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Hypothalamic representation of
aggressiveness across mouse strains

Xiuzhi Dai1, Yifan Wang1, Takashi Yamaguchi 1, Michael Genecin 1,2,
Eyal Rozenfeld1, Prakhar Dua1, Bing Dai 1, Jing Cai 1 & Dayu Lin 1,2,3,4

Aggression is an innate behavior conserved across species, serving as a critical
means to compete for food, mating opportunities, and other essential
resources. A central question in aggression research is the extent to which
inter-individual variability in aggression is shaped by genetic factors. Here, we
examine aggressive behaviors in naïve male mice across seven genetically
defined strains and find large cross-strain differences. We find a tight corre-
lation between aggressiveness and anxiety levels across strains, but not within
the same strain, suggesting strong genetic control of both traits. Pharmaco-
logically elevating anxiety in high-aggression strains reduces aggression,
revealing a causal relationship between these behaviors. We further demon-
strate that differences in the synaptic and cellular properties of neurons in the
ventrolateral ventromedial hypothalamus (VMHvl) largely account for cross-
strain variability in male aggression, and that chemogenetically increasing
VMHvl excitability enhances attack behavior in a low-aggression strain.
Together, these findings reveal the neuronal implementation of the genetic
control of innate aggression level.

Aggression is an innate social behavior observed across awide rangeof
vertebrate and invertebrate species. It is an essential means of com-
peting for resources, defending territory, and protecting oneself and
one’s family. Given its critical role in survival, aggression is supported
by developmentally hardwired circuits, ensuring its expression with-
out learning1. Despite being innate, aggression differs drastically
across individuals. In humans, some individuals actively seek the
opportunity to fight, while others avoid any aggressive encounters2,3.
Similar variability is observed in non-human primates4, mice5–7, rats8,9,
and many other species10–14. Why does aggression have such a large
cross-individual variability? Considerable evidence supports the
important roles of experiential factors, such as winning, losing, and
childhood adversity, in influencing aggression. For example, repeated
winning increases the readiness to attack15, whereas defeat has the
opposite effect16,17. Early life adversity often leads to increased
aggression during adulthood18–20.

In addition to experiential factors, aggression level is also influ-
enced by genetics. For example, mutation of monoamine oxidase A
(MAOA), the enzyme needed to degrade monoamines, leads to hyper-
aggression in males in both humans21 and mice22. Similarly, knocking
out DAT, a dopamine transporter, leads to increased dopamine and
exaggerated aggression23. Beyond specific gene mutations, twin stu-
dies estimate that ~50% of the variance in aggression can be explained
by genetics24. In mice, it has long been recognized that wildtype ani-
mals with different genetic backgrounds, i.e., strain, show different
aggression levels25–30. In fact, aggression researchers often take
advantage of the different aggression levels across strains to stage
fights with desired fighting outcomes15,31,32. Furthermore, researchers
cross transgenic mice, e.g., Cre lines, with wildtype mice of high-
aggression strains to increase the aggression level of the offspring33.
These results suggest that aggression is determined collectively by
“nature” and “nurture.”
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Genetics presumably influences behaviors by altering the
behavior-supporting neural circuits. To understand how genetically
controlled aggression level is implemented neuronally, we first char-
acterized aggressive behaviors of naïve males across seven commonly
used laboratory mouse strains and examined their relationship with
other emotional traits and neuroendocrine factors. We then examined
the neural activation patterns in response to aggression-provoking
cues across strains and found strain-specific responses of the ven-
trolateral part of the ventromedial hypothalamus (VMHvl), an indis-
pensable region for driving attack34,35. Lastly, we examined VMHvl cell
physiological properties across strains using in vitro patch-clamp
recording and examined the causal relationship between VMHvl cell
properties and aggression level.

Results
Different aggression levels across mouse strains
To investigate the genetic control of aggressive behaviors in wildtype
animals, we performed inter-male resident-intruder tests (RI) using
mice from seven commonly used laboratory strains, including CD-1
(CD1), Swiss Webster (SW), FVB, DBA/2 (DBA), C57BL/6 (C57), BALB/c
(BC), and 129/SV-E (129) (Fig. 1a). Allmicewerepurchased fromCharles
River, arrived around 6-8 weeks old and group-housed until 8 weeks
old. They were then single-housed for two weeks before the RI test. At
the time of the test, all subject animals were 10 weeks old. During the
test, we introduced a group-housedmale intruder (BC intruders for all
strains except for BC; C57 intruders for BC) into the home cage of the
test mouse for 10min (Fig. 1b). The intruders were group-housed and
previously defeated and never initiated attacks towards the resident
test mice throughout the study. Figure 1c shows the investigation and
attack events during the RI tests of three representative mice of each
strain: the second-most, middle, and second-least aggressive mice.

Upon intruder introduction, all animals quickly investigated the
intruder with the exception of one SW mouse that initiated rapid and
sustained attacks, leaving little opportunity for investigation (Fig. 1d,
e). Across strains, DBA andBCmice investigated the intruder themost,
spending on average 3-4min investigating and initiating investigatory
bouts more frequently compared to other strains (Fig. 1f, g). C57 mice
investigated the intruder for a bit over 2min, while CD1, SW, and FVB
spent 1–2min investigating (Fig. 1f, g). 129 is a clear outlier: all 129
animals investigated the intruder for less than 1min, with an average
investigation duration of ~30 s (Fig. 1f, g). The duration of individual
investigation bouts was comparable across strains. (Fig. 1h).

After bouts of investigation, most animals attacked the intruder,
although the probability of attacking varied markedly across the
strains (Fig. 1i). CD1 and SWmice showed consistent aggression. 15/17
CD1 and 15/16 SWmice attacked the intruder (Fig. 1i).MostCD1 and SW
mice initiated attack within 3min and attacked for more than 60 s
(Fig. 1j, k). SW attacked more frequently, while CD1 mice tended to
have less frequent but longer attack bouts (Fig. 1l, m). In contrast, DBA,
BC, and 129 showedminimal aggression. Only ~30% of animals in these
three strains attacked at all (Fig. 1i). For DBA, BC, and 129 animals that
did attack, the attack duration was generally low, typically comprising
several brief bouts (Fig. 1c, k–m), and the attack latency was variable
(Fig. 1j). With regard to C57 and FVB, themajority of the animals (~75%)
attacked the intruder, and the attack duration averaged around 40 s,
although there was a high variability among individuals (Fig. 1i–m).
Notably, the summation of attack duration and investigation duration,
a measurement of overall social engagement, is relatively comparable
across strains, with the obvious exception of 129, which is significantly
lower than all other strains (Fig. 1n). These results suggest that the
exceptionally low aggression of 129 mice may partly stem from its low
social interest or high social anxiety.

Based on the percentage of animals that attacked the intruder,
average attack latency and duration of each strain, we found that these
seven strains of mice can be clustered into three distinct groups using

the elbowmethod (Supplementary Fig. 1a). Hierarchical clustering and
k-means clustering further revealed high (CD1 and SW),moderate (C57
and FVB), and low (DBA, 129, and BC) aggression groups (Fig. 1o and
Supplementary Fig. 1b). Animals in these groups differed significantly
in their probability of attack, attack latency, duration, and frequency
(Fig. 1o–s). Animals in high- andmoderate-aggression strains exhibited
longer attack bouts compared to those in low-aggression
strains (Fig. 1t).

The body weight differed across these 7 strains (Supplementary
Fig. 2a). CD1 and SW mice were similar in weight and heavier than all
other strains. FVBmice were lighter than CD1 and SW but heavier than
the remaining strains, whereas C57, BC, DBA, and 129 mice did not
differ significantly from one another in body weight. Across strains,
body weight is positively correlated with aggression level: the most
aggressive strains, CD1 and SW, are also the heaviest (Supplementary
Fig. 2b). However, within each strain, body weight is not correlated
with aggression level (Supplementary Fig. 2c, d). In other words, hea-
vier animals arenot necessarilymoreaggressive than lighter animals of
the same genetic background.

The body weight of BC and C57 adult intruders is lower than that
of CD1 and SW residents but similar to or slightly higher than that of
residents from other strains (Supplementary Fig. 2a). Because CD1 and
SW showed the highest level of aggression and were the only strains
significantly heavier than the intruders, this raised the possibility that
aggression level varies with the relative size of the intruder and resi-
dent. To test this, we compared the aggression level of C57, BC, and
129 males towards three different intruders: juvenile males, size-mat-
ched, group-housed, same-strain adult males, and our standard male
intruders. The juvenile intruders were substantially smaller and lighter
(mean± standard error (SEM): 13.56 ± 0.54 g, n = 12) than all adult
residents, regardless of strain (Supplementary Fig. 2b). However, we
observed no significant difference in aggression toward the different
types of intruders in the three tested strains (Supplementary Fig. 2e–s).
For example, among 129 male residents, 4/12 (33%) attacked adult BC
male intruders, 4/10 (40%) attacked adult 129male intruders, and 2/10
(20%) attacked juvenile intruders (Supplementary Fig. 2p). These
results indicate that inour study, aggression level is determined largely
by intrinsic aggressiveness rather than by the size of the intruder.

Female aggression inmice varieswith reproductive states: it is low
during the virgin state and high during lactation36. Nevertheless, var-
iation in aggression level across strains has also been reported36,37. To
investigate the consistentcy of inter-strain differences in aggression
between sexes, we performed RI tests using single-housed, virgin SW
and C57 female residents exposed to juvenile BC male intruders
(Supplementary Fig. 3). Consistent with the results in males, a higher
proportion (6/10) of SW females attacked the intruder than C57
females (2/10) did (Supplementary Fig. 3b). For SW females that initi-
ated attack, the attack latency was relatively short (<3min), while the
attack duration was variable, ranging from a few seconds to one min-
ute (Supplementary Fig. 3c–3f). In contrast, the two aggressive C57
females only attacked briefly (<2 s) (Supplementary Fig. 3, d). These
findings indicate that cross-strain differences in aggression are largely
preserved between sexes.

Anxiety and aggression are negatively correlated across strains
Anxiety is an emotional trait linked to the genetic background of an
individual38. Consistent with previous reports39–41, we found that
anxiety levels differ dramatically among the seven strains of test mice,
as reflected by their performance in the light-dark box (LDB) and open
field test (OFT) (Fig. 2a, m). In the LDB test, nearly all CD1, SW, and FVB
mice entered the light chamber within the first minute and spent over
one-third of their time actively exploring it (Fig. 2b–e). C57 mice
behaved more variably: some entered the light chamber quickly
(<60 s), while others did not enter for over 400 s (Fig. 2c). Once
entered, C57micemoved along the chamber and spent on average 15%
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Fig. 1 |Male aggression levels of sevenmouse strains. aRepresentative images of
the seven mouse strains. b Experimental timeline for urine collection, light-dark
box test LDB, open-field test OF, and resident-intruder test RI.Micewerepurchased
from Charles River at 6–8 weeks of age; Day 0 corresponds to 8 weeks old.
c Representative raster plots showing investigation (gray) and attack (red) of male
mice of various strains during the 10-min RIT. α: second most aggressive; β:
moderately aggressive; γ: second least aggressive. Rank is based on attack duration.
d Percentage of animals that investigated across strains. e–h Investigation latency
(e), total investigation duration (f), number of investigation events (g), and inves-
tigation duration per bout (h) across individuals of all strains. i Percentage of
animals that attacked across strains. j–m Attack latency (j), total attack time (k),
number of attacks (l), and attack duration per bout (m) across individuals of all
strains. (n) Combined attack and investigation time across individuals of all strains.
o Hierarchical clustering of strains based on percentage of animals that attacked,

attack latency, and attack duration. High aggression: CD1, SW; intermediate: FVB,
C57; low: DBA, BC, 129. Numbers indicate Ward linkage distances (increase in
within-cluster variance at each merge). p Percentage of animals that attacked in
low-, mid-, and high-aggression groups. q–t Attack latency (q), total attack time (r),
attack number (s), and attack duration per bout (t) of all animals in low-, mid-, and
high-aggression groups. Numbers in parentheses indicate animal numbers. Circles
represent individual animals. Solid lines in (e–h, j–n, q–t) indicatemedians; dashed
lines indicate quartiles. Colors denote strain identity in (d–n) and aggression group
in (o–t). d, i, p Fisher’s exact test; (e–h, j–n, q–t) one-way ANOVAor Kruskal–Wallis
test, as appropriate, with FDR-corrected post hoc comparisons
(Benjamini–Krieger–Yekutieli). All tests were two-tailed. Exact p or q values are
shown when ≤0.05; otherwise values are omitted. Raw data are provided in the
Source Data file; additional statistics are in Supplementary Data 1.
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of time in the light chamberduring the session (Fig. 2a, e). AllDBAmice
entered the light chamber with a relatively long latency (mean ± SEM:
375 ± 43 s) and often quickly retreated to the dark chamber without
exploring the entire light chamber (Fig. 2a, c). 2/11 BC mice never
entered the light chamber (Fig. 2b). For animals that entered, the
latency was surprisingly short (<60 s), and some animals spent over

80% of their time in the light chamber (Fig. 2c, e). However, a closer
look at the behavior revealed that BCmice often stayed along the light
chamberwall with littlemovement, likely reflecting a high anxiety level
(Fig. 2a, f). Only 2/12 129 mice ever entered the light chamber, sug-
gesting their high anxiety phenotype42 (Fig. 2b). Most 129 mice spent
the entire time in one corner of the dark chamber (Fig. 2a, b, d, e).
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The animals’ performance in the OFT is generally consistent with
theirs in LDB (Fig. 2m–r). CD1, SW, and FVB mice moved in the arena
extensively, repeatedly passing the center zone (Fig. 2m–r). In com-
parison, C57 mice traveled a bit less but also entered the center zone
many times (Fig. 2o). DBA and BCmoved along the edges of the arena
but rarely entered the center zone, while 129 mice spent most time
hugging the wall (Fig. 2m–r). Overall, DBA, BC, and 129 mice spent
significantly less time in the center zone compared to other strains,
suggesting their higher anxiety level (Fig. 2p).

For 5 strains, includingCD1, SW, C57, BC and 129, we also assessed
their anxiety level using elevated plus maze (EPM) (Supplementary
Fig. 4). Consistent with the LDB and OFT results, CD1 and SW mice
showed the lowest anxiety level: all animals entered the open arms
almost immediately and repeatedly, and all but one animal walked all
the way to the edge of the open arm (Supplementary Fig. 4a–g).
Similarly, all C57 males entered the open arm, although with a slightly
longer latency thanCD1, and spent on average ~oneminute in the open
arm (Supplementary Fig. 4a–g). While 9/10 BC entered the open arm,
only 3/10 reached the edge, and the entry latency tended to be longer
(Supplementary Fig. 4a–g). Lastly, for 129mice, 4/10 entered the open
arm, and only one walked to the far end (Supplementary Fig. 4a-g).

The strain difference in anxiety was also observed in virgin female
mice (Supplementary Fig. 3g–x). Compared to C57 females, SW
females exhibited more frequent and prolonged visits to the light
compartment in the LDB, as well as increased entries into and time
spent in the open arms of the EPM (Supplementary Fig. 3g–r). In
contrast, performance in the OFT, including total distance traveled,
center entries, and percentage of time in center, did not differ sig-
nificantly betweenSWandC57 females (Supplementary Fig. 3s–x). This
patternmirrors observations inmales, where SW and C57 differ in LDB
and EPM but not OFT (Fig. 2 and Supplementary Fig. 4). This likely
reflects the lower sensitivity of the OFT as an anxiety assay, as its
readouts are strongly influenced by locomotor and exploratory
drives43.

Anxiety has been shown to influence aggression, although the
direction of influence remains controversial44–48. We next examined
the relationship between anxiety- and aggression-related parameters
across strains and found a clear relationship (Fig. 2g, j, s, v). For
example, the latency to attack an intruder is significantly positively
correlated with the latency to enter the light box: the faster the animal
attacks, the sooner it enters the light box, i.e., less anxious (Fig. 2g).
Similarly, the attack duration is significantly positively correlated with
percentage of time in center (Fig. 2v). Indeed, across LDB, OFT, and
EPM, anxiety-related parameters are significantly correlated with male

aggression-related parameters consistently (Fig. 2g, j, s, v, Supple-
mentary Fig. 4h, k). Although the limited number of female strains
examined in the study precludes correlation analysis, the more
aggressive SW females showed lower anxiety than less aggressive C57
females, supporting an inverse relationship between anxiety and
aggression in both sexes (Supplementary Fig. 3y–dd).

The levels of anxiety and aggression also varied among individuals
within a strain, likely reflecting individual-specific life experiences. We
therefore asked whether these two traits remain correlated among
animals with the same genetic background. Correlation analyses of
anxiety- and aggression-related parameters within each of the seven
strains failed to reveal a consistent relationship (Supplementary
Figs. 5–7). Although a statistically significant correlation between cer-
tain pairs of parameters in certain strains was detected in a couple of
cases, e.g., latency to attack and latency to enter the light box of CD1
mice, the correlation could be either positive or negative (Supple-
mentary Figs. 5a1, 5a3, 5a4, 5b2, 5f4, 5h4, 6a4, 6b3, 6c3, 6g4, 6h2, 7b1).

To further assess the relationship between anxiety and aggression
independently of genetic background, we z-scored each animal’s
aggression- and anxiety-related parameters relative to the mean and
standard deviation of its own strain. These normalized values, there-
fore, reflect each animal’s relative aggression and anxiety levels com-
pared to others with the same genetic background.We then examined
the relationship between strain-normalized aggression and anxiety
across individuals from all seven strains and found no significant cor-
relation for anypairofparameters (Fig. 2h, k, t, w).Consistentwith this,
when animals were divided into relatively high- and low-aggression
groupsbasedonwhether their aggression levelwas aboveor belowthe
strainmean, the two groups did not differ in strain-normalized anxiety
levels (Fig. 2i, l, u, x). These results suggest that anxiety and aggression
are influenced by overlapping genetic factors, whereas the within-
strain variation captured in our study, whether experiential or genetic
(e.g., epigenetic or spontaneousmutation), is not sufficient to produce
a consistent correlation between the two traits.

Because performance in anxiety assays is largely based on
movement, we next sought to separate the contributions of anxiety-
related behavior and general locomotion to strain differences in
aggression. We examined animals’ locomotion in their home cage,
which reflects animals’ spontaneous mobility in a low-anxiety state
(Supplementary Fig. 8a). Although animals of some strains (e.g., DBA
and CD1) showed higher spontaneous homecage locomotion than
other strains (e.g., 129 and FVB), there is no significant correlation
between home cage locomotion and aggression level (Supplementary
Fig. 8b–h). This contrasts with the significant correlation between

Fig. 2 | Anxiety and innate aggressiveness are negatively correlated across
strains. aRepresentative tracking traces during the 10-min light–darkbox test LDB.
Trace from the median-ranked mouse of each strain based on latency to enter the
light box. Gray bar: dark chamber; White bar: light chamber. b Percentage of ani-
mals entering the light box (LB). c–f Latency to enter the light box (c), total light box
entries (d), total time spent in the light box (e), and duration per light box entry (f)
of individual animals across strains.gCorrelation betweenmean attack latency and
light box entry latency across strains. h Correlation between strain-normalized
attack latency and light box entry latency across all animals. i Light box entry
latency in animals with attack latency below or above the strainmean. j Correlation
between mean total attack time and total light box entries across strains.
k Correlation between strain-normalized total attack time and total light box
entries across all animals. l Light box entry number in animals with total attack time
below or above the strain mean. m Representative tracking traces during the 10-
min open-field test (OFT). Trace from the median-ranked mouse of each strain
based on total distance traveled. n Percentage of animals entering the open-field
(OF) center. o–r Center entry number (o), percentage of time spent in the center
(p), distance traveled (q), and mobile duration (r) of all individual animals across

strains. s Correlation between mean attack latency and distance traveled across
strains. t Correlation between strain-normalized attack latency and distance tra-
veled across all animals. uDistance traveled in animals with attack latency above or
below the strain mean. v Correlation between mean total attack time and percen-
tage of time spent in the center. w Correlation between strain-normalized total
attack time andpercentage of time spent in the center across all animals.xDistance
traveled in animals with total attack time below or above the strainmean. Numbers
in parentheses indicate animal numbers. Colors in (b–h, j–k, n–t, v–w) indicate
strain identity. Circles represent individual animals. Solid lines in (c–f, i, l, o–r, u, x)
indicate medians; dashed lines indicate quartiles. Solid circles and error bars
represent strain means ± SEM in (g, j, s, v). (b, n) Fisher’s exact test; (c–f, o–r) one-
way ANOVA or Kruskal–Wallis test with FDR-corrected post hoc comparisons
(Benjamini–Krieger–Yekutieli); (i, l, u, x) unpaired t test or Mann–Whitney U test;
(g,h, j,k, s, t, v,w) linear regression and Pearson correlationwith reportedR² and p
values. All tests were two-tailed. Exact p or q values are shown when ≤0.05;
otherwise values are omitted. Raw data are provided in the Source Data file.
Additional statistics are in Supplementary Data 1.
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aggression and locomotion-dependent anxiety measures, such as
distance traveled in the OFT and the number of light-box entries in the
LDB, suggesting that these correlations do not simply reflect strain
differences in locomotion (Fig. 2j, s). Furthermore, in a combined
regressionmodel (Aggression = β0 + β1Anxiety + β2Mobility + ε), when
anxiety was quantified as percentage of time in OFT center and
mobility as home-cage locomotion, the anxiety measure remained a
significant predictor of aggression (β1 = 0.875, p = 0.008) after con-
trolling formobility. In contrast, locomotor activity did not (β2 = 0.142,
p =0.476). A similar patternwas observedwhen anxiety was quantified
as light-box entry number in the LDB (β1 = 0.865, p =0.038; β2 = 0.031,
p = 0.917). The relationship between anxiety and aggression indepen-
dent of mobility can be visualized by plotting the residual aggression
after regressing out home-cage locomotion against anxiety-related
measures. In this analysis, residual aggression remained significantly
correlated with OFT percentage of time in center and LDB light-box
entry number (Supplementary Fig. 8i, j). These results suggest that the
association between anxiety and aggression cannot be explained
simply by differences in general locomotor activity across strains.

To functionally investigate the link between anxiety and aggres-
sion, we i.p. injected Yohimbine (YO), an α2-adrenergic receptor
antagonist and a potent anxiogenic agent49, into CD1 mice to examine
its potential influence on aggression (Supplementary Fig. 9a). Con-
sistent with the anxiogenic effect of YO, YO-injected CD1 mice sig-
nificantly altered their behaviors in the LDB (Supplementary Fig. 9b).
All mice spent significantly less time in the light chamber after YO
injection compared to saline injection (Supplementary Fig. 9c–f).
Importantly, the maximal movement velocity did not change, sug-
gesting locomotion was not compromised (Supplementary Fig. 9g).
Strikingly, aggression was nearly abolished after YO injection (Sup-
plementary Fig. 9h–m). While saline-injected CD1 residents attacked
the BC intruders quickly and repeatedly, only 3/5 males attacked the
intruder briefly (<2 s) after YO injection (Supplementary Fig. 9i-s).
Together, these results suggest anxiety and aggression are tightly and
inversely linked to each other.

Relationship between aggression and corticosterone
Corticosterone (CORT) is widely known as the “stress hormone” as it is
released under stressful situations through activation of the
hypothalamic-pituitary-adrenal (HPA) axis. Given the tight correlation
between baseline anxiety and aggression, we asked whether CORT is
predictive of aggression level. To measure CORT, we collected urine
samples of unstressedmiceoneweek before the RI test and performed
ELISA (Fig. 1b). We found that CORT levels differed significantly across
strains: FVB andDBAmicehad the lowestCORT levels; BCmicehad the
highest level; CD1, SW, C57, and 129 mice had intermediate levels
(Fig. 3a). However, these differences in CORT did not align with the
observed strain differences in aggression. We found no correlation
between CORT level and attack latency or attack duration across
strains (Fig. 3b, e). Indeed, DBA, 129 and BC, the three low-aggression
strains, showed the second lowest, intermediate and highest CORT
levels (Fig. 3a). Furthermore, no strain showed a significant correlation
between individual CORT levels and aggression (Supplementary Fig.
10a1–g1, a2–g2). When combining all the strains, we did not find a
correlation between strain-normalized CORT level and aggression
level (Fig. 3c, f). In other words, the relative CORT level of an animal
among all animals of the same strain does not predict the relative
aggression level of the animal within the strain. High-aggression and
low-aggression individuals within strains had comparable CORT levels
(Fig. 3d, g).

Given that anxiety and aggression are tightly linked, the lack of
correlation between CORT and aggression suggests that baseline
CORT may not be a good indicator of anxiety levels in unstressed
animals. Consistent with this prediction, we found no significant

correlation between CORT levels and LBD or OFT performance across
strains or individuals (Supplementary Fig. 11).

Relationship between aggression and Major Urinary Protein
Major urinary proteins (MUPs) are a family of proteins secreted by the
liver. They bind pheromones and are important for individual recog-
nition and social communication50. In our recent study focusingonC57
mice, we found that the MUP level is higher in future aggressive mice
than in non-aggressive mice15. Other studies have shown that the MUP
level is higher in dominant than in subordinate CD1 mice50. Thus, we
asked whether MUP concentration can predict the aggression level of
animals across strains and individuals. As MUP constitutes 90% of all
urinary proteins51, we measured the total urinary protein level nor-
malized by the creatinine level as an approximation of MUP con-
centration. As in the case of CORT, urinary protein was measured in
urine collected from naïve animals one week before RI tests (Fig. 1b).

MUP levels varied significantly among strains: DBA and CD1 show
low MUP concentration, whereas FVB, BC and 129 mice show high
levels (Fig. 3h). Across strains,MUP level and attack duration or latency
were uncorrelated (Fig. 3i, l). However, when data were normalized
within each strain, we observed a positive correlation between MUP
levels and attack duration across individuals (Fig. 3m). Consistent with
this finding, highly aggressive animals (attack duration > strain aver-
age) exhibited higher MUP levels than less aggressive animals (attack
duration <strain average) from the same strain (Fig. 3n). Analyses of
attack latency and MUP levels revealed a similar trend, although the
relationship did not reach statistical significance (Fig. 3j, k). Within
individual strains, correlational analyses identified significant positive
relationships between MUP levels and aggression-related measures in
SW and 129 mice (Supplementary Fig. 10a3–g3, a4–g4). Thus, while
baseline MUP concentrations are largely determined by strain-specific
factors that are independent of aggression, MUP levels may be asso-
ciated with individual differences in aggressive behavior in certain
genetic backgrounds.

Differential activation of the aggression circuit across strains
Aggression is generated and modulated by several interconnected
nuclei1,52, including posterodorsal medial amygdala (MeApd)53,54, pos-
teroventral MeA (MeApv)55, principal nucleus of the bed nucleus of the
stria terminalis (BNSTpr)56,57, posterior amygdala (PA)58,59, poster-
olateral cortical amygdala (CoApl)60, dorsal and ventral parts of lateral
septum (LSd and LSv)61–64, medial preoptic area (MPOA)65, anterior
hypothalamus (AHN)66,67, ventrolateral part of the ventromedial
hypothalamus (VMHvl)35,68,69, PMv70–72, and periaqueductal gray
(PAG)73. The difference in aggressive behaviors across strains is pre-
sumably due to the differential responses of the aggression circuit to
the male intruder. Based on this rationale, we evaluated the responses
of the aggression circuit to a cupped male mouse in low (129), middle
(C57), andhigh (SW) aggression strains using c-Fos, an immediate early
gene across the limbic system (Supplementary Data 2). We used a
cupped animal as the stimulus to minimize variability arising from
differences in aggressive interactions and the rewarding effects of
winning32. In control C57 mice, we introduced an empty cup into their
home cage (Fig. 4a).

VMHvl showed the largest inter-strain differences in c-Fos
expression (Fig. 4b). Specifically, posterior VMHvl (pVMHvl) expres-
sed c-Fos differentially across strains: highest in SWmice, followed by
C57 mice, and the lowest in 129 mice. In contrast, c-Fos level in the
anterior VMHvl (aVMHvl) was similar across strains and unelevated in
comparison to control mice (Fig. 4b, d, e). This is consistent with
previous studies showing that aVMHvl is critical for social defense,
while the pVMHvl is for aggression31,74. Tuberal nucleus (TU), a region
lateral to pVMHvl, provides GABAergic input to the pVMHvl cells75. A
trend of increase in TU c-Fos was observed in all strains with no clear
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strain difference (Fig. 4g). Other VMHvl neighboring regions, including
the anterior VMH (aVMH) and the dorsomedial and central parts of the
VMH (VMHdm/c), showed no increase in c-Fos expression regardless
of the strain (Fig. 4c, f).

Beyond the VMHvl, c-Fos also showed a significant increase in the
MeApd and PMv after exposure to a cupped male mouse, although
there is no strain difference (Supplementary Fig. 12a6–c6, a8–c8).

None of the other analyzed regions showed a significant increase in
c-Fos expression after intruder exposure compared with control ani-
mals (Supplementary Fig. 12). DAPI quantification showed no sig-
nificant difference in the number of cells across strains in the analyzed
regions (Supplementary Fig. 13).

We further asked whether the VMHvl contributes to strain-
dependent differences in aggression in virgin females by examining
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Fig. 3 | Relationship between aggression, corticosterone (CORT), and urinary
protein levels. a Average urinary CORT concentration (normalized by creatinine)
of various strains of male mice. b Correlation between CORT concentration and
attack latency across strains. c Correlation between strain-normalized CORT con-
centration and attack latency across individuals. d CORT concentration of indivi-
dualswith attack latencyabove andbelow the strain average.eCorrelationbetween
CORT concentration and total attack time across strains. f Correlation between
strain-normalized CORT concentration and total attack time across individuals.
g CORT concentration of individuals with total attack time below and above the
strain average. h Normalized urinary protein concentrations of various strains of
male mice. UPCR: urine protein-to-creatinine ratio. i Correlation between average
urinary protein concentration and attack latency across strains. j Correlation
between strain-normalized urinary protein concentration and attack latency across
individuals. k Urinary protein concentration of individuals with attack latency

above and below the strain average. l Correlation between average urinary protein
concentration and total attack time across strains. m Correlation between strain-
normalized urinary protein concentration and total attack time across individuals.
n Urinary protein concentration of individuals with total attack time below and
above the strain average. Numbers in parentheses indicate animal numbers. Colors
in (a–c, e–f, h–j, l–m) indicate strain identity. Circles represent individual animals.
Solid lines in (a, d, g,h, k, n) indicatemedians; dashed lines indicate quartiles. Solid
circles and error bars represent strain means ± SEM in (b, e, i, l). a, h One-way
ANOVA or Kruskal–Wallis test with FDR-corrected post hoc comparisons
(Benjamini–Krieger–Yekutieli); (d, g, k, n) unpaired t test or Mann–Whitney U test;
(b, c, e, f, i, j, l,m) linear regression and Pearson correlation with reported R² and p
values. All tests were two-tailed. Exact p or q values are shown when ≤0.05;
otherwise values are omitted. Raw data are provided in the Source Data file.
Additional statistics are in Supplementary Data 1.
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VMHvl c-Fos expression after SW and C57 females were exposed to a
cupped juvenile male mouse for 15min (Supplementary Fig. 14a). For
analysis, we subdivided the VMHvl into medial (VMHvlm) and lateral
(VMHvll) regions, as VMHvlm is preferentially implicated in female
aggression36,37. In contrast to males, however, we did not observe sig-
nificant differences in c-Fos expression level in the posterior VMHvlm

between SW and C57 females (Supplementary Fig. 14b, f). Notably,
both strains exhibited low levels of c-Fos expression following expo-
sure to cupped juveniles, comparable to male 129 mice and sub-
stantially lower than male C57 and SW mice (Fig. 3e, Supplementary
Fig. 14, f). Other VMHvl regions also did not show a significant differ-
ence in c-Fos expression between SWandC57 (Supplementary Fig. 14c,
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d, e, g, h). These results suggest that differences in VMHvl activity may
contribute more to aggression variability across strains in males than
in females.

Physiological properties of VMHvl cells differ across strains
Wewonder whether the strain differences in pVMHvl cell responses to
male intruders can be explained by the physiological properties of the
cells. To test this possibility, we performed whole-cell patch-clamp
recordings of pVMHvl cells in naïve, single-housed male mice of the
SW, C57, and 129 strains. To identify the pVMHvl on the brain slice, we
injected red retrobeads into the MPOA, a region known to receive
dense projections from the pVMHvl74,76 (Fig. 5a). One week after ret-
robead injection, we recorded cells in the pVMHvl, identified based on
both anatomical landmarks and fluorescent labeling (Fig. 5b).

pVMHvl cells in SW, C57, and 129mice did not differ in their input
resistance, although cells in 129 showed more depolarized resting
membrane potential (RMP) and cells in SW mice showed lower rheo-
base (Fig. 5d-f). Frequency-current (F-I) curves revealed significant
differences in the intrinsic excitability of cells across mouse strains
(Fig. 5g, h). SW pVMHvl cells could reach a significantly higher max-
imum firing rate in comparison to cells in C57 and 129, while the
maximum firing rate of pVMHvl cells in C57 and 129 mice was com-
parable (Fig. 5g, h). We further examined the spike waveforms using
phase plots (Fig. 5i, j), and found that themaximumdepolarization rate
of pVMHvl cells differed significantly across strains: the highest in SW,
moderate in C57, and the lowest in 129, suggesting potential sodium
current differences (Fig. 5k). We also found the maximum repolariza-
tion rate was higher in SW than C57 and 129, suggesting different
potassium current levels (Fig. 5l). The threshold voltage to fire action
potentials did not differ across strains, while the peak voltage of action
potentials was lower in 129 mice than in C57 and SWmice (Fig. 5m, n).
The half-width of spikes was narrower in SWmice than in C57 and 129
mice, consistent with the higher firing rates of cells in SW
mice (Fig. 5o).

We next compared spontaneous excitatory and inhibitory post-
synaptic currents (sEPSCs and sIPSCs) in pVMHvl cells across strains
using voltage-clamp recordings (Fig. 5p, q). Interestingly, we observed
that sIPSC amplitudes were higher in 129 mice than in SW and C57
mice, whereas sEPSC frequencies in 129 mice tended to be lower
(Fig. 5r-v). 2/18 pVMHvl cells in 129 mice received no detectable
spontaneous excitatory inputs during the recorded period (40 s in
total), while no cells inC57 and SWmice exhibited the samephenotype
(Fig. 5r, s). Overall, the excitation–inhibition (E/I) ratio of pVMHvl cells
in 129 mice was significantly lower than that in C57 and SW mice
(Fig. 5v). These results suggest that pVMHvl cells in 129 mice receive
lower excitatory drive and higher tonic inhibition than C57 and SW
mice, consistent with overall dampened responses of pVMHvl cells to
aggression-provoking cues and minimal aggressive behaviors in
129 males.

We further compared the intrinsic and synaptic properties of
VMHvlm neurons between SW and C57 females (Supplementary
Fig. 15). To label VMHvlm neurons, we injected CTB-Alexa 488 retro-
grade tracer into theMPOA, which labels both pVMHvlm and pVMHvll
populations, and red retrobeads into the anteroventral periventricular
nucleus (AVPV), which preferentially labels pVMHvlm neurons37,77

(Supplementary Fig. 15a). During patch-clamp recordings, we targeted
both CTB-Alexa 488 labeled and unlabeled cells within the pVMHvlm
region (green positive and red negative) (Supplementary Fig. 15a, b).
Consistent with the c-Fos results, we observed no significant differ-
ences in intrinsic properties of the cells betweenSWandC57pVMHvlm
neurons, including input resistance, resting membrane potential,
rheobase, F–I relationships, and maximal firing rates (Supplementary
Fig. 15c, e–i). Interestingly, however, spike waveform differed between
strains: C57neurons exhibited faster depolarization and repolarization
rates and consequently narrower spike widths, while the peak spike

amplitude and spiking threshold were similar between the two strains
(Supplementary Fig. 15j-p). Because spike width can influence
presynaptic Ca2+ entry, the difference in spike width suggests that
pVMHvlm neurons in SW females may exert stronger downstream
synaptic drive despite similar firing rates. We also examined synaptic
inputs onto pVMHvlm neurons using voltage-clamp recording and
detected no significant differences in sEPSC or sIPSC frequency or
amplitude, as well as E/I ratio between SW and C57 females (Supple-
mentary Fig. 15, d, q–u).

When comparing between sexes, pVMHvlm neurons in females
exhibited lower intrinsic excitability than males, particularly in SW
mice, in which male pVMHvl neurons are highly excitable (Supple-
mentary Fig. 16a–j, p–y). With regard to synaptic inputs, regardless of
strains, female pVMHvlm cells generally received lower-amplitude
sEPSC and sIPSC than male pVMHvl cells and the E/I ratio also tended
to be lower in females (Supplementary Fig. 16k–o, z–dd). Together,
these findings suggest that strain- and sex-dependent tuning of
pVMHvl excitability and synaptic inputs could contribute to variability
in aggressive behaviors across individuals.

Chemogenetic activation of pVMHvl cells increases aggression
in low-aggression strain
To address whether the difference in pVMHvl cell excitability is cau-
sally linked to the different aggression levels across strains, we che-
mogenetically activated pVMHvl neurons by injecting a retrograde
virus (AAVrg-Cre) into theMPOA and a Cre-dependent AAV expressing
hM3Dq-mCherry into the VMHvl of 129malemice (Fig. 6a, b). Notably,
activation of hM3Dq engages Gq signaling, leading to PLC activation,
increased intracellular Ca2+, and suppression of K+ conductance (e.g.,
M-current), thereby enhancing neuronal excitability and approximat-
ing the physiological properties of pVMHvl neurons observed in more
aggressive strains78. Histology analysis showed that 90.6% of retro-
gradely labeledmCherry+ cells express Esr1, amolecularmarker of the
aggression-relevant population in the VMHvl (Fig. 6c, d)68.

Three weeks after virus injection, we i.p. injected saline and CNO
on separate days in a counter-balanced order. To avoid the winner
effect15, we waited for over a week for the second RI test if the animal
attacked the intruder during the first test. We observed a significant
increase in aggression in 129 mice following CNO administration
compared to saline injection (Fig. 6e-i). After saline injection, 5/10mice
attacked a BC male intruder, whereas 8/10 mice did so following CNO
injection (Fig. 6e, f). CNO-treated mice also exhibited significantly
shorter attack latency, more frequent attacks, and longer total attack
duration (Fig. 6g-i). In contrast, no differences in aggression were
observed inmCherry control animals following saline or CNO injection
(Fig. 6j-n). These results, along with previous chemogenetic activation
experiments in C57 mice79, demonstrate that the excitability of
pVMHvl neurons contributes causally to the aggression level of the
animals.

Discussion
Here, we demonstrated that the aggression levels of naïve male mice
differ widely depending on the animals’ genetic background. The
strain-specific aggression level aligns with the strain-specific pVMHvl
cell responses to aggression-provoking cues, which can be attributed
to the cell’s intrinsic properties and synaptic inputs. Furthermore, we
found an inverse relationship between innate aggression and baseline
anxiety level across strains and a positive correlation between
aggression and urinary protein levels across individuals of certain
genetic backgrounds.

Neural mechanisms determining the innate aggressiveness
In 1942, two studies examined inter-male aggression across three
mouse strains, includingC57, C3H, andC albino, demonstrating for the
first time the potential genetic influences on aggressive behaviors29,30.
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Since then, multiple rodent studies using over 10 different strains
confirmed that an animal’s aggressiveness is tightly linked to its
genetic background25–28,80. Our behavioral results are broadly con-
sistent with these earlier studies, showing that certain mouse strains,
such as CD1, are highly aggressive80, whereas others, such as DBA,
exhibit minimal aggression26, suggesting that strain-dependent

differences in baseline aggression are reproducible across cohorts and
across studies. One exception is BALB/c strain, which reportedly
showed high aggression in earlier studies30,81, while we found that the
aggression level of BALB/c male mice is low. This discrepancy may be
due to the significant differences in aggression levels across BALB/c
sub-strains82,83. Our BALB/c mice, purchased from Charles River, have
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beenbred separately from those available from the Jackson Laboratory
since 1932.

It is worth noting that althoughCD1 and SWareoutbredmice, and
the other five strains are inbred, we did not find higher individual
variability in CD1 and SW mice than in the inbred strains. This is con-
sistent with a previous study comparing various social behaviors
between CD1 and C57BL/6J80. The low variability across individuals in
outbred strains likely reflects the fact that these strains were estab-
lished from a small number of founder mice captured in the same
region. These founder mice likely had relatively similar aggression
levels, as aggression is under the pressure of sexual selection, which is
strongly influenced by resource availability in the habitat84.

After recognizing a clear link between aggression and genetics
decades ago, follow-up research focused mainly on identifying genes
that can influence aggression. By comparing the genomic landscapes
of high- and low-aggression strains, several quantitative trait loci (QTL)
that may affect aggressiveness have been reported26,27,81, although
pinpointing the genes causally linked to aggression has been challen-
ging. Meanwhile, numerous knockout studies revealed dozens of
genes that could alter aggression85, including MAOA, the famous

“warrior gene”86. These genetic studies clearly demonstrate that
aggression is a complex behavior modulated by many genetic factors.

Genesmustmodulate behaviors through the neural circuit driving
the behavior. How the genetic variability across strains translates to
differences in the neural circuit to influence aggression has been lar-
gely unexplored. Here, our c-Fos mapping revealed that responses of
the pVMHvl to an intruder, but not responses of any other analyzed
brain regions, correlate with the strain’s aggression level. pVMHvl is a
key node for inter-male aggression34,35. In male mice, pVMHvl is acti-
vated by aggression-provoking cues, e.g., pheromones from male
conspecifics, and is the first to increase activity among aggression-
related brain regions87. When pVMHvl is artificially activated, it can
drive the animal to attack within seconds35. Thus, pVMHvl is a critical
site for detecting aggression-provoking social cues and authorizing
attacks. As the pVMHvl responses to aggression-provoking cues
increase, the probability of attack initiation increases.

What are the underlying mechanisms that cause the pVMHvl cells
to respond differently across strains? The answers appear to lie in both
cellular and synaptic variations. Between C57 and SW animals, we
found that the excitability of pVMHvl cells in SWmales is significantly
higher than that in C57, explaining the higher intruder responses in SW
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than in C57 mice. Between C57 and 129, the pVMHvl cell excitability
does not differ. However, pVMHvl cells in 129 mice receive less fre-
quent excitatory synaptic inputs and stronger inhibitory inputs, likely
contributing to the muted responses of 129 mice to intruder cues.

Intriguingly, our recent study revealed that pVMHvl cells in C57
male mice increase excitability and responses to male intruders after
repeated winning (≥ 5 days)15. We speculate that the genetic back-
ground of the animal could determine the initial set point of the
aggression circuit. In strains of mice with a low starting point, the
winning experience could enhance the aggression circuit by making it
more “high aggression strain” like. These data suggest that genetic and
experiential factors may utilize the same synaptic and cellular
mechanisms to modify the input-output relationship of the behavioral
circuit, thereby altering the behavioral output. The convergence of
“nature” and “nurture” influences at the neural level is likely not spe-
cific to the aggression circuit. In our recent study, we found that the
different tendencies of C57 and SW virgin female mice in expressing
infanticide can be attributed to the difference in the excitability of
BNSTpEsr1 cells, a key population that drives pup-attack88. During
motherhood, BNSTpEsr1 cell excitability in SW females decreases to
suppress infanticide and enable maternal care88.

Relationship between anxiety and aggression
In our study, we identified an inverse relationship between innate
aggression and anxiety in naïve male mice. High-aggression strains,
such as CD1 and SW, exhibited the lowest anxiety-like behavior in the
open field and light–dark box tests, whereas low-aggression strains,
such as BALB/c, 129, and DBA, exhibited the highest anxiety. This
finding is consistent with our recent study showing that repeated
winning increases aggression while reducing anxiety-like behavior, as
measured in the light–dark box and novelty-suppressed feeding
assays15. Our results in females further support an inverse relationship
between anxiety and aggression: naïve SW females, which are more
aggressive than C57 females, also displayed lower anxiety. Previous
studies similarly showed that during lactation, female aggression
increases while anxiety decreases89.

Our findings are also consistent with several earlier studies in
high- and low-aggression strains of mice44,45 and rats46. For example,
the Turku aggressive (TA) and non-aggressive (TNA) lines are SW-
derivedmouse lines selectivelybred inTurku, Finland, for high and low
levels of aggression90. In multiple anxiety-related tests, aggressive TA
mice were found to be less anxious and more active than the non-
aggressive TNA line45. However, other studies have reported that
aggression and anxiety are positively correlated47 or uncorrelated48.
For example, NC900 and NC100 are ICR-based mouse lines, closely
related to CD1, that were selectively bred in North Carolina for high
and low aggression91. In both theOF and LDB tests, the high-aggression
NC900 line displayed higher anxiety than the low-aggression NC100
line92. In another study, rats were selectively bred for extremely high-
or low-anxiety phenotypes, and aggression changed concurrently
despite not being under direct selection. Intriguingly, both the high-
anxiety and low-anxiety lines were more aggressive than unselected
controls93. Together, these findings indicate that anxiety and aggres-
sion are closely linked, although the nature of their relationship is
complex and may depend on genetic background and selection
history.

What mechanisms underlie the co-variation between anxiety and
aggression? Because these traits are correlated across strains, they are
likely influenced, at least in part, by shared genetic factors. Indeed,
both aggression and anxiety are regulated by monoaminergic signal-
ing, including dopamine, norepinephrine, and serotonin. Genes that
affect these systems, such as Drd2, MAOA, Comt, and Slc6a4 (5-HTT),
have been shown to alter both anxiety-like and aggressive
behaviors94,95. Thus, neural circuits controlling aggression and anxiety
may be shaped by common neuromodulatory systems. Consistent

with this idea, we found that pharmacologically increasing anxiety by
antagonizingα2-adrenergic receptors virtually abolished aggression in
highly aggressive SW mice.

Additionally, anxiety-promoting regions may directly and toni-
cally suppress the aggression circuit. Several brain regions implicated
in anxiety and fear, including the LSv and AHN, are predominantly
GABAergic96–98 and send dense projections to key aggression-
promoting nodes such as the VMHvl76. Inhibiting LS elevates aggres-
sion, while optogenetic activation of the LS to VMHvl pathway is suf-
ficient to terminate attack acutely76. In high-anxiety animals, elevated
baseline activity in these regionsmay impose sustained inhibitory tone
onto aggression-related circuits. Consistent with this possibility,
VMHvl neurons in 129male mice exhibit higher sIPSC amplitudes than
those in SW and C57 males.

It is worth noting that the observed difference in VMHvl excit-
ability between SW and C57 mice is unlikely to account for the differ-
ences in anxiety between the two strains. In our recent study,
experimentally increasing VMHvl excitability robustly elevated
aggression without altering anxiety-like behavior15.

Taken together, these findings suggest that aggression and anxi-
ety covary through at least two mechanisms: (1) shared genetic influ-
ences—particularly those regulating neuromodulatory systems—that
shape the function of both anxiety- and aggression-related circuits;
and (2) strong inhibitory projections from anxiety-promoting regions
onto the aggression circuit, enabling elevated anxiety states to sup-
press aggressive behavior.

Relationship between CORT, MUP and aggression
Although anxiety and aggression are highly correlated across strains,
we did not find a clear relationship between baseline CORT level and
aggression or anxiety-like behaviors. CORT level varies across strains
but does not track the strain’s aggression or anxiety levels in any
obvious way. This result is consistent with twin studies in humans,
which have shown that hair cortisol concentration has a high herit-
ability (72%), indicating that it is genetically determined. However, it
has no apparent correlation with hypothalamic-pituitary-adrenal
(HPA) axis activity, responses to stress, or depressive symptoms99.
Indeed, although CORT is best known as a stress hormone, its primary
function is to control metabolic rate by promoting gluconeogenesis in
the liver. Numerous studies have shown that CORT levels alter with
factors expected to affect energy expenditure, such as seasons100, time
of day101, and brood size102. One study in zebrafish measured CORT
levels when the animals increased energy expenditure in response to
various stressors andnon-stressors, and concluded thatCORT is better
explained by variation in metabolic rates than by stress103. Other stu-
dies have examined the acute and chronic effects of exercise on CORT
and found that both induce an increase in CORT104. Thus, while CORT
clearly increases during acute stress to prepare the body for energy-
demanding motor responses, it is not a specific stress indicator, as its
level could be affected by many stress-unrelated factors. This may
explain the poor correlation between the baseline CORT level and
anxiety or aggression.

Despite the absence of a simple linear relationship between CORT
and aggression in our study, CORT is still likely tomodulate aggressive
behavior. Previous studies have shown that chronic CORT elevation
suppresses aggression across species105–108 and in group-living animals,
less aggressive subordinate individuals consistently exhibit higher
baseline CORT levels than dominant, more aggressive animals109–112.
Consistent with this, we found that strains with high baseline CORT,
including BC and 129, display low levels of aggression. However, DBA
mice, which exhibit low baseline CORT, are also minimally aggressive.
Together, these findings suggest that while elevated CORT may con-
strain aggression, low baseline CORT does not guarantee high
aggression.
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Notably, CORT is dynamically regulated and increases acutely
under challenging conditions. Prior studies in humans and rats have
reported acute CORT elevations during aggressive encounters, and
artificial CORT injection can facilitate attack initiation113–115. However,
our previous study in mice found minimal activation of PVN CRH
neurons during aggression116, highlighting potential species differ-
ences. Nevertheless, it remains possible that acute CORT responses to
stressors, which were not measured here, are better correlated with
aggression.

We found thatMUP levels are uncorrelatedwith aggression across
strains. This is not unexpected, as MUPs are synthesized by hepato-
cytes in the liver, and the genetic determinants of hepatic transcrip-
tional activity are unlikely to substantially overlap with those
governing neural circuits of aggression. Thus, although MUP levels
vary robustly across strains, this variation appears independent of
aggression. Interestingly, however, for certain strains, e.g., SW, MUP
levels positively correlated with aggression across individuals. This
finding is consistent with our recent study in C57 male mice, showing
thatMUP levels not only predict future aggression in naïve animals but
also increase in repeated winners that exhibit heightened aggression15.
The positive relationship between MUP levels and individual aggres-
siveness likely reflects shared endocrine regulation. In particular, MUP
synthesis is influenced by growth hormone and testosterone, both of
which also strongly modulate aggressive behavior. For example, cas-
tration reduces aggression, whereas testosterone replacement
restores it117, and growth hormone–releasing hormone (GHRH)
knockout mice exhibit reduced aggression that is rescued by growth
hormone administration118. Together, these findings suggest that, for
animals of certain genetic backgrounds, MUP levels can track indivi-
dual variation in aggression, potentially through their shared neu-
roendocrine modulators.

Altogether, our study provides insights into the neural imple-
mentation of genetic control of aggression, highlighting the critical
role of intrinsic cell properties in determining behavioral traits in naïve
animals. Our study also supports a tight link between anxiety and
aggression, likely reflecting interactions of the underlying circuits or
their shared modulatory mechanisms.

Methods
Mice
All procedures were approved by the NYULMC Institutional Animal
Care and Use Committee (IACUC; Protocol number: IA16-01416) in
compliance with the National Institutes of Health (NIH) Guidelines for
the Care and Use of Laboratory Animals. Micewere housed under a 12-
h light-dark cycle (dark cycle: 10 am to 10 pm), with food and water
available ad libitum. Room temperature was maintained between
20–22 °C and humidity between 30–70%, with a daily average of ~45%.
Experimental animals included adult wild-type male CD-1 (Strain No.
022), SwissWebster (Strain No. 551, NCI Grantee Program), FVB (Strain
No. 559, NCI Grantee Program, and No. 207), C57BL/6 (Strain No. 027),
DBA/2 (Strain No. 026), 129/SV-E (Strain No. 476), and BALB/c (Strain
No. 028) mice, all purchased directly from Charles River. Upon arrival,
the test mice were group-housed until 8 weeks old, and single-housed
afterward. Intruder mice for the resident-intruder (RI) tests were
group-housed adult male BALB/c, C57BL/6, and 129 mice (>8 weeks
old, ~25 g), as well as BALB/c juvenile male mice (4–5 weeks, ~15 g).
BALB/c and C57BL/6 intruders were originally sourced from Charles
River and then bred in-house. 129 intruder mice were purchased from
Charles River. For female experiments, female SW (Strain No. 024) and
C57/BL6N (Strain No. 027) mice were purchased from Charles River.
They were 6 weeks old when they arrived at NYULMC and were single-
housed at 7 weeks. The behavioral tests were conducted after one
week of single housing. All behavioral experiments were conducted
during the animals’ dark cycle.

Each experimentwas conductedusing 1–6 cohorts of animals, and
data from different cohorts were combined for the final analysis.
Details regarding cohort numbers are provided in Supplemen-
tary Data 1.

Resident intruder test
For the male resident intruder test, the test mice were single-housed
resident mice. Intruder mice were randomly selected from a group of
20–30mice housed in groups of 4–5 per cage. We used group-housed
BC adult males as intruders for all strains except BC, for which group-
housed C57males were used. Group-housed BC intruders were chosen
as our previous studies15,35,58,61,63,73,74,87 showed that they rarely initiate
attacks as intruders, thereby allowing the resident to fully control the
occurrence and intensity of aggressive interactions. To further rein-
force this submissive phenotype, we pre-defeated BC and C57 intru-
ders by introducing them to a separate cohort of single-housed SW or
CD1 resident cages for at least 3 times, 10min each time. After the last
defeat, the intruder rested for more than 2 days before being used in
the experiments. For resident intruder test towards the same-strain
adult male or juvenile intruders, the intruder mice were group-housed
but not pre-defeated. For the female resident-intruder test, a juvenile
male BALB/c mouse was introduced into the test mouse’s home cage
for 10min. The juvenile intruders were not pre-defeated.

Light dark box
The light-dark test was performed using a previously reportedmethod
with minor modifications119. The light-dark box consists of a starting
dark box (W× L ×H: 40 cm× 20 cm× 35 cm) and a light box (W× L ×H:
40 cm× 20 cm× 35 cm), separated by a divider with an opening door
(Stoelting, #63101). Mice were placed into the dark box at the start and
allowed to move freely for 10min. The latency to enter the light box,
the number of entries to the light box, the time spent in the light box,
and the duration of each entry were recorded and analyzed using the
ANY-maze software (Stoelting Co.). The illumination at the center of
the light box was ~100 lux.

Open field test
The open field test was performed in a square arena
(40 cm×40 cm× 35 cm) (Stoelting, #60101) following the previously
described method120. Each animal was introduced into the center of
the open field illuminated at ~150 lux. The center area was defined as
the inner four squares when the open field arena was divided into 16
equal squares.

Elevated plus maze test
The elevated plus maze test was performed in a customized mouse
elevated plus maze, which consists of four arms (two open without
walls and twoenclosed by 15 cmhighwalls), 40 cm long and 5 cmwide.
Each arm of the maze is attached to sturdy metal legs such that it is
elevated 30 cmoff the table. Animalswereplaced at the junction of the
open and closed arms and allowed to freely explore the apparatus
for 5min.

Home cage locomotion test
We measured the animal’s locomotion in its home cage without a lid
for 3min before the RI test. Animals were pre-habituated to the
recording room for more than 30min before any behavioral test. The
cage lid, water bottle, and foodwere removed at least 5min before the
intruder was introduced. Trajectories and total distance traveled dur-
ing the pre-intruder habitation period were analyzed using DeepLab-
Cut v3.0121 and customized Python v3.11 scripts. The body centroidwas
tracked, pixel coordinates were converted to centimeters using a 30-
cm in-frame calibration, low-confidence frames (likelihood ≤0.75) and
implausible jumps (adjacent-frame jumps >10 cm) were interpolated,
and the trajectorywas lightly smoothedwith a centered 5-frame rolling
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mean. Home-cage locomotion (m/min) was computed as the mean
instantaneous speed across the entire recording period, including
stationary frames.

Behavioral recordings and analysis
Animal behaviors were recorded from a top-down perspective using a
Basler acA640-120um camera and commercial video acquisition soft-
ware (Norpix, StreamPix 8) in a semi-dark room illuminated with
infrared light, with the frame rate at 25 frames per second. For the RI
tests, attack was manually annotated frame-by-frame by an experi-
enced observer. “Attack” was characterized by a sequence of high-
intensity actions directed toward the intruder, including pushing,
lunging, biting, tumbling, and episodes of rapid locomotion between
these movements. Non-contact chasing was not considered as
“attack”. An attack bout starts with the resident lunging towards the
intruder, often followed by biting on the intruder’s back and tumbling,
and ends when the two animals separate, either because the resident
walks away or the intruder escapes. Total attack duration, attack bout
duration and frequency, and latency to attack were analyzed using
custom MATLAB code (The MathWorks, Inc., 2023) based on the
frame-by-framemanual annotation. The duration of attack bout across
all animals ranged from 0.2 to 24.28 s, with a mean duration of 1.73 s.

For the LDB and OF tests, animal body centers were tracked using
ANY-maze software. In LDB, entry into the light boxwas defined as the
tracked body center entering the light box area. Immobility was
defined as the absence of detectablemovement of the body center for
≥2 s, even if minor movements such as grooming were present. Total
duration spent in the light box, number of light box entries, and
latency to the first entry were analyzed. Bout duration was calculated
by dividing the total time spent in the light compartment by the
number of entries. Tracking data were also used to generate the
movement traces.

For the OF test, the open-field arena was divided into 16 equally
sized squares (10 × 10 cm each), with the central area defined as the
innermost four squares and the peripheral area as the remaining
12 squares. Because the animal was initially placed in the center area,
center entrieswere countedonly after the animalfirst exited the center
and subsequently re-entered it. Center entry was determined by the
presence of the body center in the center area. Immobility was defined
as the animal remaining stationary, with no detectablemovement (the
minimal velocity is 1 cm/s) of the body point for ≥2 s, even if minor
movements such as grooming were present. Mobile time in the arena
was calculated as the total duration in the arena minus the immobile
duration. The total distance traveled was calculated as the accumu-
lated displacement of the tracked body center over the test duration,
calculated using a smoothed path that corrects for small tracking jit-
ters. The percentage of time in center was calculated as:

Timecenter
Timecenter + Timeperiphery

× 100% ð1Þ

All behavioral metrics were obtained using ANY-maze software
and customized MATLAB or Python codes.

For the strain-normalized values, we first calculated the strain
mean (µ) and standard deviation (σ) using values from all animals of
the same strain. We then calculated the strain-normalized value (Z) for
each animal (x) as:

Z =
x � μ

σ
ð2Þ

Clustering analyses were performed on strain-level behavioral
data using three aggression-related features: percentage of animals
exhibiting attacks, attack latency, and total attack duration. Variables
were z-scored before analysis. The optimal number of clusters was

determined using the elbow method based on the within-cluster sum
of squares, which indicated k = 3. K-means clusteringwas subsequently
applied to group strains, and hierarchical clustering based on Eucli-
dean distance and agglomerative linkage was performed to visualize
the resulting cluster structure.

Partial regression analyses were conducted at the strain level
(n = 7) to determine whether anxiety-related behavioral measures
predicted aggression while controlling for locomotor activity. All
variables were z-scored prior to analysis. Anxiety-related measures
(LDB entry number and percentage of time in center) and the
aggression-related measure (total attack duration) were each sepa-
rately regressed against home-cage locomotor velocity, and the
resulting residuals were extracted and plotted with a least-squares
regression line. Pearson correlations between residuals were used to
quantify partial correlations. Statistical significancewas assessed using
a multiple linear regression model that included both anxiety-related
measures and home-cage locomotion as predictors. Regression coef-
ficients were estimated using ordinary least-squares fitting, and sig-
nificance for each predictorwas determined using two-tailed t-tests on
the corresponding regression coefficients based on their estimated
standard errors within the full model.

Measure CORT and urinary protein
To measure corticosterone and urinary protein levels, we collected
urine from test animals between 11:00 am and 12:00 pm, which is one
to two h after light off. During urine collection, each animal was placed
in a clean cage without any bedding material for 10min. If the mouse
did not urinate on day 1, we repeated the same procedure on the
following day. Mice that failed to urinate on both days were excluded.

After urine collection, the sampleswere stored at −80 °Cuntil use.
The total protein and creatinine levels were measured using Quanti-
Chrom Protein Creatinine Ratio Assay Kit (BioAssay Systems, #DPCR-
100). The urinary protein-to-creatinine ratio was used as an approx-
imation of MUP level, given that MUP constitutes ~90% of all urinary
proteins51. Using the same urine sample, we measured the corticos-
terone concentration using an ELISA Kit (Arbor Assays™, K014)
according to the manufacturer’s instructions. Briefly, samples were
loaded into the pre-coated plate with antibody and corticosterone-
peroxidase conjugate. After incubation for 1 h on a high-speed shaker
(600 rpm), the plate was washed four times, and the substrate was
added. Following a 30-minute incubation without shaking, the stop
solution was added, and optical absorbance was subsequently mea-
sured. Corticosterone concentrationswerequantifiedusing a standard
curve generated from samples of known concentrations and were
normalized to creatinine levelsmeasured in the same urine samples to
control for variation in urine dilution.

c-Fos analysis
For c-Fos induction, all animals were directly purchased from Charles
River at the age of 8 weeks. After one week of single housing, male
animals were exposed to a pre-defeated group-housed Balb/c male
mouse placed under a mental pencil cup for 15min. Femalemice were
exposed to a cupped juvenile Balb/c male intruder for 15min. Control
animals were presented with an empty cup for 15min.

Eighty minutes after the interactions, the animals were deeply
anesthetized and perfused with Phosphate-Buffered Saline (PBS), fol-
lowed by 4% paraformaldehyde (PFA). After perfusion, brains were
harvested, post-fixed in 4% PFA overnight at 4 °C, and then cryopro-
tected in 30% (w/v) sucrose overnight until sunk at 4 °C. The brains
were then embedded in OCT compound and sectioned into 50-μm-
thick slices using a CM1900 cryostat (Leica). Immunostaining for cFos
was performed using a guinea pig anti-cFos primary antibody (1:1000,
Synaptic Systems #226 308), followed by an Alexa Fluor 647-
conjugated goat anti-guinea pig secondary antibody (1:1000, Invitro-
gen A21450). Nuclear staining was achieved by including DAPI
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(1:20,000, Thermo Fisher, D1306) in the secondary antibody staining
solution. Fluorescence images were acquired using an Olympus VS120
virtual slide scanner with identical imaging settings across all animals.

For quantification, the following brain regions were manually
outlined bilaterally based on DAPI staining, using anatomical land-
marks defined in the Paxinos and Franklin Mouse Brain Atlas and the
Allen Brain Atlas: LSd (bregma AP: 0.75 to −0.05mm), LSv (0.75 to
−0.05mm), BNSTpr (−0.1 to −0.6mm), MPOA (0.1 to −0.5mm), AHN
( −0.8 to −1.1mm), PVN ( −0.8 to −1.1mm), DMH (−1.4 to −2.0mm),
aVMH (−1.1 to −1.3mm), aVMHvl (−1.3 to −1.6mm), pVMHvl (−1.6 to
−1.9mm), VMHdm/c (−1.3 to −1.9mm), TU ( − 1.4 to −1.8mm), MeApd
(−1.4 to −1.8mm), MeApv (−1.4 to −1.8mm), COApl (−1.5 to −2.0mm),
PMd (−2.4 to −2.6mm), PMv (−2.4 to −2.6mm), PA ( − 2.2 to −2.8mm),
PAGd, PAGdl, PAGl, and PAGv (−3.55 to −4.2m). The number of sec-
tions stained and quantified for each region is listed in Supplementary
Data 2. For 3 males of each strain, we quantified every 4th section, and
for 2 males of each strain and all females, we quantified every other
section. Five sectionswere excludeddue to poor sectioning or staining
quality. cFos-positive cells and DAPI were counted using QuPath
(v0.5.0) open-source software. Automatic segmentation was per-
formed using the following parameters across all images: requested
pixel size = 2 μm, background radius = 8 μm, median filter radius =
0 μm, sigma = 1.5 μm, intensity threshold = 50, and cell expansion =
5 μm. All images were analyzed under identical contrast settings to
ensure consistency in fluorescence signal detection.

Stereotaxic surgery
During the surgery,micewere anesthetizedwith 1 − 1.5% isoflurane and
placed in a stereotactic frame (Kopf Instruments, Model 1900). Ste-
reotaxic injection coordinates were based on the Paxinos and Franklin
mouse brain atlas.

For visualizing pVMHvl in the male patch clamp experiment, we
injected 100 nL/side of red retrobeads (Lumafluor Inc, Red Retro-
beads™ IX) into the MPOA bilaterally (AP: −0.30mm, ML: ±0.40mm,
DV: −5.00mm) of 7-week-old wildtype mice through a glass capillary
using a nanoinjector (World Precision Instruments, Nanoliter 2000) at
a speed of 20 nL/min. Retrobeads were diluted 1:3 with ddH2O
according to the manufacturer’s protocol before injections.

For visualizing pVMHvlm in female patch clamp experiment, we
injected 100 nL/side of CTB Alexa 488 (Thermofisher Scientific,
C34775) into the MPOA (AP: 0.31mm, ML: ±0.30mm, DV: 4.95mm)
and red retrobeads (Lumafluor Inc, Red Retrobeads™ IX) into AVPV
bilaterally (AP: − 0.60mm, ML: ±0.15mm, DV: 4.90mm) through a
glass capillary using a nanoinjector (World Precision Instruments,
Nanoliter 2000) at a speed of 20 nL/min in 10-12 weeks old wildtype
female mice.

To chemogenetically activate VMHvl neurons in 129malemice, we
bilaterally injected 300 nL of a Cre-dependent hM3Dq virus (AAV2-
hSyn-DIO-hM3D(Gq)-mCherry; Addgene #44361; titer: 8.7 × 10¹² vg/
mL) or a control virus (AAV2-hSyn-DIO-mCherry; Addgene #50459;
titer: 4.4 × 10¹² vg/mL) into the VMHvl (AP − 1.58mm, ML ±0.775mm,
DV − 5.65mm). To restrict expression to VMHvl neurons projecting to
the MPOA, 200 nL of RetroAAV-EF1a-Cre (Addgene #55636) was
injected into the MPOA (AP −0.30mm, ML ±0.40mm, DV − 5.00mm)
of 7-week-old wild-type male 129 mice.

Chemogenetic activation
After surgery, animals were single-housed for three weeks. On the day
of testing, the animals were i.p. injected with either saline or (1mg/kg)
CNO. 6/10 animals received saline injection on the first day, while the
remaining 4 mice were injected with CNO first. 30min after injection
(saline or CNO), a non-aggressive juvenile BALB/cmalewas introduced
into the test male’s home cage for 10min.

Following the experiment, micewere transcardially perfused with
PBS followed by 4% PFA. Brains were post-fixed (3–4 h, 4 °C),

cryoprotected in 20% sucrose for 3-4 days, embedded in OCT, and
sectioned coronally at 50μm using a cryostat. Free-floating sections
were blocked in PBS-T (0.3% Triton X-100) with 10% normal donkey
serum and incubated with primary antibody against ESR1 (ESR1; rabbit
anti-ESR1, 1:1000, Invitrogen, PA1-309) at 4 °C overnight. The sections
were then washed with 0.3% PBST X 3 times and incubated with
fluorescent secondary antibodies (donkey anti-rabbit Alexa Fluor-
conjugated, 1:1000; Jackson ImmunoResearch) and DAPI (1:1000;
Thermo Fisher Scientific) for 2 h at room temperature. Sections were
mounted onto APS adhesive slides (MATSUNAMI GLASS SUAPS19),
coverslipped with glass coverslips, and imaged using either a confocal
microscope (Zeiss LSM series) or a slide-scanning system (Olympus
VS120) to verify viral expression and injection sites.

To quantify the percentage of mCherry-positive cells that were
also ESR1-positive, confocal z-stacks were maximum-intensity pro-
jected in ImageJ and imported into QuPath. mCherry-positive cells
were identified based on the mCherry and DAPI channels, while the
ESR1 channel was initially hidden to minimize annotation bias. The
ESR1 channel was then displayed to classify eachmCherry-positive cell
as ESR1-positive or ESR1-negative. Two sections per animal were
quantified, and the resulting percentages were averaged to obtain one
value per animal.

Pharmacological administration
For the pharmacological manipulation experiment, single-housed
adult male CD1 mice (12–13 weeks old) received intraperitoneal injec-
tions of yohimbine (YO, 2mg/kg; Thermo Scientific, 141030050) or
saline. All mice were first injected with saline and with YO 3 h after the
first test. Thirty minutes after each injection, a non-aggressive adult
BALB/cmale was introduced into the test male’s home cage for 10min
to assess aggression in a resident-intruder test. To control for potential
effects of repeated RI testing on baseline aggression, a saline–saline
group was included and tested two weeks after the saline–YO condi-
tion. One week after the last resident-intruder test, the same animals
were tested in the LDB test after saline and YO injections on
separate days.

Patch clamp slice recording
Following retrobead injection, mice were group-housed for 1 week to
recover from surgery, then single-housed for an additional week
before slice electrophysiology. For in vitro whole-cell patch-clamp
recordings, mice were anesthetized with isoflurane and perfused with
15mL oxygenated ice-cold cutting solution containing (in mM) 110
choline chloride, 25 NaHCO3, 2.5 KCl, 7MgCl2, 0.5CaCl2, 1.25 NaH2PO4,
25 glucose, 11.6 ascorbic acid, and 3.1 pyruvic acid. The coronal
pVMHvl brain sections (275 µM in thickness) were cut using the Leica
VT1200s vibratome and collected into the oxygenated artificial cere-
brospinal fluid (ACSF) solution containing (in mM) 125 NaCl, 2.5 KCl,
1.25 NaH2PO4, 25NaHCO3, 1MgCl2, 2 CaCl2, and 11 glucose at 32 °C.
Then, the sections were transferred to room temperature to incubate
for at least 30min before use. During recordings, slices were perfused
with oxygenated ACSF at a constant flow rate in a recording chamber.
Whole-cell patch-clamp recordings were performed using a Multi-
Clamp 700B amplifier (Molecular Devices), digitized at 20 kHz with a
Digidata 1550B interface (Molecular Devices), and acquired using
Clampex 11.0 software (Axon Instruments). Data were analyzed using
Clampfit (Molecular Devices) and MATLAB R2023a. Only cells with
input resistance > 200 MΩ, access resistance (Ra) < 30 MΩ, and leak
current within ±30 pA were included for analysis.

For current-clamp recordings, the internal pipette solution con-
tained (in mM): 145 K-gluconate, 2 MgCl2, 2 Na2ATP, 10 HEPES, and 0.2
EGTA (286mOsm, pH 7.2). Cells were subjected to a series of 500-ms
current injections ranging from −20 pA to 270 pA in 10 pA increments.
Prior to analysis, raw electrophysiological traces were low-pass filtered
using a second-order Butterworth filter with a 1 kHz cutoff frequency
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to reduce high-frequency noise. Spikes were detected using custom
scripts in MATLAB R2023a with a threshold of 10mV. The rheobase
was defined as the minimum current required to evoke an action
potential. The resting membrane potential was calculated as the
average membrane potential during the 400-ms baseline period of
sweeps without spontaneous spiking. Input resistance was obtained
from the membrane test window following break-in (Clampex 11.0).
The Input-Frequency (IF) curve was constructed by counting action
potentials at each current step, and the maximum spike number per
cell was defined as the highest spike count observed across all steps.

For each cell, an average spike waveform was generated by
aligning and averaging the first spike (detection threshold: 10mV)
across all depolarizing sweeps within a ± 3ms window around the
spike peak; sweeps without spikes were excluded. Strain-level spike
waveformswere then generated by averaging across cells of the strain,
with the SEM shown as a shaded region. Phase plots were constructed
by calculating the first derivative (dV/dt) of the strain-averaged wave-
form and plotting dV/dt against membrane potential (V), with SEM
shading indicating across-cell variability. The spike threshold was
estimated using a second derivative phase plot method122, defined as
the membrane potential at which d²V/dt² first exceeded 5% of its peak
during the rising phase, which captures the rapid acceleration of
depolarization that marks the onset of spike initiation. The maximum
rate of rise was calculated as the maximum dV/dt within the spike
window, and the spike peak amplitude was defined as the maximum
voltage within the spike window. The rate of repolarization was
determined as the most negative dV/dt following the spike peak,
representing the steepest repolarization slope. AP half-width was
defined as the spike duration at half-maximal amplitude (i.e., the
midpoint between spike threshold and peak amplitude) and was cal-
culated as the time difference between the rising and falling phase
crossings at this voltage level, identified using linear interpolation. All
spike waveformmetrics were computed from the first action potential
evoked during each depolarizing current step and subsequently
averaged for each cell.

For voltage-clamp recordings of spontaneous excitatory and
inhibitory postsynaptic currents (sEPSCs and sIPSCs), the internal
solution contained (in mM): 135 CsMeSO3, 10 HEPES, 1 EGTA, 3.3 QX-
314 (Cl- salt), 4MgATP, 0.3 NaGTP, and 8 sodiumphosphocreatine (pH
7.3, adjusted with CsOH). Themembrane potential was held at −70mV
for sEPSC recordings and at 0mV for sIPSC recordings. The total
recording was eight 5 s trials for either sEPSC or sIPSC, and therewas a
5 s recording gap between adjacent trials. Both amplitude and fre-
quency of sEPSCs and sIPSCs were quantified using Clampfit (Mole-
cular Devices). The E/I ratio was calculated as:

ratio =
sEPSCfrequency × sEPSCamplitude

sIPSCfrequency × sIPSCamplitude
ð3Þ

Statistics
Fisher’s exact test was used for comparing proportions. Pairwise group
comparisons were performed using two-sided tests on animal counts,
with p-values adjusted for multiple comparisons using the
Benjamini–Hochberg false discovery rate (FDR) procedure
(FDR =0.05; MATLAB mafdr, ‘BHFDR’, true). Data normality was
assessed using the D’Agostino and Pearson omnibus test. For com-
parison across two treatments in the same group, the paired t-test was
used for normally distributed datasets, while wilcoxon test was used
for non-normally distributed datasets. For comparison across two
groups, the unpaired t-test was used for normally distributed datasets,
while theMann–Whitney U test was used for non-normally distributed
datasets. For comparisons across multiple groups, one-way ANOVA
was used when all groups met normality assumptions, while the
Kruskal–Wallis test was applied for non-normally distributeddata. Post

hoc pairwise comparisons were corrected for multiple testing using
the two-stage step-up method of Benjamini, Krieger, and Yekutieli to
control the FDR. For I–F curves, group differences were assessed using
two-way ANOVA and two-way RM ANOVA tests, followed by a two-
stage linear step-up procedure of Benjamini, Krieger, and Yekutieli
FDR correction (FDR =0.05). Correlation between variables was eval-
uated using Pearson’s correlation coefficient. Correlation coefficients
(r) and associated p-values were computed using the corr function in
MATLAB R2023a. All other analyses were performed using GraphPad
Prism version 10.5.0 (673). See Supplementary Data 1 for statistical
details.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
Behavior annotations, representative raw histology images, optical
absorbance data for urinary protein and corticosterone assays, and
slice electrophysiology recording data can be found in Zenodo (DOI:
10.5281/zenodo.21313943). Behavioral videos and additional histology
images were not deposited as they exceed the file size limitation of
Zenodo. They are available from the first author or corresponding
author upon request, with an expected response time of oneweek and
without restrictions on eligible academic use. Raw numbers for all
figures can be found in the Source Data files. Source data are provided
with this paper.

Code availability
All MATLAB and Python scripts used for data analysis can be found in
Zenodo (DOI: 10.5281/zenodo.21313943).
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