for OB-control; two-way ANOVA, with Sid3k's multiple comparisons for J-M; two-tailed Student's t 
tests for M). 
(N-0) (N) Cumulative food intake and (0) weight during 4-week treatment; (P) !l. mass of weight, fat, and lean tissue; and (Q) a faVlean ratio (a.u.) at week 0 vs. at 
the end of week4 in OB-POMC1sc7- 1-vs. OB-control (n = 11 for RAP+ LEP in OB-POMC 1sc1

-
1-, n = 13 for RAP+ LEP in OB-control, n = 6 for RAP+ VEH in OB­

POMC1sc7- 1- , n = 12-13 for RAP+ VEH in OB-control; two-way ANOVA, with Sid8.k's multiple comparisons for N-P ; two-tailed Student's t tests for Q). (JHO) 
include female animals. 
All error bars represent mean ± SEM. ns, not significant, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. 
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LEP resistance. Our data indicate that defects in this same
pathway can also be acquired when mice are fed a HFD. It is
not yet clear why this diet leads to increased mTOR 
activity inPOMC neurons, but a previous study has suggested that sus-

tained hyperleptinemia can cause LEP resistance. 45-47 We hy-

pothesize that weight gain after consumption of a palatable
diet by C57BL/6J mice (and other strains that are obesity prone)

leads to a sustained increase in LEP levels, in turn increasing

mTOR activity as a means of blunting the response (i.e., tachy-

phylaxis), as has also been suggested for other hormones,
including insulin. 48 However, further studies 
currently underwaywill be necessary to assess this, and it is also possible that other

mechanisms contribute.

Consistent with a role for mTOR in causing LEP resistance, our

studies, as well as prior studies of mice with a deletion of Tsc1 in

POMC neurons, revealed that increased mTOR activity in these

neurons causes obesity that is ameliorated by RAP.34,35 
A previ-ous study also showed that intracerebroventricular (ICV) infusion

of RAP reduced food intake and body weight 
in aged mice, 34although we found that daily i.p. injections of RAP alone did
not reduce food intake or fat mass relative to lean mass, except

when combined with exogenous LEP treatment. The difference

between this prior study and ours may be due to the use of
different RAP dosages and routes of administration. Further-
more, this previous study did not assess whether RAP reduced

weight by restoring LEP signaling in vivo nor did it establish the

importance of mTOR hyperactivity in POMC neurons as a cause

ofdiet-induced obesity, the pathogenesis of which,as
mentioned, is considered to be similar to human obesity. We
also observed increased POMC neural activity and LEP respon-

siveness after RAP treatment using electrophysiology. However,

because DIO mice need to be fed a HFD for several months, we

cannot assess the extent to which aging might also contribute to

the reduced POMC neural activity and LEP 
responsiveness thatwe observed in the slice preparations.

Our conclusions are also consistent with several reports
showing that RAP and low leucine or methionine diets attenuate

diet-induced obesity, whereas mTOR activation in 
POMC neu-rons causes obesity. 49-51 However, in these prior 
studies, an ef-fect on LEP sensitivity was not evaluated and the role of POMC

neurons in mediating this response was not shown. Our data
thus unify and extend a large number of prior studies by showing

that increased mTOR signaling in POMC neurons is both neces-

sary and sufficient for the development of diet-induced obesity

and provides a mechanism explaining how and why RAP and
low-protein diets reduce obesity. We also found that downregu-

lation of the leucine-sensing GATOR2 complex in POMC neu-

rons blunts weight gain in POMC-Wdr24 mice fed a HFD.
Consistent with this, we found that LEP reduced plasma levels

of leucine and methionine in LEP-sensitive animals. However,

further studies will be required to understand how LEP reduces

these amino acid levels and establish whether this lowering con-

tributes to LEP's effects.

Although an earlier report suggested that RAP blunted the
acute effects of LEP, this study only evaluated the effect of a sin-

gle dose of LEP on food intake and did not specify which
neuronal type was responsible for the effect. 52 It is 
thus possiblethat, although transient mTOR activation may mediate some of

LEP's acute effects, chronic mTOR activation, 
possibly induced
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by chronically high hormone levels, leads to a downregulation of

LEP signaling. Consistent with this, we found that ps6 levels
were low at baseline in chow-fed mice and that acute LEP treat-

ment increased pS6 levels in the Arc (see Figures S7C and S7D),

whereas chronic hyperleptinemia in DIO mice is associated with

constitutively high pS6 levels.

We also found that increased mTOR activity in POMC neurons

of ob/ob (by breeding to POMCisc1- - mice) leads to 
partial LEPresistance. However, LEP's effect, although reduced, is still sig-

nificant in these mice, suggesting that the hormone acts 
on othertarget populations, including AgRP neurons. AgRP neurons
drives food consumption and are inhibited by LEP. Our finding

that DIO is caused by defects primarily in POMC neurons is
consistent with the fact that ob/ob mice are significantly more

obese than DIO mice, likely as a result of LEP action at other
cellular sites besides POMC neurons. However, in contrast to

its effects in POMC neurons, increased mTOR in AgRP neurons

only had a modest effect on weight and fat mass. Nonetheless,

our data do not exclude the possibility that mTOR might also
affect LEP signaling in these and additional cell types. We
observed increased pS6 levels in a number of hypothalamic sites

within and outside the ARC in DIO mice, such as the ventrome-

dial hypothalamus and preoptic areas, as well as in the basome-

dial amygdala and striatum. It is not clear which of these neurons

express the LEP receptor and what their possible contributions

to LEP resistance are.

The data from single-nuclei sequencing suggest that chronic

mTOR activation activates genes that diminish LEP signaling
and that RAP reverses this. Consistent with this, we found that

RAP increases the levels of pSTAT3 in POMC neurons, possibly

by decreasing the expression of Ptprm and Ptprt, which dephos-

phorylate pSTAT3.2° However, other 
mechanisms in addition todephosphorylation of pSTAT3 may also contribute because a
POMC-specific knockout of Stat3 results in only a 
mild obesephenotype. 5,53 Other signaling molecules 
have been shown tocontribute to LEP resistance, including SOCS3 and PIAS pro-

teins that inhibit JAK and STAT activity, respectively, to decrease

LEP signal 
transduction.53-60

Another report suggested that
increased mTOR signaling in POMC neurons increases the activ-

ity of an inhibitory KATP channel and that 
POMC neurons fromPOMCisCT-I- mice are hyperpolarized via increased KATP
conductance.34 Other reports also show that 
increased levelsof PIP3 can silence POMC neurons by 
increasing KATP channelactivity. 01 Thus, increased expression of the 
KATP channel orsimilar channels could also reduce the activity of POMC subtype

2 neurons expressing the LEP receptor. Grb10, an endogenous

mTOR inhibitor, 4,62 and HDAC6 have also been 
reported tomodulate LEP sensitivity, 63 and impaired 
calcium influx, auto-phagy, increased reactive oxygen species, interleukin-1 ((L-1),

and/or increased endoplasmic reticulum (ER) stress in POMC
neurons have been reported to cause LEP resistance 
61-72 Inaddition, several Gl hormones, including CCK, amylin, and
dual and triple agonists, can also restore LEP action in DIO
mice. 73,74 Further studies will be necessary to 
integrate thesefindings and establish whether these agents alter mTOR
signaling in POMC and other neurons or whether additional
mechanisms contribute.

RAP was first developed as an 
immunosuppressant,75,76 but,more recently, it has been evaluated as a possible agent for
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LEP resistance. Our data indicate that defects in this same 
pathway can also be acquired when mice are fed a HFD. It is 
not yet clear why this diet leads to increased mTOR activity in 
POMC neurons, but a previous study has suggested that sus­
tained hyperleptinemia can cause LEP resistance. 45-4

7 We hy­
pothesize that weight gain after consumption of a palatable 
diet by C57BU6J mice (and other strains that are obesity prone) 
leads to a sustained increase in LEP levels, in turn increasing 
mTOR activity as a means of blunting the response (i.e., tachy­
phylaxis), as has also been suggested for other hormones, 
including insulin.48 However, further studies currently underway 
will be necessary to assess this, and it is also possible that other 
mechanisms contribute. 

Consistent with a role for mTOR in causing LEP resistance, our 
studies, as well as prior studies of mice with a deletion of Tsc1 in 
POMC neurons, revealed that increased mTOR activity in these 
neurons causes obesity that is ameliorated by RAP. 34

•
35 A previ­

ous study also showed that intracerebroventricular (ICV) infusion 
of RAP reduced food intake and body weight in aged mice,34 

although we found that daily i.p. injections of RAP alone did 
not reduce food intake or fat mass relative to lean mass, except 
when combined with exogenous LEP treatment. The difference 
between this prior study and ours may be due to the use of 
different RAP dosages and routes of administration. Further­
more, this previous study did not assess whether RAP reduced 
weight by restoring LEP signaling in vivo nor did it establish the 
importance of mTOR hyperactivity in POMC neurons as a cause 
of diet-induced obesity , the pathogenesis of which, as 
mentioned , is considered to be similar to human obesity. We 
also observed increased POMC neural activity and LEP respon­
siveness after RAP treatment using electrophysiology. However, 
because DIO mice need to be fed a HFD for several months , we 
cannot assess the extent to which aging might also contribute to 
the reduced POMC neural activity and LEP responsiveness that 
we observed in the slice preparations. 

Our conclusions are also consistent with several reports 
showing that RAP and low leucine or methionine diets attenuate 
diet-induced obesity, whereas mTOR activation in POMC neu­
rons causes obesity. 4

9-
51 However, in these prior studies, an ef­

fect on LEP sensitivity was not evaluated and the role of POMC 
neurons in mediating this response was not shown. Our data 
thus unify and extend a large number of prior studies by showing 
that increased mTOR signaling in POMC neurons is both neces­
sary and sufficient for the development of diet-induced obesity 
and provides a mechanism explaining how and why RAP and 
low-protein diets reduce obesity. We also found that downregu­
lation of the leucine-sensing GATOR2 complex in POMC neu­
rons blunts weight gain in POMC-Wdr24 mice fed a HFD. 
Consistent with this, we found that LEP reduced plasma levels 
of leucine and methionine in LEP-sensitive animals. However, 
further studies will be required to understand how LEP reduces 
these amino acid levels and establish whether this lowering con­
tribute s to LEP's effects. 

Although an earlier report suggested that RAP blunted the 
acute effects of LEP, this study only evaluated the effect of a sin­
gle dose of LEP on food intake and did not specify which 
neuronal type was responsible for the effect. 52 It is thus possible 
that, although transient mTOR activation may mediate some of 
LEP's acute effects, chronic mTOR activation, possibly induced 
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by chronically high hormone levels, leads to a downregulation of 
LEP signaling. Consistent with this, we found that pS6 levels 
were low at baseline in chow-fed mice and that acute LEP treat­
ment increased pS6 levels in the Arc (see Figures S7C and S7D), 
whereas chronic hyperleptinemia in DIO mice is associated with 
constitutively high pS6 levels. 

We also found that increased mTOR activity in POMC neurons 
of ob/ob (by breeding to POMC'scl- /- mice) leads to partial LEP 
resistance. However, LEP's effect, although reduced, is still sig­
nificant in these mice, suggesting that the hormone acts on other 
target populations, including AgRP neurons. AgRP neurons 
drives food consumption and are inhibited by LEP. Our finding 
that DIO is caused by defects primarily in POMC neurons is 
consistent with the fact that ob/ob mice are significantly more 
obese than D1O mice, likely as a result of LEP action at other 
cellular sites besides POMC neurons. However, in contrast to 
its effects in POMC neurons, increased mTOR in AgRP neurons 
only had a modest effect on weight and fat mass. Nonetheless, 
our data do not exclude the possibility that mTOR might also 
affect LEP signaling in these and additional cell types. We 
observed increased pS6 levels in a number of hypothalamic sites 
within and outside the ARC in DIO mice, such as the ventrome­
dial hypothalamus and preoptic areas, as well as in the basome­
dial amygdala and striatum. It is not clear which of these neurons 
express the LEP receptor and what their possible contributions 
to LEP resistance are. 

The data from single-nuclei sequencing suggest that chronic 
mTOR activation activates genes that diminish LEP signaling 
and that RAP reverses this. Consistent with this, we found that 
RAP increases the levels of pSTAT3 in POMC neurons, possibly 
by decreasing the expression of Ptprm and Ptprt, which dephos­
phorylate pSTAT3.29 However, other mechanisms in addition to 
dephosphorylation of pSTAT3 may also contribute because a 
POMC-specific knockout of Stat3 results in only a mild obese 
phenotype. 5

•
53 Other signaling molecules have been shown to 

contribute to LEP resistance, including SOCS3 and PIAS pro­
teins that inhibit JAK and STAT activity, respectively, to decrease 
LEP signal transduction. 53-6o Another report suggested that 
increased mTOR signaling in POMC neurons increases the activ­
ity of an inhibitory KATP channel and that POMC neurons from 
POMCtscl - t- mice are hyperpolarized via increased KATP 
conductance. 34 Other reports also show that increased levels 
of PIP3 can silence POMC neurons by increasing KATP channel 
activity. 61 Thus, increased expression of the KATP channel or 
similar channels could also reduce the activity of POMC subtype 
2 neurons expressing the LEP receptor. Grb10, an endogenous 
mTOR inhibitor, 4

•
62 and HDAC6 have also been reported to 

modulate LEP sensitivity, 63 and impaired calcium influx, auto­
phagy, increased reactive oxygen species, interleukin-1 (IL-1), 
and/or increased endoplasmic reticulum (ER) stress in POMC 
neurons have been reported to cause LEP resistance .64-72 In 
addition, several GI hormones, including CCK, amylin, and 
dual and triple agonists, can also restore LEP act ion in DIO 
mice_73·74 Further studies will be necessary to integrate these 
findings and establish whether these agents alter mTOR 
signaling in POMC and other neurons or whether additional 
mechani sms contribute . 

RAP was first developed as an immunosuppressant,75
·
76 but, 

more recently, it has been evaluated as a possible agent for 
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extending lifespan." Increased BMI has been shown to be an in-

dependent risk factor for mortality, & raising 
the possibility thatrestored LEP sensitivity and reduced body weight could
contribute to RAP's effect on longevity. However, RAP also leads

to glucose intolerance and insulin resistance, which would
generally limit its utility, especially in obese patients with predia-

betes and diabetes. 19,75,76 We also found that, 
although notworsening diabetes, RAP treatment of DIO mice has only a mar-

ginal effect on improving glucose metabolism in DIO mice. It
seems likely that the benefit of weight loss is 
counteracted bythe negative effect of RAP on insulin signaling. Consistent with

this, we found that co-administration of RAP and LEP signifi-

cantly ameliorated glucose intolerance in WT mice but not in

mice with defects in melanocortin signaling. This 
is consistentwith prior studies showing that LEP improves glucose tolerance

in mice with mutations in Akt and that POMC neurons have ef-

fects on glucose metabolism independent of their effects on
body weight. 
23,65,79-81Although several new incretin-based therapies have shown

potent effects on reversing obesity, it is likely that other thera-

peutic approaches will be necessary for managing obesity in pa-

tients who cannot tolerate these drugs or fail to respond to them,

or to help maintain weight in patients after 
treatment. 82,83 Over-all, these data suggest that selective inhibition of mTOR in POMC

neurons could provide an alternative therapeutic strategy. The

development of brain-specific rapalogs provides a possible
means to selectively reduce mTOR activity in the brain, and it

might also be possible to develop cell-specific mTOR modula-

Alternatively, the development of means for cell-spe-

cific delivery of RAP to POMC neurons could provide new ave-

nues for treating obesity or maintaining weight loss.

In summary, we show that LEP resistance in DIO animals is
caused by increased mTOR activity in POMC neurons and that

RAP reduces obesity by re-sensitizing endogenous LEP
signaling in these cells. These findings thus have important impli-

cations for our understanding of the pathogenesis of obesity and

potential therapeutic applications.

Limitations of the study
Although our data show that increased mTOR activity in POMC

neurons contributes to LEP resistance in DIO animals, it is not

clear why feeding mice a HFD increases mTOR activity in neu-

rons. Further experiments to probe the mechanisms by which
mTOR is activated in DIO mice will be necessary. In addition,
although our single-cell sequencing data in the ARC suggest
that short-term RAP treatment primarily affects POMC neurons,

it is possible that other cell types in the hypothalamus or else-

where might also contribute. These other cell types 
might bedirect targets or connect to POMC neurons at the circuit level

to regulate their intracellular mTOR activity. Alternatively, these

other sites could act independently of POMC neurons, and the

identification of these other potential targets will be necessary.

Finally, the use of RAP as a LEP sensitizer for the treatment of

obesity should be approached with caution, as RAP also affects

glucose tolerance, lean mass, and possibly other pathways. Ef-

forts to develop cell-type-specific means for reducing mTOR
activity to increase LEP sensitivity may thus represent a novel

therapeutic approach, but it will be important to minimize effects

on mTOR activity elsewhere.
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extending lifespan." Increased BMI has been shown to be an in­
dependent risk factor for mortality ,78 raising the possibility that 
restored LEP sensitivity and reduced body weight could 
contribute to RAP's effect on longevity. However, RAP also leads 
to glucose intolerance and insulin resistance, which would 
generally limit its utility, especially in obese patients with predia­
betes and diabetes. 19·75

•
76 We also found that, although not 

worsening diabetes, RAP treatment of D1O mice has only a mar­
ginal effect on improving glucose metabolism in D1O mice. It 
seems likely that the benefit of weight loss is counteracted by 
the negative effect of RAP on insulin signaling. Consistent with 
this, we found that co-administration of RAP and LEP signifi­
cantly ameliorated glucose intolerance in WT mice but not in 
mice with defects in melanocortin signaling. This is consistent 
with prior studies showing that LEP improves glucose tolerance 
in mice with mutations in Akt and that POMC neurons have ef­
fects on glucose metabolism independent of their effects on 
body weight.23.ss.1!>-<!1 

Although several new incretin-based therapies have shown 
potent effects on reversing obesity, it is likely that other thera­
peutic approaches will be necessary for managing obesity in pa­
tients who cannot tolerate these drugs or fail to respond to them, 
or to help maintain weight in patients after treatment. 82

·
83 Over­

all, these data suggest that selective inhibition of mTOR in POMC 
neurons could provide an alternative therapeutic strategy. The 
development of brain-specific rapalogs provides a possible 
means to selectively reduce mTOR activity in the brain, and it 
might also be possible to develop cell-specific mTOR modula­
tors.84-87 Alternatively, the development of means for cell-spe­
cific delivery of RAP to POMC neurons could provide new ave­
nues for treating obesity or maintaining weight loss. 

In summary, we show that LEP resistance in D1O animals is 
caused by increased mTOR activity in POMC neurons and that 
RAP reduces obesity by re-sensitizing endogenous LEP 
signaling in these cells. These findings thus have important impli­
cations for our understanding of the pathogenesis of obesity and 
potential therapeutic applications. 

Limitations of the study 
Although our data show that increased mTOR activity in POMC 
neurons contributes to LEP resistance in D1O animals, it is not 
clear why feeding mice a HFD increases mTOR activity in neu­
rons. Further experiments to probe the mechanisms by which 
mTOR is activated in D1O mice will be necessary. In addition, 
although our single-cell sequencing data in the ARC suggest 
that short-term RAP treatment primarily affects POMC neurons, 
it is possible that other cell types in the hypothalamus or else­
where might also contribute. These other cell types might be 
direct targets or connect to POMC neurons at the circuit level 
to regulate their intracellular mTOR activity. Alternatively, these 
other sites could act independently of POMC neurons, and the 
identification of these other potential targets will be necessary. 
Finally, the use of RAP as a LEP sensitizer for the treatment of 
obesity should be approached with caution , as RAP also affects 
glucose tolerance, lean mass, and possibly other pathways. Ef­
forts to develop cell-type-specific means for reducing mTOR 
activity to increase LEP sensitivity may thus represent a novel 
therapeutic approach, but it will be important to minimize effects 
on mTOR activity elsewhere. 
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals
Wild-type mice (#000664), db/db mice (#000697), mc4r-/- (#032518), POMC-Cre (#005965) Tsc1 fI/fI (#005680), AgRP-Cre

(#012899), LSL-Cas9 (#026175), POMC-EGFP (#009593) were acquired from Jackson Lab and ob/ob were F1, bred in lab, from a

cross between male ob/ob and female ob/+ (#000632). All crosses were bred in lab from the above animals. Animals were kept at

ambient temperature (64°F and 79°F) and humidity-controlled housing with a 12hr light-dark cycle (lights on at 7am and off at

7pm) and on a standard-chow diet (PicoLab® Rodent Diet 205053) unless otherwise indicated. Diet-induced-obese (DIO) wild-

type mice were fed on high-fat diet (HFD, Research Diets, Cat# D12492, Rodent Diet With 60 kcal% Fat) starting at ~6 weeks old

and used for experiments starting at 24 weeks old (fed on HFD for at least 18 weeks). Aged wild-type mice (12-16 months old)

and young wildtype mice (~8 weeks old) were acquired from Jackson Lab #000664. All experiments were conducted according

to AAALAC approved animal protocols. Males were used throughout. Males and female animals were used in Figures 3I-3P, 6F-

6Q, and 7H-7Q (see figure legends). All experiments were internally sex and age matched.

METHOD DETAILS

Plasma metabolomics and lipidomics
Wildtype animals (Jackson #000664) were fed either chow (PicoLab® Rodent Diet 205053) or high fat diet 
(HFD, Research Diets cat.#D12492 Rodent Diet With 60 kcal% Fat) starting at 6-9 weeks of age. ob/ob males, bred in lab as described above, were also fed

either chow or HFD and pairfed to their wildtype counterparts. Food intake for the wildtype animals were measured 
weekly, dividedby 7, and then fed in that amount daily to the pairfed ob/ob animals for 18 weeks. Despite this pairfeeding scheme, the ob/ob animals
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Wild-type mice (#000664), db/db mice (#000697), mc4r- l - (#032518), POMC-Cre (#005965) Tsc1 fl/fl (#005680), AgRP-Cre 
(#012899) , LSL-Cas9 (#026175), POMC-EGFP (#009593) were acquired from Jackson Lab and ob/ob were F1, bred in lab, from a 
cross between male ob/ob and female obi+ (#000632). All crosses were bred in lab from the above animals . Animals were kept at 
ambient temperature (64°F and 79°F) and humidity-controlled housing with a 12hr light-dark cycle (lights on at 7am and off at 
7pm) and on a standard-chow diet (Picolab ® Rodent Diet 205053) unless otherwise indicated. Diet-induced-obese (DIO) wild­
type mice were fed on high-fat diet (HFD, Research Diets, Cat# D12492 , Rodent Diet With 60 kcal % Fat) starting at ~ 6 weeks old 
and used for experiments starting at 24 weeks old (fed on HFD for at least 18 weeks). Aged wild-type mice (12-16 months old) 
and young wildtype mice (~ 8 weeks old) were acquired from Jackson Lab #000664. All experiments were conducted according 
to AAALAC appro ved animal protocols. Males were used throughout. Males and female animals were used in Figures 31-3P, 6F-
6Q, and 7H-7Q (see figure legends). All experiments were internally sex and age matched. 

METHOD DETAILS 

Plasma metabolomics and lipidomics 
Wildtype animals (Jackson #000664) were fed either chow (Picolab ® Rodent Diet 205053) or high fat diet (HFD, Research Diets cat. 
#D12492 Rodent Diet With 60 kcal% Fat) starting at 6-9 weeks of age. ob/ob males, bred in lab as described above, were also fed 
either chow or HFD and pairfed to their wildtype counterparts. Food intake for the wildtype animals were measured weekly , divided 
by 7, and then fed in that amo unt daily to the pairfed ob/ob animals for 18 weeks. Despite this pairfeeding sc heme, th e ob/ob anima ls 
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gained more weight than their wild-type counterparts. After 18 weeks of daily pairfeeding, all animals were i.p. injected with PBS

(Gibco, Cat# 14190-144) at 12hour intervals for 24hrs and blood was collected and processed as described below in section (Leptin

ELISA). Following 5 days of recovery, the animals were i.p. injected with 12.5 mg/kg leptin, dissolved in PBS at 12hour 
intervals for24hrs and blood was again collected. (1) Metabolomics. For polar metabolites, 10ul of serum was extracted with 40ul MeOH pre-

cooled on dry ice. After vertexing, samples are left on dry ice for 5min then centrifuged at 16,000 X g for 10 min at 4°C. Supernatant

was subjected to LC-MS analysis. Positive and Negative mode of metabolomics were run on a quadrupole-orbitrap mass spectrom-

eter (Q Exactive, Thermo Fisher Scientific, San Jose, CA) coupled with hydrophilic interaction chromatography (HILIC) via electro-

spray ionization. LC separation was done with a XBridge BEH Amide column (2.1 mm x 150 mm x 2.5 mm particle size, 130 A°

pore size; Waters, Milford, MA) using a gradient of solvent A (20 mM ammonium acetate, 20 mM ammounium hydroxide in95:5

water:acetonitrile, pH 9.45) and solvent B (acetonitrile). Flow rate was 150 mL/min. The LC gradient was: O min, 85% 
B;2 min,85% B; 3 min, 80% B; 5 min, 80% B; 6 min, 75% B; 7 min, 75% B; 8 min, 70% B; 9 min, 70% B; 10 min, 50% B; 12 min,50% B;

13 min, 25% B; 16 min, 25% B; 18 min, 0% B; 23 min, 0% B; 24 min, 85% B. Injection volume was 5ul for all serum samples at

the autosampler temperature of 5 °C. (2) Lipidomics. Serum lipidomic samples are extracted with ethyl acetate. Serum (4ul) was

added to ethyl acetate (100ul) and centrifuged 16,000 X g for 10min, and the supernatant was collected. The same process was

repeated, and supernatant is combined. The resulting extract was dried down and redissolved in 1:1:1 methanol:acetonitrile:2-prop-

anol (200ul) before analysis by Q Exactive Plus mass spectrometer coupled to a Vanquish UHPLC system (Thermo Fisher Scientific)

using positive and negative-mode electrospray ionization. The LC separation was achieved on an Agilent Poroshell 120 EC-C18 col-

umn (150 × 2.1mm, 2.7 um particle size) at a flow rate of 150 ul min-'. The gradient was Ominutes, 25% B; 
2minutes, 25% B; 4mi-nutes, 65% B; 16minutes, 100% B; 20minutes, 100% B; 21minutes, 25% B; 27minutes, 25% B. Solvent A is 1mM ammonium
acetate + 0.2% acetic acid in water:methanol (90:10). Solvent B is 1mM ammonium acetate + 0.2% acetic acid in methanol:2-prop-

anol (2:98).

Pharmacological administration
Recombinant mouse leptin (R&D 498-OB-05M) was reconstituted in PBS and injected intraperitoneally (i.p.) or delivered via a sub-

cutaneous osmotic pump (Alzet Cat# 2002, 2004, or 2006). Osmotic pumps were filled using sterile techniques and calibrated using

the manufacturer's instructions. They were inserted dorsally under the skin of an isoflurane-anesthetized mouse using sterile surgery

techniques. Rapamycin (LC Laboratories, Cat# 53123-88-9) was first dissolved in DMSO at 200 mg/ml, 
then diluted in 5% PEG 400and 5% Tween 80 (in PBS) to a final concentration of 0.5 mg/ml. i.p. injections were done at indicated concentrations using insulin

syringes (Beckton Dickinson, Cat# 324911).

Magnetic resonance imaging (MRI)
Body fat mass was measured by MRI in live mice using an Echo-MRIT™ 100H (EchoMRI, LL). Machine was calibrated before use. No

sedation or anesthesia was used, as per company protocol, but the animals were acclimated to the MRI tube before measurement.

Body fat percentage was calculated by dividing fat mass over total body mass. Lean mass was calculated by subtracting 
fat massfrom total body mass. Total body mass was measured by a CGOLDENWALL high precision lab scale.

Leptin sensitivity test
Animals were administered leptin (at indicated doses) or PBS either by i.p. injections every 12 hours or via osmotic 
pumps implanted1 day prior to the start of the experiment. Food intake and body weight were measured through the course 
of treatment as indicated.
Glucose tolerance test
Animals fasted overnight were i.p. injected 5-20% glucose dissolved in PBS as indicated in the figure legends. Total amount of

glucose injected was based on lean mass (determined with EchoMRI as per above) times the dosage. Dosage used for each exper-

iment and cohort was indicated in the manuscript. Blood glucose in the GTT assay and ad libitum-fed conditions were measured by

tail vein sampling using a Breeze2 glucometer (Bayer SKU: breeze2meter UPC: 301931440010). For the GTT in DIO mice in
Figures S4G and S4H, the groups of mice receiving 600 ng/hr leptin (RAP+LEP and LEP) were i.p. injected 1 mg/kg leptin 1 hour prior

to the glucose injection, while the other groups of mice (RAP and VEH) were i.p. injected PBS 1 hour prior to the GTT started.

Leptin ELISA
Blood (75-150 ul) was collected retro-orbitally at the indicated times in the manuscript using EDTA coated capillaries (Drummond

Calibrated Micropipettes Glass Capillaries with EDTA 100ul, Cat# 2-000-100-D). Blood samples were spun for 20 minutes at 4°C

and supernatant collected as plasma and frozen immediately in liquid nitrogen and stored at -80°C in screw cap tubes (Thermo

Cat# 374503). Plasma leptin was measured by ELISA (Alpco, Cat# 22-LEPMS-E01) according to the 
manufacturer's protocol.
Pairfeeding or Pairfat conditions
Pairfeeding was conducted by measuring the daily or weekly food intake of the group which shows lower food intake and feeding that

same amount to the other group. In some conditions where the group being pairfed still weighs significantly higher than the group it is

pairfed to, we further restricted their food intake 10% lower than the amount of food they received in order to reach equal body weight

(Pairfat) as the other group before the subsequent tests. Animals were single housed during experiments. Food intake 
and body
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gained more weight than their wild-type counterparts. After 18 weeks of daily pairfeeding, all animals were i.p. injected with PBS 
(Gibco, Cat# 14190-144) at 12hour intervals for 24hrs and blood was collected and processed as described below in section (Leptin 
ELISA). Following 5 days of recovery, the animals were i.p. injected with 12.5 mg/kg leptin, dissolved in PBS at 12hour intervals for 
24hrs and blood was again collected. (1) Metabolomics. For polar metabolites, 1 Qui of serum was extracted with 40ul MeOH pre­
cooled on dry ice. After vertexing, samples are left on dry ice for 5min then centrifuged at 16,000 X g for 10 min at 4°C. Supernatant 
was subjected to LC-MS analysis. Positive and Negative mode of metabolomics were run on a quadrupole-orbitrap mass spectrom­
eter (Q Exactive, Thermo Fisher Scientific, San Jose, CA) coupled with hydrophilic interaction chromatography (HILIC) via electro­
spray ionization. LC separation was done with a XBridge BEH Amide column (2.1 mm x 150 mm x 2.5 mm particle size, 130 A0 

pore size; Waters, Milford, MA) using a gradient of solvent A (20 mM ammonium acetate, 20 mM ammounium hydroxide in95:5 
water:acetonitrile, pH 9.45) and solvent B (acetonitrile). Flow rate was 150 ml/min. The LC gradient was: 0 min, 85% B;2 min, 
85% B; 3 min, 80% B; 5 min, 80% B; 6 min, 75% B; 7 min, 75% B; 8 min, 70% B; 9 min, 70% B; 10 min, 50% B; 12 min,50% B; 
13 min , 25% B; 16 min, 25% B; 18 min, 0% B; 23 min , 0% B; 24 min, 85% B. Injection volume was Sul for all serum samples at 
the autosampler temperature of 5 °C. (2) Lipidomics . Serum lipidomic samples are extracted with ethyl acetate. Serum (4µ1) was 
added to ethyl acetate (100µ1) and centrifuged 16,000 X g for 10min, and the supernatant was collected. The same process was 
repeated, and supernatant is combined. The resulting extract was dried down and redissolved in 1 :1 :1 methanol:acetonitrile:2-prop­
anol (200µ1) before analysis by Q Exactive Plus mass spectrometer coupled to a Vanquish UHPLC system (Thermo Fisher Scientific) 
using positive and negative-mode electrospray ionization. The LC separation was achieved on an Agilent Poroshell 120 EC-C18 col­
umn (150 x 2.1 mm, 2.7 µm particle size) at a flow rate of 150 µI min- 1

. The gradient was 0minutes, 25% B; 2minutes, 25% B; 4mi­
nutes, 65% B; 16minutes, 100% B; 20minutes, 100% B; 21minutes , 25% B; 27minutes, 25% B. Solvent A is 1mM ammonium 
acetate+ 0.2% acetic acid in water:methanol (90:10). Solvent Bis 1 mM ammonium acetate+ 0.2% acetic acid in methanol:2-prop­
anol (2:98). 

Pharmacological administration 
Recombinant mouse leptin (R&D 498-OB-05M) was reconstituted in PBS and injected intraperitoneally (i.p.) or delivered via a sub­
cutaneous osmotic pump (Alzet Cat# 2002, 2004, or 2006) . Osmotic pumps were filled using sterile techniques and calibrated using 
the manufacturer's instructions. They were inserted dorsally under the skin of an isoflurane-anesthetized mouse using sterile surgery 
techniques. Rapamycin (LC Laboratories, Cat# 53123-88-9) was first dissolved in DMSO at 200 mg/ml, then diluted in 5% PEG 400 
and 5% Tween 80 (in PBS) to a final concentration of 0.5 mg/ml. i.p. injections were done at indicated concentrations using insulin 
syringes (Beck1on Dickinson, Cat# 324911 ). 

Magnetic resonance imaging (MRI) 
Body fat mass was measured by MRI in live mice using an Echo-MRI™ 100H (EchoMRI, LL). Machine was calibrated before use. No 
sedation or anesthesia was used, as per company protocol, but the animals were acclimated to the MRI tube before measurement. 
Body fat percentage was calculated by dividing fat mass over total body mass. Lean mass was calculated by subtracting fat mass 
from total body mass. Total body mass was measured by a CGOLDENWALL high precision lab scale. 

Leptin sensitivity test 
Animals were administered leptin (at indicated doses) or PBS either by i.p. injections every 12 hours or via osmotic pumps implanted 
1 day prior to the start of the experiment. Food intake and body weight were measured through the cour se of treatment as indicated . 

Glucose tolerance test 
Animals fasted overnight were i.p. injected 5-20% glucose dissolved in PBS as indicated in the figure legends. Total amount of 
glucose injected was based on lean mass (determined with EchoMRI as per above) times the dosage. Dosage used for each exper­
iment and cohort was indicated in the manuscript. Blood glucose in the GTT assay and ad libitum-fed conditions were measured by 
tail vein sampling using a Breeze2 glucometer (Bayer SKU: breeze2meter UPC: 301931440010). For the GTT in DIO mice in 
Figures S4G and S4H, the groups of mice receiving 600 ng/hr leptin (RAP+LEP and LEP) were i.p. injected 1 mg/kg leptin 1 hour prior 
to the glucose injection, while the other groups of mice (RAP and VEH) were i.p. injected PBS 1 hour prior to the GTT started. 

Leptin ELISA 
Blood (75-150 µI) was collected retro-orbitally at the indicated times in the manuscript using EDTA coated capillaries (Drummond 
Calibrated Micropipettes Glass Capillaries with EDTA 100µ1, Cat# 2-000-100-D). Blood samples were spun for 20 minutes at 4°C 
and supernatant collected as plasma and frozen immediately in liquid nitrogen and stored at -80°C in screw cap tubes (Thermo 
Cat# 37 4503). Plasma leptin was measured by ELISA (Alpco , Cat# 22-LEPMS-E01) acc ording to the manufacturer' s protocol. 

Pair1eeding or Pair1at conditions 
Pairfeeding was conducted by measuring the daily or weekly food intake of the group which shows lower food intake and feeding that 
same amount to the other group . In some conditions where the group being pairfed still weigh s significantly higher than the group it is 
pairfed to, we further restricted their food intake 10% lower than the amount of food they received in order to reach equal body weight 
(Pairfat) as the other group before the subsequent tests. Animals were single housed during experiments. Food intake and body 
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weight were measured daily or weekly using an Ohaus Scale. For pairfeeding in Figure 1, pairfeeding was done daily; however the

amount fed was determined by measuring the food intake of the WTs once a week and dividing that by 7 and then feeding the OB

animals that amount daily in the following week. For Figures 21-2L, during weeks 19-23 (21 days), vehicle treated animals 
were fed,daily, what the rapamycin treated animals had eaten the preceding 24hours. For Figures 6K-6Q, animals were pairfed on HFD, food

amount determined weekly in the first 16 weeks with the mc4r-/- cages receiving 10% less food than consumed by the wildtype an-

imals. The last 3 weeks, animals were single housed and the mc4r-/- animals were precisely pairfed individually on a daily basis 10%

less than what the wildtype animals were eating. This resulted in all groups weighing the same at the beginning of the ensuing leptin

sensitivity tests. We refer to this protocol as "Pairfat." For Figure 7E, animals were "pairfat"-fed from 8 weeks of age.

Whole-brain mTOR activity (pS6) mapping
SHIELD-based whole-brain clearing and labeling was employed for mapping pS6 activity in DIO mice and chow fed mice. Mice ad

libitum fed on HFD or chow were anesthetized with isoflurane and transcardially perfused with PBS containing 10 U/ml heparin, fol-

lowed by 4% PFA. The dissected brains were fixed in 4% PFA for 24 h at 4 °C. Brains were then transferred 
to PBS containing 0.1%sodium azide until brain clearing and labeling. Brains were processed by LifeCanvas Technologies following 
the SHIELD protocol, aspublished and outlined on the LifeCanvas Technologies website (https://sites.google.com/lifecanvastech.com/
protocol), 21,86 The following steps detail the workflow: Samples were cleared for 7 days with 
Clear+ delipidation buffer, followedby batch labeling in SmartBatch+ with 5 ug anti-Rabbit p56 (Invitrogen Cat# 44-923G), 17 mg anti-Mouse NeuN antibody (Encor

MCA-1B7) per brain. Fluorescently conjugated secondary antibodies were applied in 1:2 primary/secondary molar ratios (Jackson

ImmunoResearch). Labeled samples were incubated in Easylndex (LifeCanvas Technologies) for refractive index matching (n = 1.52)

and imaged using SmartSPIM (LifeCanvas Technologies) with a 4 um z-step, 1.8 um xy pixel size, and wavelengths of 488 nm for

NeuN detection and 561 nm for pS6 detection. Image analysis was conducted following the procedures as previously published.21,86

Atlas Registration: Samples were registered to the Allen Brain Atlas (Allen Institute: https://portal.brain-map.org/ using an automated

process (alignment performed by LifeCanvas Technologies). A NeuN channel for each brain was registered to an average NeuN atlas

(generated by LifeCanvas Technologies using previously-registered samples). Registration was performed using successive rigid,

affine, and b-spline warping algorithms (SimpleElastix: https://simpleelastix.github.io/). Cell Detection: Automated cell detection

was performed by LifeCanvas Technologies using a custom convolutional neural network created with the Tensorflow python pack-

age (Google). The cell detection was performed by two networks in sequence. First, a fully-convolutional detection network (https://

arxiv.org/abs/1605.06211v1) based on a U-Net architecture (https://arxiv.org/abs/1505.04597v1) was used to find possible positive

locations. Second, a convolutional network using a ResNet architecture (https://arxiv.org/abs/1512.03385v1) was used to classify

each location as positive or negative. Using the previously-calculated Atlas Registration, each cell location was projected onto

the Allen Brain Atlas in order to count the number of cells for each atlas-defined region.

Single-nucleus RNA sequencing
Animals received 3-day treatment of rapamycin and/or leptin were anesthetized under 5% isoflurane 4-hour post last 
injection. ARCwas microdissected under a stereo microscope in pre-chilled dissection buffer and immediately transferred to dry ice prior to down-

stream nuclei extraction at the same day. After dissection, frozen tissues on dry ice were immediately transferred to Teflon homog-

enizer containing 1 ml pre-chilled 0.1% NP40 (IGEPAL CA-630) lysis buffer (Sigma-Aldrich, Cat# 18896) and homogenized for 15-30

times using a pellet pestle on ice. Homogenized samples were incubated for another 10-15 min on ice, followed by passing 
through a70 um Flowmi Cell Strainer and a 40 um Flowmi Cell Strainer (Millipore Sigma). The collected flowthrough was centrifuged at 500-

1000 ref for 5 minutes at 4°C, and the pellets were completely resuspended in 1 ml of staining buffer. Subsequently, 1 ml of 20%

iodixanol was carefully loaded beneath the staining buffer at 4°C. Samples were centrifuged at 10000 rcf for 20 min at 4°C. Super-

natant containing debris was carefully removed. Pellets were resuspended in staining buffer containing anti-NeuN Alexa 647 anti-

body (abcam, Cat# ab190565) and HashTag antibodies (1 ul for labeling ~1 x 10ª nuclei, 
BioLegend, TotalSeqB anti-NuclearPore) in order to enrich neurons and multiplex samples. After antibody incubation and rotating for 30 min at 4°C, samples were

washed with staining buffer without antibodies for 3 times. Samples were resuspended in FACS buffer after last-round wash and

sent for FACS sorting. Hoechst 33342 (ThermoFisher Scientific, Cat# H3570) were added at a final concentration of 0.2 mM to label

nuclei. Sorted nuclei were sent for downstream 10X genomics 3' RNA-seq with feature barcode library preparation and sequenced

using NovaSeq sequencer or DNBseq sequencer at BGl with ~30000 reads/nuclei on average. Dissection buffer contains 
1X HBSS,2.5 mM HEPES-KOH [pH 7.4], 35 mM Glucose, 4 mM NaHCO3, and Actinomycin D (Sigma-Aldrich, Cat# A1410) at a final concen-

tration of 20 ug/ml. NP40 lysis buffer contains 10 mM Tris-HCI [pH 7.4], 10 mM NaCI, 3 mM MgCl2, 0.1% NP40 dissolved in nuclease-

free water. For 1 ml NP40 lysis buffer, 1 ul DTT, 25 ul 20 U/ul SUPERaseln (ThermoFisher Scientific Cat# AM2696), 12.5 ul 40 U/ ul

RNasin (Promega Cat# N2615), 10 ul protease and phosphatase inhibitor cocktail (100X; ThermoFisher Scientific Cat# 78442), 40 ul

1 mg/ml Actinomycin D were added right before use. 20% iodixanol buffer contains 0.25M sucrose, 25mM KCI, 5mM MgC 2, 20mM

Tricine-HCl [pH 8.0] and 20% lodixanol dissolved in nuclease-free water. DTT, Superasine, Rnasin and protease inhibitors were

added at the same concentration as NP40 lysis buffer right before use. Staining buffer contains 2% BSA, 0.05% NP40 dissolved

in nuclease-free 1X PBS. Superasine, Rnasin and protease inhibitors were added at the same concentration as NP40 lysis buffer right

before use. FACS buffer contains 2% BSA dissolved in nuclease-free 1X PBS buffer. Superasine, Rnasin and protease inhibitors were

added at the same concentration as NP40 lysis buffer right before use.
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weight were measured daily or weekly using an Ohaus Scale. For pairfeeding in Figure 1, pairfeeding was done daily; however the 
amount fed was determined by measuring the food intake of the WTs once a week and dividing that by 7 and then feeding the OB 
animals that amount daily in the following week. For Figures 2I-2L, during weeks 19-23 (21 days), vehicle treated animals were fed, 
daily, what the rapamycin treated animals had eaten the preceding 24hours. For Figures 6K-6Q, animals were pairfed on HFD, food 
amount determined weekly in the first 16 weeks with the mc4r-/- cages receiving 10% less food than consumed by the wildtype an­
imals. The last 3 weeks , animals were single housed and the mc4r-l- animals were precisely pairfed individually on a daily basis 10% 
less than what the wildtype animals were eating. This resulted in all groups weighing the same at the beginning of the ensuing leptin 
sensitivity tests. We refer to this protocol as "Pairfat." For Figure 7E, animals were "pairfat"-fed from 8 weeks of age. 

Whole-brain mTOR activity (pS6) mapping 
SHIELD-based whole-brain clearing and labeling was employed for mapping pS6 activity in DIO mice and chow fed mice. Mice ad 
libitum fed on HFD or chow were anesthetized with isoflurane and transcardially perfused with PBS containing 10 U/ml heparin, fol­
lowed by 4% PFA. The dissected brains were fixed in 4% PFA for 24 hat 4 °C. Brains were then transferred to PBS containing 0.1 % 
sodium azide until brain clearing and labeling. Brains were processed by LifeCanvas Technologies following the SHIELD protocol, as 
previously published and outlined on the LifeCanvas Technologies website (https://sites.google.com/lifecanvastech.com/ 
protoco l/).21

•
86 The following steps detail the workflow: Samples were cleared for 7 days with Clear+ delipidation buffer , followed 

by batch labeling in SmartBatch+ with 5 µg anti-Rabbit pS6 (lnvitrogen Cat# 44-923G), 17 µg anti-Mouse NeuN antibody (Encor 
MCA-1B7) per brain. Fluorescently conjugated secondary antibodies were applied in 1:2 primary/secondary molar ratios (Jackson 
lmmunoResearch). Labeled samples were incubated in Easylndex (LifeCanvas Technologies) for refractive index matching (n = 1.52) 
and imaged using SmartSPIM (LifeCanvas Technologies) with a 4 µm z-step , 1.8 µm xy pixel size, and wavelengths of 488 nm for 
NeuN detection and 561 nm for pS6 detection. Image analysis was conducted following the procedures as previously published.21

•
86 

Atlas Registration: Samples were registered to the Allen Brain Atlas (Allen Institute: https://portal.brain-map.or g/) using an automated 
process (alignment performed by LifeCanvas Technologies). A NeuN channel for each brain was registered to an average NeuN atlas 
(generated by LifeCanvas Technologies using previously-registered samples). Registration was performed using successive rigid, 
affine, and b-spline warping algorithms (SimpleElastix: https ://simpleelastix .github .io/) . Cell Detection: Automated cell detection 
was performed by LifeCanvas Technologies using a custom convolutional neural network created with the Tensorflow python pack­
age (Google). The cell detection was performed by two networks in sequence. First, a fully-convolutional detection network (https:// 
arxiv.org/abs/1605.06211v1 ) based on a U-Net architecture (https://arxiv.org/abs/1505.04597v1 ) was used to find possible positive 
locations. Second, a convolutional network using a ResNet architecture (https://arxiv.org/abs/1512.03385v1 ) was used to classify 
each location as positive or negative. Using the previously-calculated Atlas Registration, each cell location was projected onto 
the Allen Brain Atlas in order to count the number of cells for each atlas-defined region. 

Single-nucleus RNA sequencing 
Animals received 3-day treatment of rapamycin and/or leptin were anesthetized under 5% isoflurane 4-hour post last injection. ARC 
was microdissected under a stereo microscope in pre-chilled dissection buffer and immediately transferred to dry ice prior to down­
stream nuclei extraction at the same day. After dissection, frozen tissues on dry ice were immediately transferred to Teflon homog­
enizer containing 1 ml pre-chilled 0.1 % NP40 (IGEPAL CA-630) lysis buffer (Sigma-Aldrich, Cat# 18896) and homogenized for 15-30 
times using a pellet pestle on ice. Homogenized samples were incubated for another 10-15 min on ice, followed by passing through a 
70 µm Flowmi Cell Strainer and a 40 µm Flowmi Cell Strainer (Millipore Sigma). The collected flowthrough was centrifuged at 500-
1000 ref for 5 minutes at 4°C, and the pellets were comp letely resuspended in 1 ml of staining buffer. Subsequently, 1 ml of 20% 
iodixanol was carefully loaded beneath the staining buffer at 4°C. Samples were centrifuged at 10000 ref for 20 min at 4°C. Super­
natant containing debris was carefully removed. Pellets were resuspended in staining buffer containing anti-NeuN Alexa 647 anti­
body (abeam, Cat# ab190565) and HashTag antibodies (1 µI for labeling ~ 1 x 106 nuclei, BioLegend , TotalSeqB anti-Nuclear 
Pore) in order to enrich neurons and multiplex samples. After antibody incubation and rotating for 30 min at 4°C, samples were 
washed with staining buffer without antibodies for 3 times. Samples were resuspended in FAGS buffer after last-round wash and 
sent for FAGS sorting. Hoechst 33342 (ThermoFisher Scientific , Cat# H3570) were added at a final concentration of 0.2 mM to label 
nuclei. Sorted nuclei were sent for downstream 1 OX genomics 3' RNA-seq with feature barcode library preparation and sequenced 
using NovaSeq sequencer or DNBseq sequencer at BGI with ~3 0000 reads/nuclei on average. Dissection buffer contains 1 X HBSS, 
2.5 mM HEPES-KOH [pH 7.4], 35 mM Glucose, 4 mM NaHCO3 , and Actinomycin D (Sigma-Aldrich, Cat# A1410) at a final concen­
tration of 20 µg/ml. NP40 lysis buffer contains 10 mM Tris-HCI [pH 7.4], 10 mM NaCl, 3 mM MgCl 2, 0.1 % NP40 dissolved in nuclease­
free water. For 1 ml NP40 lysis buffer, 1 µI DTT, 25 µ120 U/ µI SUPERaseln (ThermoFisher Scientific Cat# AM2696), 12.5 µ140 U/ µI 
RNasin (Promega Cat# N2615), 10 µI protease and phosphatase inhibitor cocktail (1 OOX; ThermoFisher Scientific Cat# 78442), 40 µI 
1 mg/ml Actinomycin D were added right before use. 20% iodixanol buffer contains 0.25M sucrose, 25mM KCI, 5mM MgCl2, 20mM 
Tricine-H CI [pH 8.0] and 20% lodixanol dissolved in nuclease-free water . DTT, Superasine, Rnasin and protease inhibitors were 
added at the same concentration as NP40 lysis buffer right before use. Staining buffer contains 2% BSA, 0.05% NP40 dissolved 
in nuclease-free 1 X PBS. Superasine, Rnasin and protease inhibitors were added at the same concentration as NP40 lysis buffer right 
before use. FAGS buffer contains 2% BSA dissolved in nuclease-free 1 X PBS buffer. Superasine , Rnasin and protease inhibitors were 
adde d at the same concentration as NP40 lysis buffer right before use. 
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snRNA-seq analysis
The fasta files were aligned to mouse genome (mm10), and the expression levels in each cell were estimated with Cellranger (v 6.0.0).

The gene expression count matrix for each sample was processed with the following steps: (1) Estimate doublet 
with Scrublet(https://github.com/swolock/scrublet)88; (2) Estimate and correct the ambient RNA contaminations with 
SoupX (https://github.com/constantAmateur/SoupX)89; (3) Load the corrected counting matrix into Seurat object with log normalization; (4) Calculate

the proportion of UMis from mitochondrial genes; (5) Demultiplex with hashtag oligos followed the Seurat vignette (https://
satijalab.org/seurat/articles/hashing_vignette.html); (6) The cells assigned as doublets or mitochondrial content greater than 1%

The Seurat objects were integrated by following the RPCA workflow (https://satijalab.org/seurat/articles/
integration_rpca.html).9º The number of PCs used for UMAP calculation was selected with elbow plot. Then, the clustering was

calculated with Leiden algorithm. To select the optimized resolution, the resolution was tested from 0.1 to 
1.0 and was selectedwith clustree. The Chow_HFD was assigned as the reference dataset. The clustering information were mapped and transferred

from the reference to OB_RAP_VEH datasets by following the Seurat vignette (https://satijalab.org/seurat/articles/integration_

mapping.html). The differential gene expression of each comparison was performed with Seurat::FindMarkers, with logfc.threshold

greater than 0.14, and raw p values were corrected using p.adjust0 with the 'BH' method. Significant differential expression genes

were defined as log (Fold Change) greater than 0.26 or less than -0.26, and corrected p values less than 0.05.

Histology
Mice were transcardially perfused with PBS (Fisher Scientific, Cat# BP39920) followed by 4% paraformaldehyde (PFA, EMS Cat#

15714-S). Brains were dissected and post-fixed in 4% PFA at 4°C overnight. Brains were sectioned into 50-um coronal slices using

a vibratome (Leica VT1000 S). For immunohistochemistry, brain sections were blocked in the blocking buffer for an hour at room tem-

perature. Blocking buffer contains 0.1% Triton X-100 (ThermoFisher Scientific Cat# 85111) in PBS, 3% bovine serum albumin (Sigma

Cat# A9647-500G), 2% normal donkey serum (Jackson ImmunoResearch Cat# 017-000-121). For pSTAT3 staining, sections were

first rinsed in 1% H2O2 + 1% NaOH in H2O for 20 min, at room temperature, then transferred to 0.3% glycine in 1X PBS for 10 min, at

room temperature prior to blocking. Sections post blocking were then incubated with primary antibody (rabbit anti-Phospho-S6, In-

vitrogen, Cat# 44-923G, 1:1000 dilution; rabbit anti Phosphp-STAT3, Cell Signaling, Cat# 9145 1:500 dilution; chicken anti GFP,

1:1000 dilution, abcam, Cat# ab13970) for 2 days at 4°C. Sections were then washed and incubated with secondary antibody

(donkey anti-chicken IgG Alexa 488, Jackson Immunoresearch, Cat# 703-546-155, 1:1000 dilution; donkey anti-rabbit IgG Alexa

594, Invitrogen, Cat# A21207, 1:500 or 1:1000 dilution) for 1 hour at room temperature, washed again, mounted with DAPI
Fluoromount-G (Southern Biotech Cat# 0100-20) and imaged with SlideView microscope (VS200, Olympus). Images underwent min-

imal processing (such as adjusting brightness and contrast linearly) performed using ImageJ. The CellCounter plugin for Image was

used to quantify numbers and percentages of co-localizations from sections.

Brain sections in Figure S15E were rinsed in 0.02 M KPBS (pH 7.4), followed by pretreatment in a water solution containing 1%

hydrogen peroxide and 1% sodium hydroxide for 20 min. After extensive washes in 0.02 M KPBS, the sections were incubated in

0.3% glycine for 10 min and then 0.03% lauryl sulfate for 10 min. Thereafter, the sections were blocked in 3% normal 
donkey serumfor 1 h, followed by incubation in rabbit anti-pSTAT3 Tyr705 (1:1000, Cell Signaling, #9145) or 
rabbit anti-pS6 (Invitrogen Cat# 44-923G)for 48 h or 24h, respectively. For the immunofluorescence reactions, sections were rinsed in KPBS and incubated for 120 min in Fab

fragment donkey anti-rabbit AlexaFluor488 (1:500, Jackson Immuno Research, Cat# 711-547-003).93 
Thereafter, sections werewashed three times in 5% formalin for 10 min and then washed three times in 0.02 M KPBS for 5 min. Sections were 
then incubatedwith AgRP antibody (1:1000 Phoenix Pharmaceuticals, Cat# H-003-57) overnight at room temperature. After washing in 0.1 M PBS,

the sections were incubated for 30 min with the secondary antibody AlexaFluor594 (1:500, Jackson 
Immuno Research, Cat# 711-585-152) diluted in 0.02 M KPBS. After three washes in 0.02 M KPBS for 10 min, the sections were mounted onto gelatin-coated slides and

coverslipped with DAPI Fluoromount-G (Southern Biotech Cat# 0100-20). The percentage of pSTAT3-positive AgRP neurons was

determined upon the subcellular detection of AgRP using a modified protocol. 94,95 Briefly, 
DAPI-positive cells in the arcuate nucleusof the hypothalamus were segmented on QuPath and the subcellular AgRP staining was counted in single-cell ROl showing pS6 or

pSTAT3 signal.

Slice preparation and electrophysiology
Acute coronal hypothalamic brain slices (200 um) were prepared from POMC-eGFP (8-44 weeks old). Mice fed either on 
chow diet, orhigh fat diet for a minimum of 16 weeks. Chow data were generated from 8-12 week old mice (n=7, 3-8 neurons per mouse). DIO data

were generated from 20-44 week old mice (n=33, 1-10 neurons per mouse). Vehicle-treated DIO data were generated from 33 week

old mice (n=4, 6-12 neurons per mouse) and rapamycin-treated DIO data were generated from 32-33 week old, (n=4, 5-10 neurons

per mouse). Mice were anesthetized with isoflurane prior to decapitation and removal of the entire brain which was immediately sub-

merged in ice-cold 'slicing' solution containing (in mM): 85 NaCl, 2.5 KCI, 0.5 CaCI2, 4 MgCI2, 25 NaHCO3, 1.25 NaH2PO4, 64 su-

crose, 25 glucose. This solution was bubbled with 95% 02 and 5% CO2, pH 7.4. Coronal hypothalamic slices (200um) were made

with a moving blade microtome (VT1000S, Leica). The slices were kept at 32 °C for 40 min in recording solution containing (in mM) 125

NaCl, 2.5 KCI, 1.25 NaH2PO4, 26 NaHCO3, 10 glucose, 2 CaCI2 and 1 MgCI2, pH 7.4 when bubbled with 95% 02 and 5% CO2

before being kept at room temperature prior to recording. Cell-attached patch-clamp recordings were made in voltage clamp config-

uration with OpA holding current at room temperature from eGFP-expressing neurons in the arcuate nucleus. Neurons were visualized

using epifluorescence and patched under DIC imaging on an upright microscope (Zeiss Axioskop 2FS Plus) equipped with 
a CCD
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The fastq files were aligned to mouse genome (mm10), and the expression levels in each cell were estimated with Cellranger (v 6.0.0). 
The gene expression count matrix for each sample was processed with the following steps: (1) Estimate doublet with Scrublet 
(https://github.com/swolock/scrublet )88 ; (2) Estimate and correct the ambient RNA contaminations with SoupX (https://github. 
com/constantAmateur/SoupX )89

; (3) Load the corrected counting matrix into Seurat object with log normalization; (4) Calculate 
the proportion of UMls from mitochondrial genes; (5) Demultiplex with hashtag oligos followed the Seurat vignette (https:// 
satijalab.org/seuraVarticles/hashing _vignette.html ); (6) The cells assigned as doublets or mitochondrial content greater than 1 % 
were removed . The Seurat objects were integrated by following the RPCA workflow (https://satijalab .org/seuraVarticles/ 
integration_rpca.html ).90 The number of PCs used for UMAP calculation was selected with elbow plot.91 Then, the clustering was 
calculated with Leiden algorithm. 92 To select the optimized resolution, the resolution was tested from 0.1 to 1.0 and was selected 
with clustree. The Chow_HFD was assigned as the reference dataset. The clustering information were mapped and transferred 
from the reference to OB_RAP _VEH datasets by following the Seurat vignette (https://satijalab.org/seuraVarticles/integration _ 
mapping.htm l). The differential gene expression of each comparison was performed with Seurat::FindMarkers0 with logfc.threshold 
greater than 0.14, and raw p values were corrected using p.adjust0 with the 'BH' method . Significant differential expression genes 
were defined as log2 (Fold Change) greater than 0.26 or less than -0.26, and corrected p values less than 0.05. 

Histology 
Mice were transcardially perfused with PBS (Fisher Scientific, Cat# BP39920) followed by 4% paraformaldehyde (PFA, EMS Cat# 
15714-S). Brains were dissected and post-fixed in 4% PFA at 4°C overnight. Brains were sectioned into 50-µm coronal slices using 
a vibratome (Leica VT1000 S). For immunohistochemistry, brain sections were blocked in the blocking buffer for an hour at room tem­
perature . Blocking buffer contains 0.1 % Triton X-100 (ThermoFisher Scientific Cat# 85111) in PBS, 3% bovine serum albumin (Sigma 
Cat# A9647-500G), 2% normal donkey serum (Jackson lmmunoResearch Cat# 017-000-121). For pSTAT3 staining, sections were 
first rinsed in 1 % H2O2 + 1 % NaOH in H2Ofor20 min, at room temperature, then transferred to 0.3% glycine in 1X PBS for 10 min, at 
room temperature prior to blocking. Sections post blocking were then incubated with primary antibody (rabbit anti-Phospho-S6, ln­
vitrogen, Cat# 44-923G , 1:1000 dilution; rabbit anti Phosphp-STAT3 , Cell Signaling, Cat# 9145 1:500 dilution; chicken anti GFP, 
1:1000 dilution, abeam, Cat# ab13970) for 2 days at 4°C. Sections were then washed and incubated with secondary antibody 
(donkey anti-chicken lgG Alexa 488, Jackson lmmunoresearch, Cat# 703-546-155, 1 :1000 dilution; donkey anti-rabbit lgG Alexa 
594, lnvitrogen, Cat# A21207 , 1 :500 or 1:1000 dilution) for 1 hour at room temperature, washed again, mounted with DAPI 
Fluoromount-G (Southern Biotech Cat# 0100-20) and imaged with SlideView microscope (VS200, Olympus). Images underwent min­
imal processing (such as adjusting brightness and contrast linearly) performed using lmageJ. The CellCounter plugin for lmageJ was 
used to quantify numbers and percentages of co-localizations from sections. 

Brain sections in Figure S15E were rinsed in 0.02 M KPBS (pH 7.4), followed by pretreatment in a water solution containing 1 % 
hydrogen peroxide and 1 % sodium hydroxide for 20 min. After extensive washes in 0.02 M KPBS, the sections were incubated in 
0.3% glycine for 10 min and then 0.03% lauryl sulfate for 10 min. Thereafter, the sections were blocked in 3% normal donkey serum 
for 1 h, followed by incubation in rabbit anti-pSTAT3Ty,7o5 (1:1000, Cell Signaling , #9145) or rabbit anti-pS6 (lnvitrogen Cat# 44-923G) 
for 48 h or 24h, respectively. For the immunofluorescence reactions, sections were rinsed in KPBS and incubated for 120 min in Fab 
fragment donkey anti-rabbit AlexaFluor" 88 (1:500, Jackson lmmuno Research, Cat# 711-547-003). 93 Thereafter, sections were 
washed three times in 5% formalin for 10 min and then washed three times in 0.02 M KPBS for 5 min. Sections were then incubated 
with Ag RP antibody (1:1000 Phoenix Pharmaceuticals , Cat# H-003-57) overnight at room temperatu re. After washing in 0.1 M PBS, 
the sections were incubated for 30 min with the secondary antibody AlexaFluor594 (1 :500, Jackson lmmuno Research, Cat# 711-585-
152) diluted in 0.02 M KPBS. After three washes in 0.02 M KPBS for 10 min, the sections were mounted onto gelatin-coated slides and 
coverslipped with DAPI Fluoromount-G (Southern Biotech Cat# 0100-20). The percentage of pSTAT3-positive AgRP neurons was 
determined upon the subcellular detection of AgRP using a modified protocol. 94

•
95 Briefly, DAPl-positive cells in the arcuate nucleus 

of the hypothalamus were segmented on QuPath and the subcellular AgRP staining was counted in single-cell ROI showing pS6 or 
pSTAT3 signal. 

Slice preparation and electrophysiology 
Acute coronal hypothalamic brain slices (200 µm) were prepared from POMC-eGFP (8-44 weeks old). Mice fed either on chow diet, or 
high fat diet for a minimum of 16 weeks. Chow data were generated from 8-12 week old mice (n= 7, 3-8 neurons per mouse). DIO data 
were generated from 20-44 week old mice (n=33, 1-10 neurons per mouse). Vehicle-treated DIO data were generated from 33 week 
old mice (n=4, 6-12 neurons per mouse) and rapamycin-treated DIO data were generated from 32-33 week old, (n=4, 5-10 neurons 
per mouse). Mice were anesthetized with isoflurane prior to decapitation and removal of the entire brain which was immediately sub­
merged in ice-cold 'slicing ' solution containing (in mM): 85 NaCl, 2.5 KCI, 0.5 CaCl2, 4 MgCl2 , 25 NaHCO3, 1.25 NaH2PO4, 64 su­
crose , 25 glucose. This solution was bubbled with 95% 02 and 5% CO2, pH 7.4. Coronal hypothalamic slices (200µm) were made 
with a moving blade microtome (VT1 000S, Leica). The slices were kept at 32 °C for 40 min in recording solution containing (in mM) 125 
NaCl, 2.5 KCI, 1.25 NaH2PO4, 26 NaHCO3, 10 glucose, 2 CaCl2 and 1 MgCl2, pH 7.4 when bubbled with 95% 02 and 5% CO2 
before being kept at room temperature prior to recording. Cell-attached patch-clamp recordings were made in voltage clamp config­
uration with 0pA holding current at room temperature from eGFP-exp ressing neurons in the arcuate nucleus. Neurons were visualized 
using epifluorescence and patched under DIC imaging on an upright microscope (Zeiss Axioskop 2FS Plus) equipped with a CCD 
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camera (Hamamatsu). Patch pipettes pulled (Narishige PP-830) from borosilicate glass (Sutter Instrument) had tip resistances of 7-

11 MQ and were filled with K-gluconate internal containing (in mM): 135 potassium gluconate, 4 KCI, 0.05 EGTA, 10 Hepes, 4 MgATP,

10 Na-Phosphocreatine, pH adjusted to 7.3 with KOH, 290 OSM. All chemicals were obtained from Sigma. Leptin stock 
was preparedin PBS (1 mg/ml or 100uM), then diluted in ASCF (100nM) and bath applied for 20 minutes via perfusion. Recordings were acquired

with an Axopatch 200B amplifier, filtered to 2 kHz and digitized at 10 kHz (pClamp10 software, Molecular Devices). Data were

analyzed using IGOR Pro (Wavemetrics) and NeuroMatic (http://www.neuromatic.thinkrandom.com/). Mean firing rate was detected

in 10 second bins and maximum firing rate was recorded in each condition. Baseline firing rate was calculated in the first minute of

recording, ASCF was calculated in the minute before peptide application. Neurons were considered excited or inhibited by leptin if

firing changed more than 10%. For i.p. injections DIO mice fed on high fat diet for more than 16 weeks were injected either with ra-

pamycin (2 mg/kg) or vehicle once a day for 3 consecutive days before brain slice 
preparation.
Viral injections into the ARC
Cre-inducible AAV5-hSyn-DIO-mCherry (Addgene Cat# 50459-AAV5) and AAV5-mCherry-flex-dtA (plasmid was 
obtained fromAddgene Cat# 58536, AAV viruses were packaged at Janelia Research Campus) viruses were injected into ARC of POMC-Cre+ an-

imals using stereotactic surgery as follows: Mice were anesthetized with 3% isoflurane in oxygen, placed in a stereotaxic apparatus

(Kopf Instruments) and kept at 1.5% isoflurane (Henry Schein Cat# 11695-6776-2) during surgery. Viruses were bilaterally delivered

using a borosilicate glass pipette connected to Nanoject (Drummond, Cat# 3-000-203-G/X) in ARC (200 nl per coordinate, 50 l/min).

The coordinates to locate ARC were relative to the bregma: AP/DV/ML = - 1.75/-5.95/0.25 mm, AP/DV/ML = - 1.75/-5.75/
£0.25 mm. After finishing injection at each coordinate, syringes were held at the coordinate for another 3 minutes. Animals were al-

lowed to recover (and adjust eating habits) for 8 weeks post-surgery, before being used in experiments. Plasmids containing guide-

RNAs were designed, customized and generated at VectorBuilder. Wdr24-gRNAs, gRNA1 (5'-3'): 
GGGGTCATGCGGATGACGCC,gRNA2 (5'-3'): CATCTTCTTCAAGCGCAAGT; Rheb-gRNAs, gRNA1 (5'-3'): ACCAAGTTGATCACGGTAAA, gRNA2 (5'-3'):
GTTCTCTATGGTTGGATCGT. Plasmids were then packaged into AAV viruses at Janelia Research Campus.

Metabolic cages
Diet-induced obese mice were singly housed in a climate-controlled (temperature: 22 °C; humidity: 55%; 12-hour light-12-hour dark

cycle) automated home cage phenotyping system (TSE) with ad libitum access to water and high-fat-diet. After 7 days of adaptation

to the TSE cage, receiving daily mock IP injections, the mice were treated daily with IP vehicle or IP 2 mg/kg Rapamycin for 6 days

(Figures S7E-S7H). Data were collected and analyzed as recommended by the manufacturers. Energy expenditure and respiratory

exchange ratio (RER) were measured by an indirect gas calorimetry module recording open circuit oxygen consumption and carbon

dioxide production (VO and VCO2). Locomotor activity was recorded as beam breaks converted into distance/velocity, measuring

activity in three dimensions and analyzed in the metabolic cage using custom software. Statistical assessment of the data was con-

ducted using CalR software (https://www.calrapp.org).

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics and reproducibility
We conducted statistical analyses using GraphPad Prism 9.0. Throughout the paper, values were reported as mean + SEM 
(errorbar). Each statistical test performed was denoted in the figure legends. P-values for pair-wise comparisons were obtained using

two-tailed student's t-test. P-values for two independent group comparisons were either obtained using two-tailed student's

t-test or nonparametric Mann-Whitney test based on data distributions. P-values for multiple group comparisons were conducted

using one-way or two-way ANOVA (with repeated measures when possible) based on the number of factors and corrected for mul-

tiple comparisons using Fisher's LSD test, Tukey's test or Sidak's test, indicated in the figure legends. The experiments were not

randomized. Data for each experiment were repeated with at least two different cohorts. Representative trial data or pooled data

from multiple cohorts were used for conducting statistics and plotting figures. The investigators were not blinded to allocation during

experiments and outcome assessments.
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Metabolic cages 
Diet-induced obese mice were singly housed in a climate-controlled (temperature: 22 °C; humidity: 55%; 12-hour light-12-hour dark 
cycle) automated home cage phenotyping system (TSE) with ad libitum access to water and high-fat-diet. After 7 days of adaptation 
to the TSE cage, receiving daily mock IP injections, the mice were treated daily with IP vehicle or IP 2 mg/kg Rapamycin for 6 days 
(Figures S7E-S7H). Data were collected and analyzed as recommended by the manufacturers. Energy expenditure and respiratory 
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Statistics and reproducibility 
We conducted statistical analyses using GraphPad Prism 9.0. Throughout the paper, values were reported as mean ± SEM (error 
bar). Each statistical test performed was denoted in the figure legends. P-values for pair-wise comparisons were obtained using 
two-tailed student's I-test. P-values for two independent group comparisons were either obtained using two-tailed student's 
I-test or nonparametric Mann-Whitney test based on data distributions. P-values for multiple group comparisons were conducted 
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from multiple cohorts were used for conducting statistics and plotting figures. The investigators were not blinded to allocation during 
experiments and outcome assessments. 
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