


Article

0

20

40

60

80

100

Ti
m

e 
lic

ki
ng

 (
s)

0-
5

10
-1

5
20

-2
5

30
-3

5
40

-4
5

50
-5

5

ad libitum
Food Deprived

Time (min)

Y1R
Input

NPY Input

lPBN Y1R

Post-synaptic
Y1R

NPY

Y1R

Presynaptic
Y1R

0

20

40

60

80

100

Ti
m

e 
lic

ki
ng

 (
s)

0-
5

10
-1

5
20

-2
5

30
-3

5
40

-4
5

50
-5

5

ad libitum
Food Deprived

Time (min)

Spinal Cord Y1R KO (pre-synaptic)

lPBN

AAV.FLEX.axon.EGFP

L4-6

Npy1r-Cre

EGFP    tdTomato

AAV.FLEX.tdTomato

DH

lPBN Y1R KD (post-synaptic)

ba dc

shRNA-GFP

scp
lPBN

#
Extended Data Fig. 9 | Hunger suppresses inflammatory pain by acting on 
Y1 receptors on lPBN neurons. (a) (Top) Cre-dependent axon-enriched EGFP 
was injected in the dorsal horn and Cre-dependent tdTomato was injected into 
the lPBN of Npy1r-Cre mice to visualize neurons that express Npy1r and thus are 
potential pre- and post-synaptic sites of action of NPY in the lPBN. (Bottom) 
Representative images showing Y1R neurons expressing EGFP at the site of 
injection in the dorsal horn (left) and their projections to the lPBN along with 
lPBN Y1R neurons labeled with tdTomato (right). Scale bar, 200 μm (inset,  
10 μm). (b) Diagram depicting two possible sites of action of NPY in the lPBN: 
presynaptic inputs from the spinal cord and postsynaptic receptors on lPBN 
neurons. (c) Y1 receptors were conditionally deleted from the spinal cord to 

reduce pre-synaptic signaling by crossing Npy1r-lox/lox mice with Lbx1-Cre 
mice32. Time spent licking paw in 5 min bins after an injection of formalin in  
ad libitum-fed and food-deprived mice (n = 6 mice, repeated measures two- 
way ANOVA, main effect of group p = 0.0144). (d) Y1 receptor expression was 
knocked down in the lPBN to reduce post-synaptic signaling by injecting an 
AAV expressing short hairpin RNA (shRNA) targeting the Npy1r gene. Inset 
shows shRNA-GFP expression in the lPBN. Scale bar, 200 μm. Time spent licking 
paw in 5 min bins after an injection of formalin in ad libitum-fed and food- 
deprived mice (n = 7 ad lib, n = 5 FD mice, repeated measures two-way ANOVA, 
n.s.). Data are expressed as mean ± SEM. ANOVA main effect of group: #p < 0.05.



Extended Data Fig. 10 | Modeling pain behavior, pain state, and effort 
following formalin administration. (a) The average pain input given when 
training and simulating the model, chosen as the sum of two Gaussians 
corresponding to phases 1 and 2 of the formalin response. Model input during 
training and simulation is a noisy version of this input. (b) The pain state of the 
model is an integral of the pain input passed through a rectified saturating 
nonlinearity, shown here. (c) Schematic of the neural network implementing 
the behavioral policy, also showing the addition of a third state dimension ‘NPY’ 
that is 1 in the presence of a competing survival need and 0 otherwise (used in 
“Modulation of Policy” simulations). (d) Example policy space after training 
one model in the “Modulation of Policy” scenario in which the model learns a 
distinct policy for the presence vs absence of a competing need state. The dark 
gray line indicates a trajectory in the pain-effort state space, while the light gray 
region indicates the portion of pain-effort state space in which the model 
produces a lick response (no lick response is produced outside this region). 
When NPY = 1, the lick region shifts upwards compared to NPY = 0, corresponding 

to an increase in the pain threshold required to produce a licking response. 
(e-f) Average ‘effort’ dynamics of 8 trained models for the baseline model 
(‘control’) vs a model that increases 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-o) Simulation results using alternative 
formulations of input integration, effort modulation, and policy modulation 
(see equation 2 for each manipulation in the Methods). (g-i) Simulated licking 
behavior (g), ‘pain’ state (h) and ‘effort’ state (i) in the baseline condition 
(‘control’) vs a competing need that alters integration of nociceptive input 
using manipulation 2. ( j-l) Simulated licking behavior ( j), ‘pain’ state (k) and 
‘effort’ state (l) in the baseline condition (‘control’) vs a competing need that 
alters the effort cost of licking using manipulation 2. (m-o) Simulated licking 
behavior (m), ‘pain’ state (n) and ‘effort’ state (o) in the baseline condition 
(‘control’) vs a competing need that adds a third dimension to the behavioral 
control policy using manipulation 2. Data are expressed as mean ± SEM.












