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SUMMARY

The “winner effect,” where prior victories increase the likelihood of future wins, profoundly shapes social hi-
erarchy dynamics and competitive motivation. Although human literature suggests a less pronounced winner
effect in females, the neural mechanisms underlying these sex differences remain unclear. Here, we show
that, compared with male mice, female mice take longer to form social hierarchies and exhibit a weaker
winner effect. The dorsomedial prefrontal cortex (dmPFC), crucial for social dominance in males, plays a
similar role in female mice. However, female mice exhibit reduced long-term potentiation (LTP) at the medi-
odorsal thalamus (MDT)-to-dmPFC synapses. In vitro recordings revealed that female mice have heightened
excitability of dmPFC parvalbumin interneurons (PV-INs). Modulation of dmPFC PV-IN activity regulates LTP
and the winner effect in a sexually dimorphic manner. This work identifies dmPFC PV-INs as a target for
enhancing the winner effect, establishing a circuit-level framework for sex differences in competitive

behaviors.

INTRODUCTION

The “winner effect,” a phenomenon in which prior success in
competition increases the probability of future victories, is a
key driver of social hierarchy dynamics, reinforcing dominance
and stabilizing competitive relationships within groups.’™ At
the individual level, the winner effect enhances competitive moti-
vation, builds self-confidence, and fosters resilience,® © enabling
individuals to thrive in challenging environments. Although the
winner effect has been extensively studied in males, its expres-
sion in females and the neural mechanisms underlying potential
sex differences remain poorly understood compared with other
innate behaviors.”™""

In males, the winner effect is closely tied to the dynamics of
social hierarchy formation. Repeated competitive successes
strengthen dominance behaviors, creating positive feedback
loops that stabilize hierarchical structures.’®"'® Neural studies
in male mice have identified the dorsomedial prefrontal cortex
(dmPFC) as a key brain region mediating these effects.’®'° Spe-
cifically, repeated winning experiences enhance synaptic plas-
ticity at the mediodorsal thalamus (MDT)-to-dmPFC pathway
through long-term potentiation (LTP), a process that underlies

the reinforcement of dominance behaviors.® These findings
highlight the importance of the dmPFC in encoding and main-
taining social hierarchies through the winner effect in male
mice. However, whether similar mechanisms operate in females,
and how sex differences in hierarchy formation arise, remain
open questions. Unlike males, female mice show limited overt
aggression in daily interactions,'®?%?" raising the question of
whether and how females establish dominance hierarchies
despite this difference. Furthermore, the neural mechanisms
mediating dominance behaviors in females remain largely
unexplored, leaving a significant gap in our understanding of
sex-specific regulation of social competition.

Emerging evidence suggests that the winner effect is less
pronounced in females. In humans, men consistently exhibit
a winner effect in competitive contexts such as tennis, judo,
and video games, whereas women do not show the same
pattern.”?>-2* Similarly, in mice, repeated competitive experi-
ences enhance aggression and dominance in males®®° but
not in females.?®” Although males are strongly influenced by
prior social experiences, females rely more on intrinsic attri-
butes.?® Male mice also exhibit stronger competitive feedback
loops and earlier behavioral individualization, while females

Neuron 713, 1-15, December 17, 2025 © 2025 Elsevier Inc. 1

All rights are reserved, including those for text and data mining, Al training, and similar technologies.


mailto:huhailan@zju.edu.cn
https://doi.org/10.1016/j.neuron.2025.09.029

10.1016/j.neuron.2025.09.029

Please cite this article in press as: Zheng et al., Neural mechanism of the sexually dimorphic winner effect in mice, Neuron (2025), https://doi.org/

¢? CellPress

show weaker competition effects and delayed behavioral differ-
entiation.?® These findings suggest that sex differences in the
winner effect may be phylogenetically conserved, with females
relying less on prior winning experiences to establish their social
ranks. However, the neural mechanisms driving these differ-
ences remain largely unexplored.

Here, we investigate the interplay between the winner effect and
social hierarchy formation in male and female mice. Using behav-
ioral paradigms such as the dominance tube test and the warm
spot competition, we demonstrate that female mice can form so-
cial hierarchies but exhibit a weaker winner effect compared with
males. We identify the dmPFC as a critical regulator of dominance
behaviors in both sexes but reveal sex-specific differences in syn-
aptic plasticity and neural circuitry. Specifically, female mice show
reduced LTP at MDT-to-dmPFC synapses and heightened excit-
ability of dmPFC parvalbumin interneurons (PV-INs). Modulation
of PV-IN activity further demonstrates that these neurons regulate
LTP and the winner effect in a sexually dimorphic manner. These
findings provide new insights into the neural and circuit mecha-
nisms underlying sex differences in the winner effect and its role
in shaping social hierarchies.

RESULTS

Social hierarchy in female mice

We subjected female C57BL/6J mice to two types of dominance
assays that had been previously established in male mice:
the dominance tube test and the warm spot competition test
(Figure 1).2"” Female mice were group-housed, four per cage,
for at least 1 week before being tested pairwise against their ca-
gemates in the tube test and were ranked based on total winning
times (Figure 1A). Similar to males (Figures S1A-S1G), female
mice also showed highly transitive tube test ranks: in 160 out
of 164 contests from 41 cages, ranks among any three cage-
mates were transitive, meaning that when mouse A wins against
B and B wins against C, then A will win against C (Figure 1B).
Consistent with this high transitivity, 90.2% (37 out of 41) of
mouse cages formed a linear social diagram (Figure 1C).
Following daily tube tests, ranks became more stable and
more mice maintained the same rank status as the previous
day (Figures 1D and 1E). The duration of contests from all rank
pairs decreased significantly over time (Figure 1F), consistent
with the phenomenon that intra-group competitions drop as so-
cial hierarchies stabilize.*® Moreover, the duration of the tube
test was significantly shorter when the lowest-ranked mouse
(rank 4) was involved or as rank distance increased (Friedman
test with Dunn’s multiple comparisons test; Figure 1G).

To further confirm that tube test ranks reflect dominance rela-
tionship in female mice, we conducted an additional assay, the
warm spot test,® which involved different sensorimotor skills. In
this test, four female cagemates competed for a warm, heated
corner in a box with an ice-cold floor (Figure 1H). Dominant
mice had a higher chance of pushing subordinate mice out of
the warm spot, consequently spending more time in the warm
spot. The cumulative time each female mouse spent in the
warm spot correlated with its tube test rank (p = 0.014 for occu-
pation time, p = 0.009 for rank, Pearson’s correlation test;
Figures 11-1K; see STAR Methods). This cross-validation of
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two dominance assays demonstrates that female mice can
have dominant social interactions despite not being overtly
aggressive.

dmPFC activity bidirectionally controls social hierarchy
in female mice
Because the dmPFC has been strongly implicated in regulating
social hierarchy behaviors in male mice,®'"~"° we next tested
whether it also played a critical role in female mice (Figure 2). To
activate the dmPFC, we stereotactically injected an adeno-asso-
ciated virus (AAV) expressing light-sensitive channelrhodopsin
(ChR2)®" under the ubiquitously expressed CAG promoter
(AAV2/9-CAG-ChR2) into the right dmPFC and implanted a fi-
ber-optic cannula directly above the injection site (Figure 2A). After
4 weeks of viral expression, female mice were tested daily to
obtain a stable rank (with no rank change for at least 4 continuous
days). We then delivered blue light (473 nm) using a 100-Hz phasic
protocol (9 ms per pulse, 4 pulses/s)® to one of the female mice to
activate its dmPFC immediately before it entered the tube to
confront its opponent (see STAR Methods) (Figures 2B and 2C).
Although photostimulation did not alter the rank status of control
mice injected with AAV2/9-CAG-tdTomato (Figure 2E), it instanta-
neously induced winning in ChR2-expressing mice against previ-
ously dominant opponents (day 0, p = 0.027, two-way repeated
measure ANOVA; Bonferroni multiple comparisons, Figures 2D,
2E, S2A, and S2B). Detailed video analysis revealed that, under
photostimulation, the originally subordinate mice significantly
increased effortful behaviors, including push and resistance, and
decreased retreats (Figure 2F). Such photostimulation did not
affect motor performance or anxiety level (Figures S3A-S3E).
We next examined whether dmPFC inhibition can quickly sup-
press dominance in female mice in the tube test. AAV expressing
an enhanced variant of the light-sensitive inhibitory halorhodopsin
(eNpHR3.0)* under the ubiquitously expressed human synapsin
promoter (AAV2/9-hSyn-eNpHR3.0) was bilaterally injected into
the dmPFC (Figure 2G). Whole-cell recordings from acutely iso-
lated dmPFC brain slices confirmed that 589-nm yellow light
suppressed the eNpHR3.0-expressing dmPFC neurons, causing
a significantly decreased spike number under current step injec-
tions (before versus lighting, p < 0.0001; lighting versus after,
p = 0.014; Friedman test with Dunn’s multiple comparisons test;
Figure 2H). We then delivered constant yellow light to one female
mouse from the four-mouse groups with stable ranks to inhibit its
dmPFC during the entire tube test (Figure 2I). This induced, in
seven out of eleven female mice, an immediate decline in rank
(day 0, p = 0.008, two-way repeated measure ANOVA; Bonferroni
multiple comparisons, Figures 2J, 2K, S2C, and S2D). Video anal-
ysis revealed that these lower-ranked female mice showed signif-
icantly decreased effortful behaviors, including push and resis-
tance, and increased retreats (Figure 2L). Such photostimulation
did not affect the ranks of control mice injected with AAV2/9-
hSyn-mCherry virus in the dmPFC (Figure 2K). Neither did it affect
their motor performance or anxiety levels (Figures S3F-S3J).

Weaker winner effect in female mice

Despite the overall similarity in tube test performance between
male and female mice, we did observe several differences. First,
it took longer for female mice to establish a stable hierarchy
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Figure 1. Social hierarchy in female mice
A) Schematic of tube test for female mice.

P

1 2 3
Rank in tube test

Rank in tube test

B) lllustration of a transitive and a nontransitive relation (n = 164 cases) in female mice.
C) lllustration of a linear and three nonlinear social diagrams for a cage of four female mice (n = 41 cages). 90.2% of cages formed a linear social diagram.

E) Summary graph for the 31 cages measured. Average rank positions of animals belonging to each rank group from the first test day.
F) Average time spent in the tube during encounters for each pairing condition across 9 test days (n = 22 cages), e.g., 1-2 stands for rank 1 against rank 2.

(
(
(
(D) Example of rank positions in one cage of female mice tested daily over 9 days.
(
(
(

G) Time spent in the tube test for the six pairing conditions (n = 22 cages) on the first day of rank stabilization. Friedman test with Dunn’s multiple compari-

sons test.

(H) Schematic of the warm spot test. Four female mice compete for a heated warm corner (in red) in a cage with an ice-cold floor (in blue).
(I) Cumulative time spent in the warm spot by four cagemates of different tube test ranks. The shaded area indicates the 20-min time window (20-40 min) used for

rank-related quantification.

(J) Correlation between time spent in the warm spot and social rank in the tube test. Pearson’s correlation test, p = 0.014.
(K) Contingency table showing the correlation between rank in the tube test and rank in the warm spot test. Number of animals in each category is shown, with
color intensity indicating counts according to the scale on the right. Pearson’s correlation test, p = 0.009.

Error bars indicate + SEM. *p < 0.05; **p < 0.01; **p < 0.001; ***p < 0.0001.
See also Figure S1 and Table S1.

(Figures 3A-3C). When we quantified the percentage of mice
maintaining the same rank as the previous day (defined as stabil-
ity percentage), female mice showed lower stability (o = 0.03,
two-way repeated measure ANOVA; Figure 3B) and took more
trials than male mice to reach a stable hierarchy (p = 0.0033,
Mann-Whitney test; Figure 3C). Second, female mice showed
a weaker winner effect induced by repeated optogenetic stimu-
lation of winning (Figures 3D-3F). Previously, we found that after
6 repeated wins induced by optogenetic stimulation of the
dmPFC, all male mice maintained their new rank positions the

following day, reflecting the winner effect.® To avoid the ceiling
effect, we reduced the number of wins to 4-5 and found that,
on the following day, although 78% of male mice maintained
the new rank, only 22% of female mice held on to the new status
(p =0.018, Ztest; Figures 3F and S4A). In addition to photostimu-
lated winning, we also tried a behavior-based winning protocol:
after determining the dominance relationship between a pair of
mice, we induced repeated “forced wins” (4 times) in the subor-
dinate mice by blocking their side of the tube using a dynamom-
eter (Figure 3G). The forces applied to subordinate mice during
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Figure 2. dmPFC activity bidirectionally controls social hierarchy in female mice

(A and G) Schematic illustrating the CAG::ChR2 (A) or the hSyn::eNpHR3.0 (G) viral construct, viral injection site, and optic fiber placement (indicated by white
arrowhead) in the dmPFC, including the prelimbic cortex (PL) and part of the anterior cingulate cortex (ACC). Scale bar, 200 pm.

(B) Schematic illustrating a 100-Hz phasic protocol of blue light photostimulation (473 nm, 9 ms per pulse, 4 pulses/s).

(C and |) Daily tube test results for a cage of female mice injected with CAG::ChR2 (C) or hSyn::eNpHR3.0 (I) virus, before and after acute dmPFC photostimulation
of the rank 4 (C) or rank 2 (I) mouse on day 0.

(D and J) Summary of dmPFC photostimulation-induced rank change in mice injected with CAG::ChR2 (D) or hSyn::eNpHR3.0 (J) virus. Each line represents one
animal.

(E and K) Average rank change in tube test under photoactivation (E) or photoinhibition (K) in the experimental and control groups. Light stimulation is delivered
throughout the tube test on day 0. Two-way repeated measure ANOVA with Bonferroni multiple comparisons post hoc tests.

(F and L) Comparison of behavioral performance of the same CAG::ChR2 (F) or hSyn::eNpHR3.0 (L) mice during light-off and light-on trials. The number of trials is
indicated in each bar. Only mice showing rank changes were analyzed. Mann-Whitney test.

(legend continued on next page)
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their retreats, as measured by the dynamometer, gradually
decreased, indicating the emergence of the winner effect
(Figure 3H). On the next day, again, significantly more male
mice maintained the new dominance position than did the fe-
male mice (91% in males versus 43% in females, p = 0.013, Z
test; Figure 3I).

As the opponent mice in the above two paradigms also experi-
enced repeated losing, the end results may reflect both the winner
effect of the manipulated mice and the loser effect of the opponent
mice. In order to distinguish whether female mice differ from male
mice in the winner or the loser effect, we next tried a third paradigm
in which different opponent mice were used during the repeated
winning trials and the final test (Figures 3J and 3K). Specifically,
to isolate the winner effect, mice were tested against a different
opponent after three natural wins against a weaker opponent
(see STAR Methods).**** Under this scenario, male mice defeated
their naive opponents at a high success rate, whereas female mice
performed at chance levels (p = 0.001 for male, p = 0.79 for female,
binomial test; Figure 3J). To isolate the loser effect, mice were
tested against a different opponent after three natural losses to a
stronger opponent.®>** Both male and female mice lost to their
naive opponents at high rates (p = 0.0001 for male, p = 0.0034
for female, binomial test; Figure 3K). Taken together, compared
with male mice, female mice showed a similar loser effect (p =
0.89, Z test; Figure 3K) but a lesser winner effect (p = 0.023, Z
test; Figure 3J). We also investigated the effect of estrous cycle
and found that it did not impact the winner effect in female mice
(p =0.94, Z test; Figures S4B and S4C).

Reduced LTP in the MDT-dmPFC circuit of female mice

The neural underpinning of the winner effect in male mice has
been previously attributed to LTP in the MDT-dmPFC circuit.®
Therefore, in order to explore the neural mechanisms underlying
sexual dimorphism in the winner effect, we employed in vivo re-
cordings to test the sex differences in synaptic plasticity in the
MDT-dmPFC circuit. We unilaterally injected AAV2/9-hSyn-
oChIEF, a variant of ChR2 that can faithfully respond to 100-Hz
stimulation (Figures 4A and 4B),***® into the MDT of adult male
and female mice and implanted an optrode in the dmPFC to
record field responses (Figure 4A). To compare the synaptic
responses in the MDT-dmPFC pathway in male and female
mice, we recorded field responses in the dmPFC evoked by
photostimulation of the oChlEF-expressing MDT-dmPFC axonal
terminals. After acquiring a stable baseline of field excitatory
postsynaptic potentials (fEPSPs), we then photostimulated
MDT-dmPFC axonal terminals with an optical LTP (oLTP) proto-
col containing four high-frequency stimulations (HFSs, 100 Hz, 1
s), spaced 20 s apart (Figure 4B; see STAR Methods). This oLTP
protocol induced a long-lasting increase in the amplitude of
fEPSPs in the dmPFC of male (p = 0.0059, Wilcoxon matched-
pairs signed rank test; Figure 4C), but not female, mice (p =
0.16; Figure 4D). These results suggest that female mice are
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less likely to form LTP at MDT-to-dmPFC synapses compared
with male mice under the same conditions.

Greater excitability of PV neurons in the mPFC of

female mice

In order to understand the neurobiological basis of sex difference
in the ability to form LTP at MDT-dmPFC synapses, we investi-
gated and compared the neuronal properties along this pathway
between male and female mice. We unilaterally injected the
MDT with AAV2/1-hSyn-Cre, a virus that can cross synapses an-
terogradely,®” and injected AAV2/9-DIO-EYFP on the same side
of the dmPFC to label the MDT-projected dmPFC neurons
(Figure 5A). After 4 weeks of viral expression, whole-cell patch-
clamp recordings were performed from acutely isolated dmPFC
brain slices to record the electrophysiological characteristics of
the EYFP-positive neurons (Figure 5A). We successfully recorded
84 neurons in 15 mice (39 neurons from 7 female and 45 neurons
from 8 male mice). In each sex, the number of action potentials eli-
cited (induced spikes) over an interval of 500 ms was measured,
as the current was varied in steps of 50 pA, from 0 to 400 pA
(Figure 5B). Waveform features of the first spike evoked at the
minimum current step were analyzed (Figure 5B). At first glance,
female and male mice displayed the same number of depolariz-
ing-current-induced spikes (o = 0.94, two-way repeated measure
ANOVA; Bonferroni multiple comparisons; Figure 5C) or basic
electrical properties, including resting membrane potential
(RMP), input resistance (Rin), capacitance (Cm), and spike proper-
ties (such as threshold potential, half-width, and amplitude), when
all neurons were pooled together (Figure S6A). However, when
these neurons were divided into putative excitatory and inhibitory
types, sexual dimorphism emerged (Figures 5D-5H, S6B, and
S6C). MDT is known to project to both excitatory pyramidal neu-
rons and inhibitory interneurons in the mPFC.***° Among the 84
recorded neurons, 62 putative pyramidal (pPyr) cells and 22 puta-
tive fast-spiking interneurons (pINs) were identified based on their
spike responsiveness (Cm), spike waveform (half-width), and
spike frequency (cumulative spike number) (Figure 5D; see
STAR Methods for details). Although pPyr neurons were similar
in male and female mice (o = 0.15 for Cm, unpaired t test; p =
0.84 for spikes induced by current injection, two-way repeated
measure ANOVA; Bonferroni multiple comparisons; Figures 5E
and 5F), female pINs exhibited smaller Cm (p = 0.018, unpaired
t test; Figure 5G), which may allow faster membrane potential
changes and greater excitability. Indeed, more spikes were
evoked in female pINs than in male pINs under the same current
injection protocol (p = 0.03, two-way repeated measure ANOVA;
Bonferroni multiple comparisons; Figure 5H), supporting higher
excitability of female pINs in the MDT-projected dmPFC.

Among the two major inhibitory interneurons in the dmPFC, PV,
and somatostatin (SST), previous studies reported that MDT
axons make more synapses onto PV neurons’’ and that PV, but
not SST, neurons mediate MDT-driven feedforward inhibition in

(H) Inhibitory effect of 589-nm yellow light on eNpHR3.0-expressing dmPFC neurons. Representative current-clamp trace of in vitro slice recording from an
eNpHR3.0-expressing dmPFC neuron, with or without 589-nm yellow light stimulation (left). Comparison of number of spikes recorded from eNpHR3.0-ex-
pressing dmPFC neurons before, during, or after photostimulation (right). Friedman test with Dunn’s multiple comparisons test, n = 10.

Error bars indicate + SEM. *p < 0.05; **p < 0.01; ***p < 0.001; ***p < 0.0001; n.s., not significant.

See also Figures S2, S3, and S5 and Table S1.
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Figure 3. Weaker winner effect in female mice

(A) Example of rank positions in one cage of male (left) or female mice (right) from the first test day to the establishment of a stable hierarchy. Blue (male) and red
(female) shadows represent mice maintained a stable hierarchy for 4 consecutive days.

(B) Comparison of the stability percentage (percentage of mice maintaining the same rank as previous day) between male and female mice across 5 test days. n =
26 cages for males, n = 39 cages for females. Two-way repeated measure ANOVA.

(C) Number of test days required to reach a stable hierarchy in male and female mice. n = 22 cages for males, n = 31 cages for females. Mann-Whitney test.
(D) Daily tube test results for a cage of male (left) or female mice (right) before and after 4-5 dmPFC-photostimulated wins on day 0.

(E) Average rank change of male and female mice before and after 4-5 dmPFC-photostimulated wins (n = 6 mice for 4 wins; n = 3 mice for 5 wins in both male and
female groups). Wilcoxon signed rank test.

(legend continued on next page)
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Figure 4. Reduced LTP in MDT-dmPFC
circuit of female mice

(A) Left, schematic illustrating in vivo field
recording, including viral construct, viral injection
site, and optrode recording sites. Right, repre-
sentative coronal section showing expression
site of AAV2/9-oChlEF-tdTomato in the MDT
(top). Representative coronal section showing
tdTomato* axonal terminals projected from the
MDT and optrode placement site in the dmPFC
(bottom). MDC, mediodorsal thalamus, central;
MDM, mediodorsal thalamus, medial; MDL,
mediodorsal thalamus, lateral; LHb, lateral ha-
benula; MO, medial orbital cortex. Blue,
Hoechst; red, tdTomato. Scale bars, 200 pm
(top), 500 um (bottom).

(B) Light-evoked fEPSP responses recorded in the
dmPFC. Left, recording protocol for baseline and
after oLTP (top). A light pulse elicits an fEPSP with
clear early and delayed components. Right, oLTP

0.2 mv| 100 ms

30-60

Time (min)

protocols containing four HFSs (100 Hz, 1 s) to
photostimulate the MDT-dmPFC pathway (top)
and the corresponding fEPSP responses (bottom).

Time (min)

(C and D) Left, averaged slopes of normalized fEPSPs (average of four responses) before and after HFS for males (C) and females (D). Right, representative fEPSP
traces before (black) and after (blue for male and red for female) HFS (top) and averaged slopes of normalized fEPSPs 30-60 min after HFS (bottom). Wilcoxon

matched-pairs signed rank test.
Error bars indicate + SEM. **p < 0.01; n.s., not significant.
See also Table S1.

the dorsal anterior cingulate cortex (JACC).*® We therefore next
investigated which of these two interneuron types may be different
in female mice (Figures 51-5N, S6D, and S6E). We expressed the
AAV2/9-DIO-EGFP virus in the dmPFC of PV-Cre (Figure 5I) or
SST-Cre (Figure 5L) mice and made patch-clamp recording of
GFP* neurons. Female PV-INs displayed significantly smaller
rheobase and greater Rin than male PV-INs (p < 0.0001 for rheo-
base, unpaired t test, p < 0.0001 for Rin, Mann-Whitney test;
Figure 5J). In response to depolarizing step current injections, fe-
male PV-INs also exhibited a greater number of spikes
(p < 0.0001, two-way repeated measure ANOVA; Bonferroni mul-
tiple comparisons; Figure 5K). Such differences were not found in
SST-INs (p = 0.19 for rheobase, Mann-Whitney test; p = 0.74 for
Rin, unpaired t test; p = 0.12 for induced spikes, two-way
repeated measure ANOVA; Bonferroni multiple comparisons;
Figures 5M and 5N). Together, these data indicate that PV, but
not SST, neurons from the dmPFC of female mice are more excit-
able than those from males.

Increasing excitability of PV-INs in the dmPFC reduces
LTP and the winner effect in male mice

We next tested whether the difference in excitability of PV-INs
might contribute to the sexual dimorphisms in LTP within the
MDT-dmPFC circuit and the behavioral winner effect. First, to
specifically activate PV-INs, we unilaterally injected AAV express-
ing Cre-dependent NaChBac—a bacterial voltage-gated sodium
channel—into the dmPFC of male PV-Cre mice to induce hyper-
excitability (Figure 6A).*" Immunostaining confirmed the speci-
ficity of NaChBac expression in PV-INs (Figure 6B). Whole-cell re-
cordings from acutely isolated dmPFC brain slices confirmed that,
compared with EGFP control, NaChBac-expressing PV-INs had
smaller rheobase (p = 0.0021, Mann-Whitney test; Figure 6C), indi-
cating higher excitability. Indeed, NaChBac-expressing PV-INs
showed more frequent spontaneous action potentials than
EGFP-expressing ones (p = 0.022, Z test; Figure 6C). Although
the same oLTP protocol as in Figure 4 induced a long-lasting in-
crease in fEPSPs at MDT-to-mPFC synapses in male mice

(F) Percentage of male or female mice maintaining new rank position 1 day after dmPFC photostimulation (n = 6 mice for 4 wins; n = 3 mice for 5 wins in both male

and female groups). Z test.

(G) Schematic of forced-win paradigm. Red star marks manipulated mouse and red dot marks opponent mouse.

(H) Average forces applied during each of the 4 forced-win trials (left) and percentage of mice maintaining new rank positions without exerting force (force
success) at last forced-win trial (right). n = 11 for males, n = 14 for females, Z test.

(I) Schematic illustration of competition results (left) and percentage of mice maintaining new rank position on the following day (right). Red star marks manip-
ulated mouse and red dot marks opponent mouse. n = 11 for males, n = 14 for females, Z test.

(J) Left, schematic of the “natural-win” paradigm. Red star marks the manipulated mouse, hat marks a weaker opponent, and unmarked mouse is naive
opponent. Right, success rates against naive opponents on the following day after three natural wins against a weaker opponent. Success rates for each sex are
also compared against chance level (50%). Number of animals is marked in the column. Z test (*); binomial test (#).

(K) Left, schematic of the “natural-loss” paradigm. Red star marks the manipulated mouse, crown marks a stronger opponent, and unmarked mouse is naive
opponent. Right, failure rates against naive opponents on the following day after three natural losses against a stronger opponent. Failure rates for each sex are
also compared against chance level (50 %). Number of animals is marked in the column. Z test (n.s.); binomial test (#).

Error bars indicate + SEM. *p < 0.05; **, ##p < 0.01; ###p < 0.001; n.s., not significant.

See also Figures S4 and S5 and Table S1.
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Figure 5. Greater excitability of PV neurons in the dmPFC of female mice
(A) Left, schematic illustrating the viral construct and viral injection site for in vitro electrophysiological recording.
placement site in the dmPFC.
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expressing the control EGFP virus, it failed to do so in male mice
expressing NaChBac bilaterally in dmPFC PV-INs (p = 0.16 for
NaChBac, p = 0.016 for EGFP, Wilcoxon matched-pairs signed
rank test; p = 0.017 for EGFP versus NaChBac, unpaired t test,
Figures 6D and 6E). Behaviorally, unlike the control mice, male
mice expressing NaChBac bilaterally in the dmPFC were not
able to maintain the winning status the day after the 3 x natural
wins, therefore showing a reduced winner effect (o > 0.99 for
NaChBac, p = 0.023 for EGFP, binomial test; p = 0.089 for
EGFP versus NaChBac, Z test; Figures 6F and 6G).

Decreasing excitability of PV-INs in the dmPFC induces
LTP and increases the winner effect in female mice

We next tested whether suppressing excitability of PV-INs could
induce LTP in the MDT-dmPFC circuit and, consequently,
promote the formation of the winner effect in female mice. We
achieved this by bilaterally injecting into the dmPFC of PV-Cre
female mice AAV2/9-DIO-Kir2.1-EGFP, which expresses a Cre-
dependent inward-rectifying potassium channel (Kir2.1) that
can persistently suppress neuronal excitability (Figure 7A).*"*?
Anatomically, we confirmed that Kir2.1 was specifically expressed
in PV-INs (Figure 7B). Whole-cell recordings in Kir2.1-expressing
dmPFC PV-INs revealed significantly increased rheobase and
decreased spike numbers under current step injections, suggest-
ing reduced excitability (p = 0.011 for rheobase, Mann-Whitney
test; p = 0.0037 for induced spikes, two-way repeated measure
ANOVA; Bonferroni multiple comparison test; Figure 7C). Although
the same oL TP protocol as in Figure 4 did not induce a long-lasting
increase in fEPSPs at MDT-to-mPFC synapses in female mice ex-
pressing the control EGFP, it was able to do so in female mice ex-
pressing Kir2.1 in dmPFC PV-INs (p = 0.031 for Kir2.1, p = 0.74 for
EGFP, Wilcoxon matched-pairs signed rank test; p = 0.020 for
EGFP versus Kir2.1, unpaired t test, Figures 7D and 7E). Behavior-
ally, female mice expressing Kir2.1 in dmPFC PV-INs were able to
maintain their winning status the day after the 3 x natural wins,
therefore showing an increased winner effect (p = 0.021 for
Kir2.1, p =0.77 for EGFP, binomial test; p = 0.031 for EGFP versus
Kir2.1, Z test; Figures 7F and 7G). These manipulation data sug-
gest that the excitability of PV-INs causally underlies the sexually
dimorphic effects on LTP induction in the MDT-dmPFC circuit,
as well as the behavioral winner effect.

¢? CellPress

DISCUSSION

Here, we identified a neural circuit mechanism underlying the
sexually dimorphic winner effect in mice, centered on PV-INs
in the dmPFC. Female mice exhibited delayed social hierarchy
formation and a weaker winner effect compared with males,
correlating with reduced LTP at MDT-to-dmPFC synapses and
heightened PV-IN excitability. Modulation experiments revealed
that PV-IN activity controls LTP at MDT-to-dmPFC synapses
and dominance behavior in a sex-dependent manner: increasing
PV-IN excitability in male mice suppressed LTP and weakened
the winner effect, whereas reducing PV-IN excitability in female
mice enhanced LTP and promoted the winner effect. These find-
ings point to a model in which elevated GABAergic inhibition
from dmPFC local PV-INs raises the threshold for LTP induction
in females, dampening the winner effect. This work identifies
dmPFC PV-INs as a target for enhancing the winner effect and
establishes a circuit-level framework for sex differences in
competitive behaviors.

Social hierarchies in females

Many female mammals—such as degus,*® bison,** caribou,*”
red deer,® vervet monkeys,”” and chimpanzees*®—can form
dominance relationships during intrasexual competition for re-
sources. In our study, virgin female C57BL/6J mice formed linear
dominance hierarchies when competing for space (the tube), an
ecologically relevant resource (Figure 1).° This aligns with prior
research showing that female mice in groups of 2-8 individuals
can establish hierarchies based on tube test outcomes.?%°°>3
However, results have been mixed in studies observing offensive
and defensive behaviors in semi-natural enclosures, particularly
when population densities are low. Notably, studies where fe-
males failed to form hierarchies®*>® typically had lower popula-
tion densities than those where hierarchies were successfully es-
tablished.®®™°® At the same population density, male laboratory
mice and wild female mice, both of which exhibit robust aggres-
sion toward conspecifics, reliably form hierarchies.®® These ob-
servations suggest that sufficient social interaction, facilitated by
adequate population density, may be essential for establishing
hierarchies among female mice, even in the absence of overt
aggression.

(B) Left, schematic illustrating current injection protocol to induce spikes. Current was varied in steps of 50 pA from 0 to 400 pA. Right, schematic illustrating the
criteria used to quantify waveform features, including threshold potential, half-width, and amplitude.
(C) Number of induced spikes at different current steps of all recorded dmPFC neurons in male (n = 45) and female mice (n = 39). Two-way repeated measure

ANOVA; Bonferroni multiple comparisons post hoc tests.

(D) Clustering of all recorded dmPFC neurons (n = 84) in both sexes as pPyr (green, n = 62) neurons and pINs (yellow, n = 22) using k-mean cluster-separation
algorithm based on three electrophysiological properties: cumulative spike number, Cm, and half-width. "X" represents the centroid of each cluster.
(E and G) Cm of pPyr neurons (E, n = 31 neurons for males, n = 31 neurons for females) and pINs (G, n = 14 neurons for males, n = 8 neurons for females). Unpaired

t test.

(F and H) Number of induced spikes of the pPyr neurons (F) and pINs (H) in male and female mice. Insets, representative traces at 200 pA depolarizing current. For
males (blue) and females (red). Two-way repeated measure ANOVA; Bonferroni multiple comparisons post hoc tests.
(l'and L) Left, schematics illustrating the viral construct and viral injection site in the PV-Cre (I) or SST-Cre (L) mice. Right, patch-clamp recording of PV-INs (I) or

SST-INs (L) in the dmPFC under fluorescence microscopy. Scale bar, 20 pm.

(J and M) Rheobase and Rin in PV-INs (J, n = 34 for males, n = 38 for females) and SST-INs (M, n = 23 for males, n = 22 for females). Unpaired t test or Mann-

Whitney test.

(Kand N) Number of induced spikes recorded in PV-INs (K) or SST-INs (N) at different depolarizing currents in male and female mice. Insets, representative traces
at 200 pA depolarizing currents for males (blue) and females (red). Two-way repeated measure ANOVA, Bonferroni multiple comparisons post hoc tests.
Error bars indicate + SEM. *p < 0.05; **p < 0.01; ***p < 0.0001; n.s., not significant.

See also Figure S6 and Table S1.
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Figure 6. Increasing excitability of PV-INs in the dmPFC reduces LTP and the winner effect in male mice

(A) Schematics illustrating the AAV2/9-EF1a-DIO-NaChBac-EGFP and AAV2/9-EF1a-DIO-EGFP viral constructs and viral injection sites in the dmPFC of PV-Cre
male mice. The two viruses were injected unilaterally into each side of the same mice for electrophysiology experiments in (C) and injected bilaterally for LTP and
behavioral experiments in (D)—(G).

(B) Immunostaining confirming the specificity of NaChBac-EGFP expression in PV-INs. Green, expressing NaChBac; red, expressing PV and yellow, expressing
both. Scale bars, 20 pm.

(C) Left, representative recording traces showing the spontaneous activity (top) and current-injection-induced spikes (bottom) of PV-INs expressing EGFP or
NaChBac. Middle, rheobase in PV-INs expressing EGFP or NaChBac. Right, percentage of PV-INs expressing EGFP or NaChBac exhibited spontaneous firing.
n =11, 11, Mann-Whitney test for rheobase, Z test for percentage.

(D) Schematic of in vivo oLTP recording showing the viral construct, viral injection, and optrode recording sites in PV-Cre males. Right, representative coronal
section staining showing the expression of NaChBac-EGFP, tdTomato* axonal terminals projected from the MDT, and the optrode placement site (indicated by
the white arrowhead) in the dmPFC. Blue, DAPI; red, tdTomato; green, NaChBac. Scale bar, 200 pm.

(E) Left, averaged slopes of normalized light-evoked fEPSPs (average of four responses) before and after HFS in PV-Cre male mice expressing EGFP or
NaChBac-EGFP. Right, quantification of averaged slopes of normalized fEPSPs 30-60 min after 4 x HFS in PV-Cre male mice (gray, EGFP, n = 7; blue, NaChBac-
EGFP, n = 7), Wilcoxon matched-pairs signed rank test (#), unpaired t test (*).

(F) Schematics illustrating the viral construct and viral injection site in the dmPFC of PV-Cre males for behavioral experiments. Right, representative coronal
section staining showing the expression of the virus (green shading). Blue, DAPI; green, NaChBac-EGFP or EGFP. Scale bar, 200 pm.

(G) Left, schematic of the natural-win paradigm in PV-Cre males. Red star marks the manipulated mouse, hat marks a weaker opponent, and unmarked mouse is
naive. Right, success rates against naive opponents on the following day after three natural wins against a weaker opponent in PV-Cre male mice expressing
EGFP or NaChBac-EGFP in the dmPFC. Success rates for each sex are also compared against chance level (50%). Number of animals is marked in the column. Z
test (p = 0.09); binomial test (#).

Error bars indicate + SEM. *,#p < 0.05; n.s., not significant.

See also Table S1.
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Figure 7. Decreasing excitability of PV-INs in the dmPFC induces LTP and the winner effect in female mice

(A) Schematics illustrating the AAV2/9-EF1a-DIO-Kir2.1-EGFP and AAV2/9-EF1a-DIO-EGFP viral constructs and viral injection sites in the dmPFC of PV-Cre
female mice. The two viruses were injected unilaterally into each side of the same mice for electrophysiology experiments in (C) and injected bilaterally for
LTP and behavioral experiments in (D)-(G).

(B) Immunostaining confirming the specificity of Kir2.1-EGFP expression in PV-INs. Green, expressing Kir2.1; red, expressing PV; and yellow, expressing both.
Scale bars, 20 pm.

(C) Left, schematics illustrating current injection protocol to induce spikes and representative traces of depolarizing current. Current was varied in steps of 50 pA
from 0 to 250 pA. Middle, rheobase of PV-INs expressing EGFP or Kir2.1. Right, number of induced spikes recorded at different depolarizing currents in PV-INs
expressing EGFP (n = 16) or Kir2.1 (n = 17) in female mice. Mann-Whitney test for rheobase, Two-way repeated measure ANOVA, Bonferroni multiple com-
parisons post hoc tests for induced spikes.

(D) Schematic of in vivo oL TP recording showing the viral construct, viral injection, and optrode recording sites in PV-Cre females. Right, representative coronal
section staining showing the expression of Kir2.1-EGFP, tdTomato* axonal terminals projected from the MDT, and the optrode placement site (indicated by the
white arrowhead) in the dmPFC. Blue, Hoechst; red, tdTomato; green, Kir2.1. Scale bars, 200 pm.

(E) Left, average slopes of normalized light-evoked fEPSPs (average of four responses) before and after HFS in PV-Cre female mice expressing EGFP or Kir2.1-
EGFP. Right, quantification of averaged slopes of normalized fEPSPs 30-60 min after 4 x HFS in PV-Cre female mice expressing EGFP or Kir2.1-EGFP (gray,
EGFP, n = 8; red, Kir2.1, n = 7), Wilcoxon matched-pairs signed rank test (#), unpaired t test (*).

(F) Schematics illustrating the viral construct and viral injection site in the dmPFC of PV-Cre females for behavioral experiments. Right, representative coronal
section staining showing the expression of the virus (green); blue, DAPI; green, Kir2.1-EGFP or EGFP. Scale bar, 200 pm.

(G) Left, schematic of the natural-win paradigm for PV-Cre females. Red star marks the manipulated mouse, hat marks a weaker opponent, and unmarked mouse
is naive. Right, success rates against naive opponents on the following day after three natural wins against a weaker opponent in PV-Cre female mice expressing
EGFP or Kir2.1-EGFP in the dmPFC. Success rates for each sex are also compared against chance level (50%). Number of animals is marked in the column. Z test
(*); binomial test (#).

Error bars indicate + SEM. *,#p < 0.05, n.s., not significant.

See also Table S1.
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Recent studies have begun to explore the relationships
between dominance rank and factors such as corticosterone
levels, estrous state, and stress responses in female
mice.>>°5%% However, the neural mechanisms underlying so-
cial hierarchy formation in females remain understudied.
Although specific cell types in the hypothalamic nuclei have
been identified as promoting aggression in female mice,®'%?
our findings highlight the importance of the dmPFC in modu-
lating social dominance in laboratory female mice (Figure 2).
Future research should investigate the relationship between
the hypothalamus and dmPFC, as well as other upstream and
downstream circuits of the dmPFC involved in female social hi-
erarchies, to determine whether similar behavioral phenotypes
in males and females are regulated by distinct, sexually dimor-
phic neural circuits.

Sex differences in the winner effect

Our study reveals that female mice exhibited a weaker winner
effect compared with males, requiring more trials to establish
stable hierarchies and showing lower rank maintenance during
hierarchy formation (Figures 3B and 3C). This was further sup-
ported by experiments involving external interventions (e.g.,
forced wins and optogenetic stimulation), which demonstrated
that female mice were less likely to maintain newly acquired
dominant ranks (Figures 3E, 3F, 3H, and 3l). Although the winner
effect was weaker in female mice, the loser effect was equivalent
between sexes (Figures 3J and 3K). This asymmetry may provide
a compelling neurobehavioral explanation for delayed domi-
nance hierarchy formation in females, as the reinforcing loop of
repeated winning experiences —critical for stabilizing rank®—is
less potent.

We would like to emphasize that this “weaker winner effect” in
females does not translate into a tendency toward subordina-
tion. The finding here is about the reinforcement of winning,
not an overall predisposition to lose. Instead, the “weak winner
effect” in females may have evolutionary advantages. It may
help reduce energy expenditure, minimize unnecessary con-
flicts, and allow for more flexible social status in dynamic envi-
ronments, ultimately enhancing reproductive success. Rather
than being maintained by the constant reinforcement of wins—
which can create rigid, status-obsessed hierarchies—female so-
cial structures may be stabilized by factors like cooperation and
consensus,®® with a neural bias that prevents a single victory
from destabilizing group cohesion. Thus, sex differences in the
winner effect may reflect complementary evolutionary speciali-
zations for navigating different social landscapes. These specu-
lative interpretations, while derived from rodent models, invite
future cross-species investigations.

The neural mechanisms underlying sex differences in
the winner effect

Previous research on the neural mechanisms of the winner effect
has primarily focused on males, revealing roles for synaptic plas-
ticity in regions such as the lateral habenula,®* ventromedial hy-
pothalamus,®®° and dmPFC.? In our study, we found that female
mice are less likely to form LTP at MDT-to-dmPFC synapses,
potentially explaining their weaker winner effect in competitions
(Figures 3 and 4). In addition, our in vitro electrophysiological re-

12 Neuron 113, 1-15, December 17, 2025

Neuron

cordings revealed that PV-INs from female mice are more excit-
able compared with those from male mice (Figure 5). This is
consistent with prior findings that female mice have higher PV-
IN excitability in the prefrontal cortex.°®°” It is of interest to
note that sex difference in the performance of spatial memory
has also been attributed to a differential threshold for LTP induc-
tion in the hippocampal region,’®®® suggesting that, albeit
involving different brain regions, sexually dimorphic behaviors
may share similar cellular mechanisms.

Although neuromodulators (e.g., dopamine or endocannabi-
noids) or neurotrophic factors (e.g., brain-derived neurotrophic
factor [BDNF]) can suppress local GABAergic activity to modu-
late LTP across brain areas,’° "2 the molecular basis for sex dif-
ferences in mMPFC PV-IN activity remains to be determined. For
example, estrogen has been shown to increase PV-IN excit-
ability in the rat barrel cortex,”® whereas genetic deletion of me-
tabotropic glutamate receptor subtype 5 (mGlu5) in PV-express-
ing cells eliminates sex differences in PV-IN physiology in the
PFC.°” These findings imply that hormonal and synaptic
signaling pathways may shape sex-dependent PV-IN function.
Recent single-cell RNA sequencing studies have revealed
numerous differentially expressed genes (DEGs) in mPFC PV-
INs between males and females.” Future functional studies vali-
dating these DEGs could elucidate the molecular mechanisms
by which PV-INs mediate sex-specific regulation of LTP and
behavior.

By uncovering the sex-specific neural and circuit mechanisms
underlying the winner effect, our study advances the under-
standing of how competitive behaviors and social hierarchies
are regulated in males and females. These findings highlight
the importance of considering sex as a biological variable in
neuroscience research and provide a foundation for exploring
how sex differences in neural plasticity shape competitive moti-
vation and dominance behaviors.
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Animals

Adult male and female C57BL/6J (8-24 weeks of age, SLAC or GemPharmatech Laboratory animal, Shanghai), PV-Cre (8-24 weeks
of age, B6;129P2-Pvalbtm1(cre)Arbr/J, The Jackson Laboratory, JAX.008069)"° and SST-Cre mice (8-13 weeks of age, STOCK
Ssttm2.1(cre)Zjh/J, The Jackson Laboratory, JAX.013044)"° were used for experiments. Mice of the same sex were housed in groups
of 4 under standard housing conditions (12-h light/dark cycle with food and water ad libitum). All experiments were performed using
age- and sex-matched mice. Animal care and all experimental procedures were performed under the guidelines of the Animal Care
and Use Committee of Zhejiang University.

METHOD DETAILS

Behavioral assays
Tube test
The tube test assay was performed as previously described.*® A 30-cm long transparent tube with a 3.0-cm inside diameter allowed a
single male mouse to pass through, while a similar tube with a 2.6-cm inside diameter accommodated a single female mouse. Before
the tube tests, mice were trained to go through the tube in alternating directions for 10 trials per day for 2 days. In the following test
days, mice were tested in pairs. Each pair of mice was simultaneously released from opposite ends of the tube. When the pair of mice
met in the middle of the tube, the mouse that first retreated with four paws out of the tube was designated as the “loser”, and the other
mouse was designated as the “winner”. The rank of each mouse was determined by the total number of wins on each test day. Social
status was defined as stable only when mice maintained the same intra-cage rank position across 4 consecutive daily trials.
Using frame-to-frame video annotation, we identified three types of behaviors during each tube test competition: push (one mouse
shoves its head under another mouse), resistance (maintaining position while being pushed, often with the head being pushed up),
and retreat (backing out after being pushed or voluntarily withdrawing, often characterized by bending down of head). These behavior
epochs were manually annotated and marked using the BORIS software.’”
Warm spot test
The warm spot test was applied as previously described.® A rectangular plastic test box (28 cm x 20 cm) was placed on ice to cool its
floor to 0 °C. A circular cardboard enclosure (designated as the warm spot) was placed at one corner of the test box, equipped with a
subjacent heating coil to maintain the local temperature at 32°C + 1°C. Temperatures of the cold floor and warm circular enclosure
were monitored using an infrared thermometer. A circular enclosure with a diameter of 4.5 cm and a height of 1.2 cm could accom-
modate only a single adult female mouse. A cage of four female mice was first placed in a box on ice without the warm corner for
30 min to acclimate to the cold environment, and was then transferred to the test box where they competed for the warm corner.
Behaviors of the four female mice in the test box were videotaped for 40 min. Behavioral analyses were restricted to the final 20 mi-
nutes of the test, during which at least 90% (36 out of 40) of the mice had visited the warm spot at least once. BORIS software’’ was
used to annotate the timestamps for both squeezing into and being squeezed out of the circular enclosure for each mouse, and the
total duration of warm spot occupation was calculated as the cumulative time spent inside the enclosure. In the case where two mice
stacked on top of each other, occupation duration was recorded for both mice. The tube test ranks of the mice were blinded to the
experimenter performing the behavioral annotation.
“Forced win” paradigm
After two days of the tube test training, we randomly divided four cagemates into two pairs, ensuring that the weight difference within
each pair was less than 10%. Then, we performed the tube test twice, with alternating directions, to identify the subordinate mice that
consistently lost in both trials. Subsequently, we forced the subordinate mice to win against their dominant opponents four times by
blocking the opponents’ side of the tube. The tube blocker was connected to a dynamometer, which measured the force generated
by subordinate mice during retreat. On the following day, tube test was conducted twice, with alternating directions, without the tube
blocker to assess whether the original subordinate mice could win. When the results of the two trials were consistent (which was true
in 80% of cases), they were included in the statistics.
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“Natural win” paradigm

Mice were trained to go through the tube for 2 days as described above before the “natural win” test. On the first testing day, four
mice from one cage each achieved three wins against subordinate mice from other cages, which had previously experienced at least
two losses in tube tests. Trials lasting less than 3 seconds were excluded. In the second cage of naive mice, all four mice went through
the tube individually without encountering opponents for three trials. On the second testing day, we randomly paired each mouse that
had achieved three wins on the first testing day with a naive mouse (weight differences < 10%) from the other cage, and conducted
the tube test twice to assess the winner effect. When the results of the two trials were consistent (which was true in 85% of cases),
they were included in the statistics.

In the experiments concerning the estrous cycle in the “natural win” test, we incorporated vaginal smear sampling into the behav-
ioral protocol. To minimize potential interference to subsequent behavioral tests, female mice were acclimated to the sampling pro-
cedure three consecutive days preceding the “natural win” test, and vaginal smears were collected at least 2 hours before the tube
test on the first testing day. To investigate whether the estrous cycle affects the winner effect, female mice were divided into four
groups corresponding to their estrous cycle stages.

“Natural loss” paradigm

Mice were trained to go through the tube for 2 days as described above before the “natural loss” test. On the first testing day, four
mice from one cage each achieved three losses against dominant mice from other cages, which had previously experienced at least
two wins in tube tests. Trials lasting less than 3 seconds were excluded. In the second cage of naive mice, all four mice went through
the tube individually without encountering opponents for three trials. On the second testing day, we randomly paired each mouse that
had experienced three losses on the first testing day with a naive mouse (weight differences < 10%) from the other cage, and con-
ducted the tube test twice to assess the loser effect. When the results of the two trials were consistent (which was true in 94% of
cases), they were included in the statistics.

Identification of the female estrous cycle

The estrous cycle of female mice is divided into four stages: proestrus, estrus, metestrus, and diestrus, which can be determined by
cytological evaluation of vaginal smears according to the published literature.”®”® To collect vaginal smears, each female mouse was
securely restrained by gently grasping the skin at the nape and back. The vaginal opening was rinsed with sterile ddH,O using a 100 pl
pipette. Then, the pipette tip preloaded with approximately 20 pl of sterile ddH,O was positioned at the opening and gently flushed by
aspirating and releasing the solution 4-6 times to collect the lavage solution containing exfoliated cells. It is worth noting that the
pipette tip should never be inserted into the vaginal canal to avoid the effect of vaginal stimulation.

The vaginal smears were dried on slides and stained with Diff-Quik Stain Kit (Phygene Scientific) to determine the estrous cycle.
The estrous cycle stages were determined as follows: proestrus, characterized by round, uniform nucleated epithelial cells; estrus,
characterized by exclusively cornified epithelial cells; metestrus, characterized by mixed cornified epithelial cells and leukocytes; and
diestrus, characterized by abundant leukocytes with few nucleated epithelial cells (Figure S4B).

Surgery and viral injection

After being anesthetized with 1% sodium pentobarbital (100 mg/kg body weight), mice were head-fixed in a stereotaxic frame (RWD
Instruments). A glass pipette connected to a pressure microinjector (Picospritzer I, Parker) was used to deliver the virus (0.2 pl per
site) to the target brain regions.

For optogenetic activation of the dmPFC, AAV2/9-CAG-hChR2 (H134R)-tdTomato (titer: 1.32 x 10'® v.g./ml, diluted 1:5, Taitool
Bioscience) or the control virus AAV2/9-CAG-tdTomato- WPRE-pA (titer: 7.95 x 102 v.g./ml, diluted 1:3, Taitool Bioscience) was
injected into the right dmPFC (AP: + 2.43 mm from bregma, ML: + 0.4 mm from the midline, DV: - 1.2 mm from the dura), and a
mono fiber-optic cannula (NA = 0.37, Newdoon Inc. or Inper Inc.) was implanted 300-400 pm above the viral injection site. Fluores-
cence intensity was confirmed to be comparable between male and female mice.

For optogenetic inhibition of the dmPFC, AAV2/9-hSyn-eNpHR3.0-mCherry-WPRE-pA (titer: 1.76 x 10'® v.g./ml, diluted 1:5, Tai-
tool Bioscience) or the control virus AAV2/9-hSyn-mCherry-WPRE-pA (titer: 2.49 x 10'® v.g./ml, diluted 1:8, Taitool Bioscience) was
bilaterally injected into the dmPFC (AP: + 2.43 mm from bregma, ML: + 0.6 mm from the midline, DV: - 1.25 mm from the dura) at a 10°
angle in the ML direction, and dual fiber-optic cannulae were implanted 300-400 pm above the viral injection sites.

For in vivo recording the synaptic strength of the MDT-dmPFC pathway, AAV2/9-hSyn-oChIEF-tdTomato (titer: 1.75 x 10" v.g./ml,
diluted 1:5, OBIO Technology) was injected into the MDT (AP: - 1.50 mm from bregma, ML: + 0.43 mm from the midline, DV: - 3.35 mm
from the dura). Fluorescence intensity was confirmed to be comparable between sexes.

For recording the electrophysiological characteristics of dmPFC neurons receiving projections from the MDT, transsynaptic
virus scAAV2/1-hSyn-Cre (titer: 1.97 x 10'® v.g./ml, diluted 1:2, Taitool Bioscience) was injected into the ipsilateral MDT (AP:
-1.50 mm from bregma, ML: + 0.43 mm from the midline, DV: -3.35 mm from the dura), and AAV2/9-Ef1a-DIO-EYFP
(titer: 4.2 x 10"® v.g./ml, diluted 1:10, OBIO Technology) was injected into the ipsilateral dmPFC (AP: + 2.43 mm from bregma,
ML: + 0.4 mm from the midline, DV: - 1.2 mm from the dura).
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To compare the electrophysiological characteristics of PV and SST neurons in the dmPFC between males and females, AAV2/9-
Ef1a-DIO-EGFP-WPRE-hGH polyA (titer: 1.0 x 10" v.g./ml, diluted 1:5, BrainVTA Technology) was bilaterally injected into the
dmPFC (AP: + 2.43 mm from bregma, ML: + 0.4 mm from the midline, DV: -1.2 mm from the dura) of male and female PV-Cre or
SST-Cre mice, to specifically label PV and SST neurons.

For activation of PV-INs in the dmPFC of male mice, AAV2/9-Ef1a-DIO-NaChBac-EGFP (titer: 1.21 x 103 v.g./ml, diluted 1:3,
OBIO Technology) or the control virus AAV2/9-Ef1a-DIO-EGFP-WPRE-hGH polyA (titer: 1.0 x 10'® v.g./ml, diluted 1:5, BrainVTA
Technology) was bilaterally injected into the dmPFC (AP: + 2.43 mm from bregma, ML: + 0.4 mm from the midline, DV: - 1.2 mm
from the dura) of male PV-Cre mice.

For inhibition of PV-INs in the dmPFC of female mice, AAV2/9-Ef1a-DIO-Kir2.1-P2A-EGFP-WPRE-hGH polyA (titer: 5 x 10" v.g./ml,
diluted 1:2, BrainVTA Technology) or the control virus AAV2/9-Ef1a-DIO-EGFP-WPRE-hGH polyA (titer: 1.0 x 10'® v.g./ml, diluted
1:5, BrainVTA Technology) was bilaterally injected into the dmPFC (AP: + 2.43 mm from bregma, ML: + 0.4 mm from the midline,
DV: - 1.2 mm from the dura) of female PV-Cre mice.

The glass pipette was withdrawn 10 min after injection. Optic fibers were secured onto the skull using dental cement. After surgery,
mice were placed on a heating pad to recover from anesthesia. Mice were given at least one week to recover before behavioral
testing.

Behavioral manipulations

Optogenetic manipulation of the dmPFC of female mice in tube test

For female mice implanted with optic connectors, a 12-mm slit was made at the top of the tube with a 2.6-cm inside diameter. All
optogenetic manipulation experiments were conducted at least 4 weeks after viral injection to ensure full expression of ChR2 or
eNpHRS3.0. Only mouse cages with stable ranks (all mice maintained the same rank position for over 4 consecutive days) were
used for further optogenetic manipulations. On the test day, subject mice were habituated to the fiber connection. Tube test ranks
were reconfirmed under light-off conditions with other cagemates wearing fake optic fiber connectors. Then, 473-nm blue light
(100 Hz, 9 ms per pulse, 4 pulses per second, for mice injected with ChR2) or 589-nm yellow light (constant, for mice injected
with eNpHR3.0) was turned on just before the mice entered the tube. For each test mouse, we started light stimulation with
1 mW. A light intensity was considered effective if the test mouse won or lost from both ends of the tube, indicating a successful
rank change. If a certain light intensity could not lead to a successful rank change, the light intensity would be increased gradually
until a change in rank occurred or the laser reached the maximum intensity (30 mW for blue light; 15 mW for yellow light). We quan-
tified the number of successful rank-change events (denoted as numbers in the “Day 0” box) induced by light stimulation in each test
mouse in Figures S2A, S2B, and S4A, with “0” indicating no rank change after stimulation. These values represent successful events
only and do not reflect the total number of stimulations. Tube tests on the test day were videotaped by a camera placed beside the
tube for annotation, and the detailed behaviors of rank-changed trials were further compared between light-off and light-on
conditions.

The optogenetic activation was effective for mice of different ranks, except for rank-1 mice, where a ceiling effect exists. Therefore,
we excluded the results of rank-1 mice from the statistical analysis. Similarly, due to a floor effect, we excluded the results of rank-4
mice from the statistical analysis for optogenetic inhibition experiments. The data of female mice that won 4 or 5 trials during light
stimulation was analyzed to compare with males in Figures 3E and 3F. To avoid repeated data usage, these data were excluded
from the analyses in Figures 2D-2F. See Figure S5 for detailed information on rank changes and maintenance resulting from varying
numbers of photoactivation (Figures S5A, S5B, and S5D) and photoinhibition (Figures S5A, S5C, and S5D) trials for each female
subject.

Optogenetic manipulation of the dmPFC during open field test in female mice

Mice were individually placed in the center zone of open field (40 x 40 cm) chamber with dim light (5-10 lux) for 10 minutes. Their
movements were recorded by a camera positioned directly above the arena and analyzed by Any-maze software (Stoelting).
589-nm yellow light (constant; 5 mW) or 473-nm blue light (100 Hz, 9 ms per pulse, 4 pulses per second; 10 mW) was intermittently
turned on and off in 1-min epochs. Total distance was analyzed to evaluate the locomotion ability, and percentage of time spent in the
center per minute was analyzed to assess the anxiety level.

Optogenetic manipulation of the dmPFC during elevated plus maze test in female mice

Mice were gently placed in the center of the maze, with their heads facing a close arm. Mice were allowed to freely explore the
elevated plus maze for 9 minutes. A video camera positioned directly above the arena was used to track each mouse, and the
data were analyzed using Any-maze software (Stoelting, U.S.). 589-nm yellow light (constant, 5 mW) or 473-nm blue light (100 Hz,
9 ms per pulse, 4 pulses per second; 10 mW) was intermittently turned on and off in 3-min epochs. Time spent in open arms was
calculated to assess the anxiety level.

Manipulating the excitability of PV-INs in the dmPFC

We expressed AAV2/9-Ef1a-DIO-NaChBac-EGFP into the bilateral dmPFC of male PV-Cre mice to activate PV-INs, and AAV2/9-
Ef1a-DIO-Kir2.1-EGFP in bilateral dmPFC of female PV-Cre mice to inhibit PV-INs. We also expressed AAV2/9-Ef1a-DIO-EGFP in
both males and females as a control. All mice in the same cage received injections of the same virus. Mice were given viral injections
at least 4 weeks prior to behavioral manipulations to ensure full viral expression. To investigate how the excitability of PV-INs in the
dmPFC affects the winner effect, we conducted behavioral manipulations under the “natural win” paradigm.
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On the first testing day, each of the four mice in the same cage achieved three wins against subordinate mice from other cages, as
described above. For the other cage of naive mice injected with the same virus, all four mice individually went through the tube
without encountering opponents for three trials.

On the second testing day, a mouse that had experienced three wins on the first day was randomly paired with a naive opponent
from the other cage (weight difference <10%), which had received the same virus. This experimental design ensured that, apart from
the winning experience, there were no other differences between the paired mice. Each pair of mice underwent the tube test twice to
validate the winner effect. When the results of the two trials were consistent (which was true in 77% of cases), they were included in
the statistics.

In vivo electrophysiological recording of field potentials
To compare the synaptic strength of the MDT-dmPFC pathway between male and female mice, we recorded optical fEPSP in the
dmPFC after injecting AAV2/9-hSyn-oChIEF-tdTomato into the MDT. To further examine how PV-IN excitability in the dmPFC influ-
ences synaptic strength, we injected the above virus into the MDT and additionally injected AAV2/9-Ef1a-DIO-NaChBac-EGFP into
the bilateral dmPFC of male PV-Cre mice to activate PV-INs, whereas AAV2/9-Ef1a-DIO-Kir2.1-EGFP was injected into the bilateral
dmPFC of female PV-Cre mice to inhibit PV-INs. We also expressed AAV2/9-Ef1a-DIO-EGFP both in males and females as a control.
Five weeks after viral injection, animals were anesthetized again with 1% sodium pentobarbital (100 mg/kg body weight) and fixed
in a stereotaxic frame (RWD Instruments). The hand-made optrode consisted of four-channel nichrome electrodes and an
optical fiber in the center (0.4 mm above the tip of the electrodes), which was lowered into the brain targeting the right dmPFC (AP: -
+2.43 mm from bregma, ML: +0.4 mm from the midline, DV: -1.2 mm from the dura). Mice were single-housed for 7 days for recovery
after surgery and optical fEPSPs were then recorded in the homecage. For optical stimulation, the optical fiber was connected to a
473-nm laser. The laser power was adjusted to elicit an fEPSP with clear early and delayed components. 2-ms light pulses at 0.033 Hz
were delivered to evoke fEPSPs. After a stable baseline was established for at least 30 minutes, optical high-frequency stimulation
(HFS; four trains of 100 x 2-ms pulses at 100 Hz, 20-s inter-train interval) was delivered at the recording site, followed by fEPSP re-
cordings for at least 2 hours. Each fEPSP was normalized to field potentials 10 ms before optical stimulation. The slope of the normal-
ized fEPSP was calculated as previously described.® All data were analyzed using a custom-written MATLAB program.

In vitro electrophysiological recording

Slice preparation

Mice were anesthetized with 1% sodium pentobarbital (100 mg/kg i.p.) and then perfused with 20 mL ice-cold dissection buffer
(220 mM sucrose, 2 mM KClI, 1.15 mM NaH,PQO,4, 0.2 mM CaCl,, 26 mM NaHCO3, 6 mM MgCl, and 10 mM glucose, oxygenated
with 95% O, and 5% CO,). Brains were quickly dissected out after decapitation. Coronal slices (300 pm in thickness) were prepared
using a vibratome (VT12008S, Leica) in oxygenated chilled dissection buffer. The slices were then incubated in ACSF (125 mM NaCl,
2.5 mM KCI, 25 mM NaHCO3, 1.25 mM NaH,PQO,4, 25 mM glucose, 1 mM MgCl,, 2 mM CaCl, and 1 mM pyruvate, oxygenated with
95% O, and 5% CO,) at 32-34°C for 1 hour to recover and subsequently maintained at room temperature.

Recording and data analysis

During recordings, slices were superfused with a physiological extracellular solution (125 mM NaCl, 2.5 mM KClI, 25 mM NaHCOs,
1.25 mM NaH,PQO4, 25 mM glucose, 1 mM MgCl, and 2 mM CaCl,, oxygenated with 95% O, and 5% CO,). Neurons were visualized
with Olympus microscope (BX51W1) equipped with infrared differential interference contrast optics. Recordings were performed
with a MultiClamp 700B amplifier controlled by DigiData 1550 digitizer and pCLAMP10 software (Axon Instruments). Whole-cell
recording was performed with glass pipettes with a typical resistance of 4-6 MQ.

To test the function of the expressed eNpHR3.0 protein in the dmPFC, whole cell recordings were performed with glass pipettes
filled with internal solution (150 mM K-Gluconate, 5 mM NaCl, 1 mM MgCl,, 2 mM Mg-ATP, 0.5 mM Na-GTP, 0.2 mM EGTA and
10 mM HEPES, adjusted to pH 7.35 with KOH). Neurons expressing eNpHR3.0 were visually identified by tdTomato fluorescence.
A constant 589-nm light of 2 mW intensity was delivered through a 200 pm optical fiber positioned near the recorded region. Current-
clamp recordings (I = 250 pA, 500 ms) were performed on eNpHR3.0-expressed dmPFC neurons to monitor light-induced inhibition
of action potentials during intermittent photoinhibition (500-ms light on and off epochs).

To compare the excitability of dmPFC neurons receiving MDT projections between male and female mice, we labeled these neu-
rons by injecting transsynaptic virus scAAV2/1-hSyn-Cre into the right MDT and AAV2/9-hEf1a-DIO-EYFP into the right dmPFC of
male and female mice. All the recorded neurons were classified into putative pyramidal (pPyr) neurons and inhibitory interneurons
(pIN) using an unsupervised k-means clustering algorithm. Three parameters—including cumulative firing numbers induced by
various depolarizing currents (from 50 pA to 500 pA, 500-ms duration), capacitance and half-width of the action potential —were
used for the analysis (Figure 5D).

To compare the excitability of PV and SST neurons in the dmPFC between male and female mice, we labeled PV or SST neurons by
bilaterally injecting AAV2/9-Ef1a-DIO-EGFP into the dmPFC of PV-Cre and SST-Cre mice. Recordings were performed in current-
clamp mode (I = 0 pA) with a K-based internal solution (150 mM K-Gluconate, 5 mM NaCl, 1 mM MgCl,, 2 mM Mg-ATP, 0.5 mM
Na-GTP, 0.2 mM EGTA and 10 mM HEPES, adjusted to pH 7.35 with KOH). The resting membrane potential was recorded for
3 min, followed by stepwise depolarizing current steps from 0 pA to 400 pA in 50-pA increments. The number of action potentials
evoked within a 500-ms window was also measured. Additionally, a 20-pA hyperpolarizing current was injected for 200 ms to
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measure input resistance. Parameters such as membrane capacitance, input resistance, resting membrane potential, input-output
current curves, rheobase current, action potential threshold, threshold voltage, half-width, and action potential amplitude were
compared between male and female PV and SST neurons. To further examine whether NaChBac expression channel activates
PV-INs, AAV2/9-Ef1a-DIO-NaChBac-EGFP was injected into the dmPFC of male PV-Cre mice in one hemisphere, while AAV2/9-
Ef1a-DIO-EGFP was injected into the contralateral hemisphere as a control. Similarly, to examine whether Kir2.1 expression inhibits
PV-INs, AAV2/9-Ef1a-DIO-Kir2.1-EGFP was injected into one hemisphere of the dmPFC in female PV-Cre mice, while AAV2/9-
Ef1a-DIO-EGFP was injected into the contralateral hemisphere as a control. Neurons expressing EGFP were visually identified
under a fluorescence microscopy, and whole-cell patch-clamp recordings were performed using a K-based internal solution. Resting
membrane potential (RMP) was recorded in current-clamp mode (I = 0 pA) for 3 min. The neurons were then subjected to depolarizing
current steps from 0 pA to 250 pA in 50-pA increments, and the number of action potentials evoked within a 500-ms window was also
measured. Comparisons of resting membrane potential, rheobase current (the minimal current required to elicit an action potential),
and the input-output current curve between neurons from the two hemispheres of the dmPFC were conducted.

Histological verifications and immunohistochemistry

Histology was performed to confirm the location of implanted optic fibers or optrodes, and viral injection sites. Mice were transcar-
dially perfused under deep anesthesia with 50 mL of phosphate-buffered saline (PBS) followed by 50 mL of 4% w/v paraformalde-
hyde (PFA). Brains were postfixed overnight in 4% PFA and then dehydrated in 30% sucrose (in PBS) for at least 1 day. 50 pm coronal
brain slices were serially cut with a sliding microtome using a cryostat (Leica Microsystems). The slices were counterstained with
DAPI or Hoechst before imaging with an Olympus VS120 or VS200 virtual slide scanning microscope.

To confirm the expression of NaChBac, Kir2.1, and EGFP in PV-INs, immunostaining was performed on dmPFC sections (40 pm
coronal brain slices) of NaChBac, Kir2.1 or EGFP expressing animals. Rabbit anti-PV was used as the primary antibody (PV 27,
Swant; 1:2000), while Alexa Fluor 546 goat anti-rabbit IgG was used as the secondary antibody (1:1000, Thermo Fisher Scientific).
The slices were then counterstained with DAPI before imaging with an Olympus VS120 or VS200 virtual microscopy slide scanning
system.

QUANTIFICATION AND STATISTICAL ANALYSIS

All data are presented as mean + SEM unless otherwise noted. Statistical analyses were performed using Prism 8.0 (GraphPad Soft-
ware) or MATLAB 2021a (MathWorks). All statistical tests were two-tailed, and results were considered statistically significant when
the p values were less than 0.05. Normality and equal variances between groups were assessed using the D’Agostino and Pearson
omnibus normality test and Brown-Forsythe test, respectively. When normality and equal variance between sample groups were
achieved, the paired t-test, unpaired t-test or Two-way repeated measure ANOVA with multiple comparisons was used. When
normality or homogeneity of variance was not met, Wilcoxon Signed Rank Test, Wilcoxon matched-pairs signed rank test, Mann
Whitney test or Friedman test with multiple comparisons test was performed. The Z test was used to assess the significance of
the difference between two proportions, while the binomial test was used to evaluate whether the observed event probability
matched the expected value. Pearson’s correlation analysis was performed when normality of samples was achieved. More details
are provided in the Table S1.
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