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The ARC****™ neurons play a crucial role
in the regulation of energy homeostasis
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% Check for updates Recent single-cell RNA sequencing study suggested that CRABP1 expressing

neurons in the arcuate nucleus (ARC***®" neurons) were a distinct group of
neurons. However, the physiological role of ARC***¥"' neurons remains unex-
plored. Here, we demonstrated that ARC®**¥" neurons played a crucial role in
regulation of energy homeostasis in male mice. Ablation of ARC***¥"! neurons
resulted in obesity and a diabetic phenotype in mice. By employing chemo-
genetic or optogenetic manipulation techniques, the inhibition and activation
of ARC**®" neurons resulted in an increase and decrease in food intake,
respectively. The axon terminals from these ARC**®" neurons project to
several brain regions implicated in feeding regulation such as PVH, BNST, PBN,
and NTS. Optogenetic manipulation of these axons within these brain regions
resulted in significant alterations of food intake behavior in mice. Further-
more, the electrophysiological studies demonstrated that the activation of
ARC®B” neurons induces depolarization in POMC neurons in the hypotha-
lamus. The hormone stimulation studies showed that most of the ARC®AB”
neurons respond to insulin. Collectively, our findings demonstrate that
ARC*®" neurons represent a distinct neuronal subtype involved in energy
homeostasis regulation.

The hypothalamus is a highly conserved brain region that governs vital  The anorexigenic proopiomelanocortin (POMC)-expressing neurons

physiological functions, including energy balance, growth, and
reproduction'™. Within this brain region, specific nuclei and neuronal
circuits have been identified and extensively studied for their func-
tional roles in regulating fundamental bodily processes*. Among
these nuclei, the arcuate nucleus (ARC) plays a pivotal role in sensing
and integrating peripheral signals to maintain energy homeostasis’’.

and orexigenic agouti-related peptide (AgRP)/neuropeptide Y(NPY)—
expressing neurons are situated within the ARC of the hypothalamus
and have been established as pivotal regulators of energy balance over
the past three decades’'°'*. However, it is still uncertain whether there
are additional undiscovered neuronal subtypes in the ARC that sig-
nificantly impact the regulation of energy balance.
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In recent years, high-throughput single-cell transcriptome sequen-
cing technology has provided a robust method for identifying distinct
neuronal subtypes in the hypothalamus. A recent study conducted
single-cell profiling in the adult mouse hypothalamus and discovered a
distinct population of neurons expressing cellular retinoid-binding
protein 1 (CRABP1) within the ARC (ARC®**®" neurons)®. Bioinformatics
analyses revealed that ARC®*®™ neurons did not co-express any known
neuronal markers in ARC, indicating their classification as a distinct
neuronal subtype®”. CRABP1 is a highly conserved cytosolic protein that
is expressed in various cell types, including adipocytes, motor neurons,
and embryonic stem cells*™. It functions as an integral component of
the retinoic acid (RA) signaling pathway, exerting precise control over
RA bio-availability through its high-affinity binding to RA*”. The
ARC™®”1 neurons were reported to exhibit sensitivity to metabolic
conditions®. Furthermore, another study revealed that CrabpI knockout
mice displayed an obesity-prone phenotype in both chow feeding and
high-fat diet feeding®, prompting us to investigate the potential invol-
vement of ARC®™®™ neurons in energy homeostasis.

In this study, we have characterized the ARC**™ neurons and
confirmed that these neurons represent a distinct neuronal subtype in
the hypothalamus. Through cell ablation studies, chemogenetic and
optogenetic manipulations, as well as electrophysiological studies, we
have provided compelling evidence that supports an essential role for
ARC™B"1 neurons in governing energy homeostasis and food intake.
The ARC®™® neurons could potentially serve as a distinct target for
mechanistic research and clinical studies on obesity.

Results

ARC™®"! neurons represent a distinct neuronal group in the
hypothalamus

To characterize the expression of Crabpl in the brain, we quantified
both mRNA and protein levels of Crabpl in various brain regions of
adult male mice. Interestingly, the expression of Crabpl was pre-
dominantly observed in the hypothalamus, with minimal to no
expression detected in other examined brain regions or peripheral
tissues. (Supplementary Fig. 1a—e). Subsequently, immunostaining was
performed to validate the expression of CRABP1, specifically within the
adult hypothalamus. A distinct population of cells expressing CRABP1
was identified in the ARC (Supplementary Fig. 2a), which is consistent
with the ISH data from the Allen Mouse Brain Atlas** (Supplementary
Fig. 2b). And we also delineated the distribution of CRABPI1-expressing
cells between anterior-posterior coordinates ranging from -0.94 to
-2.70 mm relative to bregma (Supplementary Fig. 2c, d).

The CRABPl-expressing cells exhibited neuronal marker NeuN
expression, while lacking expression of other cell markers such as
astrocyte marker GFAP and neural stem cell marker Nestin (Supple-
mentary Fig. 3a-c), thereby representing a population of neurons.
Additionally, we confirmed the absence of co-expression between
CRABP1 and some known neuronal subtype markers such as POMC,
AgRP, kisspeptin (Kissl), tyrosine hydroxylase (TH), somatostatin
(SST), and cocaine- and amphetamine-regulated transcript protein
(CARTPT) (Fig. 1a-f), suggesting their classification as a distinct class of
hypothalamic neurons. Due to the hypothalamus is an evolutionary
conserved brain region, we also examined whether CRABP1 expressing
neurons (ARC**®™ neurons) exist in ARC of other species. Our results
showed that ARC®® neurons are present in multiple species,
including mouse, rats, and humans (Supplementary Figs. 2a, 4a, b).
Together, we conclude that ARC**F™ neurons was a type of distinct
neuronal group in the hypothalamus.

Ablation of ARC®®®" neurons cause an obese and diabetic
phenotype in mice

To explore the function of ARC®*® neurons, we employed a loss-of-
function approach using our newly constructed Crabpl-Cre mice
model (Supplementary Fig. 5a—-c). The specificity of Cre expression was

verified by injection of AAV-DIO-mCherry virus in ARC (Supplementary
Fig. 5d). The immunofluorescence staining results showed that most
mCherry positive cells in ARC were co-stained with CRABPI, indicating
that specific Cre recombination in Crabpl-Cre mice (Supplementary
Fig. Se, ).

Next, we bilaterally injected a Cre-dependent AAV encoding acti-
vated caspase3 (AAV-DIO-Caspase3) or control AAV virus (AAV-DIO-
mCherry) into the ARC of 8 weeks old male CrabpI-Cre mice (Fig. 2a).
The expression of caspase3 in cells will lead to cell apoptosis, which
was wildly used in cell ablation studies™ 2. As expected, after 3 weeks
of surgery recovery, the CRABP1 expression was not detected in the
ARC of AAV-DIO-Caspase3 injected mice by our immunofluorescence
staining assay, indicating the successful establishment of ARC CRABP1
expressing neurons ablation (ACENA) mouse model (Fig. 2b).

The ACENA mice and control mice were both fed a chow diet, and
various metabolic indices were examined throughout the experiments.
The ACENA mice showed significant increases in body weight and food
intake than that of control mice after 10 weeks of chow feeding
(Fig. 2c-e). The body composition analysis revealed that body weight
gain attributed to an increase in fat mass but not in lean mass (Fig. 2f).
Nevertheless, the energy expenditure of the ACENA mice were not
significantly changed as compared to that of control mice, implying
that the body weight gain of ACENA mice were attributed to increase of
food intake but not to the reduction of energy expenditure (Fig. 2g-j).
Furthermore, the ACENA mice exhibited elevated levels of serum
leptin, insulin and impaired glucose tolerance (Fig. 2k-n). Consistent
with body weight change, subcutaneous white adipose tissue (SC-
WAT) adipocyte size, and hepatic lipid deposition were all increased in
the ACENA mice as compared to controls (Fig. 20). Together, the
ACENA mice showed a typical obese phenotype, indicating that
ARC™B1 neurons play an important role in energy metabolism.

ARC®®" neurons regulate feeding

To explore the role of ARC**™E™ neurons in feeding, we deployed the
chemogenetic strategy to activate or inhibit the ARC**®" neurons.
The Gq-coupled designer receptor exclusively activated by designer
drug (DREADD) (hM3Dq) is used to enhance neuronal activity,
whereas the Gi/o-coupled DREADD (hM4Di) is utilized to inhibit
neuronal activity. We bilaterally injected AAV enabling cre-
dependent expression of hM3Dq (AAV-DIO-hM3Dq), hM4Di (AAV-
DIO-hM4Di), or AAV-DIO-mCherry into ARC of the 8 weeks old male
CrabpI-Cre mice (Fig. 3a). After 3 weeks of surgery recovery, the AAV
virus injected mice were administered with DCZ intravenously and
measured food intake for 4 hours. As shown in Fig. 3b-d, activation
of hM3Dq in ARC®*®" neurons by DCZ resulted in a significant
reduction of food intake in AAV-DIO-hM3Dq injected mice as com-
pared to that of control mice. In contrast, inhibition of hM4Di in
ARC®®™ neurons by DCZ led to a significant increase in food intake
in AAV-DIO-hM4Di injected mice as compared to that of control mice
(Fig. 3e-g).

Next, we performed optogenetic studies to assess the functional
role of ARC®®™ neurons in feeding. We bilaterally injected the AAV
enabling Cre-dependent expression of channelrhodopsin-2 (ChR2)
(AAV-DIO-ChR2-mCherry), natronomonas halorhodopsin (NpHR)
fused to mCherry (AAV-DIO-NpHR-mCherry), or AAV-DIO-mCherry
into ARC of the 8 weeks old male Crabpi-Cre mice. After 3 weeks of
surgery recovery, an optical fiber with an electrode was placed close
to the original virus injection site (Fig. 3a). After surgery recovery, the
activities of ARC®**" neurons in AAV virus mice were manipulated by
activated with a blue light (470 nm) or inhibited with a yellow light
(593 nm). Consistent to the chemogenetic results, activation of
ARC®®™ neurons significantly reduced the food intake of AAV-DIO-
ChR2-mCherry injected mice as compared to that of control mice
(Fig. 3h-j). Inhibition of ARC***®" neurons significantly increased the
food intake of AAV-DIO-NpHR-mCherry injected mice as compared
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Fig. 1| The ARC®®®™ neurons did not express makers of other known neuronal  (n=4). e, f The representative FISH images and statistical results depicting the co-
subtypes in ARC. a-d Representative confocal images and statistical results localization of CrabpI mRNA (red) with Sst mRNA (green) and Cartpt mRNA (green).
depicting the immunofluorescence co-localization of CRABP1 (red) with neural (n=4). n represents mice number. Scale bar, 100 um.

subtype markers (green), including POMC, NPY, Kissl, and TH in the ARC region.
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to that of control mice (Fig. 3k-m). Altogether, we conclude that
ARC®®™ pneurons play an important role in food intake regulation.

Projection of ARC**®"! neurons from ARC to other feeding-

regulating

brain regions

Firstly, we employed classical anterograde and retrograde tracing
techniques to investigate the downstream targets of ARC*** neurons

throughout the entire brain. For the anterograde tracing assay, we
bilaterally injected AAV-DIO-TK-GFP into the hypothalamus of CrabpI-
Cre mice. Three weeks after the AAV-DIO-TK-GFP injection, we admi-
nistered HSV-ATK-tdTomato into the same injection site (Fig. 4a, b).
Our findings revealed that tdTomato-positive neurons were dis-
tributed across various brain regions including caudate nucleus (CPU),
the ventral lateral septum (LSV), the bed nucleus of the stria terminalis
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Fig. 2 | The ACENA mice show an obesity and diabetic phenotype. a Schematic
illustration of AAV-Efla-DIO-Caspase3 injection into the ARC of Crabpl-Cre mice.
b Representative image of immunofluorescence staining of CRABP1 (green) in ARC
of both control mice and ACENA mice. mCherry: red; DAPI: blue. Scale bar, 100 pm.
c Representative image of ACENA mice and control mice after feeding on chow for
10 weeks. d-n Various metabolic indicators including body weight (d), food intake
(e), fat mass and lean mass (f), energy expenditure (g), regression of energy
expenditure with body mass (h), respiratory exchange ratio (i), average of
respiratory exchange ratio (j), serum leptin level (k), serum insulin level (I), GTT

(m), and AUC (n) were measured in both ACENA mice and control mice. Body
weight (control: n=10; ACENA: n =10); other metabolic indicators

(e, f, m, n, control: n=6; ACENA: n=7; g-1, control: n=6; ACENA: n=6).

o Representative histology image of liver and WAT in both ACENA mice and control
mice. (n =3). Scale bar, 100 pm. n represents mice number. Results are presented as
mean + SEM. Statistic methods: Two-way ANOVA with Sidak’s or Tukey’s test

(d, f, m), two-sided regression-based ANCOVA (g-j) and two-tailed Student’s ¢-test
(e, k, i, n). ns represents not significant, *P < 0.05, **P < 0.01, and **P < 0.001.

(BNST), the paraventricular hypothalamic nucleus (PVH), the peria-
queductal gray (PAG), parabrachial nucleus (PBN) and the nucleus
tractus solitarius (NTS) (Fig. 4c). To further validate the projection
target brain regions of ARC***™ neurons, we bilaterally injected AAV-
hSyn-DIO-mGFP-T2A-Synaptophysin-mRuby into the ARC region of
adult male CrabpI-Cre mice (Supplementary Fig. 6a, b). Once again, we
observed a concentration of synaptic vesicles expressing red fluores-
cence in CPU, LSV, BNST, PVH, PAG, PBN, and NTS (Supplementary
Fig. 6¢c). Among these brain regions, PVH, BNST, PBN, and NTS have
been reported to regulate feeding behavior 2. Next, we conducted
retrograde tracing to confirm projections from ARC*®" neurons to
these feeding behavior-related brain regions. We injected cholera
toxin subunit B (CTB) conjugated with Alexa Fluor™555% into PVH,
BNST, PBN, and NTS, respectively (Supplementary Fig. 7a-1). Immu-
nofluorescence analysis demonstrated that CTB could be retrogradely
transported to ARC*®™ neurons. In conclusion, the present study
provides evidence for projections originating from ARC**®" neurons
to their downstream targets.

Food suppression upon optogenetic activation of ARC*B"
neurons

We explored the potential involvement of axon terminals of ARCERA5™
neurons in the brain region of PVH, PBN, BNST, and NTS in feeding
regulation by stereotaxically injecting AAV-DIO-ChR2-mCherry and
AAV-DIO-NpHR-mCherry into the ARC (Fig. 5). Subsequently, we
optogenetically stimulated axon terminals of ARC“*®" neurons in
PVH, PBN, BNST, and NTS to examine their roles in feeding regulation.
Activation of ARC**B" neurons axon terminals in the BNST, PBN, and
NTS resulted in a robust suppression of feeding behavior (Fig. 53, ¢, d),
while activation of terminals in the PVH had no effect on feeding
behavior (Fig. 5b). Conversely, inhibition of PVN, PBN, and NTS sig-
nificantly promoted feeding behavior (Fig. 5f-h), with no impact
observed on feeding behavior within the BNST regions (Fig. 5e). These
findings suggest that ARC**®™ neurons play a role in regulating feed-
ing involved with specific brain regions including BNST, PVH, PBN,
and NTS.

Optogenetic activation of ARC**®" neurons excites POMC
neurons

The AAV-DIO-mCherry viruses were injected into Crabpl-Cre mice for
the purpose of labeling ARC*®™ neurons, NPY neurons were labeled
using NPY-hrGFP mice, and POMC neurons were labeled using POMC-
eGFP mice. Subsequently, patch-clamp recordings were conducted to
assess their electrophysiological characteristics (Fig. 6a). As shown in
Fig. 6b—d, ARC“™®" neurons displayed comparable resting membrane
potentials (RMP), rheobase currents and membrane input resistance to
those of NPY neurons and POMC neurons. Additionally, the amplitude
and kinetic characteristics of their action potentials (APs) are also
comparable (Fig. 6e-i). The previous studies have demonstrated the
sensitivity of NPY neurons and POMC neurons to variations in envir-
onmental glucose levels®*. We treated ARC****"! neurons, NPY neu-
rons, and POMC neurons with a low glucose concentration (3 mM) and
found that reducing glucose levels also inhibited ARC***¥" neuronal
activity (Fig. 6j-m). We also performed miniature excitatory

postsynaptic current (mEPSC) recording, and found that the three
kinds of neurons exhibited similar mEPSC amplitude and frequency
(Supplementary Fig. 8a-c).To investigate potential functional con-
nections between ARC**®" neurons and NPY neurons and POMC
neurons, we injected the AAV-DIO-ChR2-mCherry virus into Crabpl-
Cre::POMC-eGFP mice to express ChR2 in ARC**B" neurons and con-
ducted patch-clamp recordings on POMC neurons, and simulta-
neously injected AAV-DIO-ChR2-mCherry and AAV-fnpy-GFP virus into
Crabpi-Cre mice express ChR2 in ARC*¥"! neurons and labeled NPY
neurons with GFP to conduct patch-clamp recordings on NPY neurons
(Fig. 6n). The results demonstrated that activating ARC****" neurons
can lead to induce depolarization of POMC neurons, but not NPY
neurons (Fig. 60, p). Interestingly, the depolarization observed in
POMC neurons could be inhibited by glutamate receptor inhibitors
(CNQX + AP5), while GABA receptor inhibitors (PTX + CGP 52432) did
not show any inhibitory effect (Fig. 6q). We further conducted perfo-
rated patch-clamp experiments to determine whether ARC**®"! peu-
rons exhibit inward rectification in response to hyperpolarizing
stimuli. Our findings revealed that 71.43% of ARC®**™ neurons dis-
played inward rectification, whereas only approximately one-third of
NPY or POMC neurons exhibited this characteristic (Fig. 6r-t). Toge-
ther, these findings suggest that ARC®*® neurons can modulate
POMC neuron activity by exerting influence on neighboring glutama-
tergic neurons or axons through neurotransmitters other than GABA.

ARC®*! neurons respond to insulin stimulation

We explored the responses of ARC®**®" neurons to key metabolic
hormones such as leptin, insulin, and ghrelin to better understand
their roles in energy metabolism. By calculating the percentage of
ARC®®" neurons expressing phosphorylated signal transducer and
activator of transcription-3 (p-STAT3), c-Fos (a marker of neuronal
activation), and phosphorylated protein kinase B (p-AKT) following
intracerebroventricular (ICV) injections of these hormones in mice,
we identified distinct response patterns. Approximately 9% of
ARC®®™ neurons were activated by leptin stimulation, as indicated
by p-STAT3 expression (Fig. 7a—c). Insulin, on the other hand, elicited
a robust response, with most of ARC***E” neurons expressing p-AKT,
suggesting that these neurons are highly sensitive to insulin
(Fig. 7d-f). In contrast, few ARC**®™ neurons responded to ghrelin,
as indicated by minimal c-Fos expression (Fig. 7g-i). These findings
reveal a hormone-specific activation profile of ARC®**®*™ neurons,
emphasizing their selective sensitivity to insulin over leptin and
ghrelin.

Discussion

The hypothalamus acts as a central hub that integrates signals from
different parts of the body to maintain energy homeostasis and ensure
optimal functioning® . In the ARC of the hypothalamus, the POMC
neurons and AgRP/NPY neurons were recognized as key neuronal
populations which play essential roles in regulating feeding behavior
and energy homeostasis'>**"*2, Due to previous technical limitations, it
remained unclear whether there are other significant distinct neuronal
types within the hypothalamus involved in the regulation of energy
metabolism. The emerging technology of single-cell sequencing has
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provided an unprecedented tool for the identification and character-
ization of distinct cell types in the hypothalamus. This has led to the
discovery of ARC**® neurons through a study utilizing single-cell
RNA-seq analysis®. The study, however, did not conduct experiments
to validate its findings and establish the unique existence of this neu-
ronal group in the hypothalamus. Therefore, we investigated the co-

o

0 1 2 3 4
Time(h) after laser on

expression relationship between CRABP1 and other markers of known
hypothalamic neuronal types. The absence of co-expression between
CRABP1 and the established neural population markers in the ARC was
confirmed through a series of immunostaining and FISH experiments,
thus providing further evidence for its classification as a distinct
cluster of neurons.
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Fig. 3| Modulation of ARC*** neurons activity influences food intake in mice.
a Schematic illustration of modulation of ARC**® neurons by chemogenetic and
optogenetic stimulation. b-d Representative image showed expression of hM3D
(Gq) in ARC*™®™ neurons as assessed by mCherry fluorescence (c). Cumulative
food intake (d) was measured for 4 h after DCZ injection. (control: n=5; hM3Dq:
n=5). e-g Representative image showed expression of hM4D (Gi) in ARC*AB
neurons as assessed by mCherry fluorescence (f). Cumulative food intake (g) was
measured for 4 hours after DCZ injection. (control: n=5; hM4Di: n=5).

h-j Representative image showed expression of ChR2 in ARC**®™ neurons as

assessed by mCherry fluorescence as well as fiber placement (i). Cumulative food
intake (j) was measured during 4 h with photostimulation. (control: n =5; ChR2:
n=>5). k-m Representative image showed expression of NpHR in ARC***®" neurons
as assessed by mCherry fluorescence as well as fiber placement (I). Cumulative food
intake (m) was measured for 4 h with photostimulation. (control: n=5; NpHR:
n=5). mCherry: red; DAPI: blue. n represents mice number. Scale bars, 100 pm.
Data were expressed as mean + SEM. Statistic methods: Two-way ANOVA with
Sidak’s or Tukey’s test (d, g, j, m). *P < 0.05, *P<0.01, and **P < 0.001.

The hypothalamus is a highly conserved brain region where
diverse neuronal populations are known to play pivotal roles in reg-
ulating various physiological processes of the body. The newly dis-
covered ARC®®®"1 neurons are speculated to potentially play a pivotal
role in the regulation of physiological processes within the body.
However, its precise physiological function remains unexplored. The
findings from a previous study have demonstrated that CRABP1
knockout mice exhibit a phenotype characterized by significantly
increased body weight and food intake®. It is postulated that the
functionality of ARC**®" neurons may be intricately linked to energy
metabolism. To test this hypothesis, we opted to ablate the population
of ARCE®*¥™ neurons in the hypothalamus of mice in order to ascertain
whether it is indeed the mice that manifest an energy metabolism
related phenotype. The exciting findings support our hypothesis that
the ablation of ARC**®" neurons in the hypothalamus leads to the
manifestation of a typical obesity phenotype in mice. In addition to cell
ablation experiments, optogenetic and chemogenetic methods have
been widely used as crucial tools in the field of neuroscience for
studying neuronal function®. The findings of our optogenetic and
chemogenetic study indicate that ARC®**®*" neurons play a crucial role
in the regulation of food intake. It is noteworthy that previous studies
on POMC neurons and AgRP/NPY neurons have employed these
methods to substantiate their crucial roles in energy metabolism**.
Therefore, this work provides strong evidence supporting the pivotal
role of ARC®**" neurons in energy metabolism.

Neuronal projections to specific brain regions allow them to
carry out regulatory functions related to their specialized
roles™*****’_ In order to identify the projection brain regions of
ARC™MB™ neurons, we performed HSV virus tracing study in Crabpi-
Cre mice. ARC®**®™ neurons were found to project to various brain
regions, including the BNST, PVH, PBN, and NTS which have been
implicated in the regulation of food intake. PVN neurons are crucial
components in the neural circuitry involved in regulating feeding
behavior and energy homeostasis by transmitting signals from
excitatory AgRP/NPY neurons and POMC neurons to various target
regions within the brain®°°%, The PBN plays a crucial role in pro-
cessing and integrating gustatory and visceral information, making it
a vital transit station for regulating feeding behavior’>*. By receiving
inputs from various sensory pathways, the PBN is able to decipher
signals related to taste, smell, texture, and temperature of food.
AgRP fiber projection into BNST can cause profound effects on food
intake and reward>**. Photogenetic activation of AgRP fibers in BNST
can evoke food intake in fed mice and activate GABAergic nerves, so
that efferent projection of BNST to LHA can induce eating and
reward-related behaviors®*. Stimulation of BNST-projected AgRP
neurons can induce feeding behavior®”. NTS is a crucial region in the
brainstem that plays a significant role in regulating food intake
through receiving signals transmitted by POMC neurons®~*%, The
projection of ARC®®"! neurons into these brain regions suggests
that they may exert their regulatory function on feeding through
these specific neural pathways. Interestingly, optogenetic stimula-
tion of ARC®*®" neurons in these specific brain regions elicits a
robust response in feeding behavior, providing compelling evidence
for ARC**®" neurons in regulating feeding through these neural
circuits. This technology is still relatively reliable and preferred at

present. However, axon collateralization of ARC*®™ neurons in

these brain regions cannot be ruled out, as the feeding phenotypes
resulting from optogenetic activation in these brain regions were
similar in our study. We will explore this question in our future
research endeavors.

Our electrophysiological studies revealed that AR neurons
exhibited characteristics similar to those observed in the established
electrophysiological profiles of POMC and AgRP/NPY neurons. Addi-
tionally, we observed that ARC**®"! neurons exhibit glucose sensitivity
comparable to that of POMC and AgRP/NPY neurons. Importantly, we
discovered that optogenetic activation of ARC**®" neurons led to the
excitation of POMC neurons, potentially explaining the observed
feeding behaviors in our mouse models. Previous study has demon-
strated that ARC™®™ neurons are often GABAergic in nature*’. Hence,
our findings propose the potential regulation of POMC neurons
activity by ARC™®" neurons might be through their influence on
adjacent glutamatergic neurons or axons via neurotransmitters other
than GABA, thereby orchestrating a sophisticated interplay within the
neural network.

POMC and AgRP neurons in the hypothalamus play a crucial role
in maintaining energy balance by sensing fluctuations in key metabolic
hormones such as leptin, insulin, and ghrelin. Leptin suppresses food
intake and increases energy expenditure by targeting POMC and AgRP
neurons through the Janus-activated kinase (JAK)-2 -STAT3
pathway®®®’, Our findings show that only a small fraction of ARCR®"
neurons exhibit STAT3 phosphorylation in response to leptin, indi-
cating limited sensitivity to leptin stimulation. Insulin regulates whole-
body glucose metabolism and elicits anorectic effects by activating
POMC neurons and inhibiting AgRP/NPY neurons via the Irs-
phosphoinositide 3-kinase (PI3K)-Akt pathway®>®>. Notably, insulin
robustly induces AKT phosphorylation in most ARC**®! neurons,
highlighting their selective responsiveness to insulin stimulation.
Ghrelin activates orexigenic AgRP neurons and enhances inhibitory
GABAergic inputs onto anorexigenic POMC neurons, promoting food
intake***%, However, ARC®*®™ neurons are unresponsive to ghrelin
stimulation. Collectively, our findings showed that ARC***" neurons
exhibited a distinct response pattern to key metabolic hormones.
ARC™®1 neyrons may play a selective role in insulin-driven metabolic
regulation, warranting further research to explore its molecular
mechanism and physiological role in insulin-mediated energy
homeostasis.

In conclusion, we revealed that ARC™**™ neurons are a distinct
neuronal population, which are crucially involved in the regulation of
energy metabolism. The identification of ARC*®" neurons provides
an opportunity for mechanistic research and clinical studies aimed at
combating obesity. In future studies, we aim to investigate the role of
insulin in ARC®®®" neurons in mediating metabolic regulation and to
explore the involvement of CRABP1 in regulating energy metabolism
via these neurons.

CCRABPI

Methods

Human samples

The postmortem human hypothalamic tissues (from three male indi-
viduals, aged 79, 50, and 95) were obtained from the Human Anatomy
Department of Nanjing Medical University. The utilization of human
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Fig. 4 | ARC®™®" peurons project to various brain regions. a, b A Schematic
illustration of the virus injection (AAV-EF1a-DIO-EGFP-T2A-TK and HSV-ATK-LSL-
tdTomato) into the ARC of Crabp1-Cre mice. ¢ ARC**®™ neurons projection fields
(Left). Representative fluorescent images of the brain regions, including CPU, LSV,
BNST, PVH, PAG, PBN, and NTS, reveal tdTomato-labeled downstream neurons of
ARCC™B™ neurons (n=4). Enlarged the output neurons labeled by tdTomato from

e —————

ARC®P™ neyrons are depicted on the right. tdTomato: red; DAPI: blue. CPU cau-
date nucleus, LSV ventral lateral septum, BNST the bed nucleus of the stria termi-
nalis, PVH paraventricular hypothalamic nucleus, PAG periaqueductal gray, PBN
parabrachial nucleus, NTS nucleus tractus solitarius. n represents mice number.
Scale bars, 100 and 20 pm (Enlarge panel).
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brain tissues adhered to a protocol approved by the Ethics Review
Committee of Nanjing Medical University of Review Board (2022816).

Animals
Pomc-eGFP, NPY-hrGFP, KissI-Cre, and Rosa26-EYFP mice in C57BL/6)
background were purchased from Jackson Laboratory (USA). Nestin-
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GFP mice in C57BL/6) background were purchased from Saiye Bio-
technology (Guangzhou, China). Wild-type C57BL/6) mice and
Spraque-Dawley rat were purchased from the Laboratory Animal
Center of Nanjing Medical University. All experiments were conducted
using male animals. All animal procedures were conducted in com-
pliance with protocols approved by the Institutional Animal Care and
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Fig. 5| ARC*™*®"! neurons’ axon terminals in BNST, PVN, PBN, and NST regulate
food intake. a-d Top, diagrams depict optogenetic stimulation of axon terminals
of ARCS™B™! neurons following injection with AAV-hSyn-DIO-mCherry or AAV-DIO-
ChR2-mCherry. Middle, the representative image showed ChR2 expression (red
fluorescence) in ARC***®" neurons fibers within the BNST, PVN, PBN, and NTS.
(n=4). DAPI: blue. Bottom, cumulative food intake was measured over a 6-h period
during photostimulation. BNST (control: n=7; ChR2: n=7), PVH (control: n=6;
ChR2: n=6), PBN (control: n=6; ChR2: n=7), NTS (control: n=7; ChR2: n=7).

e-h Top, diagrams depict optogenetic inhibition of axon terminals of ARC*"!
neurons following injection with AAV-hSyn-DIO-mCherry or AAV-DIO-NpHR-
mCherry. Bottom, cumulative food intake was measured over a 6-h period during
photostimulation. BNST (control: n=7; NpHR: n=7), PVH (control: n=6; NpHR:
n=6), PBN (control: n=6; NpHR: n=6), NTS (control: n=7; NpHR: n=7). n
represents mice number. Scale bars, 100 um. Data were expressed as mean + SEM.
Statistical methods: Two-way ANOVA with Sidak’s or Tukey’s test. ns represents not
significant, *P < 0.05, *P<0.01, **P<0.001.

Use Committee of Nanjing Medical University. Permission to maintain
and breed mice was issued by the Laboratory Animal Center of Nanjing
Medical University. Mice were housed in individually ventilated cages
(IVCs) at 20-24 °C using a 12-h light/dark cycle. Animals had access to
water and food ad libitum. Food was only withdrawn if required for an
experiment during defined fasting periods.

Construction of Crabp1-P2A-Cre mice

Crabpl-P2A-Cre mice were generated by Saiye Biotechnology
(Guangzhou, China). To create Crabpl-Cre knock-in mice, a targeting
vector was designed to replace the TAA stop codon in the fourth exon
of the Crabpl gene with P2A-Cre. The donor vector containing the “P2A-
Cre” cassette was used to insert between the PCR-amplified left arm of
homology (LAH) and right arm of homology (RAH). The 2.4 kb LAH was
amplified from the bacterial artificial chromosome (BAC) of C57BL/6)
mice using oligos 5 arm forward primer: GATAGGGCATTTGTC-
TAGTTCAG and 3’ knock in (KI) reverse primer: TTTCGGCTA-
TACGTAACAGGGTGT. Additionally, the 2.7 kb RAH was amplified from
BAC of C57BL/6) mice using oligos 5’ KI forward primer: CCAGC-
TAAACATGCTTCATCGT and 3’ arm reverse primer: ATAT-
CAATCTGGGACCTCTCCAT. The LAH and RAH were inserted into the
donor vector containing the “P2A-Cre” cassette. The gRNA:
TTTATGTCCGGGAGTAAAGG targeted mouse Crabpl gene, along with
the donor vector containing the “P2A-Cre” cassette and Cas9 mRNA,
were co-injected into fertilized mouse eggs to generate targeted
knock-in offspring. FO founder animals were identified by PCR fol-
lowed by sequence analysis, which were bred to wild-type mice for
germline transmission and F1 animal generation.

Immunohistochemistry

For immunohistochemistry assays, adult male mice or rats were deeply
anesthetized and transcardially perfused with phosphate-buffered
saline (PBS), followed by 4% paraformaldehyde (PFA). The brains were
then post-fixed for 8 h at 4 °C. Subsequently, the brains were trans-
ferred to PBS containing 20% and 30% sucrose for gradient dehydra-
tion at 4 °C until they sank. Finally, the frozen brains were sectioned
using a cryostat at —20 °C, with each section being ~20-pm thick. These
sections were processed for immunofluorescence as described below.

Brain sections underwent three washes of 5min each with PBS
(0.1 M; pH 7.4) were then incubated in a blocking solution consisting of
PBS containing 0.3% Triton X-100 and 5% goat serum for 1 h at room
temperature. Following this, the sections were incubated overnight at
4 °C with primary antibodies including anti-CRABP1 (12588-1-AP, Pro-
teintech; 13163, Cell Signaling Technology; GTX22816, Gene Tex), anti-
NeuN (MAB377, Millipore), anti-GFAP (3670, Cell Signaling Technol-
ogy), anti-TH (25859-1-AP, Proteintech), p-AKT (4460, Cell Signaling
Technology), p-STAT-3 (9145, Cell Signaling Technology), and c-Fos
(2250, Cell Signaling Technology).

After washing five times with PBS for 5 min each time, the sections
were then incubated with secondary antibodies Alexa Fluor®488/555/
647 conjugates against rabbit or mouse IgG diluted to a concentration
of 1:1000 in Thermo Fisher’s antibody dilution buffer for 1h at room
temperature while protected from light. The slides were washed five
times with PBS before being mounted using a DAPI mounting medium.
Images were acquired using an LSM800 confocal microscope manu-
factured (Carl Zeiss, Germany) and subsequently analyzed.

For 3, 3’-diaminobenzidine (DAB) staining, paraffin-embedded
sections of formalin-fixed human hypothalamic samples were moun-
ted on a glass slide and incubated overnight at 4 °C with the primary
antibody against cellular retinoic acid-binding protein 1 (CRABPI;
GTX22816, Gene Tex). The slides were then washed five times with PBS
and subsequently incubated for 1h at room temperature with bioti-
nylated goat anti-mouse IgG (Beyotime Biotechnology, A0126). After
three washes, the slides were stained using DAB-peroxidase substrate
solution for less than 2min and visualized using a Nikon Digital
Camera.

Fluorescence in situ hybridization

The brains were initially fixed in 4% PFA with poly-glycerol 3-poly-
glycidyl ether (P3PE) at 4 °C for 4 h, followed by dehydration through
immersion of the slides in graded concentrations of a mixture con-
taining 20% sucrose and P3PE diluted at a ratio of 1:200. Coronal
sections measuring 10 pm were obtained from the brains using a Leica
cryostat. The RNA in situ detection experiment was conducted using a
two-step procedure. During the detection stage, slides were rinsed
with DEPC-treated PBS (D-PBS). Pre-hybridization was performed by
incubating the slides with probe hybridization buffer for 30 min at
45°C. To prepare the probe solution, Sst probe (1pmol) and Cartpt
probe (1 pmol) were added to the hybridization buffer at a tempera-
ture of 45°C. After replacing the pre-hybridization solution with the
probe solution, slides were incubated overnight (12-16 h) at 37 °C for
probe hybridization. Subsequently, the samples were gently washed
using a gradient elution buffer at 37 °C to minimize background noise
and ensure accurate detection. This involved sequential elution with
wash buffers containing probe concentrations set at levels of 75, 50,
and 25%. Finally, the samples were washed twice with elution consist-
ing of 100% 5 x SSCT for a duration of 15 min.

In the amplification stage, prepare 30 pmol of each fluorescently
labeled hairpin by snap cooling in 10 uL of 5 x SSC buffer (heat at 95°C
for 90 s and cool to room temperature on the bench top for 30 min).
Add all snap-cooled hairpins to the amplification buffer at room tem-
perature. Subsequently, incubate the samples with the hairpin solution
for 8 h at room temperature. Following incubation, wash the samples
twice with 5 x SSCT at room temperature. Finally, seal the sections with
neutral balsam containing DAPI (1 mg/mL), capture photos, and per-
form analysis.

Hormone stimulation
For administration of hormones directly into the brain, a cannula was
placed into the cerebral ventricle. Mice were fixated in a stereotaxic
frame, and the scalp was opened to expose the skull. Coordinates were
zeroed on bregma and moved to the lateral ventricle (bregma: AP:
-0.5 mm, ML: 1.3 mm, DV: 2.3 mm). A small hole was drilled into the
skull and the guide cannula was inserted and fixated. All canulated
mice had 1 week to fully recover before being used for any experi-
ments. After recovery, mice received an infusion of hormones via an
injector and an infusion pump at a rate of 1 pL/min after recovery. After
the infusion, the injector was left for an additional 3 min to avoid
backflow. Then, the injector was removed, and mice were monitored
for the following studies.

To assess hormone sensitivity, mice were fasted overnight before
being intracerebroventricularly (ICV) injected with either vehicle or
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specific hormones. For insulin sensitivity, mice received an injection of
insulin (2mU/mouse; Med Chem Express) and were transcardially
perfused with paraformaldehyde 15min post-injection. For leptin
sensitivity, mice were injected with leptin (3 pg/mouse; Med Chem
Express) and perfused 45min later. For ghrelin sensitivity, mice
received an injection of ghrelin (1 pg/mouse; Tocris Bioscience) and
were perfused 120 min post-injection.

Brain stereotaxical injection of AAV and fiber implantation

Following anesthesia with 1.5-2% isoflurane gas, depending on the
weight of the mice, they were positioned in a three-point fixation
stereotactic frame. After exposing the skull through a small incision,
the skull was aligned between bregma and lambda, and a small hole
was drilled for injection. A beveled pulled-glass pipette was inserted
into the target regions (300 nL) using a motorized stereotaxic injector
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Fig. 6 | Activating ARC®***" neurons depolarizes POMC neurons. a Schematic
illustration of ARC***, NPY and POMC neurons labeling and recording strategies
(top) and sample images of the electrophysiological responses during 100 pA ramp
currents injection in the three types of neurons (bottom). b-d Electrophysiological
indicators, including RMP (b ARC***¥", n =21, N=4;NPY, n=21, N=4;POMC,n =21,
N=4), rheobase current (c ARC**®, n=16, N=3; NPY, n=16, N=3; POMC, n=16,
N=3) and input resistance (d ARC*®", n=23, N=4; NPY, n=23, N=4, p=0.0105
with ARCS®B” POMC, n =22, N =4) of the three types neurons. e Samples image of
the electrophysiological responses during 100 pA ramp current injection in
ARC™®™ neurons. f-i Some key parameters of AP in ARCS®®"! NPY and POMC
neurons, including AP peak (f), half width (g), rise time (h), and decay time (i).
(ARC*™1 n=12, N=3; NPY, n=11, N=3; POMC, n =11, N=3). j Samples images of
APs in ARC**B”, NPY and POMC neurons under different concentrations of glu-
cose. k-m Decreased AP frequency in 3 mM ACSF environment of ARCRA®™!

(kn=11, N=3), NPY (I n=11, N=3) and POMC (m n =11, N=3) neurons.

n, o Schematic illustration and sample images of ARC*®"-ChR2, NPY, and POMC
neurons labeling and their responses to 1 and 20 Hz stimuli of 470 nm light.

p, q Opto-activating ARC**** neurons induces the depolarization in POMC neu-
rons (p n=11, N=3) and the depolarization can be blocked by CNQX + AP5 (qn =35,
N=2).rSamples image of the electrophysiological responses upon hyperpolarizing
stimuli in ARC**®™, NPY, and POMC neurons. s Quantification of inward rectifica-
tion to consecutive stimuli as illustrated by the non-linear curve in ARC*®"! neu-
rons (solid black, n =21, N=4) compared to a theoretical linear curve (red).

t Percentage of neurons with inward rectification upon hyperpolarization in
ARCRB™! (n=21, N=4), NPY (n=17, N=4), and POMC neurons (n=18, N=4). Data
were expressed as mean + SEM. n represents cell number; N represents mice
number. One-way ANOVA with Sidak’s or Tukey’s test for panel b-d and f-i; Stu-
dent’s t-test for panel k-m, p, q. *P<0.05, *P<0.01, **P< 0.001.

that controlled a Hamilton syringe connected to the glass pipette to
achieve an injection rate of 25nL per minute. The pipette was slowly
withdrawn 10 min after injection. All injected mice had 3 weeks to fully
recover before being used for any experiments. The coordinates for
brain regions were as follows: ARC (bregma: AP: -1.50 mm, ML:
+0.30 mm, DV: =5.90 mm), BNST (bregma: AP: 0.20 mm, ML: +0.50 mm,
DV: -3.50 mm), PVH (bregma: AP: -0.80 mm, ML: +0.20 mm, DV:
-4.80 mm), PBN(bregma: AP: -5.40 mm, ML: £1.20 mm, DV: -3.35 mm),
NTS(bregma: AP: -7.00 mm, ML: +0.45mm, DV: -4.50 mm). We
employed the following recombinant adeno-associated virus (rAAV)
vectors: rAAV-hSyn-DIO-mCherry-WPRE-hGH-pA and rAAV-EFla-DIO-
Caspase3-WPRE-hGH-pA for the ablation experiment; rAAV-hSyn-DIO-
hM3D(Gq)-mCherry-WPRE-hGH-pA  and  rAAV-hSyn-DIO-hM4D(Gi)-
mCherry-WPRE-hGH-pA for DREADD experiments; AAV-EF1a-DIO-
hChR2(H134R)-mCherry-WPRE-hGH-pA and AAV-EF1a-DIO-eNpHR3.0-
mCherry-WPRE-hGH-pA for optogenetic experiments; HSV-ATK-LSL-
tdTomato, rAAV-EF1a-DIO-EGFP-T2A-TK-WPRE-hGH-pA, rAAV-hSyn-
DIO-mGFP-T2A-Synaptophysin-mRuby-WPRE-hGH-PA, CTB 555 (Wuhan
Privy Brain Science and Technology Co., Ltd) for tracing experiment.
AAV-EF1a-DIO-hChR2(H134R)-mCherry-WPRE-hGH-pA and AAV-fnpy-
GFP for electrophysiological recording.

Following surgical recovery, an optical fiber with a core diameter
of 200 um and numerical aperture of 0.22 was stereotaxtically inserted
into the target regions with its tip positioned above the target areas.
Mice implanted with fibers were individually housed to allow one week
of recovery before conducting any behavioral experiments. The
coordinates of brain regions were as follows: ARC (bregma: AP:
-1.50 mm, ML: +0.30 mm, DV: -5.60 mm), BNST (bregma: AP:
0.20 mm, ML: +0.50 mm, DV: -3.20 mm), PVH (bregma: AP: -0.80 mm,
ML: +0.20 mm, DV: —4.50 mm), PBN (bregma: AP: -5.40 mm, ML:
+1.20mm, DV: -3.05mm), NTS (bregma: AP: -7.00 mm, ML:
+0.45 mm, DV: -4.20 mm).

In vivo optogenetic studies

The implanted fiber optic cannula was securely attached to a fiber
optic cable. Mice were acclimated in experimental cages for one week
prior to optogenetic stimulation. For ChR2 and control mice, blue laser
light stimulation (473 nm, output power of 5 mW at the tip of the patch
cord) consisting of pulse trains (5 ms pulses of 20 Hz; 1s on, 2 s off) was
administered. For NpHR and control mice, yellow laser light stimula-
tion (589 nm, output power of 15mW at the tip of the patch cord)
consisting of pulse trains (5ms pulses of 20 Hz; 1s on, 2s off) was
administered. Following a 6-h fasting period, food intake was mea-
sured following light stimulation throughout this study. The location
of the fiber tip was determined through histology analysis of brain
tissue samples. Mice with misplaced fibers outside the target region
were excluded from data analysis.

Chemogenetics (DREADD)

Ten-week-old Crabpl-Cre male mice received bilateral injections of
rAAV-hSyn-DIO-mCherry-WPRE-hGH-pA, rAAV-hSyn-DIO-hM3D (Gq)-
mCherry-WPRE-hGH-pA, or rAAV-hSyn-DIO-hM4D (Gi)-mCherry-WPRE-
hGH-pA into the ARC. After 3 weeks of recovery from surgery, mice were
acclimated in experimental cages for 1 week before chemogenetic sti-
mulation. After a 6-h fasting period, food intake was measured for 4 h
following intraperitoneal injection of deschloroclozapine (DCZ, 0.1 mg/
kg) in this study. The mice were perfused with PBS, and brains were
collected and processed for IHC analysis.

Electrophysiological recording

All recordings were conducted in the ARC region from 3 to 4-month-
old male mice. The mouse brains were quickly removed, and coronal
brain slices (300 pm) were prepared using a vibrating microtome
(Leica, VT1000S) in ice-cold glycerol-based modified artificial cere-
brospinal fluid (GaCSF). The GaCSF consisted of the following com-
ponents (in mM): 244 Glycerol, 2.5 KCI, 2 MgCl,, 2 CaCl,, 1.2 NaH,PO,,
10 HEPES, 21 NaHCO3, and 5 Glucose. The pH was adjusted to 7.2 with
NaOH and saturated with a mixture of 95% 0,/5% CO,. The slices were
moved to 95% 0,/5% CO, saturated ACSF solution, which contained
the following concentrations (in mM): 125 NaCl, 2.5 KCI, 1.25 NaH,PO,,
25 NaHCO3, 2 CaCl,, 1 MgCl,, 10 p-glucose, 15 p-mannitol, equilibrated
with 95% O,, 5% CO,, at 28 °C for a minimum duration of 2 h before
being transferred to a chamber for recording. The mCherry or EGFP
labeled cells were selected for recording based on the expression of
the fluorescent marker using the microscope (Olympus BX51WI, Japan)
equipped with the appropriate filters and LED light engines (CoolLED-
pE100, 470 or 550 nm, UK). Current-clamp recordings of neurons were
performed at room temperature and started with the perforated
patch-clamp configuration, with glass pipettes (3-4 MQ) filled with the
intracellular solution containing (in mM): 140 K-gluconate, 10 KCI, 10
HEPES, 0.1 EGTA, 2 MgCl,, and 150 pg/mL Amphotericin B (Cat# B1885,
APEXBIO) (pH 7.25). During the perforation process, the access resis-
tance (Ra) was constantly monitored, and the rectification testing
experiments were started when the Ra was stable. After the rectifica-
tion test, perforated-patch recordings were converted to whole-cell
mode, and a ramp current (100 pA, 15s) or step current (50 pA, 1s) was
injected to induce action potentials. In the glucose sensitivity experi-
ments, p-mannitol was utilized to adjust the osmolarity (310-320
mOsmol) of ACSF, while a 50 pA step current was injected during
recording. For the ChR2-assisted experiment, ARC*" NPY, or POMC
neurons were clamped in the current-clamp model, and different fre-
quencies of light (1s, 473 nm, 4 mW) were delivered from a laser sti-
mulator (Aurora-220, Newdoon, Hangzhou, China) to activate the
ChR2-expressing CRABP1 neurons. To investigate the cause of poten-
tial alternations in POMC neurons after light stimulation, cells were
clamped at -70 mV or O mV under the voltage clamp model with the
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pipette filled with the intracellular solution containing (in mM) 130.0
CsMeSO,, 5.0 NaCl, 1 MgCl,, 0.05 EGTA, 10.0 HEPES, 3.0 Mg-ATP, 0.3
Nas;GTP, and 5.0 QX-314 (pH 7.25). CNQX (10 uM, Cat# N183, Sigma)
and AP5 (50 pM, Cat# 0106, Tocris) were employed to exclude gluta-
matergic synaptic transmission-mediated currents, while Picrotoxin
(PTX) (100 uM, Cat# R284556, Sigma) and CGP 52432 (5pM, Cat#
B6655, APEXBIO) were utilized to eliminate GABAergic synaptic
transmission-mediated currents. For mEPSC recording, cells were
clamped at -70 mV under a voltage clamp model with whole-cell
recording, and incubated in the ACSF containing 100 uM PTX. During
the recordings, cell series resistance was monitored throughout
experiments by applying a (-3 mV) step at the end of each sweep, and
the experiment was excluded if the resistance changed by more than
20%. All recordings were performed using a Multiclamp 700B patch-
clamp amplifier (Molecular Devices, USA), and all data acquisition and
analysis were conducted with pCLAMP 10.2 (Molecular Devices, USA)
and Mini Analysis software (Synaptosoft, USA). In all electro-
physiological experiments, “represents” indicates the number of cells
used per animal, typically ranging from three to four cells.

Metabolic analyses

For body weight, food intake, and energy expenditure measures, we
did the following experiment. ARC CRABP1 expressing neuron ablation
(ACENA) mice and their controls were fed regular chow for a further
10 weeks. Body weight was measured every week. In the first week after
recovery, the mice were placed in individual cages and food intake was
measured for a whole week.

For energy expenditure (EE) and respiratory exchange ratio (RER)
assays, mice at the second week after recovery were individually
housed and acclimatized for 48h in the metabolic cages with ad
libitum access to food and water. Next, oxygen consumption (VO,)
and carbon dioxide production (VCO,) were collected continuously.
EE and RER were determined by the following equations:
EE = (3.815 + 1.232xRER)xVO,, RER =VCO,/ VO,.

Body composition analysis was conducted using magnetic reso-
nance imaging (MRI) to determine the ratio of body fat mass to lean
mass at Nanjing University of Science and Technology.

Glucose tolerance tests (GTTs) were performed in mice that had
been fasted for 12 h overnight. Following the determination of body
weights and basal blood glucose concentrations, mice received an
intraperitoneal injection of 25% glucose (2 g/kg body weight) between
9 am and 10 am, and blood glucose levels were measured again at 15,
30, 60, and 120 min post-injection. Blood samples for glucose mea-
surement were collected from the tail vein. Glycemia was assessed
using a Contour glucometer (Bayer). The glucose response during the
glucose tolerance test was calculated by estimating the total area
under the glucose curve.

For serum leptin and insulin assays, blood was collected in mice
that had been fasted for 12 h overnight and processed to measure
serum leptin and insulin levels using a mouse insulin ELISA kit (EZas-
say, China) and leptin ELISA kit (Crystal Chem Inc., USA), respectively.

For hematoxylin and eosin staining (H&E staining), tissues har-
vested from mice were fixed in 4% paraformaldehyde (PFA) for 24 h,
followed by embedding in paraffin. The tissues were then sectioned at
a thickness of 4 pm and stained with hematoxylin and eosin solutions
using a standard protocol. Images of subcutaneous white adipose tis-
sue (SC-WAT) adipocytes and liver were captured on a brightfield
microscope (Nikon, Japan).

Quantitative RT-PCR

The tissue RNA was extracted using the Trizol lysis solution (9109,
Taraka). Complementary RNA was reverse-transcribed to cDNA using
HiScript® Ill RT SuperMix kits (R323-01, Vazyme). RT-PCR was per-
formed on a LightCycler 480 Real-Time PCR System (Roche) using
ChamQ SYBR gPCR Master Mix (Q331, Vazyme), in combination with

cDNA, primers (Supplementary Table 2), and master mix. The relative
expression of genes was analyzed using the 2**“ method, where ACt
represents the difference between the Ct value of a given gene and that
of the Gapdh control.

Western blotting

The CRABPI levels were assessed by collecting tissues from C57BL/6)
mice, followed by extraction of total proteins using a lysis buffer
containing protease and phosphatase inhibitors. Protein concentra-
tions were determined using a BCA protein concentration assay kit
(PO009 Beyotime Biotechnology). Subsequently, the protein samples
were separated on a 15% SDS-PAGE gel and transferred onto PVDF
membranes (Millipore). Western blotting was performed using rabbit-
anti-CRABP1 antibody (13163, Cell Signaling Technology) at a dilution
of 1:1000, along with mouse-anti-GAPDH antibody (AFO006, Beyotime
Biotechnology) at a dilution of 1:1000.

Statistics

Data were presented as either mean + SEM or individual data points.
Statistical analyses were performed using GraphPad Prism to evaluate
normal distribution and variations within and among groups. The
statistical analyses employed in this study included Student’s ¢-test,
one-way ANOVA, Two-way ANOVA with Sidewalk’s or Tukey’s test, two-
sided regression-based ANCOVA, or two-tailed Student’s t-test, as
indicated in the respective figure legends. P< 0.05 was considered
statistically significant.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The article and accompanying data include all the empirical evidence
that supports the findings presented in this paper. One screenshot of
the reference mouse Allen brain atlas (http://atlas.brain-map.org) were
used in a Supplementary Fig. The data generated in this study are
provided in the Source Data file. Source data are provided with
this paper.
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