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Extended Data Fig. 2 | Generation of BNC2-P2A-iCre knockin mouse line.  
a, Schematic of the BNC2-P2A-iCre locus. b, Sequence information of gRNAs 
and lssDNA. c, Genomic PCR using specific primers (N = 3 mice). d, Cre expression 
was assessed using a Cre-dependent mCherry viral construct. Colocalization 

with endogenous Bnc2 mRNA was confirmed through RNA ISH (N = 3 mice). 
Scale bar, 20 μm. Illustrations in a and c were created using BioRender (https://
biorender.com).



Extended Data Fig. 3 | Activation of BNC2 neurons by leptin. a, Representative 
images of a patched GFP-labeled BNC2 neuron. b, Spontaneous APs of BNC2 
neurons in the ARC from ad-libitum-fed adult male BNC2-Cre mice (injected 
with DIO-GFP). Leptin was added to the bath solution at the indicated time 
window. c,d, Spontaneous AP frequency (c) and RMP (d) of BNC2 neurons 

before, during, and after leptin application (N = 12 cells from 4 mice, Friedman 
test or one-way ANOVA). e, Percentage of leptin-responsive BNC2 neurons 
under the overnight fasting and ad-libitum-fed conditions. Data are presented 
as mean ± SEM. *p < 0.05; **p < 0.01. Statistical details in Source Data.
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Extended Data Fig. 4 | See next page for caption.



Extended Data Fig. 4 | Rapid responses of BNC2 neurons to food cues.  
a-c, Heatmaps of normalized ΔF/F in individual overnight-fasted male mice 
aligned to the presentation of an inedible tube (a), chow (b), or peanut butter 
(c). d-f, Heatmaps of normalized ΔF/F in individual ad-libitum-fed male mice 
aligned to the presentation of an inedible tube (d), chow (e), or peanut butter 
(f). g,h, Heatmaps of normalized ΔF/F in individual overnight-fasted male mice 
aligned to the presentation of chow inside (g) or outside (h) the container.  
i,k, Individual calcium trace of an overnight-fasted naive male mouse presented 
with novel peanut butter (i) or sucrose tablets (k). j,l, Quantification of 
fluorescence changes before and after the presentation of peanut butter  

( j) or sucrose tablets (l), as well as during consumption (N = 4 mice, paired 
Student’s t-test). m-p, Recordings from overnight-fasted male mice presented 
with chow for 2 or 10 min. m, Average calcium signal traces aligned to the time 
of presentation. n, Quantification of fluorescence changes in the indicated 
timeframes shown in m (N = 8 mice per group, paired Student’s t-test).  
o,p, Heatmaps of normalized ΔF/F in individual overnight-fasted male mice 
aligned to the presentation of chow for 2 min (o) or 10 min (p). Data are presented 
as mean ± SEM. ns, not significant; *p < 0.05; **p < 0.01. Statistical details in 
Source Data.
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Extended Data Fig. 5 | Rapid satiety driven by BNC2 neurons. a, Representative 
image showing bilateral hM3Dq-mcherry expressing (red) in ARC BNC2 neurons 
with DAPI staining (blue) (N = 6 mice). Scale bar, 100 μm. b, Representative 
image showing unilateral ChR2-GFP expression in ARC BNC2 neurons and the 
optical fibre implant site (N = 12 mice). c, d, Food intake (c) and body weight 
change at 3 h (d) in female mice receiving PBS or CNO injection at the onset  
of the night dark phase (N = 4 mCherry-injected mice, N = 5 hM3Dq-injected 
mice, two-way ANOVA). e, f, Food intake (e) and body weight change at 3 h  

(f) in female mice receiving PBS or CNO injection during the daytime (N = 4 
mCherry-injected mice, N = 4 hM4Di-injected mice, two-way ANOVA). g, Distance 
traveled before, during, and after laser stimulation in overnight-fasted male  
mice (N = 4 mice per group, two-way ANOVA). h, Heatmaps of time spent in each 
chamber during the initial phase and the closed-loop paired phase in sated  
adult male BNC2-Cre mice injected with GFP or ChR2. Data are presented as 
mean ± SEM. ns, not significant. **p < 0.01; ****p < 0.0001. Statistical details in 
Source Data.



Extended Data Fig. 6 | Light-induced activation of NPY neurons.  
a, Representative images of patched ChR2-GFP-labeled NPY neurons.  
b, Detection of light-induced APs in ChR2-GFP-labeled NPY neurons.  
c, Schematic of PBS or CNO administration timing during fibre photometry 

recordings of NPY neuron activity. d, Food consumption during the 10 min 
after food presentation in male mice injected with PBS or CNO (N = 4 mice, 
paired Student’s t-test). *p < 0.05. Statistical details in Source Data. Illustration 
in c was created using BioRender (https://biorender.com).
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Extended Data Fig. 7 | High efficiency of LepR deletion mediated by sgLepr. 
Brain slices from overnight-fasted adult male BNC2-Cre::LSL-Cas9-GFP mice, 
injected unilaterally in the ARC with either sgCtrl or sgLepr, were analyzed 3 h 

post-leptin injection. The slices underwent mCherry and pSTAT3 
immunostaining to assess the deletion efficiency (N = 3 mice per group).  
Scale bar, 50 μm.



Extended Data Fig. 8 | See next page for caption.
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Extended Data Fig. 8 | LepR knockout in BNC2 neurons causes obesity.  
a, Body weight of female mice on chow diet post sgCtrl or sgLepr injection 
(N = 4 mice per group, two-way ANOVA). b, Body composition of female mice 8 
weeks post-injection (N = 4 mice per group, unpaired Student’s t-test). c, Daily 
chow intake 8 weeks post-injection (N = 4 mice per group, unpaired Student’s  
t-test). d, e, EE om male mice from Fig. 5a measured by indirect calorimetry at 
10–12 weeks post-injection (N = 11 mice per group, unpaired Student’s t-test). 
f,g, Regression analysis of EE vs. lean mass (f) and body weight (g) from e (N = 11 
mice per group, ANCOVA). h,i, Locomotion for male mice from Fig. 5a (N = 11 
mice per group, unpaired Student’s t-test). j,k, RER in male mice from Fig. 5a 
(N = 11 mice per group, unpaired Student’s t-test). l, Body weight of male mice 

on an HFD post sgCtrl or sgLepr injection (N = 8 sgCtrl-injected mice, N = 9 
sgLepr-injected mice, two-way ANOVA). m, Body composition from l 8 weeks 
post-injection (N = 8 sgCtrl-injected mice, N = 9 sgLepr-injected mice, unpaired 
Student’s t-test). n, Daily HFD intake from l 8 weeks post-injection (N = 8 sgCtrl-
injected mice, N = 9 sgLepr-injected mice, Mann-Whitney test). o, Fasting 
glucose levels in male mice from Fig. 5a (N = 11 mice per group, unpaired Student’s 
t-test). p,q, GTT of male mice from Fig. 5a at 10–12 weeks post-injection (N = 11 
mice per group, unpaired Student’s t-test). r,s, ITT of male mice from Fig. 5a at 
10–12 weeks post-injection (N = 6 mice per group, unpaired Student’s t-test). 
Data are presented as mean ± SEM. ns, not significant; *p < 0.05; **p < 0.01; 
***p < 0.001, ****p < 0.0001. Statistical details in Source Data.



Extended Data Fig. 9 | Model of leptin regulation of feeding and energy 
balance in ARC microcircuits. Leptin-activated BNC2 neurons acutely 
promote satiety by suppressing AGRP/NPY neurons, which rapidly stimulates 

hunger. POMC neurons restrict weight gain by modulating energy balance over 
the long term with minimal short-term effects on food intake.
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Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection Real-time place preference assay data were collected and analyzed using Ethovision XT13. Fiber photometry data were collected through the  
Fiber Photometry system from Tucker-Davis Technologies (RZ5P, Synapse)

Data analysis The snRNA-seq data were analyzed using Cell Ranger version 5.0, Seurat v4 (v4.0.3), and R studio (2022.07.2). Matalab 2022b was used for the 
analysis of fiber photometry data. The analytic code is available at this GitHub repository: https://github.com/yuqiyuqitan/BNC2.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.

Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A description of any restrictions on data availability 
- For clinical datasets or third party data, please ensure that the statement adheres to our policy 

 

All data generated or analyzed during this study are included in the manuscript and supporting files. The raw sequencing data have been deposited in the Gene 
Expression Omnibus and are available under the accession number GSE249564. 
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Research involving human participants, their data, or biological material
Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation), 
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender NA

Reporting on race, ethnicity, or 
other socially relevant 
groupings

NA

Population characteristics NA

Recruitment NA

Ethics oversight NA

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size The sample size were determined based on similar studies in the filed (Xu et al., Nature. 2018. PMID: 29670283; Biglari et al., Nature 
Neuroscience 2021. PMID: 34002087; Chen et al., Cell.2015. PMID: 25703096; Aponte et al., Nature Neuroscience 2011. PMID: 21209617.).

Data exclusions No data were excluded.

Replication Experiments were performed independently across multiple animal replicates, as detailed in the paper. 

Randomization Mice were randomly assigned to control and experimental groups and littermates were used when possible.

Blinding Behavioral data were collected and analyzed blind to whether animals were in control or experimental group. 

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Clinical data

Dual use research of concern

Plants

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used cFos antibody (1:1000, Synaptic systems, #226308), pSTAT3 antibody (1: 1000, Cell Signaling Technology, #9145s), GFP (1:1000, 

abcam, ab13970), RFP (1:1000, Rockland, #600-401-379), anti-NeuN Alexa Fluor 647-conjugated antibody (Abcam ab190565) (0.5 μl 
per million nuclei), and TotalSeq anti-Nuclear Pore Complex Proteins Hashtag antibody (BioLegend 682205) (0.5 mg per million 
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nuclei).

Validation cFOS antibody (PMID: 31257028) 
pSTAT3 antibody (PMID: 32699414) 
GFP antibody (PMID:36413988) 
RFP antibody (PMID: 35705049, 35659861) 
NeuN antibody (PMID: 36071158, 12556490) 
Nuclear pore complex (PMID: 12556490, 11448990)

Animals and other research organisms
Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in 
Research

Laboratory animals Adult male and female (8-20 weeks) mice from strains: C57BL/6J (wild type; number 000664, The Jackson Laboratory), NPY-IRES2-
FlpO-D (The Jackson Laboratory, stock no. 030211), Rosa26-LSL-Cas9 (The Jackson Laboratory, stock no. 024857), BNC2-P2A-iCre 
(made in-house). 

Wild animals This study did not involve wild animals

Reporting on sex Some experiments were performed using both male and female mice and some were performed using male mice only. The sex 
information has been stated in the manuscript.

Field-collected samples This study did not involve samples collected in the filed.

Ethics oversight All animal experiments were approved by the Institutional Animal Care and Use Committee at Rockefeller University and were 
carried out in accordance with the National Institutes of Health guidelines. 

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Novel plant genotypes NA

Seed stocks NA

Authentication NA

Plants




