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SUMMARY

Winning increases the readiness to attack and the probability of winning, a widespread phenomenon known
as the “winner effect.” Here, we reveal a transition from target-specific to generalized aggression enhance-
ment over 10 days of winning in male mice. This behavioral change is supported by three causally linked plas-
ticity events in the ventrolateral part of the ventromedial hypothalamus (VMHUvI), a critical node for aggres-
sion. Over 10 days of winning, VMHvI cells experience monotonic potentiation of long-range excitatory
inputs, transient local connectivity strengthening, and a delayed excitability increase. Optogenetically coac-
tivating the posterior amygdala (PA) terminals and VMHuvI cells potentiates the PA-VMHvI pathway and
triggers the same cascade of plasticity events observed during repeated winning. Optogenetically blocking
PA-VMHvI synaptic potentiation eliminates all winning-induced plasticity. These results reveal the complex
Hebbian synaptic and excitability plasticity in the aggression circuit during winning, ultimately leading to

increased “aggressiveness” in repeated winners.

INTRODUCTION

Aggression is an innate social behavior essential for reproduc-
tion success. The neural circuit underlying aggression is consid-
ered genetically and developmentally hardwired."* However,
the readiness to express aggression varies widely among indi-
viduals in the same species, even those with identical genetic
backgrounds (e.g., inbred mice). The individual difference in
aggression arises partly from prior experiences, particularly win-
ning and losing previous encounters.> Numerous studies have
shown that winning experience heightens aggression and in-
creases winning probability, known as the winner effect.®

In the last decade, the neural plasticity induced by winning and
losing started to be revealed. Repeated winning in a tube test in
mice enhanced the synaptic transmission from the medial thal-
amus to the medial prefrontal cortex, and suppressing this
pathway blocked the winner effect in a tube test.*> The synaptic
connection from the medial thalamus to the medial prefrontal cor-
tex was weakened in socially defeated animals.® In zebrafish, syn-
aptic transmission in the lateral dorsal habenula decreased after
defeat, and silencing this area eliminated the winner effect.”

Recent studies further revealed synaptic plasticity in subcor-
tical regions after winning. The ventrolateral part of the ventrome-
dial hypothalamus (VMHvl) is central for driving aggression.®""
Transient potentiation of glutamatergic inputs from the medial
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amygdala to the VMHuvI is found important for the aggression
escalation within 1 h after briefly interacting with a male conspe-
cific.’? Stagkourakis et al. found that the glutamatergic projection
to the VMHvI from the posterior amygdala (PA), a region also
important for aggression,'®'* underwent synaptic potentiation af-
ter 5 days of winning.'®

The studies above focused on the neural changes after
one or a few victories. However, behavior studies revealed
differential behavioral changes after short- (~3 days) vs. long-
term winning (=10 days). While both short- and long-term
winning enhances aggression, long-term winners display aggres-
sive behaviors even toward heavier and stronger males or some-
times females'®"'® and are insensitive to submissive signals from
opponents.'? Given the target- and context-unspecific attack, the
long-term winners are sometimes considered “pathological.”?°
Counterintuitively, some studies reported decreased total attack
time of long-term winners compared with short-term winners.”"
However, when the long-term winners (20 wins) are deprived of
fighting opportunities, they show a “compensatory” increase in
attack duration.?’ Given the distinct features of aggressive behav-
iors in short- and long-term winners, we hypothesize that the
aggression circuits likely undergo different changes as the winning
experience accumulates.

Our study aims to investigate changes in the aggression circuit
over repeated winning. We first characterized aggressive
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Changes in aggression towards a familiar intruder over repeated winning
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Figure 1. Changes in aggressive behaviors of male mice after repeated winning
(A) 10-day Rl tests against BC male intruders. Mouse cartoons in this figure and all other figures are generated from https://www.biorender.com/.

(B) Raster pl

ots showing attack and investigation during the Rl tests.

(C-E) The latency to attack (C), attack duration (D), and social investigation duration (E) in mice with 0, 1, 5, and 10 days of winning experiences.

(F) The prob

e test with DBA male intruders.

(G-J) Latency to attack a familiar BC and an unfamiliar DBA intruder on the first day of Rl test (G) and after a 1- (H), 5- (I), and 10-day win against BC (J).
(K) Latency to attack DBA intruders in mice with various winning experiences against BC intruders.
(L) Experimental timeline.
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behaviors in short- and long-term winners and then investigated
synaptic and cellular changes in the VMHvI over repeated win-
ning. Our results revealed multi-phased plasticity in the VMHvI
that ultimately leads to heightened aggressiveness of an animal.

RESULTS

Behavioral changes induced by repeated winning

We used repeated resident-intruder (RI) tests to provide winning
experiences to the test mice. During the test, a “non-aggressive”
group-housed BALB/c (BC) male mouse was introduced into the
home cage of a single-housed C57BJ/6 (C57) male mouse for
10 min (Table S1). If the resident male attacked the intruder
and the intruder showed flight and submissive postures, we
considered the resident mouse aggressive and won. If the resi-
dent mouse investigated the intruder but did not attack during
the 10-min test, we considered the resident non-aggressive
and underwent “social interaction.” Only animals that consis-
tently attacked and won across days (~60% of all animals)
were included in the final analysis. The 1-, 5-, and 10-day winners
are animals that have experienced 1, 5, and 10 consecutive wins,
respectively (not including the current RI test if relevant) (Fig-
ure 1A). Animals that showed no aggression during the 10-day
Rl tests constitute the social group.

The aggression increased after 1 day of winning, as indicated
by the significantly shortened attack latency (Figures 1B and 1C).
After 5 days of winning, the attack duration against BC reached
maximum and remained similar after 10 days of winning
(Figures 1C and 1D). The investigation duration decreased in 5-
and 10-day winners compared with naive animals (Figure 1E).

The 1-day winning-induced aggression increase is short-lived.
While the attack latency decreased the next day after 1 day of
winning, it returned to the initial level if tested a week later
(Figures S1A-S1E). By contrast, the aggression increase is sta-
ble in 10-day winners. After 1 week of single housing, the attack
latency remained low, and the attack duration even increased,
likely reflecting compensatory attack after aggression depriva-
tion (Figures S1F-S1J).'°

As the aggression level toward BC intruder over repeated win-
ning could be affected by the simultaneous change in familiarity,
we further probed the aggression level of naive and 1-, 5-, and
10-day winners (always win against BC) against an unfamiliar
non-aggressive DBA/2NCrl (DBA) male mouse (Figures 1F-1Q;
Table S1). During the probe test, the DBA intruder was removed
within 5 s after the resident initiated the first attack to minimize in-
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creases in familiarity (Figure 1F). In naive mice, we found similar
attack latency to BC and DBA (Figure 1G). 1-day winners (win
over BC) attacked BC significantly faster than DBA, suggesting
the target-specific aggression increase in this early phase of win-
ning (Figure 1H). In 5-day winners, the latency to attack DBA and
BC was similarly short (Figure 1l). Interestingly, 10-day winners
attacked the unfamiliar DBA significantly faster than the familiar
BC, suggesting potentially decreased aggression with increased
familiarity (Figure 1J). Across the probe tests with DBA, the attack
latency was significantly shorter in 5- and 10-day, but not 1-day,
winners than in naive animals (Figure 1K). Additionally, we tested
the behaviors of 1-, 5-, and 10-day winners (always against BC) to-
ward unfamiliar DBA intruders in the 10-min Rl tests using separate
cohorts of animals so that no winner had any exposure to DBA
(Figure 1L). Compared with the 1-day winners, the 5- and 10-day
winners attacked the unfamiliar DBA with shorter latency and
longer duration and spent less time investigating the DBA
(Figures 1M-1Q). These results support a transition from target-
specific to generalized aggression increase over repeated winning.

We further challenged the C57 winners with aggressive, single-
housed Swiss-Webster (SW) male intruders, which are 40%
heavier than the C57 and will initiate attacks even as intruders af-
ter a delay (latency to attack [mean + STD]: 95.6 + 33.7 s)
(Table S1). We used three cohorts of C57 mice (1-, 5-, and
10-day winners against BC), and each mouse encountered the
SW intruder only once (Figure 1R). As the C57 residents gained
winning experience, their readiness to attack SW intruders
increased (Figures 1S and 1T). 10-day winners were more likely
to initiate the first attack and attack SW faster than other winner
groups (Figures 1S and 1T). Importantly, 22/25 10-day winners
defeated the SW, whereas only 4/20 1-day winners did so (Fig-
ure 1U). The animal’s body weight did not change after the
10 days of winning, suggesting that the increased winning prob-
ability was not due to increased physical advantage (Figure 1V).

Beyond aggression, repeated winning reduced anxiety. In the
novelty-suppressed feeding test, the 10-day winners ate faster
and consumed more pellets than single-housed naive or social
animals (Figures S2A-S2C). In a light-dark box test, the distance
traveled and time spent in the light box gradually increased as
the animals gained more winning experiences (Figures S2E
and S2H). By contrast, mice minimally changed their perfor-
mance after different days of single-housing or social interaction
(Figures S2F, S2G, S2I, and S2J). The increased exploration in
the light box is not due to a general increase in locomotion, as
the movement velocity in home cages or a large arena did not

(M-Q) The latency to attack (M), attack duration (N), number of attacks (O), investigation duration (P), and number of investigations (Q) toward unfamiliar DBA

intruders in mice with various winning experiences against BC intruders.
(R) The competition test with SW male intruders.
(S) Number of C57 and SW male mice that initiated the first attack.

(T) Latency to attack the SW in mice with various winning experiences against BC males.

(U) Number of C57 animals that win, lose, and tie with SW male intruders.
(V) Body weight of C57 male mice before and after 10 days of winning.

Numbers in parentheses or inside bars indicate the subject animal number. Circles and lines represent data of individual animals. (C, D, and K) RM Friedman test
with Dunn’s test. (E) RM one-way ANOVA with Tukey’s test. (G and V) Paired t test. (H, I, and J) Paired Wilcoxon test. (M-Q, and T) Kruskal-Wallis test with Dunn’s
test. (S and U) Chi-square test. See Table S2 for detailed statistics.

In this and all other figures, black or red lines inside the violin plots mark the median; bars and error bars represent mean + SEM; all p < 0.05 are specified; if not
indicated, p > 0.05; all statistical tests are two-tailed.

See also Figures S1 and S2 and Table S1.
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change after repeated winning (Figures S2K-S2P). Thus,
repeated winning increases the animal’s adventurousness.

Given the well-known role of circulating testosterone (T) in pro-
moting male aggression®”~* and the high levels of major urinary
protein (MUP) found in dominant male mice,?® we measured the
T and MUP levels in repeated winners (Figure S2Q). Compared
with naive mice, T levels increased in 5- and 10-day but not
1-day winners (Figure S2R). Similarly, MUP level showed a trend
of increase in 5-day winners and rose significantly in 10-day win-
ners (Figure S2S).

Some animals never attacked the intruder, while others became
increasingly aggressive over repeated RI tests. We wondered
whether any behavior or physiological parameters in naive animals
could predict future aggression. Future aggressors and non-ag-
gressors did not differ in their body weight (Figure S2T), time spent
in the light box (Figure S2U), distance traveled in the light box,
open field, or home cage (Figures S2V-S2X), or T level on the
day before the first Rl test (Figure S2Y). However, the MUP levels
in the future aggressors were significantly higher than in future
non-aggressors (Figure S2Z). Furthermore, the pre-attack MUP
level was negatively correlated with attack latency and investiga-
tion duration (but not attack duration) on the first winning day, i.e.,
animals with higher MUP levels attack faster and investigate less
(Figures S2AA-S2DD). Thus, MUP concentration in naive mice
could indicate an animal’s aggression potential while winning
further increases the MUP level and causes additional neuroendo-
crine and behavioral changes, especially aggression.

Increase of VMHvVI®S"! cell responses to males over
repeated winning

Changes in behaviors must be supported by changes in the
underlying neural circuits. Given the critical role of estrogen
receptor alpha-expressing VMHvI (VMHVIZ*™") cells in generating
aggression,®”'" we examined the calcium responses of
VMHVI®S™ cells to aggression-provoking cues over repeated
winning using fiber photometry (Figure 2A). To dissociate the
behavioral and cell response changes due to winning, we pre-
sented the stimuli using a linear tracker when the recording
mouse was head-fixed and awake (Figure 2B). We recorded
each animal before the first Rl test and after 1, 5, and 10 days
of winning or social interaction (Figure 2C).

The winning experience gradually increased the VMHVI®S" cell
responses to BC males (Figure 2D-2F). By contrast, VMHvIEs"
cell response to females remained low (Figures 2D and 2E). Inter-
estingly, naive animals showed no difference in VMHVIES™ cell re-
sponses to BC males vs. females, although male mice nearly
exclusively attack males (Figure 2F). After winning, VMHvIEs"
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cells responded significantly more to males than females
(Figure 2F). By contrast, the responses to both sexes
remained low in non-aggressive animals after repeated social in-
teractions (Figures 2G-2l). Regardless of the social experience,
VMHVIES" cells responded minimally to the toy mouse
(Figures 2D-2l).

Changes in spontaneous synaptic transmission over
repeated winning
The in vivo recording data supported the VMHvI as a site of
change after winning. To understand whether the change occurs
at the synaptic, cellular, or both levels, we performed in vitro
patch-clamp recording of VMHVIES™ cells using brain slices ob-
tained from single-housed naive, 1-, 5-, and 10-day winners
(Figures 3A-3C). We used Esr1-zsGreen transgenic male mice
to visualize Esr1-positive cells (Figure 3A).?® The recordings
were performed the day after the last Rl test (Figure 3B).
Consistent with a previous report,'®> VMHVIFS"™ cells in 5-day
winners increased spontaneous excitatory post-synaptic current
(sEPSC) frequency compared with naive animals (Figures 3D
and 3E). This increase also occurred in 1-day winners, suggest-
ing its rapid onset (Figures 3D and 3E). Surprisingly, the sEPSC
frequency in 10-day winners was similar to that of naive animals
and significantly lower than 1- and 5-day winners (Figures 3D
and 3E). In losers, we found no change in sEPSC frequency
regardless of the number of losing days, while the sEPSC ampli-
tude decreased in 10-day losers (Figures S3A-S3D). Thus,
sEPSC increase in winners is not simply a consequence of
fighting. To understand whether sEPSC changes are spike
driven or not, we blocked action potentials using 1 uM tetrodo-
toxin (TTX) and examined miniature EPSC (mEPSC) and found
its frequency also increased in 1- and 5-day but not 10-day win-
ners (Figures 3G and 3H). The amplitude of sEPSC did not
change in any winning groups, whereas mEPSC magnitude
gradually increased and became significantly higher in 10-day
winners compared with naive animals (Figures 3F and 3l). Unlike
excitatory synaptic transmission, the frequency and amplitude of
sIPSC and mIPSC did not differ between naive and any winning
groups (Figures S3E-S3J). These results suggest dynamic
and complex changes in excitatory but not inhibitory synaptic
transmission over repeated winning, featuring a transient in-
crease in mEPSC frequency and a gradual increase in mEPSC
amplitude.

Spine morphology changes over repeated winning
Excitatory post-synaptic transmission occurs at dendritic
spines, which are small protrusions from the dendrites.?” The

Figure 2. VMHVIE*"! cell response changes over repeated winning and social interaction
(A) Virus injection, recording site, and a histology image. Shaded rectangular marks fiber track. The brain atlases in this figure and all other figures were adapted

based on a reference atlas from https://atlas.brain-map.org/.
(B) The head-fixed fiber photometry recording paradigm.
(C) Behavior and the head-fixed recording timeline.

(D and G) Average peri-stimulus time histograms (PSTHs) aligned to the onset of male, female, and toy presentation of all animals after various days of winning

(D) or social interaction (G). Shades: +SEM.

Lines represent individual animals. (E, F, H, and |) Average GCaMP responses (AF/F) during the male, female, and toy presentation after various days of winning (E

and F) or social interaction (H and ). RM two-way ANOVA with Tukey’s test.
See Table S2 for detailed statistics.
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Figure 3. Synaptic transmission and spine morphology changes of VMHVIES™ cells over repeated winning
(A) Slice recording of VMHVI®S™ cells and a representative histology image.
(B) Experimental timeline.

(C) A differential interference contrast (DIC) image showing a recorded VMHvI cell.

(legend continued on next page)
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density of VMHuvl spines is dynamically modulated.'*?4=*° Thus,
we wondered whether changes in spine density can explain the
up and down of m/sEPSC frequency. We filled the recorded
VMHVIES™ cells with biocytin and observed a drastic increase
in the spine density in 1- and 5-day but not 10-day winners
(Figures 3J-3L), matching the time course of m/sEPSC fre-
quency changes (Figures 3E and 3H).

Spines can be classified as filopodia, stubby, thin, and mush-
room based on their shape and size (Figure 3K1).%"*> Mushroom
spines could be stable for months and mediate the largest syn-
aptic current among all spines,*®> whereas other spines lasted
minutes to days.>**® In naive animals, the overall spine density
was low (1.8 spines/10 pm), and thin spines constituted 68%
of all spines, followed by mushroom spines (18%), filopodia
(11%), and stubby spines (3%) (Figure 3K2). In 1- and 5-day win-
ners, the density of all types of spines increases (Figures 3L-3P).
But relatively speaking, thin spines and filopodia showed larger
increases than others. In 5-day winners, thin spines and filopodia
increased to 87% of all spines, while the fraction of mushroom
spines decreased to 12% despite its net increase in number
(Figures 3K4 and 3P). In 10-day winners, all spines decreased
density, but mushroom spine density decreased the least
(Figures 3M-3P). Consequently, mushroom spines comprised
37% of all spines, doubling their share as in naive animals
(Figures 3K2 and 3K5). Furthermore, the head volume of mush-
room spines increased gradually over repeated winning
and almost tripled in size in 10-day winners compared with naive
animals (Figure 3Q). By contrast, 10-day social animals showed
no change in spine density or morphology, suggesting the
importance of winning in inducing VMHVIES™ cell plasticity
(Figures S4A-S4H). These results indicate that the increased
m/sEPSC frequency after short-term winning is likely due to
many newly emerged spines, most unstable and disappearing
in 10-day winners, causing decreased m/sEPSC frequency.
However, the more stable mushroom spines survive and grow
in size, likely contributing to the larger mEPSC amplitude in
10-day winners.

Increase in PA-VMHUvI synaptic transmission over
repeated winning

It is intriguing that some spines transiently appear while others
last much longer over repeated winning. Next, we investigated
the presynaptic partners of transient vs. stable spines. PA is a
primary source of extra-hypothalamic excitatory input to the
VMHuvI, and PA-VMHvI connection was reported to strengthen
after 5 days of winning."® Thus, we asked whether the synaptic
potentiation of the PA-VMHvI pathway disappears or maintains
after 10 days of winning. The former scenario will suggest PA

¢ CellP’ress

as a source of input to the transient spines, while the latter will
suggest PA partners with the longer-lasting mushroom spines.

We first examined the PA-VMHvI synaptic connection in vitro
by expressing ChrimsonR in the PA glutamatergic cells of
Esr1-zsGreen male mice and subjected the animals to single-
housing alone; 1, 5, or 10 days of winning; or 10 days of social
interaction (Figures 4A and 4B). We voltage-clamp recorded
zsGreen-expressing VMHvI cells 4 weeks after surgery and
examined the 1 ms 605 nm light-evoked EPSCs (0EPSC) (Fig-
ure 4C). The oEPSC latency was short in all groups (~3.5 ms),
confirming the monosynaptic nature of the connection'®'®
(Figures 4D and 4E). However, compared with naive animals,
the oEPSC amplitude showed a trend of increase in 1-day win-
ners and became significantly higher in 5- and 10-day winners
(Figure 4F). In 10-day social animals, oEPSC amplitude did not
increase, suggesting the PA-VMHvI potentiation is winning-
dependent (Figure 4F). In contrast to the oEPSC, light-evoked
inhibitory post-synaptic current (olPSC) amplitude did not
change after winning (Figures 4G and 4l). Consistent with our
previous findings,'® the olPSC has a long latency (~9.3 ms)
and thus is likely polysynaptic (Figures 4G and 4H).

We further measured the paired-pulse ratio (PPR) and found it
decreased gradually in 1-, 5-, and 10-day winners, indicating
increased presynaptic release probability of PA cells over
repeated winning (Figures 4J and 4K). By contrast, PPR in social
animals did not differ from that in naive animals (Figures 4J and
4K). We further investigated potential changes in post-synaptic
responses by measuring the relative synaptic currents mediated
by a-amino-3-hydroxy-5-methylisoxazole-4-propionate (AMPA)
and N-methyl-D-aspartate (NMDA) receptors. AMPA/NMDA ra-
tio could reflect the composition of spine types as AMPA recep-
tors are abundant in mushroom spines (up to 150/spine) but only
sparsely present in thin and filopodia spines, while NMDA recep-
tor number is similar across spines.*® The AMPA/NMDA ratio
gradually increased with repeated winning but did not change af-
ter 10 days of social interaction (Figures 4L and 4M). Thus, PA-
VMHuvI synaptic potentiation likely involves both pre- and post-
synaptic changes.

We further monitored the strength of the PA-VMHvI pathway
in vivo over repeated winning by expressing Chronos in PAES"
cells and implanting an optrode in the VMHvI of Esr1-2A-Cre
male mice (Figures 4N and 40).>” 4 weeks after surgery, we
probed PA to VMHuvI terminal stimulation-evoked local field po-
tential (oLFP) by delivering 5 ms, 473 nm light pulses (0.1 Hz,
120 times) to the VMHvI in naive animals. We then probed
oLFPs daily for 10 consecutive days before each day’s Rl test
(Figure 4P). oLFP amplitude increased gradually in winning
mice over days but did not change in social interaction mice

(D and G) Representative voltage-clamp recording traces in ACSF (D) and 1 uM TTX (G).
(E, F, H, and I) The frequency (E and H) and amplitude (F and I) of SEPSCs (E and F) and mEPSCs (H and I) of VMHVIES" cells in mice with various winning experiences.
(J) Representative images of a biocytin-filled VMHVI®S™ cell (J1) and dendritic segments in mice with various winning experiences (J2-J5).

(
(
experiences.

(Q) Head volume of mushroom spines after various winning experiences.

K) lllustration of different spine types (K1) and the percentage of each spine type in mice with various winning experiences (K2-K5).
L-P) Total spine density (L) and the density of thin (M), filopodia (N), stubby (O), and mushroom (P) spines of VMHVI®S"" cells in mice with various winning

Circles indicate individual cells. Numbers in parentheses indicate cell numbers. (E, F, H, I, N, and O) Kruskal-Wallis test with Dunn’s test. (L, M, P, and Q) One-way

ANOVA with Tukey’s test. See Table S2 for detailed statistics.
See also Figures S3 and S4.
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(Figures 4Q-4T). The monotonic increase in synaptic transmis-
sion from PA to VMHUvI cells over 10 days of winning suggests
that PA inputs likely partner with the long-lasting mushroom
spines.

Transiently appeared intra-VMHvl synapses
Given that PA to VMHvI connection strengthens continuously
over 10 winning days, we wonder whether the transiently ap-
peared spines represent a qualitatively different type of connec-
tion, e.g., local connections. VMHVIES"™ cells are overwhelmingly
glutamatergic® and have been suggested to form extensive intra-
VMHuvI connections.®® However, recent pair recordings revealed
surprisingly sparse connections between VMHuvI cells in naive
animals.*®

To test this hypothesis, we expressed Cre-dependent hM4Di-
mCherry in the VMHVIES™ cells, subjected the animals to 0, 1, 5,
or 10 days of winning, and performed patch-clamp recording of
hM4Di-mCherry expressing VMHVIES cells on the day after the
last win, which was timed to be approximately 3 weeks after virus
injection (Figures 5A and 5B). During the recording, we bath
applied clozapine-N-oxide (CNO) to block the synaptic release
of hM4Di-expressing cells*® (Figure 5C). Before CNO, as ex-
pected, sEPSC frequency in 1- and 5-day winners was higher
than in naive and 10-day winners (Figure 5D-5I). After CNO,
sEPSC frequency of 1- and 5-day winners, but not naive and
10-day winners, significantly decreased (Figures 5D-5H). After
CNO-mediated suppression, we found no difference in sEPSC
frequency across groups (Figure 5K). The sEPSC amplitude
did not differ among groups regardless of CNO treatment
(Figures 5J and 5L). These results suggest that first, the intra-
VMHUvI cell connection is likely minimal in naive animals and
10-day winners as blocking synaptic inputs from neighboring
VMHuvI cells has no effect on sEPSC frequency, and second,
the increased sEPSC frequency in 1- and 5-day winners can
be mainly accounted by the enhanced intra-VMHvI connection
as blocking VMHVI inputs eliminates the increase.

Additionally, we optogenetically probed the intra-VMHuvI
connection in vitro in naive male mice, 1-, 5-, and 10-day winners

¢ CellP’ress

using Sr** containing solution, which is less effective than Ca*
and causes asynchronous and prolonged vesicle release®’
(Figures 5M-50). Specifically, we expressed Chronos in
VMHVIES™" cells and recorded quantal EPSC (QEPSC) of
VMHUVIES™ cells 0.5-1.5 s after optogenetic activation of neigh-
boring presynaptic VMHvIES™ cells (Figures 5P and 5Q).****
TTX (1 uM) and 4-aminopyridine (100 uM, 4AP) were added to
the extracellular solutions to prevent polysynaptic EPSCs.*° In
naive animals, we found the rate of light-evoked qEPSC was
low (1.02 + 0.11 event/light pulse), supporting sparse connection
among VMHUvI cells (Figures 5Q and 5R). In 1- and 5-day but not
10-day winners, gEPSC frequency significantly increased, sug-
gesting transient increases in local VMHvIl connection after
short-term winning (Figures 5Q and 5R). The amplitude of
gEPSC in winner groups tended to be lower than in naive ani-
mals, possibly suggesting a lower glutamate load in the presyn-
aptic ventricles of these newly formed intra-VMHvI synapses
(Figure 58S).

We also expressed ChrimsonR in PAE™ cells in the same
animals to record the VMHvI synaptic responses to quantal PA
inputs (Figure 5T). The qEPSC frequency evoked by PA input
gradually increased with repeated winning while the qEPSC
amplitude stayed similar, further supporting a monotonic in-
crease in PA-VMHvl connection strength (Figures 5U-5W).
These results collectively suggest that the transient increases
in MEPSC and spine density in 1- and 5-day winners likely reflect
increased intra-VMHvI connection.

Changes in intrinsic properties of VMHVIES™ cells after
repeated winning
The intrinsic biophysical properties of VMHVIF™ cells also

changed, but only after repeated winning. We constructed fre-
quency-current (F-I) curves of VMHVIES™ cells in mice with
various winning experiences and found VMHvI®"™ cells have
higher firing rates in 5- and 10-day winners than naive, 1 day of
winning, and 10-day social mice at nearly all current steps
(Figures 6A and 6B). Between 5- and 10-day winners, the F-I
curve was steeper in 10-day winners at low current steps

Figure 4. Monotonic potentiation of PA-VMHvI pathway over repeated winning
A) Schematics of virus injection, recording site, and representative histology images.

B) Experimental timeline.

D and G) Representative traces of oEPSC (D) and olPSC (G) of VMHVIE"™ cells from male mice with various winning experiences or 10 days of social interaction.
E, F, H, and I) Latency (E and H) and amplitude (F and I) of oEPSC (E and F) and olPSC (H and I of VMHVIE*" cells from male mice with various winning experiences

¢
(
(C) Recording schematics.
(
(

or 10 days of social interaction.
(J) Representative oEPSCs after two light pulses spaced by 200 ms.

K) PPR of VMHVIF" cells from male mice with various winning experiences or 10 days of social interaction.

L) Representative light-evoked AMPA and NMDA currents.

M) AMPA/NMDA ratio of VMHVIE" cells from male mice with various winning experiences or 10 days of social interaction.

0) Histological image showing Chronos expression in PA and VMHuvI.
P) Timeline of behavior training and oLFP probing.

Q) Representative oLFP traces in animals underwent repeated winning or social interaction.

(
(
(
(N) The in vivo PA-VMHVI oLFP probing strategy.
(
(
(
(

R) oLFP amplitude across days, normalized by the Bef amplitude.

(S and T) Normalized oLFP amplitude over repeated winning (S) and social interaction (T).

Circles in (E), (F), (H), (1), (K), and (M) represent individual cells. Lines in (S) and (T) represent individual animals. Numbers in parentheses represent recorded cell
numbers in (E), (F), (H), (I), (K), and (M) and animal numbers in (S) and (T). (E and K) One-way ANOVA with Tukey’s test. (F, H, I, and M) Kruskal-Wallis test with
Dunn’s test. (R) RM two-way ANOVA with Sidak’s test. (S) One sample Wilcoxon test with Holm-Sidak correction and RM Friedman test with Dunn’s test. (T) One
sample t test with Holm-Sidak correction and RM one-way ANOVA with Tukey’s test. See Table S2 for detailed statistics.
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(10-30 pA), indicating increased sensitivity to small excitatory
inputs (Figure 6B). In 5- and 10-day winners, the maximum
firing rates and the resting membrane potential (RMP) are signif-
icantly higher than in naive animals (Figures 6A-6C and 6E).
Additionally, VMHVIES™ cells in 10-day winners showed signifi-
cantly decreased rheobase and increased input resistance
(Figures 6D and 6F). The spiking threshold did not differ across
groups (Figure 6G). None of the measured parameters in
10-day social or defeated animals differed from naive animals
(Figures 6A-6G and S3K-S3Q). Thus, the VMHuvI cells show
increased excitability, specifically after long-term winning.

The VMHvI synaptic and intrinsic plasticity are causally
linked

VMHUvI cells showed three types of plasticity over 10 days of win-
ning: continued potentiation of glutamatergic long-range inputs,
transient increase of local connections, and delayed increase of
cell excitability. We wondered whether these events are linked
and what might be their trigger. Among the three types of plas-
ticity, the PA-VMHUvI potentiation occurs most rapidly. Immedi-
ately after the 10-min Rl tests, we can detect increased PA ter-
minal activation-evoked LFP at the VMHvI (Figures S5A-S5E).
This increase is likely due to Hebbian plasticity, as PA and
VMHuvI cells show simultaneous activation during inter-male
aggression.'>® Thus, we decided to test whether the PA-
VMHuvI potentiation alone can trigger the three plasticity events
over repeated winning.

We expressed Chronos in PAFS™ cells and ChrimsonR in
VMHVIES™ cells and implanted an optrode in the VMHvI (Fig-
ure S5F). We then delivered 530 nm light (25 s on, 5 s off,
20 Hz, 3 times) to coactivate PA-VMHvl terminals and
VMHUVI cells and confirmed that this activation regime (referred
to as the long-term potentiation [LTP] protocol) can rapidly
increase the oLFP at the VMHvI, as described previously'®
(Figures S5G-S5J). Furthermore, repeated PA to VMHvI LTP in-
duction once a day for 10 days caused an accumulated
increase of oLFP, similar to PA-VMHvI connection change over
10 days of winning (Figures 4Q-4S and S50-S5Q). The pre-
and post-coactivation-induced acute synaptic potentiation was
also observed in vitro at the single-cell level using patch-clamp
recording (Figures S5R-S5V).

¢ CellP’ress

We then bilaterally expressed Chronos in PAES™ cells and
ChrimsonR in VMHVIES™ cells and coactivated PA-VMHvI termi-
nal and VMHUVI cells on one side of the brain daily using the LTP
protocol for 1, 5, and 10 days. The other hemisphere was un-
stimulated to be an internal control (Figure 7A). After 1 day of
co-stimulation, the SEPSC frequency of the VMHVIFS™ cells
was significantly higher on the stimulated side than the control
side (Figures 7D1-7E1), while the cell excitability of the two
sides was similar (Figures 7G1-7H1). After 5 days of co-stimu-
lation, both sEPSC frequency and cell excitability became
significantly higher on the stimulated side than on the control
side (Figures 7D2-7E2 and 7G2-7H2). Remarkably, after
10 days of co-simulation, the sEPSC frequency of the stimu-
lated side became similarly low as the control side, while the
cell excitability was significantly higher on the stimulated side
(Figures 7D3-7E3 and 7G3-7H3). No difference in seEPSC
amplitude was observed between the stimulation and control
sides regardless of the days of stimulation, consistent with a
lack of sEPSC amplitude change after winning (Figure 7F).
Similar to the intrinsic property changes after a long, but not
short, period of winning, we observed lower rheobase and
elevated RMP of VMHVI®™" cells on the stimulated side
compared with the control side after 5 and 10 days, not
1 day of co-stimulation (Figures S6A-S6C, S6E, S6F, S6H,
and S6l). Furthermore, input resistance only increased
after 10 days of co-stimulation, matching the time course of
input resistance change over repeated winning precisely
(Figures S6D, S6G, and S6J). In mice injected with the GFP
or mCherry viruses into the PA and VMHUvI, the cell excitability
in the stimulated and control sides is similar after 10-day light
delivery, suggesting that the light alone does not cause the
plasticity (Figures S6K-S60).

The morphological change after 10 days of VMHvl and PA-
VMHuvI coactivation also resembles that after 10 days of winning.
While the total spine density of VMHVI®S™ cells on the stimulated
side did not differ significantly from the control side, the spine
composition differed drastically (Figures S41-S4K). The propor-
tion of mushroom spines was 40% on the stimulated side,
much higher than the 11% on the control side, due to increased
mushroom spine density on the stimulated side (Figures S4J
and S40). Additionally, the mushroom spine head size was

Figure 5. Transient strengthening of intra-VMHvI connectivity over repeated winning

A) Virus injection, recording location, and a representative histology image.
B) Experimental timeline.
C) Slice recording strategy to inhibit and probe intra-VMHvI connection.

D) Representative voltage-clamp recording traces before and after 10 uM CNO perfusion.

M) Virus injection and recording location.
N) Histological images showing virus expression in PA and VMHvL.
0) Experimental timeline.

(
(
(
(
(E-H) The frequency and amplitude of SEPSCs before and after CNO in naive mice (E) and 1- (F), 5- (G), and 10-day (H) winners.
(I-L) The frequency (I and K) and amplitude (J and L) of SEPSCs before (I and J) and after (K and L) CNO perfusion.

(

(

(

(

P and T) Slice recording strategies to optogenetically probe intra-VMHuvI (P) and PA-VMHvI (T) connections.
(Q and U) Representative voltage-clamp recording traces after 1 ms 470 nm light activation of VMHvI®" cells (Q) or after 1 ms 605 nm light activation of PA

terminals (U).

(R, S, V, and W) The frequency (R and V) and amplitude (S and W) of gEPSCs in response to VMHVI®S™' activation (R and S) or PA terminal activation (V and W) in

mice with various winning experiences.

Circles and lines represent individual recorded cells. Numbers in parentheses indicate the cell number. (E-H) Paired Wilcoxon test. (I-L, R, S, V, and W) Kruskal-

Wallis test with Dunn’s test. See Table S2 for detailed statistics.
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significantly larger on the stimulated side than on the control side
(Figure S4P). By contrast, the density of thin spines, filopodia,
and stubby spines did not differ between the two sides
(Figures S4L-S4N).

To understand the necessity of PA-VMHvI potentiation in the
synaptic and cellular changes induced by winning, we applied
10 min 1 Hz co-stimulation (refer as long-term depression
[LTD] protocol) immediately after the RI test to block winning-
induced PA-VMHvl synaptic potentiation'® (Figures 7A and
7C). This LTD protocol effectively weakened PA-VMHvI synaptic
connection in vivo and in vitro (Figures S5K-S5N and S5W-S52).
Of note, the LTD protocol likely depresses all PA-VMHvI synap-
ses indiscriminately.*” Thus, it does not revert winning-induced
synaptic potentiation to the naive state but is nevertheless an
effective means to block PA-VMHvI potentiation. We found
that sEPSC frequency was significantly higher on the control
side than on the LTD side after 1-day post-winning unilateral
LTD stimulation (Figures 71-7K). The density of all spine types
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Circles represent individual cells. Numbers in pa-
rentheses indicate recorded cell numbers. (B)
Two-way ANOVA with Tukey’s test and RM two-
way ANOVA with Tukey’s test. (C, D, and G)
Kruskal-Wallis test with Dunn’s test. (E and F) One-

0.0032 way ANOVA with Tukey’s test. See Table S2 for
0.0020 detailed statistics.
— See also Figure S3.
0.0003

(23)(24)(19)(27)(25)

increased drastically on the control side,
as expected from the 1-day winner, while
it remained low on the LTD side
(Figures S4Q-S4W). The mushroom spine
head volume of the two sides was simi-
larly low (Figure S4X).

In a separate group of mice, we per-
formed post-winning unilateral LTD in-
duction for 10 winning days (Figure 7C).
While cells in the control side showed
high excitability, as expected from
10-day winners, the LTD side showed
low excitability, comparable to that of
naive animals (Figures 6B, 7L, and 7M).
Control animals injected with GFP and
mCherry viruses showed increased cell
excitability in both light-delivered and
control sides (Figures S6K and S6P-
S6S). Thus, PA-VMHvI synaptic potentia-
tion is a prerequisite for the winning-induced sEPSC increase,
spine growth, and excitability changes.

(23)(24)(19)(27)(25)

RN

VMHvI synaptic plasticity is essential for aggression
increase after winning

We next optogenetically applied the PA-VMHvI LTP protocol
bilaterally in the naive male mice for 10 days and asked whether
the induced VMHMVI plasticity was sufficient to mimic the winner
effect behaviorally (Figures 70-7Q). One day before the first
stimulation day, we briefly probed each animal’s initial aggres-
sion level using a BC intruder. Then, after the 10-day LTP induc-
tion, we examined the behaviors toward BC, DBA, and SW in-
truders on separate days (Figure 7Q). The attack latency
toward BC significantly decreased while the attack duration
increased after 10 days of LTP induction in the opsin- but not
GFP-expressing animals (Figures 7R and 7S). The BC-directed
attack duration after 10-day LTP was comparable to that of
10-day winners (Figure 7S). Additionally, the 10-day LTP mice
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LTP recapitulates winning-induced plasticity LTD blocks winning-induced plasticity
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attacked an unfamiliar DBA mouse as swiftly as the 10-day win-
ners (Figure 7T). Most strikingly, 7/8 LTP-induced mice initiated
the first attack toward the SW intruders, and all 8 won the fight
while only 2/6 control mice did so (Figures 7U and 7V). The
SW-directed aggression in 10-day LTP mice is comparable to
that of 10-day winners (Figures 7U-7W).

Given increased MUP and T levels after 10 days of winning
(Figures S2R and S2S) and their suggested causal role in the
winner effect,”* we wondered whether the 10-day LTP stimula-
tion also induces endocrine changes, which then cause the
aggression increase. We collected tail blood and urine samples
before and after 10 days of LTP and found no change in T and
MUP levels after 10 days of LTP in both opsin and GFP groups
(Figures S7A-S7C). Furthermore, the animals spent similar
time and traveled approximately the same distance in the light
box before and after the 10-day LTP (Figures S7A, S7D, and
S7E). Thus, the cascade of plasticity at the VMHvI can support
winning-induced aggression increase independent of T and
MUP changes. The neural circuits beyond the VMHVI likely sup-
port changes in aggression-unrelated behaviors after repeated
winning.

Lastly, to directly test the functional necessity of VMHvI synap-
tic plasticity in the winner effect, we injected D-APV, an NMDA
receptor blocker, locally into the VMHvI after winning the Rl
test. In one cohort of animals, we injected D-APV to one side
and vehicle to the other and performed patch-clamp recording
of VMHUVI cells from both sides the next day (Figure S8A). sEPSC
frequency of VMHUuI cells from the vehicle side was significantly
higher than the D-APV side, suggesting D-APV blocked winning-
induced synaptic plasticity (Figures S8B-S8D). Then, in a sepa-
rate cohort of animals, we injected D-APV or vehicle bilaterally
into the VMHVI after winning (Figure S8E). While the vehicle-in-
jected animals decreased attack latency the next day, D-APV-
injected animals did not (Figures S8F-S8H). Interestingly, the
attack latency of D-APV animals decreased significantly on the
third day after they were tested on the second day without
D-APV injection (Figure S8H). Thus, NMDA receptor activation

Cell

is essential for the winning-induced VMHuvI cell synaptic plas-
ticity and the winner effect.

DISCUSSION

Here, we characterized changes in aggressive behaviors over
repeated winning and investigated the neuroplasticity underlying
these changes. We found that as male mice gain winning expe-
riences, they shift from low and specific aggression to high and
generalized aggression, and the winning probability against a
stronger opponent increase. These behavioral changes are sup-
ported by three casually linked plasticity events in the VMHuvI,
each with a distinct time course (Figure 7N).

The winner effect

From an ethological viewpoint, every fight allows an animal to
assess its resource-holding potential (RHP) within its species.*®
Winning one fight signals the relatively high RHP of that individual
within the pair. Repeated winning indicates an absolute high
RHP among all individuals of the species, hence encouraging
the winner to engage in future agonistic encounters more readily.
Indeed, we found that after one time winning, the winning animal
increases its attack specifically toward the same type of intruder
that it previously defeated. As the animals win repeatedly, they
show high aggression toward various intruders, even those
with apparent physical superiority. In our study, however, we
did not find 10-day winners attack females, which is considered
pathological as it reduces reproductive success. Thus, the be-
haviors of the 10-day winners are likely still within the normal
range of male mouse aggression.

We noticed that some animals decreased attack duration
when encountering BC intruders for the 10" vs. the 5 time.
Overall, 10-day winners attacked an unfamiliar DBA intruder
faster than a familiar BC intruder. This phenomenon has been re-
ported previously: as the animal encounters the same type of
intruder repeatedly, the overt attack is replaced by other domi-
nant behaviors, e.g., lateral threat or aggressive grooming.'®

Figure 7. The plasticity events are causally linked and can induce the winner effect
(A) Schematic of virus injection, light delivery, and representative histology images.
(B and C) Experimental timeline of slice recordings after LTP induction (B) or post-winning LTD induction (C).

(D) Representative voltage-clamp recording traces of VMHyIEs"!

cells in sham and LTP sides.

(E-G) The SEPSC frequency (E), amplitude (F), and F-I curves (G) of VMHvI®S" cells in sham and LTP induction sides.
(H) The maximal action potential number across current steps of VMHVIZS™ cells in sham and LTP induction sides.

() Representative voltage-clamp recording traces of VMHvI®s"

cells in sham and LTD induction sides of a 1-day winner.

(J and K) The sEPSC frequency (J) and amplitude (K) of cells in sham and LTD sides of 1-day winners.
(L and M) F-I curve (L) and maximal action potential number (M) of VMHVIES™ cells in sham and LTD sides in 10-day winners.
(N) Temporal dynamics of three forms of VMHuvI plasticity over repeated winning.

(O) In vivo LTP induction strategy in freely moving mice.

(P) Histology images showing virus expression and optic fiber locations.
(Q) Experimental timeline to test 10-day LTP-induced aggression change.
(R) The latency to attack BC males before and after 10-day LTP induction.

(S and T) The attack duration against BC male intruders (S) and the latency to attack DBA male intruders (T) after 10 days of LTP induction vs. 10 days of winning

(against BC).

(U) The number of C57 and SW mice initiating the first attack after 10 days of LTP induction or 10 days of winning (against BC).

(V and W) The outcome of competition tests (V) and the latency to attack SW males (W) in 10-day LTP mice and 10 days of winning (against BC).

Circles in (E), (F), (H), (J), (K), and (M) represent individual cells. Circles and lines in (R)—(W) represent individual animals. Numbers inside parentheses or bars
represent recorded cell numbers in (E)-(H) and (J)-(M) and subject animal numbers in (R)-(W). (E1, E2, F1, H1, H2, and S) Unpaired t test. (E3, F2, F3, H3, J, K, M,
and T) Mann-Whitney test. (G1, G2, G3, L, and R) RM two-way ANOVA with Sidak’s test. (U and V) Chi-square test. See Table S2 for detailed statistics.

See also Figures S4, S5, S6, S7, and S8.
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Similarly, when a group of unfamiliar male mice is housed
together, the fighting frequency is the highest during the first
day or two and decreases once the social hierarchy is estab-
lished.”® Thus, the decreased attack toward a repeatedly
encountered weaker intruder could be an adaptive behavior to
reduce unnecessary fighting once the winner is clear. Impor-
tantly, the decreased attack does not indicate reduced aggres-
siveness. When a 10-day winner encounters an unfamiliar
intruder, especially one with a higher RHP, its aggression level
is clearly higher than that of 1- or 5-day winners.

The experienced winner is more likely to win against a stron-
ger opponent, likely due to a combination of factors, such as
increased attack efficiency and precision, enhanced aggres-
sive motivation, and resilience against surrender. Our results
in 10-day LTP animals suggest that aggressive motivation
may dominate the winning probability in the short Rl tests.
Previous in vivo recordings reveal that VMHuvI cells are acti-
vated during aggression-seeking and attack initiation but do
not vary with moment-to-moment attack movements.*%°"
Thus, changes in VMHvI should mainly affect readiness to
attack but not its motor performance. PA-VMHuvI could also
be a part of the larger circuit that modulates the resilience
against surrender by determining how long the offensive
attack should persist.>?

Beyond aggression, repeated winning also enhances general
adventurousness. 10-day winners are more willing to explore
risky environments, e.g., the light side of a light-dark box. The
VMHuvI does not mediate these changes, as our 10-day LTP an-
imals are no more adventurous than naive animals. How
repeated winning affects the neural circuit beyond aggression-
generation regions to change non-aggressive behaviors is an
interesting topic for future studies.

The neuroplasticity in the VMHvI over repeated winning
During winning, PA and VMHUvI cells are simultaneously acti-
vated, triggering a series of changes in VMHVI cells. First, within
minutes of winning, the PA-VMHuvI excitatory synapses are
potentiated, as revealed by increased PA-VMHuvI terminal stimu-
lation-evoked LFP at the VMHuvI. Similar PA-VMHvI potentiation
can be induced by simply coactivating PA-VMHvI terminals
and VMHuvI cells for less than 2 min, suggesting the high effi-
ciency of pre- and post-synaptic coactivation to trigger plas-
ticity. Over 10 days of winning, the PA-VMHvI connection is
continuously and monotonically strengthened, likely due to com-
bined changes at presynaptic, e.g., increased releasing proba-
bility, and post-synaptic sites, e.g., increased AMPA receptor
density. In 10-day winners, the number of mushroom spines in-
creases significantly, some of which likely partner with PA axons
as artificial PA-VMHvI pathway potentiation similarly increases
the mushroom spine density, whereas PA-VMHvI depression
prevents the mushroom spine increase after repeated winning.
PA represents the primary extra-hypothalamic inputs to the
VMHUvI. Other long-range inputs, including those from the principal
nucleus bed nucleus of the stria terminalis (BNSTpr), medial amyg-
dala, and ventral lateral septum are mainly GABAergic."* The other
major source of glutamatergic inputs to the VMHVI arises from the
ventral premammillary nucleus (PMv), situated just posterior to the
VMHVL.>*** PMv also promotes aggression and is activated by
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male chemosensory cues.>*~*° Thus, the PMv to VMHvI connec-
tion may also strengthen over repeated winning.

Surprisingly, PA-VMHvl and VMHvI coactivation also trigger
plasticity unrelated to the PA-VMHvI pathway. 1 day after PA-
VMHvI and VMHvI coactivation, we observed a striking increase
in sEPSC frequency and VMHUVI cell spine density, similar to after
1 day of winning. Most of these newly formed spines are thin
spines and filopodia and disappear by the 10" coactivation
day, as is the case after 10 days of winning. These transient
spines are likely formed among VMHUVI cells, as inhibiting neigh-
boring VMHUvI cell synaptic release reduces sEPSC while acti-
vating the cells has the opposite effect in 1- and 5-day winners
but not naive and 10-day winners. We speculate that the
increased intra-VMHvI connection may help amplify the input,
synchronize the output, or maintain the spontaneous activity of
VMHUvI cells once triggered. The mechanisms causing the local
VMHuvI connection to diminish in highly experienced winners
remain unclear, possibly reflecting homeostatic plasticity to pre-
vent runaway excitation of the VMHvI once the cell excitability in-
creases sufficiently.

Repeated winning also causes a delayed increase in VMHvI
cell excitability. PA-VMHvI and VMHvI coactivation for 10 days
mimics the winning-induced excitability increase while blocking
the PA-VMHVI potentiation after daily winning prevents the excit-
ability change, suggesting the causal relationship between syn-
aptic potentiation and intrinsic excitability increase. Previous
studies in the cerebellum, hippocampus, and cortex found that
experience-dependent changes in cell excitability depend on
NMDA receptor activation and Ca?* influx.>”° In our study, syn-
aptic potentiation occurs earlier than excitability increases, sug-
gesting intrinsic property changes require a longer-lasting Ca?*
increase. Intriguingly, the number of NMDA receptors across
spines is similar.®® Thus, the transiently appearing local spines
may be a prerequisite to increased excitability by elevating and
maintaining a high intracellular Ca®* level.

In contrast to popular belief”*®" (but see Demas et al.®” for ex-
amples of T-independent aggression change), T increase ap-
pears not required to enhance aggression or induce VMHvI
plasticity after winning. The 10-day LTP protocol increases
VMHvI cell excitability and inter-male aggression without
altering the T level. This does not mean that T plays no role in
the winner effect. Instead, its role may be permissive. For
example, in the absence of T, e.g., through castration, VMHuvI
cells may decrease excitability drastically, causing the elimina-
tion of aggression altogether. Nevertheless, our data suggest
that Hebbian plasticity instead of T increase causes enhanced
aggression after winning. We speculate that T increase may
be important for aggression-unrelated behavioral changes after
winning, given that circuits underlying these non-social behav-
iors should not be activated during winning, making Hebbian
plasticity unlikely. Consistent with this possibility, the 10-day
LTP that causes no T change also does not alter exploratory be-
haviors in non-social contexts.

Neuroplasticity beyond the VMHuvI that supports the
winner effect

One key question is whether VMHUVI is a unique site of plas-
ticity after winning or one of the many in the aggression circuit.
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Recently, we simultaneously recorded 13 limbic regions in
male mice and revealed synchronized activation across
many sites during attack.“® Thus, Hebbian plasticity likely oc-
curs not only between the PA and VMHuvI but also other excit-
atory pathways. Indeed, PA also projects densely to MeA,
BNSTpr, and PMv, which are all functionally important for
generating aggression. Stagkourakis et al. compared the
PMv cell properties between aggressive (3-day winning) and
non-aggressive male mice and found that PMv cells in aggres-
sive mice show higher excitability and denser intra-PMv cell
connectivity.®® Future studies should address whether the
VMHuvI plasticity rules apply to the PMv and other aggres-
sion-related regions.

Despite being innate, the readiness to express aggression
varies hugely across individuals or within the same individual
over time. Our study uncovered diverse forms of plasticity in
the VMHvI over the course of winning that enhance the read-
iness to attack collectively. As the winning experience accu-
mulates, the form of plasticity becomes increasingly stable,
making the high aggressiveness of experienced winners a
stable trait independent of fighting itself. Such biophysical
coding of individuality is likely a general principle beyond
aggression.®*%

Limitations of the study

Our in vivo oLFP recording does not collect signals exclusively
from VMHVIES™ cells. To overcome this limitation, we supple-
mented our in vivo approach with slice recordings that can spe-
cifically target VMHVIZS™ cells and examine their oEPSC changes
across days. However, we cannot comprehensively cover all
time points from the same mice using slice recording as we
can with in vivo recordings. Another limitation of this study is
that only male mice were used due to low aggression levels
and a lack of winner effect in C57 female mice. It would be valu-
able to develop a behavior paradigm to recapitulate the winner
effect in females in the future and investigate if the same neural
plasticity events occur.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact, Dayu Lin (dayu.lin@
nyulangone.org).

Materials availability
This study did not generate new unique reagents.

Data and code availability

o The relevant fiber photometry, behavior annotation, and in vivo and
in vitro electrophysiological recording datasets have been deposited
at Zenodo (access number: 10.5281/zenodo.13732531) and are pub-
licly available as of the date of publication.

o AllMATLAB codes generated in this manuscript have been deposited at
Zenodo (access number: 10.5281/zenodo.13732531) and are publicly
available as of the date of publication.

o Raw behavioral videos or any additional information needed to reana-
lyze the data reported in this paper is available from the lead contact
upon request.
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AAV2-hSyn-DIO-hM4Di-mCherry Addgene Cat# 44362-AAV2
AAV2-hSyn-Flex-GFP UNC Vector Core Cat# AV4530B and AV4530C
AAV2-hSyn-DIO-mCherry Addgene Cat# 50459-AAV2
AAV9-Syn-ChrimsonR-tdTomato Addgene Cat# 59171-AAV9
Chemicals, peptides, and recombinant proteins
D-APV Tocris Cat# 0106

Tocris Cat# 6329
CNO
TTX Tocris Cat# 1069
4AP Tocris Cat# 0940
SR-95531 hydrobromide Tocris Cat# 1262
Biocytin Tocris Cat# 3349

Streptavidin, Alexa Fluor™ 647 conjugate

NeuroTrace™ 435/455 Blue Fluorescent Nissl
Stain

Thermo Fisher Scientific
Thermo Fisher Scientific

Cat# S21374; RRID: AB_2336066
Cat# N21479

Critical commercial assays

QuantiChrom Protein Creatinine Ratio Assay Kit
Mouse Testosterone ELISA Kit

BioAssay Systems
Crystal Chem

Cat# DPCR-100
Cat# 80552

Experimental models: Organisms/strains

C57BL/6 mice
DBA/2 mice
BALB/c mice

Swiss Webster mice
Esr1-zsGreen mice

Charles River
Charles River
Charles River
Taconic

Yong Yu lab, Saito et al.®

Strain Code 027
Strain Code 026
Strain Code 028
N/A
N/A

Software and algorithms

Neurolucida 360

Neurolucida Explorer

pClamp

Clampfit

Prism

MATLAB

MBF Bioscience

MBF Bioscience

Molecular Devices

Molecular Devices

GraphPad Software

MathWorks
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https://www.mbfbioscience.com/products/
neurolucida-360; RRID: SCR_016788

https://www.mbfbioscience.com/products/
neurolucida-explorer; RRID: SCR_017348

https://www.moleculardevices.com/;
RRID: SCR_011323

https://www.moleculardevices.com/; Version:
v10.7 and v11.2

https://www.graphpad.com/features;
RRID: SCR_005375

https://www.mathworks.com/products/matlab.
html; RRID: SCR_001622

(Continued on next page)
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
Any-maze software Stoelting https://stoeltingco.com/Neuroscience/ANY-maze;
RRID: SCR_014289
StreamPix Norpix https://www.norpix.com/products/streampix/
streampix.php; RRID: SCR_015773
Other
473nm laser Shanghai Dream Lasers Technology http://www.dreamlasers.cn/; Cat# SDL-473-
Co., Ltd. 100MFL
530nm laser Changchun New Industries https://www.cnioptics.com/; Cat# PSU-III-LED
Optoelectronics Technology Co., Ltd.
Light-dark box Stoelting https://stoeltingco.com/Neuroscience/LightDark-

Box~9857?navigate_from_document=1179&
navigated_from_object=3999; Cat# 63101
Open-field box Stoelting https://stoeltingco.com/Neuroscience/Open-
Field~98397navigate_from_document=1182&
navigated_from_object=4002; Cat# 60101

Fiber photometry system TDT http://www.tdt.com/; RRID: SCR_006495

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Mice

All procedures were approved by the NYULMC Institutional Animal Care and Use Committee (IACUC) in compliance with the NIH
guidelines for the care and use of laboratory animals. All mice used in this study were housed under a 12h light-dark cycle (light cycle,
10 p.m to 10 a.m.), with food and water ad libitum. Room temperature was maintained between 20-22 °C, and humidity between
30-70%, with an average of approximately 45%. Esr1°™ knock-in mice with C57BL/6 background were purchased from Jackson
Laboratory (Stocks #017913). The Esr1-zsGreen mouse”® was originally generated and kindly provided by Dr. Yong Xu at Baylor
College of Medicine, and then it was bred in-house with C57 WT mice. Apart from the experimental animals, three strains of mice
were also used as intruders in the Rl tests. The group-housed BALB/c male mice (>8 weeks) were used when we aimed to provide
the resident mice with winning experiences. Group-housed DBA/2 male mice (>8 weeks, Charles River) were used as unfamiliar in-
truders for aggression probing. Single-housed aggressive Swiss Webster male mice (>10 months, Taconic) were used as challengers
to evaluate the maximum fighting ability of the test mice. In the fiber photometry recording, group-housed BALB/c male (>8 weeks)
and female mice (>8 weeks) were used as stimulus animals.

Viruses

AAV2-EF1a-Flex-Chronos-GFP (3.6 x 10'2 vg/ml), AAV2-Syn-Flex-ChrimsonR-tdTomato (6.0 x 102 vg/ml), AAV2-hSyn-Flex-GFP
(3.7 x 10" vg/ml) were purchased from University of North Carolina vector core. AAV2-CAG-Flex-GCaMP6f-WPRE-SV40 (2.21 x
108 vg/ml) was purchased from the University of Pennsylvania vector core facility. AAV5-Syn-Chronos-GFP (> 5x10'2 vg/mL),
AAV2-hSyn-DIO-hM4Di-mCherry (1.5 x 10'® vg/ml), AAV2-hSyn-DIO-mCherry (4 x 10'2 vg/ml), and AAV9-Syn-ChrimsonR-
tdTomato (> 1x10'3 vg/mL) were purchased from Addgene. All viruses were aliquoted and stored at -80 °C until use.

METHOD DETAILS

Stereotaxic surgery
Mice were anesthetized with 1.5% isoflurane and placed in a stereotaxic apparatus (Kopf Instruments). Viruses were injected into the
targeted brain regions using glass capillaries and a nanoinjector (World Precision Instruments, Nanoliter) at 10 nL/min.

For fiber photometry recording of VMHVIES™ cells, 75 nL of AAV2-CAG-Flex-GCaMP6f-WPRE-SV40 was injected into the VMHv
(AP: -1.58 mm, ML: 0.775 mm, DV: 5.65 mm) of Esr1-Cre male mice. A 400-um optical-fiber assembly (Thorlabs, FR400URT, CF440)
was implanted 250 um above the injection site and secured using dental cement (C&B Metabond, S380). During surgery, a head-fix-
ation ring was also secured on the skull. All recordings started 3~5 weeks after the virus injection.

For slice recording experiments with Esr1-zsGreen male mice. 100 nl of AAV9-Syn-ChrimsonR-tdTomato was bilaterally injected
into the PA (AP, -5.6mm; ML, 2.4mm; DV, -5.1mm). All mice were used for slice recording approximately four weeks after surgery,
regardless of the length of Rl tests. For slice recording of Esr1-Cre male mice in LTP and LTD induction experiments, 100 nL of 100 nl
of AAV2-EF1a-Flex-Chronos-GFP was bilaterally injected into the PA (AP, -5.6mm; ML, 2.4mm; DV, -5.1mm), and 100 nL of AAV2-
Syn-Flex-ChrimsonR-tdTomato was bilaterally injected into the VMHvI (AP, -4.85mm; ML, 0.776mm; DV, -5.75mm). The 200 um
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optic fibers (RWD Life Science, R-FOC-L200C-39NA) were bilaterally implanted 250 um above the injection sites after virus injection
and further secured with dental cement (C&B Metabond, S380). For the control group, 100 nL of AAV2-hSyn-Flex-GFP was bilaterally
injected into the PA, and 100 nL of AAV2-hSyn-DIO-mCherry was bilaterally injected into the VMHvI. The light stimulation with LTP/
LTD protocols and slice recording experiments were conducted four weeks after surgery. For slice recordings of gEPSC experi-
ments, 100 nL of AAV2-Syn-Flex-ChrimsonR-tdTomato was bilaterally injected into the PA (AP, -5.6mm; ML, 2.4mm; DV,
-5.1mm), and 100 nL of AAV2-EF1a-Flex-Chronos-GFP was bilaterally injected into the VMHvI (AP, -4.85mm; ML, 0.776mm; DV,
-5.75mm) in Esr1-Cre male mice. For slice recording of sEPSC with hM4Di manipulation experiments, 100 nL of AAV2-hSyn-DIO-
hM4Di-mCherry was injected into the VMHvI (AP, -4.85mm; ML, 0.776mm; DV, -5.75mm) bilaterally in Esr1-Cre male mice. The
brains were used for recording at least three weeks after surgery. For initial checking of the LTP/LTD protocol using slice recording,
100 nL AAV5-Syn-Chronos-GFP was injected into the PA in C57 wild-type male mice.

For oLFP in vivo recording experiments, we injected 100 nL of AAV2-EF1a-Flex-Chronos-GFP into the PA and implanted an op-
trode into the VMHuvI (AP, -4.7 to -4.85mm; ML, 0.776mm; DV, -5.5mm). The recording started approximately four weeks after
surgery.

For testing changes in aggression after 10-day LTP protocol, we bilaterally injected 100 nL of AAV2-EF1a-Flex-Chronos-GFP into
the PA (AP, -5.6mm; ML, 2.4mm; DV, -5.1mm), and 100 nL of AAV2-Syn-Flex-ChrimsonR-tdTomato into the VMHvI (AP, -4.85mm;
ML, 0.776mm; DV, -5.75mm). The 200 um optic fibers (RWD Life Science, R-FOC-L200C-39NA) were bilaterally implanted 250 um
above the injection sites after virus injection and further secured with dental cement (C&B Metabond, S380). For the control group,
100 nL of AAV2-hSyn-Flex-GFP was bilaterally injected into the PA, and 100 nL of AAV2-hSyn-DIO-mCherry was bilaterally injected
into the VMHUvI. The light stimulation with LTP protocols and behavior experiments were performed four weeks after surgery.

For drug infusion experiments, we implanted the bilateral cannula sets (RWD Life Science, center-to-center distance: 1.5mm) into
the VMHuvI (AP, -4.85mm; ML, 0.75mm; DV, -5.0mm). The behavior tests and slice recordings started at least one week after surgery.

Behavior tests and analysis

Resident-intruder tests

The test mice were always single-housed resident mice. In the daily winning training and aggression tests, a group-housed non-
aggressive adult male BALB/c mouse randomly picked from a pool of 30 mice (housed 4-5 mice/cage) was introduced into the
test mouse’s home cage and allowed to interact freely with the resident mouse for 10 min. Resident mice that attacked the intruders
within 10 minutes were identified as “Winners.” Mice that did not attack during the 10-minute interaction were identified as “Social
animals.” Animals that attacked the intruder for 1 day, 5 consecutive days, and 10 consecutive days constitute 1d W, 5d W, and 10d
W groups, respectively. In the 10d S group, mice showed no aggressive behaviors over the 10 days of Rl tests. Animals that showed
unstable aggression across days were excluded. In the Rl probe test, an adult male DBA mouse (group-housed) was introduced into
the home cage of the test mouse and immediately removed after the resident mouse attacked the DBA mouse. In the competition
test, an adult male SW mouse (single-housed) was introduced into the test mouse’s home cage and removed once the outcome was
clear. The loser typically freezes in the corner, shows submissive postures, or escapes from the winner when approached. In
contrast, the winner walks freely around the cage and initiates all attacks. For the loser groups, the test animals were introduced
into the home cage of a single-housed, aggressive adult male SW mouse. Animals defeated by the SW resident for 1 day, 5 consec-
utive days, and 10 consecutive days, constituted 1d L, 5d L, and 10d L groups, respectively.

Locomotion test

We measured the animal’s locomotion in its home cage and a large open field arena. In the home cage, the top-view videos were
acquired using a camera (Balser, acA640-100gm) after removing the cage lid, water bottle, and food. Trajectories and distances trav-
eled were analyzed by ANY maze software (ANY-maze). Locomotion tests in the open field were performed following the previously
described method.®® Each animal was placed into the center of the open field arena (40 cm x 40 cm x 35 cm) (Stoelting, #60101)
illuminated at approximately 90 lux. The distance traveled over the 5 minutes was analyzed using ANY maze software.
Light-dark box test

The light-dark test was performed using a previously reported method with minor modifications.®® The light-dark box consists of a
starting dark box (W x L x H: 40 cm x 20 cm X 35 cm) and a lightbox (W x L x H: 40 cm X 20 cm x 35 cm), separated by a divider
with an opening (Stoelting, #63101). Mice were placed into the start box with the opening blocked by a plastic plate. During the test,
the plate was removed to allow the mouse to move freely between the boxes for 10 minutes. The time spent and the distance traveled
in the light box were recorded and analyzed using the ANY Maze software.

Novelty-suppressed feeding test

Novelty-suppressed feeding tests were performed in the open field using a previously reported method with minor modifications.®”
Mice were food-deprived for 6 hours prior to the test. Food pellets were ground and sweetened with 50% sucrose water and then
placed in a small round cap in the center of the arena. A petri dish (10 cm diameter) was placed under the cap to secure the cap. Each
animal was placed into a corner of the open field arena (40 cm x 40 cm x 35 cm) (Stoelting, #60101) illuminated at approximately 90
lux. The latency to eat was calculated as the period from the test mouse introduction to the first time the animal entered the food zone
and stayed there for over 2s. The food was weighed before and immediately after the test to calculate the amount of consumed food.
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Animal tracking and behavior analysis

Animal behaviors were videotaped using a top-view camera (Edmund, 89533) controlled by StreamPix (Norpix) at 25 fps. For the an-
imal tracking and locomotion analysis in the light-dark box test, home cage, and open field test, the recorded videos were analyzed
offline using ANY-maze software. For RI, aggression probing, and competition tests, “investigate” and “attack” were manually an-
notated frame by frame using custom software written in MATLAB (https://pdollar.github.io/toolbox/). “Investigate” is defined as
nose contact with any body part of the target mouse. “Attack” is defined as a series of actions by which the male mouse lunges,
bites, chases, and pushes the target mouse.

Measure MUP and testosterone

Urine was collected and processed to determine MUP concentration as described previously.®®®° The urine samples were stored at
-20 °C after collection until analysis. We measured total protein and creatinine levels using QuantiChrom Protein Creatinine Ratio
Assay Kit (BioAssay Systems, #DPCR-100) and calculated their ratio.

We followed a previous method to measure testosterone in the mouse tail blood.”® Mice were anesthetized with 1.5% isoflurane
and placed in a stereotaxic apparatus. We then collected the tail blood and centrifugated it (4 °C, 1500 RCF) for 10 minutes to isolate
the serum. The serum was stored at -80 °C until all samples were collected. We then measured the testosterone levels in the serum
using an ELISA Kit (Crystal Chem, #80552) based on the manufacturer’s instructions.

Fiber photometry recording

The fiber photometry setup was as we previously described.”>" Briefly, a 390-Hz sinusoidal blue LED light (30 pW) (LED light:
M470F1; LED driver: LEDD1B; both from Thorlabs) was bandpass filtered (passing band: 472 + 15 nm; FF02-472/30-25, Semrock)
and delivered to the brain to excite GCaMP6f. The emission lights traveled back through the same optical fiber, were bandpass
filtered (passing bands: 535 + 25 nm; FF01-535/505, Semrock), passed through an adjustable zooming lens (SM1NRO1, Thorlabs;
Edmun optics no. 62-561), were detected by a Femtowatt Silicon Photoreceiver (Newport, 2151) and recorded using a real-time pro-
cessor (RZ5, TDT). The envelope of the 390-Hz signals reflected the intensity of GCaMP6f and was extracted in real-time using a
custom TDT OpenEX program. The signal was low-pass filtered with a cut-off frequency of 5 Hz.

Three to four weeks after surgery, the mice were habituated to head fixation for at least 3 days, 30 minutes a day. On the day of
recording, the mice were head-fixed, and an anesthetized male or female Balb/C mouse or a toy mouse was delivered to ~2 mm in
front of the nostrils of the recording mouse using a linear track 6 times, each for 10 s and spaced by 60 s (2 minutes in between male
and female mice or between the female mouse and toy mouse). The responses of the VMHVIFS™ cells to sensory cues were recorded
for 3 days to ensure that the signal was stable. Then, the mice underwent repeated winning or social interaction in a daily 10-minute RI
test. The neural responses to various stimuli to headfixed animals were probed on the day after 1, 5, and 10 days of Rl tests. The
head-fixed photometry recording was carried out 4-6 hours before the Rl test if they were conducted on the same day. All the re-
cordings were done at a similar time of the day throughout the experiment.

To analyze the recording data, the MATLAB function ‘msbackadj’ with a moving window of 25% of the total recording duration was
first applied to obtain the instantaneous baseline signal. The instantaneous AF/F value was calculated as (F aw-Fpaseline)/Fbaseline- The
post-stimulus histograms (PSTHSs) of AF/F aligned to the onset of each stimulus presentation were constructed for each mouse and
then averaged across mice. The average AF/F response was calculated as the mean AF/F signal during the stimulus delivery period,
averaged first across trials and then animals.

oLFP recording

We followed our previously published method for optrode recording in freely moving mice.®”" Briefly, a movable bundle containing 16
tungsten microwires (13 um in diameter each; California Fine Wire) and a 100-um optical fiber (RWD Life Science, R-FOC-BL100C-
22NA) was implanted into the VMHUvI during surgery. We also used a simplified unmovable optrode that was constructed by attaching
a single tungsten electrode (MicroProbes for Life Science, WE30030.5A3) to a 100-um optic fiber. The recorded signal was amplified
using a head-mounted headstage (Tucker Davis Technology, LP16CH), passed through a torqueless, feedback-controlled commu-
tator (Tucker Davis Technology, AC32), and digitized using a commercial amplifier (RZ5, Tucker Davis Technology).

Four weeks after surgery, we connected the implanted electrode with the headstage and delivered 0.5 - 2 mW, 5 ms, 0.1 Hz,
470 nm light pulses (Shanghai Dream Lasers Technology) to probe the oLFP. The animal then underwent a 10-minute Rl test. After-
ward, the oLFP was again probed. The procedure was repeated for 10 days. The light intensity for probing the LFP stayed constant
across days for each animal.

To determine the oLFP change after the LTP and LTD stimulation protocol, we first probed the oLFP responses using 0.5 - 2 mW,
5ms, 0.1 Hz, 470 nm light pulses for 3-5 min. We then applied the LTP protocol (530 nm, ~1.3 mW, 20 Hz, 5 ms, 25 s on and 5 s off for
3times) or LTD protocol (530 nm, ~0.13 mW, 1 Hz, 5 ms, 600 s) (Changchun new industries optoelectronics technology). Immediately
after the LTP or LTD stimulation protocol was completed, we again probed the oLFP for 5-10 min. To understand whether the LTP
protocol-induced oLFP change accumulates over days, we performed LTP stimulation once a day for 10 consecutive days and
probed the oLFP response daily before applying the LTP protocol.

Cell 187, 6785-6803.e1-e6, November 27, 2024 e4



https://pdollar.github.io/toolbox/

¢? CellPress Cell

In vivo optogenetic modification of PA-VMHvI pathway

The implanted optical fibers (RWD Life Science, R-FOC-L200C-39NA) were connected with 200 um multimode patch cords
(Thorlabs, FT200EMT) through matching sleeves (Thorlabs, ADAL1) to deliver light. Four weeks after the surgery, we habituated
the animals to the head fixation and optic fiber connecting procedures several times. For behavioral experiments, the light was deliv-
ered bilaterally daily for 10 days. For slice recording, we unilaterally applied the LTP stimulation protocol (530 nm, ~2 mW, 20 Hz,
5ms, 25 s on, 5 s off, 3 times) for 1, 5, and 10 days. All animals were single-housed and did not encounter any intruder. To assess
the effect of blocking PA-VMHvI potentiation on winning-induced plasticity, we subjected the test animal to an Rl test with a BC
intruder for 10 minutes. Then, for animals that won the RI tests, we applied the LTD stimulation protocol (1Hz, ~0.5 mW, 5ms,
600s) unilaterally immediately after the Rl test for 1 day or 10 consecutive days.

NMDA receptor antagonist injection

To block NMDA receptor in the VMHvI, we implanted a bilateral guide cannula (RWD Life Science, #62057) 0.7 mm above the
pVMHUVI. For the unilateral NMDAR blockade experiment, animals underwent the 10-min Rl test on day 1. Immediately after the Rl
test, we injected 250 nL of D-APV (1ug, Tocris, #0106) into one side of the implanted cannula using a 10 pl syringe (Hamilton,
#58380-U) attached to a plastic tube and an injector (RWD Life Science, #BC-22, #62521, and #62228). 250 nL of the vehicle was
injected into the other side of the VMHvI. Animals were sacrificed the next day, and VMHuvI cells were recorded from both APV-
and Veh-injected sides. For the bilateral NMDAR blockade experiment, we injected 250 nL/side of D-APV or vehicle into the VMHuvI
bilaterally after the first day Rl test and tested the behavior of the animals in the Rl tests for 3 consecutive days.

Patch-clamp slice electrophysiological recording

All the slice recordings were performed on the day after the final behavior test or light stimulation and, if applicable, three to four
weeks after the virus injection. Mice were anesthetized with isoflurane, and the brains were submerged in the oxygenated ice-
cold cutting solution containing (in mM) 110 choline chloride, 25 NaHCO3, 2.5 KCI, 7 MgCl,, 0.5 CaCl,, 1.25 NaH,PO,, 25 glucose,
11.6 ascorbic acid and 3.1 pyruvic acid. The coronal VMHUvI brain sections (275 puM in thickness) were cut using the Leica VT1200s
vibratome and collected into the oxygenated artificial cerebrospinal fluid (ACSF) solution containing (in mM) 125 NaCl, 2.5 KClI,
1.25 NaH,PO,, 25 NaHCO3, 1 MgCl,, 2 CaCl, and 11 glucose at 32-34 °C and incubated for 30 min. Then, the sections were trans-
ferred to room temperature until use. During recording, we moved a VMHuvI section into the recording chamber perfused with oxygen-
ated ACSF and performed the whole-cell recordings. The recorded signals were acquired with MultiClamp 700B amplifier (Molecular
Devices) and digitized at 20 kHz using DigiData1550B (Molecular Devices). The stimulation and recording were conducted using the
Clampex 11.0 software (Axon instruments). The intracellular solution for current-clamp recording contained (in mM) 145 K-gluconate,
2 MgCl,, 2 Na,ATP, 10 HEPES, 0.2 EGTA (286 mOsm, pH 7.2). The intracellular solution for the voltage clamp recording contained (in
mM) 135 CsMeSO3;, 10 HEPES, 1 EGTA, 3.3 QX-314 (chloride salt), 4 Mg-ATP, 0.3 Na-GTP, and 8 sodium phosphocreatine (pH 7.3
adjusted with CsOH). The recorded data were analyzed using Clampfit (Molecular Devices).

Esr1 cells in the VMHvI were labeled with zsGreen and identified with an Olympus 40 x water-immersion objective with a GFP filter.
The cell membrane potential was held at -70 mV to record the sEPSCs, mEPSCs, and oEPSCs, and 0 mV to record sIPSCs, mIPSCs,
and olPSCs. For mEPSCs and mIPSCs recordings, we bath applied 1uM tetrodotoxin citrate (TTX, Tocris). To activate the Chronos-
or ChrimsonR-expressing axons in the VMHvI, 0.1Hz, 1ms, 470nm, or 605nm light pulses (pE-300 white; CoolLED) were delivered to
the recorded sections through the objective. To determine the AMPA and NMDA receptor-mediated currents, we bath applied 2 uM
SR-95531 (a GABAA, receptor antagonist) and held the cells at -70 mV for AMPAR-mediated current recording and +40 mV for
NMDAR-mediated current recording. The AMPAR-mediated current was the maximum value of the EPSC trace. The NMDAR-medi-
ated current was calculated as the average value between 60 and 65 ms after the light onset. In the LTP and LTD induction exper-
iments (Figures S5R-S52), the cells were recorded blindly within the VMHvI (without zsGreen guidance). We probed the oEPSCs us-
ing 0.1Hz, 1ms, 470nm LED light delivered through the objective for 3min (~20 trials), and then delivered a train of light pulses (20Hz,
5ms, 25s, 5s interval, 3 times), and then probed oEPSCs for 10min after stimulation. In the LTD experiments, we delivered 1Hz, 5ms,
470nm light for 600s after 3 min probing of oEPSCs. We also recorded the oEPSCs for 10 min after light stimulation.

We performed current-clamp recordings to determine the intrinsic excitability of VMHvIES™ cells. We recorded the voltage changes
of the cells in response to a series of 500ms current steps from -20 pA to 150 pA in 10 pA increments. In addition, the intrinsic prop-
erties of each cell, such as rheobase, resting potential, input resistance, and AP threshold, were characterized. The rheobase was
defined as the minimum current capable of inducing the first action potential. The resting potential was measured directly after
rupturing the cell membrane with 0 pA holding current. The input resistance was read from the membrane test window of the software
after membrane break-in during recording (Clampex 11.0 software). The AP threshold for the spike of each neuron was calculated as
the voltage at which AV/At reached 5% of the maximum AP rise slope.

For the sEPSC recordings in hM4Di-expressing mice, the cell was held at -70mV, and sEPSCs were recorded before and after
10 min 10 uM CNO perfusion. For the light-evoked gEPSC recordings, Ca®* in ACSF was replaced with 4mM Sr?*, 1 uM TTX and
100 uM 4AP were added to the ACSF before recording. 605 nm and 470 nm light pulses (1ms, 0.1Hz) were delivered to elicit the gluta-
mate release from PAFS™ and VMHVIES™ cells, respectiviey. We detected the evoked gEPSCs 0.5-1.5s after the light onset and calcu-
lated the average number of gEPSCs from 5 sweeps using Clampfit 11 (Molecular Devices).
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Dendritic spine labeling and imaging

To obtain the cell dendritic spine morphology, we added 1% biocytin (Tocris) to the internal solution of whole-cell patch-clamp
recording and recorded the cell for at least 15 min before withdrawing the electrode. After the recording, the sections were fixed using
4% paraformaldehyde overnight. The free-floating brain sections were washed 3 times with phosphate-buffered saline (PBS)
(10 min), followed by 1 hr blocking in 0.3% NDS PBST (0.3% Triton X-100 in PBS with 10% normal donkey serum) at room temper-
ature. The sections were then incubated with Alexa Fluor 647 conjugated streptavidin (Thermo Fisher Scientific, 1:250 dilution) in
0.3% NDS PBST at 4°C for 72 h. The sections were washed with 1x PBS and mounted onto super-frost slides (Thermo Fisher Sci-
entific, 12-550-15). The z-stack images of dendritic spine segments were acquired using a confocal microscope (Zeiss LSM 700 mi-
croscope) with 64 x oil objective with 0.18 um step size. The different types of spines were identified and classified using Neurolucida
360 (MBF Bioscience). Five dendritic segments were analyzed for each cell, and the averaged data were used for further compar-
isons across groups.

Immunohistochemistry

Esr1-zsgreen mice were perfused transcardially with PBS, followed by 4% paraformaldehyde in PBS. The brains were extracted,
post-fixed in 4% PFA for 2 ~3 hours at 4 °C followed by 48 hours in 30% sucrose, and then embedded in OCT compound (Fisher
Healthcare) and frozen on dry ice. 50 um thick coronal brain sections were cut using a cryostat (model #CM30508S, Leica Biosystems)
and collected in PBS. After that, the brain slices were washed with PBS (1 x 10 minutes) and blocked in PBS-T (0.3% Triton X-100in
PBS) with 5% normal donkey serum (NDS, Jackson Immuno Research) for 30 minutes at room temperature. The slices were then
incubated in primary antibody diluted in blocking solution (rabbit anti-Esr1, 1:10000, Millipore, Cat# 06-935) at 4 °C for 16- 20 hours,
washed with PBS-T (3 x 10 minutes), incubated in secondary antibody and Nissl diluted in 5% NDS containing PBS-T (Cy3 donkey
anti-rabbit IgG, 1:500, Jackson Immuno Research, Cat# 711-165-152; 435/455 Blue Fluorescent Nissl Stain, 1:200, Thermo Fisher
Scientific, Cat# N21479) for 4 hours, and then washed with PBS-T (2 x 10 minutes). After drying, Slides were covered using a
mounting medium (Fluoromount, Diagnostic BioSystems, #K024). Sections were imaged using a slide scanner (Olympus, VS120)
and a confocal microscope (Zeiss, LSM 800).

QUANTIFICATION AND STATISTICAL ANALYSIS

No statistical methods were used to pre-determine sample sizes, but our sample sizes are similar to those reported in previous pub-
lications.'>'>7%7% All experiments were conducted using 2-3 cohorts of animals. The results were reproducible across cohorts and
combined for final analysis. Statistical analyses were performed using Prism10 (GraphPad Software). All statistical analyses were
two-tailed. Parametric tests, including one sample t-test, paired t-test, unpaired t-test, and One-way ANOVA, were used if distribu-
tions passed Kolmogorov-Smirnov (for sample size > 5) or Shapiro-Wilk tests (for sample size < 5) for normality or else nonpara-
metric tests were used, including one sample Wilcoxon test, Wilcoxon matched-pairs signed rank test, Mann-Whitney test, and
Kruskal-Wallis test. For comparisons across multiple groups and variables, Two-way ANOVA was used without formally testing
the normality of data distribution. Following two-way ANOVA, differences between groups were assessed using Sidak’s multiple
comparison test or Tukey’s multiple comparisons test based on the Prism recommendation. Two-sample Kolmogorov-Smirnov
test was used to compare the distribution of two groups. When more than two one-sample t-tests were performed, the p values
were adjusted using Holm-Sidak correction or FDR correction. All p values < 0.05 are indicated. If not specified, p>0.05. Error
bars represent + SEM. For detailed statistical results, including exact p values, F values, t values, degree of freedom, and cohort
number, see Table S2.
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Stability of aggression in rookie and experienced winners
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Figure S1. Stability of aggression in rookie and experienced winners, related to Figure 1

(A) Behavior paradigm to test aggression levels 1 and 8 days after 1 day of winning.

(B) Raster plots of attack and investigation during the Rl tests 1 and 8 days after 1 day of winning.

(C-E) Latency to attack (C), attack duration (C), and investigation duration (E) during the first Rl tests and second Rl tests 1 and 8 days later.

(F) Behavior paradigm to test aggression levels 1 and 8 days after 10 days of winning.

(G) Raster plots of attack and investigation during the Rl tests 1 and 8 days after 10 days of winning.

(H-J) Latency to attack (H), attack duration (I), and investigation duration (J) during the 10™ Rl tests and the 11" Rl tests 1 and 8 days later.

Bars and error bars represent mean + SEM. Lines represent individual animals. Numbers in parentheses indicate the number of subject animals. (C [win day 1 vs.
win day 2], D [win day 1 vs. win day 2], and H and | [win day 10 vs. win day 11]) Wilcoxon matched-pairs signed rank test. (C [win day 1 vs. 1 week later], D [win day
1vs. 1 week later], E and | [win day 10 vs. 1 week later], and J) Paired t test. All statistical tests are two-tailed. Allp < 0.05 are specified. If not indicated, p > 0.05.

See Table S2 for detailed statistics.
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Decreased anxiety in the light-dark chamber test after repeated winning
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Figure S2. Changes in non-social behaviors, MUP, and T after repeated winning, related to Figure 1

(A) Schematic representation of the novelty-suppressed feeding test box.

(B and C) Latency to eat (B) and food weight change (C) in naive mice, 10-day social mice, and mice with 10 days of winning experiences.

(D) Schematic representation of the light-dark box.

(E-G) Time spent in the light box in mice with various days of winning experiences (E), social interactions (F), and single-housing (G).

(H-J) The total travel distance in the light box with various days of winning experiences (H), social interactions (1), and single-housing (J).

(K) Measuring the locomotion in the home cage (—5-0 min before the Rl test).

(L) Representative tracking of the test animal’s body center in the home cage after various days of winning.

(M) Travel distance in the home cage of mice with various days of winning experiences.

(N) Measuring the locomotion in an open field arena.

(O) Representative tracking of the test animal’s body center in the open field arena after various days of winning.

(P) Travel distance in the open field of mice with various days of winning experiences.

(Q) Schematic representation of urine and blood collection in mice before and after 1, 5, and 10 days of winning and 10 days of social experiences against BC male
intruders.

(R and S) Quantification of testosterone (R) and MUP (S) levels in mice before and after 1, 5, and 10 days of winning and 10 days of social experiences against BC
male intruders.

(T-X) Body weight (T), time spent in the light box (U), travel distance in the light box (V), travel distance in the open field test (W), and travel distance in the home
cage (X) in naive mice that attacked (future aggressors) and did not attack (future non-aggressors) during the Rl test with BC male intruders on the next day.
(Y and Z) Testosterone level (Y) and MUP level (Z) of naive mice that attacked (future aggressors) and did not attack (future non-aggressors) during the Rl test with
BC male intruders on the next day after the sample collection.

(AA) Experimental timeline.

(BB-DD) Correlation between MUP and latency to attack (BB), attack duration (CC), and investigation duration (DD) on the first day of attack in test mice.
Black lines inside of the violin plots mark the median. Bars and error bars represent mean + SEM. Circles and lines represent individual animals. Numbers in
parentheses indicate the number of subject animals. (B and C) One-way ANOVA with Tukey’s multiple comparisons test. (E-J, and P) One-way ANOVA with
repeated measures followed by Tukey’s multiple comparisons test. (M) Friedman test with repeated measures followed by Dunn’s multiple comparisons test. (R
and S) Kruskal-Wallis test followed by multiple comparison tests with false discovery rate (FDR) correction. (T-W) Two-tailed unpaired t test. (X-Z) Two-tailed
Mann-Whitney test. (BB and CC) Pearson correlation coefficients test. (DD) Nonparametric Spearman correlation test. All r and p values are specified. Allp < 0.05
are specified. If not indicated, p > 0.05.

See Table S2 for detailed statistics.
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Spontaneous EPSC after losing
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IEs"1 cells after winning or losing experiences, related to Figures 3

Figure S3. Additional characterization of physiological changes of VMHv!
and 6

(A) Experimental timeline and illustration of the Rl tests during which C57 test mice were repeatedly defeated by SW male residents.
(B) Representative voltage-clamp recording traces of VMHVIES™ cells in mice after various losing experiences.
(C and D) Quantification of the frequency (C) and amplitude (D) of SEPSCs of VMHVIE" cells in mice with 0, 1, 5, and 10 days of losing experiences.
(E) Representative voltage-clamp recording traces of VMHVIES™ cells in animals with various days of winning experiences. The holding potential is 0 mV.
(F and G) The sIPSC frequency (F) and amplitude (G) of VMHVIZS™" cells in animals with various days of winning experiences.

(H) Representative voltage-clamp recording traces of VMHVIE™ cells in the presence of 1 uM TTX. The holding potential is 0 mV.

(I'and J) The mIPSCs frequency (I) and amplitude (J) of VMHVIES™" cells in animals with various days of winning experiences.

(K) Representative current-clamp recording traces of VMHvI®S™ cells with 50 and 100 pA current injections.

(L) F-1 curve of VMHVIES™ cells in naive mice and mice with different days of losing experiences.

(M) Maximal numbers of action potentials across current steps of various groups.

(N-Q) Rheobase (N), resting membrane potential (O), input resistance (P), and AP threshold (Q) of VMHVIES" cells in naive mice and mice with 1, 5, and 10 days of
losing experiences.

Black lines inside of the violin plots mark the median. Circles represent individual cells. Numbers in parentheses indicate the number of recorded cells. (C, D, F, G,
I,J, M, N, P, and Q) Kruskal-Wallis test with Dunn’s multiple comparisons test. (L) Two-way ANOVA with Tukey’s multiple comparisons test. (O) One-way ANOVA
followed by Tukey’s multiple comparisons test. All p < 0.05 are specified. If not indicated, p > 0.05.

See Table S2 for detailed statistics.
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10-day social group mice do not show changes in spine density
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Figure S4. Spine morphology of VMHUVIES cells after repeated social interaction, LTP, and LTD protocols, related to Figures 3 and 7
A) Representative images of VMHVI®S™ cell dendrites in naive (left) and 10-day social (right) animals.

B) Schematic illustration of different types of spines (top) and their proportions in naive and 10-day social groups (bottom).

C) Total spine density in naive and 10-day social groups.

D-G) The density of thin spines (D), filopodia (E), stubby spines (F), and mushroom spines (G) in naive and 10-day social groups.

H) The head volume of mushroom spines in naive and 10-day social groups.

l) Representative images of VMHvIE*" cell dendrites on the sham and 10-day LTP stimulation sides.

(J) The proportion of different types of spines on sham and 10-day LTP sides.

(K) Total spine density of cells on the sham and 10-day LTP side.

(L—O) The density of thin spines (L), filopodia (M), stubby spines (N), and mushroom spines (O) of cells on the sham and 10-day LTP side.

(P) The head volume of mushroom spines of VMHVI" cells on the sham and 10-day LTP side.
(
(

(
(
(
(
(
(

Q) Representative images of VMHVI®"' cell dendrites on the sham and LTD stimulation sides of a 1-day winning mouse.

R) The proportion of different types of spines on sham and LTD sides.

(S) Total spine density of cells on the sham and LTD sides of 1-day winning mice.

(T-W) The density of thin spines (T), filopodia (U), stubby spines (V), and mushroom spines (W) of cells on the sham and LTD sides of 1-day winning mice.

(X) The head volume of mushroom spines of cells on the sham and LTD sides.

Black lines inside of the violin plots mark the median. Circles represent individual cells. Numbers in parentheses indicate the number of cells. (C, D, G, K-M, O, S,
T, W, and X) Unpaired t test. (E, F, H, N, P, U, and V) Mann-Whitney test. All statistical tests are two-tailed. All p < 0.05 are specified. If not indicated, p > 0.05.
See Table S2 for detailed statistics.
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Rapid potentiation of PA-VMHvI pathway after winning
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Figure S5. LTP and LTD stimulation effectively alter PA-VMHvI connection strength, related to Figure 7

(A) Experimental design for in vivo probing of VMHvI LFP evoked by PA terminal stimulation.

(B) Experimental timeline.

(C) Representative normalized oLFP before and after winning a BC male intruder in the 10-min RI test.

(D) Averaged oLFP traces of a representative animal before and after winning.

(E) Normalized amplitude of oLFPs before and after winning.

(F) Experimental strategies for in vivo manipulation of PA-VMHvI connection strength.

(G) In vivo light delivery protocol for LTP induction and oLFP probing.

(H) Normalized oLFP amplitude before and after LTP induction of a representative animal.

(I) Averaged traces of oLFP before and after LTP induction of a representative animal.

(J) oLFP amplitude before and after LTP induction of all animals.

(K) In vivo light delivery protocol for LTD induction and oLFP probing.

(L) Normalized oLFP amplitude before and after LTD induction of a representative animal.

(M) Averaged traces of oLFP before and after LTD induction of a representative animal.

(N) oLFP amplitude before and after LTD induction of all animals.

(O) Experimental timeline for 10-day in vivo LTP induction.

(P) Example trace of oLFP after 1, 5, and 10 days of LTP induction.

(Q) Normalized oLFP amplitude over 10 days of LTP induction. The probing occurred before the daily LTP induction.

(R) Experimental design for in vitro measuring of VMHvI cell EPSC evoked by PA terminal stimulation.

(S) In vitro light delivery and voltage step protocol for LTP induction and oEPSC recording.

(T) Normalized oEPSC amplitude before and after LTP induction of a representative cell.

(U) Representative oEPSCs (the gray and red dots in T) before and after LTP induction.

(V) oEPSC amplitude before and after LTP induction. The amplitude was calculated as an average of the last 5 EPSC traces before induction and the first 5 EPSC
traces after induction.

(W) In vitro light delivery and voltage step protocol for LTD induction and oEPSC recording.

(X) Normalized oEPSC amplitude before and after LTD induction of a representative cell.

(Y) Representative oEPSCs (the gray and blue dots in X) before and after LTD induction.

(2) oEPSC amplitude before and after LTD induction. The amplitude was calculated as an average of the last 5 EPSC traces before induction and the first 5 EPSC
traces after induction.

Bars and error bars represent mean + SEM. Lines in (E), (J), and (N) represent individual animals. Lines in (V) and (2) represent individual cells. Numbers in
parentheses in (E), (J), and (N) indicate the number of subject animals. Numbers in parentheses in (V) and (2) indicate the number of recorded cells. (J, N, V, Z)
Paired t test. (E) One sample Wilcoxon test. All statistical tests are two-tailed. All p < 0.05 are specified. If not indicated, p > 0.05.

See Table S2 for detailed statistics.
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Figure S6. Intrinsic properties of VMHVIES" cells after LTP induction and control group results, related to Figure 7

(A) Experimental timeline.

(B-D) The rheobase (B), resting potential (C), and input resistance (D) of VMHVIZS™" cells on the sham and 1-day LTP induction sides.

(E-G) The rheobase (E), resting potential (F), and input resistance (G) of VMHvI®s"

cells on the sham and 5-day LTP induction sides.

(H-J) The rheobase (H), resting potential (I), and input resistance (J) of VMHvIE" cells on the sham and 10-day LTP induction sides.
(K) Virus injection, fiber implantation, and slice recording strategies.

(L) Experimental timeline.

(M) Representative current-clamp recording traces of VMHvIES"

(N) The F-I curve of cells recorded from the sham and 10-day LTP induction sides.
(O) Maximal number of action potentials across current steps of cells recorded from the sham and LTP induction sides.

(P) Experimental timeline.

(Q) Representative current-clamp recording traces of VMHvI®S™!

(R) The F-I curve of cells recorded from the sham side and 10-day LTD stimulation side.
(S) Maximal number of action potentials across current steps of cells recorded from the sham and LTD induction sides.
Black lines inside of the violin plots mark the median. Circles represent individual cells. Numbers in parentheses indicate the number of recorded cells. (C, E, F, |,
O, and S) Unpaired t test. (B, D, G, H, and J) Mann-Whitney test. (N and R) Two-way ANOVA with repeated measures followed by Sidak’s multiple comparisons
test. All statistical tests are two-tailed. All p < 0.05 are specified. If not indicated, p > 0.05.
See Table S2 for detailed statistics.

ShamLTD

cells on the sham and LTP light delivery sides with 100 pA current injection.

cells on the sham and LTD induction sides with 100 pA current injection.
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Figure S7. T and MUP levels and performance in the light-dark box do not change after 10 days of LTP induction, related to Figure 7
(A) Timeline for urine/blood collection and the light-dark test in mice subjected to 10-day LTP induction.

(B) The testosterone level before and after 10-day LTP stimulation in GFP- and Chronos-expressing mice.

(C) The normalized MUP level (urine protein to creatinine ratio) before and after 10-day LTP stimulation in GFP- and Chronos-expressing mice.

(D and E) The time spent (D) and distance traveled (E) in the light box before and after 10-day LTP stimulation.

Bars and error bars represent mean + SEM. Circles and lines represent individual animals. Numbers in parentheses indicate the number of subject animals. (B-E)

Two-way ANOVA with repeated measures followed by Sidak’s multiple comparisons test. All p < 0.05 are specified. If not indicated, p > 0.05.
See Table S2 for detailed statistics.
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Figure S8. Antagonizing VMHvI NMDA receptor after winning blocks the VMHuI cell plasticity and the winner effect, related to Figure 7
(A) Schematic diagram of the cannula implantation and experimental timeline.
(B) Representative voltage-clamp recording traces on the vehicle- and APV-injected sides.
(C and D) Quantification of the frequency (C) and amplitude (D) of SEPSCs of VMHVIF" cells on the vehicle- and D-APV-injected sides.
(E) Schematic diagram of the cannula implantation, a representative histology image, and experimental timeline.
(F) Raster plots showing attack and investigation during the Rl test from day 1 to day 3 of representative animals in vehicle and D-APV groups.
(G and H) Latency to attack during the Rl test from day 1 to day 3 of vehicle group (G) and D-APV group (H).
Black lines inside of the violin plots mark the median. Bar and error bar: mean + SEM. Circles in (C) and (D) represent individual cells. Lines in (G) and (H) represent
individual animals. Numbers in parentheses indicate the number of recorded cells or animals. (C and D) Two-tailed Mann-Whitney test. (G) Friedman test with
repeated measures followed by Dunn’s multiple comparisons test. (H) One-way ANOVA with repeated measures followed by Tukey’s multiple comparisons test.

All p < 0.05 are specified. If not indicated, p > 0.05.
See Table S2 for detailed statistics.
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