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Extended DataFig. 9 |Hunger suppressesinflammatory painbyactingon
YlreceptorsonlIPBN neurons. (a) (Top) Cre-dependent axon-enriched EGFP
wasinjectedinthe dorsalhornand Cre-dependent tdTomato was injected into
the IPBN of Npy1r-Cre mice to visualize neurons that express Npylrand thus are
potential pre- and post-synaptic sites of action of NPY in the IPBN. (Bottom)
Representative images showing YIR neurons expressing EGFP at the site of
injectioninthe dorsal horn (left) and their projections to the IPBN along with
IPBN YIR neurons labeled with tdTomato (right). Scale bar,200 pm (inset,

10 pm). (b) Diagram depicting two possible sites of action of NPY in the IPBN:
presynapticinputs from the spinal cord and postsynaptic receptors on IPBN
neurons. (c) Ylreceptors were conditionally deleted from the spinal cord to
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reduce pre-synaptic signaling by crossing Npy1r-lox/lox mice with Lbx1-Cre
mice*. Time spent licking paw in 5 min bins after an injection of formalinin

ad libitum-fed and food-deprived mice (n = 6 mice, repeated measures two-

way ANOVA, main effect of group p = 0.0144). (d) Ylreceptor expression was
knocked downintheIPBN to reduce post-synaptic signaling by injecting an
AAV expressing short hairpin RNA (shRNA) targeting the Npylrgene. Inset
shows shRNA-GFP expressionin the IPBN.Scale bar,200 pm. Time spent licking
pawin 5 minbinsafteraninjection of formalininad libitum-fed and food-
deprived mice (n=7adlib,n=5FD mice, repeated measures two-way ANOVA,
n.s.). Dataare expressed as mean + SEM. ANOVA main effect of group: *p < 0.05.
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Extended DataFig.10|Modeling painbehavior, painstate, and effort
following formalin administration. (a) The average paininputgiven when
training and simulating the model, chosen as the sum of two Gaussians
correspondingto phases1and 2 of the formalin response. Model input during
training and simulationis a noisy version of this input. (b) The pain state of the
modelisanintegral of the paininput passed through arectified saturating
nonlinearity, shown here. (c) Schematic of the neural network implementing
thebehavioral policy, also showing the addition of a third state dimension ‘NPY’
thatislinthe presence ofacompetingsurvivalneed and O otherwise (usedin
“Modulation of Policy” simulations). (d) Example policy space after training
onemodelinthe “Modulation of Policy” scenario in which the model learnsa
distinct policy for the presence vs absence of acompeting need state. The dark
graylineindicates atrajectory in the pain-effort state space, while thelight gray
regionindicates the portion of pain-effort state space in which the model
producesalickresponse (nolick response is produced outside this region).
WhenNPY =1, thelick region shifts upwards compared to NPY = O, corresponding

toanincreaseinthe painthreshold required to produce alicking response.
(e-f) Average ‘effort’ dynamics of 8 trained models for the baseline model
(‘control’) vsamodel thatincreases the effort cost of licking (e) or introduces a
third axis to the behavioral control policy (f). Dark lines represent mean and
lighter, shaded areas represent SEM. (g-0) Simulation results using alternative
formulations of inputintegration, effort modulation, and policy modulation
(seeequation 2 for each manipulationin the Methods). (g-i) Simulated licking
behavior (g), ‘pain’state (h) and ‘effort’ state (i) in the baseline condition
(‘control’) vsacompeting need that altersintegration of nociceptive input
using manipulation 2. (j-I) Simulated licking behavior (j), ‘pain’ state (k) and
‘effort’ state () in the baseline condition (‘control’) vs acompeting need that
alters the effort cost of licking using manipulation 2. (m-0) Simulated licking
behavior (m), ‘pain’state (n) and ‘effort’ state (o) in the baseline condition
(‘control’) vs acompeting need that adds a third dimension to the behavioral
control policy using manipulation 2. Data are expressed as mean + SEM.
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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.

Confirmed

>
S~
QO

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

X X

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.

X

A description of all covariates tested

X X

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.

X

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
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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  CosMx (Nanostring) was used to collect spatial transcriptomics data. Synapse Neurophysiology Suite (Tucker Davis Technologies) was used to
collect fiber photometry data. Miniscope Data Acquisition Software (UCLA) was used to acquire endoscopic imaging data. ANY-maze
(Stoelting, v7.08) was used to collect open field and conditioned place preference data. Microscopy data was collected using LASX software
(Leica, v3.7.4).

Data analysis AtoMx Spatial Informatics Platform (Nanostring) and Python (v3.9.21) were used to analyze spatial transcriptomics data. Minian and MATLAB
2024b (Mathworks) were use to analyze endoscopic imaging data. Clampfit 11 was used to analyze slice physiology data. ANY-maze (Stoelting,
v.7.08) was used to analyze freezing, open field, and place preference data. Microscopy data were analyzed using ImageJ (NIH, v1.53f).
MATLAB and Prism 10 (GraphPad) were used to plot all other data and perform statistical analyses.

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

Source data are provided with this paper. The spatial transcriptomic dataset generated in this study has been deposited in NCBI's Gene Expression Omnibus and are
accessible through GEO Series accession number GSE301435 (https://www.ncbi.nIm.nih.gov/geo/query/acc.cgi?acc=GSE301435).

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 N/A

Reporting on race, ethnicity, or  N/A
other socially relevant

groupings

Population characteristics N/A
Recruitment N/A
Ethics oversight N/A

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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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 Sample sizes were chosen based on standards in the neuroscience field and variability in our prior data (Alhadeff et al., 2018; Alhadeff et al.,
2019; Alhadeff et al., 2020; Goldstein et al., 2021; Klima et al., 2023). For anatomical experiments, at least 3 sections were analyzed from at
least 3 mice per group. Neurophysiology data was sampled from at least 4 mice per group and behavioral experiments involved at least 5 mice
per group.

Data exclusions  In Figure 1G, samples with fewer than 10 cells that met the criteria were excluded (Cluster N5 Npy1r+, 1 excluded; Cluster N8 Npylr+, 6
excluded; Cluster N9 Npy1lr+, 3 excluded; Cluster N10 Npy1r+, 2 excluded). Clusters N11-N14 were excluded due to low cell counts in both
groups. Extended Data Figure 7V-X: one mouse from each group did not lick their forepaws during the assay and 2 PBS mice and one TMT
mouse jumped onto the paper for several seconds and therefore their jump score was excluded. Extended Data Figure 8Q: one statistical
outlier was identified in the TMT group using the ROUT method and was removed.

Replication Results were successfully reproduced in all cases where multiple cohorts were used in the same experiment. At least two individuals scored
behavioral assays and their results were averaged. A third scorer was used in cases where there was significant deviation between the two
initial scorers.

Randomization  Mice were randomly assigned to experimental groups in between-subject analyses and experimental condition was randomized and
counterbalanced in within-subject analyses. Cage-mate controls were used when possible (control groups for DREADD and ablation
experiments, intracerebral infusions). Aged-matched cages were assigned to the same groups for water- and food-deprivation experiments.
Males and females were randomly and approximately evenly assigned to experimental groups.

Blinding In experiments where data were analyzed posthoc (formalin, hot plate, fiber photometry, miniscope) blinding was performed during data
analysis only. In experiments where behavior was analyzed by investigators collecting the data (von Frey test, acetone test), blinding was
performed prior to data collection.

-]
Q
=
<
@)
o
o
=
9
>
0
o
o
=
2
(@]
wv
C
3
3
Q
=
<




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 Methods
Involved in the study n/a | Involved in the study
Antibodies |Z |:| ChlIP-seq
Eukaryotic cell lines |Z |:| Flow cytometry
Palaeontology and archaeology |Z |:| MRI-based neuroimaging

Animals and other organisms

Clinical data
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Plants
Antibodies

Antibodies used Goat anti-AgRP 1:2,500 (Neuromics GT15023)
Rabbit anti-cFos 1:1,500 (Cell Signaling Technology 2250)
Guinea Pig anti-RFP 1:10,000 (J. Nicholas Betley, UPenn; Betley et al., 2013)
Rabbit anti-GFP 1:5,000 (Invitrogen A-11122)
Donkey anti-Goat Cy5 AffiniPure 1:500 (Jackson ImmunoResearch 705-175-147)
Donkey anti-Rabbit Cy5 AffiniPure 1:500 (Jackson ImmunoResearch 711-175-152)
Donkey anti-Guinea Pig Cy3 AffiniPure 1:500 (Jackson ImmunoResearch 706-165-148)
Donkey anti-Rabbit Alexa Fluor 488 AffiniPure 1:500 (Jackson ImmunoResearch 711-545-152)

Validation Primary antibodies were validated in previous studies.

AgRP - 4 citations: https://www.neuromics.com/agouti-related-protein-agrp-pubs-dia?
srsltid=AfmBOopo_OKBckEONVFDXwq8l4P0jdKIERbsOQTmMrgYE6D1s0rCBVNQ6; 17 citations: https://www.citeab.com/
antibodies/693182-af634-mouse-agrp-art-antibody?des=)

cFos - 1,119 citations: https://www.citeab.com/antibodies/123097-2250-c-fos-9f6-rabbit-mab?des=

RFP: Betley et al., 2013 https://doi.org/10.1016/j.cell.2013.11.002

GFP - 4,373 citations: https://www.citeab.com/antibodies/2401163-a-11122-gfp-polyclonal-antibody?des=

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 Mice were group housed on a 12 h light/12 h dark cycle with ad libitum access to food and water unless otherwise noted.
Temperature (21.5 to 22.3°C) and humidity (50 + 15%) were controlled. Group housed adult male and female mice (at least 8 weeks
old) were used for experimentation. The following strains were used:

Npylr-Cre (Jackson Labs 030544, B6.Cg-Npylrtm1.1(cre/GFP)Rpa/J, Npy-Flp (Jackson Labs 030211, B6.Cg-Npytm1.1(flpo)Hze/J),
Pdyn-IRES-Cre (Jackson Labs 027958, B6;129S-Pdyntm1.1(cre)Mjkr/Lowl)), Penk-IRES2-Cre (Jackson Labs 025112, B6;129SPenktm2(
cre)Hze/J), Vglut2-IRES-Cre (Jackson Labs 016963, Slc17a6tm2(cre)Lowl/J), Y1-lox/lox, Lbx1-Cre (Lbx1tm3.1(cre)Cbm), Npy-
IRES-Cre (Jackson Labs 027851, B6.Cg-Npytm1(cre)Zman/J), Agrp-IRES-Cre (Jackson Labs 012899, Agrptm1(cre)Lowl/J), NPY-hrGFP
(Jackson Labs 006417, B6.FVB-Tg(Npy-hrGFP)1Lowl/J), and C57BL/6)

Wild animals This study did not involve wild animals.

Reporting on sex Groups were composed of both male and female mice and sexes were combined in all analyses. We did not observe significant sex
differences though sample sizes in some experiments did not allow for statistical comparison between sexes.

Field-collected samples  This study did not involve samples collected from the field.

Ethics oversight All procedures were approved by the University of Pennsylvania, University of Florida, and University of Pittsburgh Institutional
Animal Care and Use Committees

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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Seed stocks N/A

Novel plant genotypes  N/A

Authentication N/A
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