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Extended Data Fig. 7 | Functional manipulation of the MPOA-VTA pathway 
in allogrooming and pup grooming behaviors. a, Schematic of labeling of 
MPOAVgat+ neurons and retrograde labeling of VTA-projecting MPOA neurons. 
b, Percentage of VTA-projecting MPOAVgat+ neurons within the MPOAVgat+ neurons. 
c, d, Average duration of pup grooming across all trials within individual mice 
(c) and the duration of pup grooming in individual trials (d) during the 5-s real 
(light on) and sham (light off) photo-inhibition in GtACR-expressing mice and 
during light delivery in EYFP-expressing control mice. e–h, Probability of pup 
grooming at various time points (e), average pup grooming duration across all 
trials within individual mice (f), duration of pup grooming in individual trials 
(g), and onset latency of pup grooming in individual trials (h) during the 15-s 
real (light on) and sham (light off) photo-activation in ChR2-expressing mice 
and during light delivery in EYFP-expressing control mice. i, Schematic of 
optogenetic activation of VTA-projecting MPOAVgat+ neurons. j–q, Average 
allogrooming ( j, n) or pup grooming (l, p) duration across all trials within 
individual mice and duration of allogrooming (k, o) or pup grooming (m, q)  
in individual trials during the 15-s real (light on) and sham (light off) photo-
activation in ChR2-expressing mice and during light delivery in EYFP-expressing 
control mice. In ( j-m), subject mice are virgin males or females; in (n-q), subject 
mice are fathers or mothers. r, s, Fraction of animals showing optogenetically 
induced allogrooming (r) or pup grooming (s) during stimulation of the general 
MPOAVgat+ population, selective activation of the VTA-projecting subpopulation 
of MPOAVgat+ neurons, or MPOAVgat+-VTA projection in several experiments. 
Subject mice are virgin males or females. t, Schematic of optogenetic activation 

of the MPOAVgat+-VTA projection with concurrent lidocaine infusion in the 
MPOA. u, v, Average allogrooming (u) or pup grooming (v) duration across all 
trials within individual mice during the 15-s real (light on) and sham (light off) 
photo-activation of the MPOAVgat+-VTA projection with the infusion of lidocaine 
or saline in the MPOA. w, Average allogrooming duration across all trials within 
individual mice during the 15-s real (light on) and sham (light off) photo-
activation of VTA-projecting MPOAVgat+ neurons in ChR2-expressing mice when 
they are engaged in the interaction with unstressed partners and stressed 
partners. (b, d, g, h, k, m, o, q, w), The center line in the boxplots indicates the 
median, the box limits indicate the upper and lower quartiles, and the whiskers 
indicate the range from the minimum to the maximum value. (c, f, j, l, n, p), Two-
sided Wilcoxon signed-rank test. (d, g, h, k, m, o, q), Kruskal-Wallis test with 
post hoc Dunn’s multiple comparisons test. (u, v, w), Two-way ANOVA with 
Tukey’s multiple comparisons test. n = 6 independently injected hemispheres 
(3 brain sections per hemisphere) in (b). n = 11 mice in (c), 64-91 trials from 7-11 
mice in each group in (d), 10 mice in (f), 44-82 trials from 6-10 mice in each 
group in (g, h), 18 mice in ( j), 93-202 trials from 10-18 mice in each group in (k), 
17 mice in (l), 96-182 trials from 10-17 mice in each group in (m), 6 mice in (n, p), 
34-71 trials from 5-6 mice in each group in (o), 38-69 trials from 5-6 mice in each 
group in (q), 8 mice in each group in (u, v), and 5 mice in each group in (w). See 
Supplementary Table 1 for details of statistical analyses. *P < 0.05. **P < 0.01. 
***P < 0.001. ****P < 0.0001. ns, not significant. Schematics in a, i and t adapted 
from the Allen Mouse Brain Reference Atlas (https://atlas.brain-map.org).

http://atlas.brain-map.org


Extended Data Fig. 8 | Functional manipulation of the VTA-projecting MPOA 
neurons in male and female mice. a, d, Average duration of allogrooming (a) 
or pup grooming (d) across all trials within individual mice during the 5-s real 
(light on) and sham (light off) photo-inhibition in GtACR-expressing male and 
female mice. b, c, e, f, The duration of allogrooming (b, c) or pup grooming  
(e, f) in individual trials during the 5-s real (light on) and sham (light off) 
photo-inhibition in GtACR-expressing mice and during light delivery in 
EYFP-expressing control mice. Data from male mice (b, e) and female mice (c, f) 
are separately presented. g, j, Average allogrooming (g) or pup grooming ( j) 
duration across all trials within individual mice during the 15-s real (light on) 
and sham (light off) photo-activation in ChR2-expressing male and female 
mice. h, i, k, l, Allogrooming (h, i) or pup grooming (k, l) duration in individual 
trials during the 15-s real (light on) and sham (light off) photo-activation in 
ChR2-expressing mice and during light delivery in EYFP-expressing control 
mice. Data from male mice (h, k) and female mice (i, l) are separately presented. 
(a-l), The center line in the boxplots indicates the median, the box limits 

indicate the upper and lower quartiles, and the whiskers indicate the range 
from the minimum to the maximum value. (a, d, g, j), Two-way ANOVA with 
Fisher’s LSD test. (b, c, e, f, h, i, k, l), Kruskal-Wallis test with post hoc Dunn’s 
multiple comparisons test. n = 4 males and 4 females in (a), 6 males and 5 
females in (d), 8 males and 10 females in (g), 8 males and 9 females in ( j). n = 41-
47 trials from 4 GtACR-expressing male mice, 35 trials from 3 control male mice 
in (b). n = 21-24 trials from 4 GtACR-expressing female mice, 30 trials from 3 
control female mice in (c). n = 26-27 trials from 6 GtACR-expressing male mice, 
34 trials from 3 control male mice in (e). n = 37-47 trials from 5 GtACR-expressing 
female mice, 57 trials from 4 control female mice in (f). n = 52-83 trials from 8 
ChR2-expressing male mice, 49 trials from 5 control male mice in (h). n = 80-119 
trials from 10 ChR2-expressing female mice, 44 trials from 5 control female 
mice in (i). n = 61-91 trials from 8 ChR2-expressing male mice, 56 trials from 5 
control male mice in (k). n = 69-91 trials from 9 ChR2-expressing female mice, 
40 trials from 5 control female mice in (l). See Supplementary Table 1 for details 
of statistical analyses. *P < 0.05. **P < 0.01. ****P < 0.0001. ns, not significant.
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Extended Data Fig. 9 | See next page for caption.



Extended Data Fig. 9 | Functional manipulation of MPOA neurons activated 
during pup-TRAP, non-social-TRAP, sucrose-TRAP, and pup-sniffing-
TRAP. a, Schematic of the experimental timeline, including virus injection, 
labeling of non-social-TRAP neurons, and behavioral testing. b, e, Example 
ethograms showing behaviors exhibited by non-social-TRAP animals injected 
with either saline (control) or CNO during interactions with stressed adults (b) 
or pups (e). c, d, Duration of social investigation (c) and allogrooming (d) 
exhibited by non-social-TRAP animals injected with either saline (control) or 
CNO during prosocial interactions. f, g, Duration of pup investigation (f) and 
pup grooming (g) exhibited by non-social-TRAP animals injected with either 
saline (control) or CNO during pup interactions. h, i, l, m, Bout of investigation 
(h, l) and allogrooming (i, m) exhibited by pup-TRAP animals (h, i), or non-
social-TRAP animals (l, m) injected with either saline (control) or CNO during 
interactions with stressed animals. j, k, n, o, Bout of pup investigation ( j, n) and 
pup grooming (k, o) exhibited by pup-TRAP animals ( j, k) or non-social-TRAP 
animals (n, o) injected with either saline (control) or CNO during interactions 
with pups. p, u, Schematic of the behavior paradigm used to label pup-sniffing-
TRAP neurons (p) and sucrose-TRAP neurons (u). q, v, Example images showing 

hM4Di-mCherry expression in pup-sniffing-TRAP+ neurons (q) and sucrose-
TRAP+ neurons (v) in the MPOA. Scale bars, 500 μm. r, w, Example ethograms 
showing behaviors exhibited by pup-sniffing-TRAP animals (r), or sucrose-
TRAP animals (w), injected with either saline (control) or CNO during 
interactions with stressed adults. s, t, x, y, Duration of social investigation  
(s, x) and allogrooming (t, y) exhibited by pup-sniffing-TRAP animals (s, t), or 
sucrose-TRAP animals (x, y), injected with either saline (control) or CNO during 
prosocial interactions. (c, d, f, g, h-o, s, t, x, y), The center line in the boxplots 
indicates the median, the box limits indicate the upper and lower quartiles, and 
the whiskers indicate the range from the minimum to the maximum value. (c, d, 
f, g, h-o, s, t, x, y), Two-sided Wilc–oxon signed-rank test. n = 12 mice in (c, d, f, g, 
l-o), 13 mice in (h-k), 16 mice in (s, t, x, y). See Supplementary Table 1 for details  
of statistical analyses. *P < 0.05. **P < 0.01. ns, not significant. Schematic in a 
adapted from the Allen Mouse Brain Reference Atlas (https://atlas.brain-map.
org). Schematics in a, p and u created in BioRender; Sun, F. https://biorender.
com/u651o8b, https://biorender.com/pn3jiby, https://biorender.com/ 
06frs8k, https://biorender.com/9fr13q3 (2026).

http://atlas.brain-map.org
http://atlas.brain-map.org
http://BioRender.com/u651o8b
http://BioRender.com/u651o8b
http://BioRender.com/pn3jiby
http://biorender.com/06frs8k
http://biorender.com/06frs8k
http://biorender.com/9fr13q3
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Extended Data Fig. 10 | Characterizations of TRAP+ neurons in the MPOA. 
a-g, Characterizations of TRAP+ neurons. a1, b1, c1, d1, Example images showing 
hM4Di-mCherry expression in pup-TRAP+ neurons (a1), non-social-TRAP+ 
neurons (b1), stressed-TRAP+ neurons (c1), and unstressed-TRAP+ neurons (d1). 
Scale bars, 500 μm. a2, b2, Example images showing pup-TRAP+ neurons (a2)  
or non-social-TRAP+ neurons (b2) expressing hM4Di-mCherry (red), cells 
expressing Fos (green) following pup interactions, and the overlap between  
the two populations in the MPOA. Scale bar, 50 μm. c2, d2, Example images 
showing stressed-TRAP+ neurons (c2) or unstressed-TRAP+ neurons (d2) 
expressing hM4Di-mCherry (red), cells expressing Fos (green) following 
interactions with stressed adults, and the overlap between the two populations 
in the MPOA. Scale bar, 50 μm. e, Percentages of pup-TRAP+ and non-social- 
TRAP+ neurons that overlapped with Fos+ cells. f, Percentages of stressed-TRAP+ 
and unstressed-TRAP+ neurons that overlapped with Fos+ cells. g, Percentage  
of hM4Di-expressing neurons within the NeuN+ neurons in the MPOA of TRAP 
animals. h, i, j, k, Percentages of time that pup-TRAP animals (h), non-social-TRAP 
animals (i), stressed-TRAP animals ( j), and unstressed-TRAP animals (k) 
engaged in self-grooming behavior during periods when they did not display 
social behavior (social investigation or allogrooming) in the prosocial 

interaction assay following saline or CNO injection. l, o, r, u, Example 
locomotion trajectories of pup-TRAP animals (l), non-social-TRAP animals (o), 
stressed-TRAP animals (r), and unstressed-TRAP animals (u) in the open field 
test following saline (control) or CNO injection. m, n, p, q, s, t, v, w, Time spent 
in the centers and travel distance of pup-TRAP animals (m, n), non-social-TRAP 
animals (p, q), stressed-TRAP animals (s, t), and unstressed-TRAP animals (v, w) 
in the open field test following saline (control) or CNO injection. (e-k, m, n, s, t, 
p, q, v, w), The center line in the boxplots indicates the median, the box limits 
indicate the upper and lower quartiles, and the whiskers indicate the range 
from the minimum to the maximum value. (e, f), Two-sided Wilcoxon rank-sum 
test. (g), Kruskal-Wallis test with post hoc Dunn’s multiple comparison test. 
(h-k, m, n, s, t, p, q, v, w), Two-sided Wilcoxon signed-rank test. n = 8 
independently injected hemispheres (3 brain sections per hemisphere) in 
pup-TRAP group and 6 independently injected hemispheres (3 brain sections 
per hemisphere) in non-social-TRAP group in (e). n = 8 independently injected 
hemispheres (3 brain sections per hemisphere) in each group in (f, g). n = 13 
mice in (h, m, n), 12 mice in (i, p, q), 20 mice in ( j), 19 mice in (s, t), 14 mice in  
(k, v, w). ns, not significant. See Supplementary Table 1 for details of statistical 
analyses. *P < 0.05. **P < 0.01. ***P < 0.001. ns, not significant.










