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Experience-dependent dopamine
modulation of male aggression
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Numerous studies support the role of dopamine in modulating aggression'?,
but the exact neural mechanisms remain elusive. Here we show that dopaminergic
cellsin the ventral tegmental area (VTA) can bidirectionally modulate aggression

inmale mice in an experience-dependent manner. Although VTA dopaminergic
cells strongly influence aggression in novice aggressors, they become ineffective
in expert aggressors. Furthermore, eliminating dopamine synthesisinthe VTA
prevents the emergence of aggression in naive mice but leaves aggression intact
inexpert aggressors. VTA dopamine modulates aggression through the dorsal
lateral septum (dLS), aregion known for aggression control. Dopamine enables
the flow of information from the hippocampus to the dLS by weakening local
inhibition in novice aggressors. In expert aggressors, dLS local inhibition naturally
weakens, and the ability of dopamine to modulate dLS cells diminishes. Overall,
these results reveal a sophisticated role of dopaminein the rise of aggression

in adult male mice.

Aggression is an innate social behaviour that is essential for defend-
ing territory, competing for resources and securing mates. Exten-
sive research has revealed a subcortical core aggression circuit that
is composed of the medial hypothalamus, extended amygdala and
periaqueductal gray®. A parallel set of studies suggests that dopa-
mine has acomplex role in modulating aggression'2. First, dopamine
receptor antagonists represent the most frequent and enduring
treatment for suppressing aggression in humans*. Typical antipsy-
chotics, which mainly target D2 receptors (D2Rs), have been used for
decades to control aggression associated with psychotic conditions
such as schizophrenia, autism and borderline personality disorders®.
However, their effects are closely linked to sedation, raising the ques-
tion of whether diminished aggression is secondary to the general
suppression of arousal®. Furthermore, stimulants that increase cen-
tral dopamine levels, such as amphetamine and methamphetamine,
can heighten aggression, although a meta-analysis found that this
effect was highly variable depending on dosage and behavioural
paradigms’.

Pharmacological studies in animals support a similarly complex
role for dopamine in modulating aggression. Whereas early studies
generally concluded that stimulants enhance aggression in rodents®?,
more recent studies suggest that their effects vary with drug dosage
and behavioural history'®. D2R antagonists strongly reduce aggres-
sioninmice, but often concomitantly affect locomotion™?, The most
perplexing finding is that D2R agonists, just like D2R antagonists,
suppress aggression and reduce locomotion®. Genetic studies pro-
vide more uniform support for the role of dopamine in aggression.
Mutationsin monoamine oxidase A and catechol-O-methyltransferase

that impair the degradation of monoamines (including dopamine,
serotonin and noradrenaline) are consistently linked to hyperag-
gressive phenotypes in humans'?, Similarly, monoamine oxidase A,
catechol-O-methyltransferase and dopamine transporter (DAT) knock-
out mice all show increased dopamine levels in the central nervous
system and abnormally high levels of inter-male aggression™'¢%,

Previous circuit studies suggest that VTA dopaminergic cells can
influence male aggression'®. One study showed that basal forebrain
GABAergic (GABA refers to y-aminobutyric acid) inputs to the lat-
eral habenula (LHb) bidirectionally control attack and the valence
of aggressive interaction in male mice®. Given the dense projections
fromthe LHb to the VTA, the VTA was considered to be a likely down-
stream region to mediate LHb modulation of aggression?. Indeed,
another study reported that 10-min optogenetic activation of VTA
dopaminergic cells enhanced attack towards conspecific intruders
in male mice®. It has been suggested that VTA dopaminergic cells
influence aggression by inhibiting the lateral septum’®. However, para-
doxically, VTA dopaminergic cells project mainly to the dLS?, a site
that has been proposed to promote aggression throughits inhibitory
projectionto the ventral lateral septum (vLS), which, inturn, inhibits
the ventrolateral part of the ventromedial hypothalamus (VMHvl), a
key site for aggression generation® ., Thus, although dopamine has
beenlinked to aggressionin numerous clinical and preclinical studies,
its exact action remains unclear.

Here we show that whether VTA dopamine modulates aggression
dependsstrongly on fighting experience. We then uncover the neural
circuit mechanisms that underlie this experience-dependent dopamine
modulation.

'Neuroscience Institute, New York University Grossman School of Medicine, New York, NY, USA. ?State Key Laboratory of Membrane Biology, Peking University School of Life Sciences, Beijing,
China. ®PKU-IDG/McGovern Institute for Brain Research, Beijing, China. “Peking-Tsinghua Center for Life Sciences, Beijing, China. °Department of Neuroscience and Physiology, New York
University Grossman School of Medicine, New York, NY, USA. ®Department of Psychiatry and Behavioral Sciences, University of Washington, Seattle, WA, USA. "Department of Pharmacology,
University of Washington, Seattle, WA, USA. ®Department of Psychiatry, New York University Grossman School of Medicine, New York, NY, USA. °Present address: Department of Psychiatry,
Douglas Hospital Research Centre, McGill University, Montreal, Quebec, Canada. ®e-mail: bd1409@nyu.edu; Dayu.Lin@nyulangone.org

430 | Nature | Vol 639 | 13 March 2025


https://doi.org/10.1038/s41586-024-08459-w
http://crossmark.crossref.org/dialog/?doi=10.1038/s41586-024-08459-w&domain=pdf
mailto:bd1409@nyu.edu
mailto:Dayu.Lin@nyulangone.org

a c d e
AAV-hSyn-DIO-mCherry OR Z x 150 mice aggressors RITs in novice aggressors RITs in expert aggressors
AAV-hSyn-DIO-hM4Di-mCherry OR £9 - - =
AAV-hSyn-DIO-hM3Dg-mCherry Eg E Y]D ~-OO0o [C21| Sal [Agg. training HIEETH ©~ T}
23X 100 3 weeks 3-7 days 8-day RITs
RS 2 Non-agg. X First day of agg.
=52 10-min RIT ' BC male
2 5 ° 50 Expert aggressors Sal/C21 i.p. intruder in Intruder out
288 ,—> ¥ ¥ A
< E (AR I
x CEZ T T
A E E oLE D D . . . . ;*_51 “~30mn____ T10minRT
DAT-cre male o astiqz
DAPI hM4Di TH R 8-day agg. training Investigate Attack
A\
f msal = C21 g msal =C21 h i mSal = C21 I K
100 150 <0.001 100
S g
=y @ 0.002  <0.001 @ g = -
@ c - o) c g
% S 100 <0.001 g 3 2 g
8 © o] g e o
£ 50 3 o ® £ 50 3 k<t
8 z \ < 8 z z
= =
0 0 0 0 0 : 0
mCherry hM4Di hM3Dq mCherry hM4Di hM3Dq mCherry hM4Di hM3Dq mCherry hM4Di hM3Dq mCherry hM4Di hM3Dgq mCherry hM4Di hM3Dq
@ @®) @®) @ ®) @®) @) @®) @®) @ @®) @®) @ ® ® @) @®) @®)
1 m o P 4 weeks 8 days
W sgRosa26 = sgTH 3 1l5 ggRosaZG sgTH Naive Daily RIT
AAV-CMV-FLEX-EGFP-KASH + 150 ', %
o <0.001 <0.001 w &S 2 weeks 8-day RITs 4 weeks 8 days
AAV-CMV-FLEX-SaCas9-U6-sgTH OR ) i Expert  —{SH }[Agg. training J{[Virus}{ SH [ Daily RIT_|-
AAV-CMV-FLEX-SaCas9-U6-sgRosa26 22 6) S5
8 T 100 <2 100
v ; n q Total number of attack days
L3 <2 0123456789
. T < [T
Tt 50 A 50 Naive Expert
e w WMo LT SgRosa26 [ I | SoRosa26 I
VIA e 2 e sgTH BES  soTH I
DAT-cre male olMl= M= 87 2 4 68 10 12 123456
Naive Expert Mice Mice
r s t u v w
100 — sgRosa26 (12) 120 | _ sgRosa26 (12) 800 1 _ sgRosa26 (12) __ 100 1201 _ sgRosa26 (6) 800 | _ sgRosa26 (6)
€ w0 sgTH (12) - aTH(z)  J0001 sgTH(g) 0001 g & - sgTH (6) sgTH (6)
=z @ z —
3 P <. 600 3 c I
2 S 80 3 2 S 80 -
S 60 5 5 e S 60 g 8
£ é % 400 P . £ — sgRosa26 (6) g )
= 40 > alad = 40 sgTH (6) ©
-E § 40 _é g § 40 \/§ <
g 20 Z 7 200 8 20 g £
s Skk ey * xx g <
0 0 0 0 0 0
123 4567 8 12 3 45 67 8 123 4567 8 12 3 45 67 8 12 3 45 6 78 12 3 45 67 8
Days Days Days Days Days Days

Fig.1| VTAP"" cells modulate male aggressioninnaive mice and novice
aggressors, butnotinexpertaggressors. a, Experimental design.

b, Representative histology. Scale bar, 250 um. ¢, Percentage of total infected
cellsinthe VTA. d, Definition of naive mice, novice aggressors and expert
aggressors. e, Experimental timeline (top) and 10-min Rl test (RIT; bottom).
i.p., intraperitoneal; Sal, saline; SH, single housing; asterisk denotes
counterbalanced. f-k, Percentage of mice that attacked (f,i), attack duration
(g.j), and latency to attack (h k) after saline or C21treatmentin mCherry,
hM4Diand hM3Dq novice (f-h) and expert (i-k) aggressors. If no attack occurs,
thelatencyis 600 s.1, Experimental design. m, Representative histology. Right
images areenlarged views of the boxed areas. Scale bars, 250 um (left); 100 pm
(right). n, Percentage of TH-positive cellsamong EGFP-positive VTA cellsin
sgRosa26 and sgTH mice. o, Percentage of infected cellsinthe VTAin combined
infected cellsinthe VTAand SNc. p, Experimental timeline. q, Number of attack
daysin 8-day RItestsinRosa26 and sgTH naive mice (left) andin expert

VTAPAT alters aggression only in novices

Optogenetic activation of VTA dopamine cells enhances attack and
mounting in male mice'. However, the roles of these cells in naturally
occurring inter-male aggression remain unclear. We thus chemoge-
netically inhibited VTA dopaminergic cells using hM4Di* (control:
mCherry) in male DAT-Cre mice (Fig. 1a,b). More than 90% of infected
cellswereinthe VTA (Fig.1c). Pilot experiments suggested inconsistent
changes in aggression after inhibiting DAT-expressing VTA (VTAPAT)
cells (data not shown). However, careful examination revealed that
the mouse’s fighting experience might influence the manipulation
outcome, which agrees with a previous report suggesting that D2R
antagonists only suppress aggression in novice fighters®. To investigate
the role of experience-dependent dopamine modulation on aggres-
sion, we tested the effect of VTAPAT inhibition in ‘novice’ and ‘expert’
aggressors (Fig.1d,e). The former are defined as mice with fewer than

aggressors (right). r-w, Percentage of attacking mice (r,u), attack duration (s,v)
and latency to attack (t,w) during each daily Rl test after ablating Rosa26 or TH
innaive male mice (r-t) and inexpertaggressors (u-w).*P< 0.05,**P< 0.01,
***P < (0.001.Numbers in parentheses indicate numbers of mice. Circlesand
linesrepresent datafromindividual mice. c,q, Mann-Whitney test; f, McNemar’s
test forhM4Digroup; g,h,j k, repeated-measures two-way ANOVA with
multiple comparisons and Bonferroni’s or Tukey’s correction; n,0, two-way
ANOVA with multiple comparisons and Bonferroni’s correction; r,u, Fisher’s
exacttestswithfalse discoveryrate (FDR) correction; s,t,v,w, repeated-measures
two-way ANOVA with multiple comparisons and Bonferroni’s correction. See
Supplementary Table 1for statistical details. Elements (mice) in e were created
using BioRender (https://biorender.com). Inthisand all other figures, barsand
error bars, and solid lines and shades, represent mean +s.e.m.;allP< 0.05are
indicated, if not, P> 0.05; all statistical tests are two-tailed. Brain illustrations
areadapted from the Allen Brain Reference Atlas (https://atlas.brain-map.org).

three days of attack experience, and the latter are mice with aminimum
of eight days of continuous winningin the standard resident-intruder
(RI) tests (Fig.1d).

For novice aggressors, attack duration significantly decreased, and
attacklatencyincreased in hM4Dimice after injection of C21 (a hM4Di
ligand)?® compared with saline injection (Fig. 1f-h). Male and female
investigation duration, mounting and intromission, latency to mount
towards a female mouse and general locomotion in an open arena
did not differ between C21- and saline-injected days (Extended Data
Fig.1c-e,i-1). mCherry control mice showed no change in any behav-
iours after C21injection (Fig. 1f-h and Extended Data Fig. 1c-e,i-I).
Thus, VTA"inhibition suppresses aggression but not other behaviours
innovice aggressors.

After thefirstround of C21and saline injections, allmice underwent
daily RItests against BALB/c (BC) maleintruders for another eight days
to become expert aggressors, and were tested again (Fig. 1e). Unlike
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the robust C21-induced decrease in aggression in novice aggressors,
inhibiting VTAPA" cells in expert aggressors did not impair aggressive
behaviours. Allmice attacked the BCintruders, and the attack duration
and latency were comparable between C21- and saline-injected days
(Fig. 1i-k). Investigation duration and locomotion also did not differ
between C21-and saline-injected days (Extended DataFig.1f-h). Thus,
VTAPA cells are crucial for aggressive behaviours in novices but notin
expert aggressors.

We next asked whether chemogenetic activation of VTAPA cells
can promote aggression, as optogenetic activation does™"”, and if so,
whether it depends on experience. We expressed hM3Dq in the VTA
dopamine cells of DAT-Cre male mice and tested the aggression of
novices and experts after saline and C21injections (Fig.1a,e). Chemo-
geneticactivation of VTA™ cells consistently increased attack duration
innovice aggressors without affecting attack latency and investigation
duration (Fig. 1f-h and Extended Data Fig. 1c,d). Male sexual behav-
iours were unchanged after C21injection (Extended Data Fig. 1i-1). By
contrast, inexpert aggressors, C21linjection did not alter attack dura-
tion or latency, further supporting an experience-dependent role for
VTAP¥ cellsin aggression (Fig. 1li-k). Notably, activation of VTAPAT cells
enhanced locomotioninboth novice and expert aggressors, suggest-
ing that C21 remains effective in changing VTAPA" cell activity in expert
aggressorsand that the overall levels of aggression are dissociable from
movement (Extended Data Fig. 1e,h).

The lack of change in aggression after manipulation of VTAP"" in
expertaggressors could not be explained by the ceiling or floor effects
of aggression, because novice and expert aggressors attacked for a
comparable amount of time, and the same manipulation readily altered
attack durationinnovice aggressors (Fig.1g,j). The similar attack dura-
tion of novice and expert aggressors towards BC intrudersis unsurpris-
ing. Werecently found that although the level of aggressionincreases as
mice gain more winning experience (reflected by theirincreased readi-
nessto attack astronger opponent), the attack duration towards aweak
opponent—forexample, anon-aggressive BC maleintruder—plateaus
after one to two days of winning®. Nevertheless, to address whether
aggressive behaviours wereimmuneto perturbations inexpert aggres-
sors, we chemogenetically activated the EsrI-expressing populationin
the ventrolateral part of the ventromedial hypothalamus (VMHvI®"),
akey population for driving aggression®** (Extended Data Fig. 2a—c).
In contrast to the activation of VTAPA cells, activating VMHVI®™" cells
increased attack durationand shortened attack latency inboth novice
and expert aggressors (Extended Data Fig. 2d-f). Investigation dura-
tion also trended downwards after C21 injection, probably owing to
increased aggression (Extended Data Fig. 2g). VMHvI®" activation also
induced attacks towards female intruders, as previously reported®**,
inboth novice and expert aggressors (Extended Data Fig. 2h-k). By
contrast, we never observed female-directed attacks after VTA®T activa-
tion (Extended Data Fig.1m). Overall, our findings highlight the unique
experience-dependent and target-specific modulatory effect of VTAPAT
cells on aggression.

Aggression is sexually dimorphic in mice®. Virgin females gener-
ally show minimum aggression towards intruders. However, female
aggressionmarkedly increases during lactation, to protect the young—a
phenomenon known as maternal aggression®. We chemogenetically
inhibited VTAP*" cells in lactating females and found no significant
changeinanybehaviouralmeasures, including the probability of attack,
attack duration and latency, investigation duration and locomotion
(Extended Data Fig. 3a-h). Furthermore, chemogenetic activation of
VTAPY cells did not change attack or social investigation in either virgin
or lactating females (Extended Data Fig. 3i-m). However, VTAP" cell
activationincreased locomotioninfemales, asit did in males, suggest-
ing that the manipulation was effective (Extended DataFig.3n). Thus,
VTAPA cells are not essential for modulating female aggression, regard-
less of the reproductive state. We therefore focused our subsequent
experiments on inter-male aggression.
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Emergence of aggressionrequires VTA dopamine

We next asked whether dopamineis the key neurotransmitter inmodu-
lating aggressionand, if so, whether itsrole is experience dependent.
Weinduced mutagenesis of tyrosine hydroxylase (TH), arate-limiting
enzyme for dopamine synthesis, by injecting Cre-dependent CRISPR-
SaCas9 and TH-targeting guide RNA (sgTH) (control: sgRosa26) virus
into the VTA of DAT-Cre male mice that were either naive or had exten-
sivewinning experience* (Fig. 11-p). Post hoc THimmunostaining con-
firmed the successful deletion of THin sgTH-injected mice (Fig.1m,n).
Most virus-expressing cells were in the VTA, but some were also found
inthe substantia nigra pars compacta (SNc) (Fig. 10).

Of the twelve naive sgTH males, none could attack consistently
across eight days of the Rl test; four attacked and achieved victories
onsome days but failed to maintain aggression in later days, whereas
eight never attacked (Fig.1q-t). By contrast, nine out of twelve control
sgRosa26 mice showed escalated aggression over the first three RItests
and consistently attacked on subsequent testing days (Fig. 1q-t). The
investigation duration of sgTH mice did not change over days, whereas
itdecreased gradually in sgRosa26 mice as aggression levels increased
(Extended Data Fig. 4c).In expert aggressors, TH mutagenesis did not
negatively affect aggression: both sgTH and sgRosa26 mice attacked the
intruder reliably across days (Fig.1q,u-w and Extended Data Fig. 4d).
Withregard to sexual behaviours, we found no difference between sgTH
and sgRosa26 mice, regardless of their fighting experience. All males
spent a similar time investigating and mounting females (Extended
DataFig. 4e-h).

Inthe open-field test, the maximum velocities of sgTH and sgRosa21
mice were comparable, but sgTH mice travelled less (Extended Data
Fig. 4i-k), possibly owing to the virus spreading to the SNc, which is
essential for spontaneous movementinitiation® (Fig. 1m,0). Notably,
the decrease in locomotion was similar for naive and expert aggres-
sors, suggesting that the lack of stable aggression in sgTH naive mice
is not tied to locomotor defects (Extended Data Fig. 4j). Thus, VTA
dopamine is crucial for the emergence of aggression in naive mice.
However, it is dispensable once aggression stabilizes after repeated
fighting.

Aggression increase requires dopamine input to dLS

VTA dopamine must influence aggression by modulating downstream
regions. On the basis of VTAPT cell projections® and the relevance of
candidate downstream regions to aggression'®?****¢% we focused on
two structures: the dLS and the nucleus accumbens medial shell (NAcs).
Wefirstinjected 6-hydroxydopamine (6-OHDA) (control: vehicle) bilat-
erallyintothe dLS or the NAcs to eliminate dopaminergic terminalsin
naive male mice (Fig. 2a). Histology confirmed that 6-OHDA led to a sub-
stantial decrease of dopaminergic terminals (Fig. 2b,c). Naive mice in
which 6-OHDA was injected into the dLS did not develop stable aggres-
sion over repeated Rl tests, in contrast with the escalated aggression
over days that was seenin controland NAcs-lesioned mice (Fig.2d and
Extended DataFig. 5a-d). In expert aggressors that underwent Rl tests
for eight days before the injection of 6-OHDA or vehicle into the dLS
(Fig. 2e, top), minimal differences in aggression were observed between
groups (Fig. 2e and Extended Data Fig. 5e-h). All expert aggressors
continued to attack reliably over eight testing days (Fig. 2e). Thus, DA
inputstothe dLS, but not to the NAcs, are essential for the emergence
but not the maintenance of stable aggression.

dLS dopamine release over repeated fighting

Wenextrecorded dLS dopamine fluctuations using the third-generation
dopamine sensor, GRAB,, (ref. 38) (Fig. 2f-n). Fibre photometry
recording revealed a consistent increase in GRAB,s, in the dLS
and the nucleus accumbens core (NAcc) after optogenetic activation



a b Cc d 3weeks 8days e 2 weeks _ 8-day RITs
Vehicle 0.02 i Inj Expert SH Inj.
ot ‘ _ > 300, ool Naive Daily RIT p [SHH Agg g »
Vehicle Vehicle B ’—v—‘ 3 weeks 8 days
& = Total number of attack days SH
15} aily RIT
E 200 B Ctl (@ 0123456789 > 2
g l(9) [mama——— ] Total number of attack days
£ 100 = NAsc-L () ct T —— 0123456789
¢ [mEmama——— ]
z NAcs-L T— }8 Ot ——
WT male T £ dLS-L |
0
= CC NAcs 8 10 Mice dLS-L _ i
Vehicle ~ CC_ 6-OHDA  CC \ce
- S 2 150 0,03 s S
. S S
NAcs-L 2 mor(15) S 107 _cro) —NAcs-L@@ — dis-Lig =10
6-OHDA £ 100! 0001 ﬁL_S-L (15 8 80 2 8ol —cCti(e)
. - aive o 2 dLS-L (8
% 24l ;u,’) = Expert g 60 g 60 ®
d dLs S 50f: & £ 40 0.049 5 40
2 . 0.049
= s 20 0.007°021 0.021 507 £ 20
Enhanced Enhanced T 8 0 8 9
S0 CC ds S 1 2 3 4 5 6 7 8 S 1 2 3 4 5 6 71 8
WT male WT male Days Days
f h )
| tiaate Attack Intruder entry Investigate Attack
v ate
AAV-nEF-DIO-ChRmine-oScarlet £ Detector M:m i |
o Non-a
AAV-hSyn-DA3h g Non-agg. ! (5)99 ! —t ' GRAB,,,
] ° ! 405-
s s N GRAB,,, 405-nm Ctr J N 405-nm Ctr
dLS.\ 8 First agg. i F"St agg f~\
- e
S VTA ¥ = 1 ——
DAT-cre male k
i H\lr A Fifth agg. fv\\ |
RITs VTA stim. VTA stim. Fifth agg. ] © { —e e
3 weeks |
»N_ OO Ninth agg. MWWMN Ninth agg.__ —_
DAPI GRAB_, i ©) l - J— J—
A X A oash
Non-agg™”"  Fjst Fifth agg. Ninth ChRmine ~ 20s 7 0s /N 10s
irst agg. inth agg. Male intruder in Tmin Male intruder in Investigate onset Attack onset
m € 020 Non-agg. (5) |:|LZ 0.05
Lo <0.001 First agg. (5 & 020r Tgo1 <0.001 )
2 o1 <0.001 <0.001 0.005 990 4 0.01 <0.001" First agg. (9)
c o S m Fifth agg. (9)
d <0.001 2 .
£ o010 E = Ninth agg. (9)
g 0.05 =S ] =
g OI_ZFT‘\‘T_‘W ,..,._'| |FI7 = ‘ z i - > =
Q}\(@ Q}‘ -\q \\(\ (é‘& . q’z}b Baseline Entry Investigate ?;\\(\2 (\\6.9,5@&;} 0}\(‘2&6’ @2’@&’& ?;\\o%\\\d_ 9,;,@‘&1’6" Baseline Entry Investigate Attack
2 2 2 & '3 ¥ oF >V oF il
R & & £2 & < & K2 @
N N N & ©
o q
AAV-EF1a-DIO-EYFP OR Fibre track RITs in novice aggressors RITs in expert aggressors
AAV-EF1a-DIO-hChR2(H134R)-EYFP
6 weekf/ 3-7 days 8-day RITs
Tonic stim. protocol
10 min » YT
<> {[{0{hid Bliti | dbeibbIRIT]
DAT-cre male 4mW 30Hz10ms 4mW 30Hz 10ms 0.5s ON/4.5s OFF
r m Sham = Stm.  $ mSham = stim. T m Sham = stim. U msham = stm. VYV msham =stm. W  msham =stm. X m Sham = stm. Y m Sham = Stim.
100 150 0.004 300 300 100 150 .
g o s =
3 @ = S = = c
3 2 2 3 2 2
£ S & 200 € 200 £ S 100 g g
4 © 5 3 5] © [ S
¥ 50 3 k<] s ® 50 3 k<t 5
= ~ ~ 2 = x =
£ 3 § 100 g 100 g E 50 g 5
8 < < 2 8 % < 3
= z = z
0 0 0 = 0 0 0 - 0
EYFP  ChR2 EYFP  ChR2 EYFP  ChR2 EYFP  ChR2 EYFP  ChR2 EYFP ChR2 EYFP ChR2 EYFP  ChR2
6) @) 6) ) 6) @) ©) @) ©) @ (6) @) ©) @ ©) @)

Fig.2| VTA”"" modulates aggressioninnovice aggressors through projection
tothedLS.a, Experimental design. WT, wild type. NAcs-L, NAcs-lesioned;
dLS-L, dLS-lesioned. b, Representative histology of the NAcs (top) and the dLS
(bottom) in control, NAcs-lesioned and dLS-lesioned mice. CC, corpus callosum.
Scalebar, 500 pm. ¢, Median TH fluorescence intensity in the NAcs (top), dLS
(middle) and CC (control) in various groups. d,e, Experimental timeline (top),
total attack days (middle) and percentage of mice attacking (bottom) during
eachtestdayinvarious groups of naive mice (d) and expertaggressors (e).
Pvaluesind (bottom) are from comparisons between controland dLS-lesioned
mice. f, Experimental design, fibre photometry set-up and timeline to record dLS
dopamine. g, Representative histology. Scale bars, 500 um. h, Representative
AF/Ftraces of GRABp,, (black) and 405-nm control (grey) signals of the dLS
duringRItests onthelast non-aggressive day and on the first, fifthand ninth
aggression days. Red dashed lines: maleintruderintroduction. i-1, Average
peri-event time histograms (PETHSs) (last non-aggressive day, i; first (j), fifth (k)
and ninth (I) aggression days) of GRABp,, (black) and 405-nm channel (grey)
signals (AF/F) aligned to the onset of intruder entry, investigation and attack.

of VTAP cells in naive mice (Extended Data Fig. 6a,b,d,e). Compared
with the NAcc, VTAP""-activation-induced dopamine release in the
dLS was smaller, and slower to reach the peak and return to baseline,
although the latency to respond was similarly shortinthe dLS and the

Red dashedlines: behaviour onset. m,n, Averaged GRAB,, signals (AF/F)
during various behaviours across testing days (m, last non-aggressive day and
firstaggressionday;n, first, fifth and and ninth aggression days). o, Experimental
design. p, Representative histology. Scale bars, 500 um. q, Experimental
timeline and light delivery protocol. Asterisk denotes counterbalanced.

r-y, Percentage of mice that attacked (r,v), attack duration (s,w), latency to
attack (t,x) and investigation duration (u,y) of novice (r-u) and expert (v-y)
aggressorsonshamand light-stimulated days. White dashed rectanglesin
g,p:fibretracks. Eachlinerepresents one mouse. Numbersin parentheses
indicate numbers of mice.d (middle), Kruskal-Wallis test with multiple
comparisonsand Dunn’s correction; e (middle), Mann-Whitney test; d (bottom),
e (bottom), Fisher’s exact tests between control and each lesion group followed
by FDR correction; m,n, repeated-measures two-way ANOVA with multiple
comparisons and Bonferroni’s or Tukey’s correction; ¢,s—u,w-y, repeated-
measures two-way ANOVA with multiple comparisons and Bonferroni’s
correction. See Supplementary Table 1 for statistical details. Elements (mice)
infwere created using BioRender (https://biorender.com).

NAcc (Extended Data Fig. 6d-i). Thus, dopamine releases in the dLS
canbe triggered rapidly by the activation of VTAPA" cells, although the
dopamine concentration and uptake rate are likely to be lower in the
dLS thaninthe NAcc.
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We next monitored dopaminelevelsin the dLS as naive mice developed
intoexpertaggressors over repeated Rl tests (Fig. 2f). Whenintroducing
theintruder and before aggression emerged, dLS dopamine increased
moderately for about one minute (Fig. 2h,i), but remained unchanged
duringinvestigation (Fig. 2i,m). Dopamine increased significantly more
duringtheintruderintroduction onthefirstattack day thanitdid onthe
last non-aggressive day (Fig. 2h-j,m). Dopamine also increased slightly
during investigation and attack (Fig. 2h,j,n). On the fifth testing day,
theincreasein dopamine duringintruderintroduction became signifi-
cantly smaller thanitwas onthefirstday (Fig.2h,j,k,n), and it continued
to decline until the last testing day (Fig. 2h,1,n). On the ninth testing
day, dopamine did not significantly increase during investigation and
attack (Fig. 21,n). These differencesinresponses probably reflect reduced
VTAPA" cell responses rather than aweakened VTAP" to dLS projection,
because VTAPA"-triggered dLS dopamine release was similar between
the first and the ninth aggression days (Extended Data Fig. 6c,j-I). Fur-
thermore, dopamine release in mice that encountered amale intruder
under a cup did not change across days, suggesting that the decline
in dopamine release depends on fighting experience (Extended Data
Fig. 7a-g). Finally, the control 405-nm channel showed no changes in
fluorescence during intruder introduction or investigation, although
there was a decrease in signal during attack, possibly reflecting move-
mentartefacts (Fig. 2h and Extended DataFig. 7h-j). The 405-nm signal
remained constant across testing days (Extended Data Fig. 7i,j).

These observations highlight three key aspects of dLS dopamine
responses. First, therelease of dopamine induced by theintruder is larg-
estonthefirst day of aggression, supportingits potential rolein aggres-
sion emergence. Second, dopamine release decreases after repeated
fighting experiences, consistent with its diminished role in modulat-
ing aggression in expert aggressors. Third, compared with the NAcc,
dopaminerises and falls slowly inthe dLS, suggesting that it modulates
the overall aggressive state as opposed to the moment-to-moment
kinematics of attack bouts.

dLS dopamine promotes aggression in novices

We next asked whether artificially boosting VTA dopamine release at
the dLSis sufficient to enhance inter-male aggression. Given the slow
kinetics of dLS dopamine signals, we used both acute (4-mW 470-nm
light, 30-ms pulses at 10 Hz for 20 s) and tonic stimulation protocols
to optogenetically activate VTAPAT-dLS terminals on separate days
(Fig. 20-q and Extended Data Fig. 8a,b). The latter includes a 2-min
priming period (30 ms, 10 Hz) 10 minbefore the intruder introduction
and spaced stimulation (30 ms, 10 Hz, 0.5 s on and 4.5 s off) through-
outthe10-min RlItest (Fig.2q). Acute optogenetic stimulation did not
change the aggressive behaviours of novice aggressors (Extended
DataFig. 8c-f). However, tonic stimulation significantly increased
the total attack duration in the ChR2-expressing cells, but not in the
EYFP-expressing cells, of novice aggressors, although attack latency
andinvestigation duration did not change (Fig. 2r-u). In expert aggres-
sors, the tonic VTAPAT-dLS stimulation did not promote aggression
(Fig. 2v-y). Furthermore, stimulating VTAP*™-dLS lacked positive or
negative valence, because ChR2 mice spent a similar time in the light
chamber during the baseline and light-pairing periods in the real-time
place preference (RTPP) test (Extended DataFig. 8g,h). The VTAPA™-dLS
terminal stimulation did notincrease FOS in VTAPAT neurons, suggesting
that the change in behaviour is unlikely to be due to the recruitment
of other regions caused by the back propagation of action potentials
(Extended Data Fig. 8i-k). In contrast to the aggression-promoting
effect of VTAPM-dLS projection, tonic optogenetic activation of VTAPAT-
NAcs terminals did not change attack duration or latency in novice
aggressors, even though the stimulation increased the time spentin
the light-paired chamber in the RTPP test (Extended Data Fig. 81-s).
Thus, VTA dopamine terminals at the dLS, but not at the NAcs, facilitate
aggression in an experience-dependent and slow manner.
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Dopamine gates hippocampal flow through the dLS

We next investigated how dopamine affects dLS cell activity to modu-
late aggression. It was previously reported™ that 66% of recorded dLS
cells showed a slow inhibitory postsynaptic potential (IPSP) when dLS
dopaminergic terminals were optogenetically activated's. However, we
found that only 8 out of 45 cells showed slow IPSPs, with an averaged peak
amplitude of -1.88 + 0.39 mV (Fig. 3a-f). This discrepancy might be due
todopaminergicinputstothe dLS from otherregions, such asthe dorsal
raphe, whichwould be sparedinour study but recruited in the previous
studies using DAT-Cre:Ai32 mice'®*, Indeed, applying 100 uM dopamine
hyperpolarized 30 out of 35 dLS cells (peak amplitude: -5.28 + 0.50 mV;
30 cells) (Extended Data Fig. 9a-d). The effect of dopamine could be
blocked by the D2R antagonist sulpiride (SUL, 10 pM) or mimicked with a
D2Ragonist sumanirole (SUM,1pM), suggesting that D2Rs mainly medi-
atetheeffects of dopamine (Extended DataFig. 9b,d). SUL alone did not
change the membrane potential significantly (Extended Data Fig. 9b,d).

The small fraction of dLS cells mildly hyperpolarized by VTA™ inputs
raised doubts about the ability of this mechanism to induce robust
aggression change (Fig. 2s). Given the prominent role of dopamine
in synaptic plasticity*’, we asked whether VTA dopamine might also
change synaptic transmission in dLS cells (Fig. 3h). After optogeneti-
cally activating VTAPAT terminals for 5 min (1 ms, 30 Hz), the frequency
of spontaneous inhibitory postsynaptic currents (sIPSCs), but not their
amplitude, decreased in 18 out of 22 dLS cells for the recording dura-
tion (at least 5 min after the stimulation ended) (Fig. 3i,j). The change
insIPSCs could be blocked by pre-applying SUL and mimicked by SUM
(Fig. 3k-m,q-t). After applying tetrodotoxin (TTX) to block spiking
activity, SUM remained effective in reducing the frequency of miniature
IPSCs (mIPSCs) in dLSP* cells, indicating that the release of presynaptic
inhibitory vesicles decreased (Fig. 3u-w). By contrast, the frequency and
amplitude of spontaneous excitatory postsynaptic currents (SEPSCs) did
not change after VTA™ terminal stimulation (Extended Data Fig.10a-d).

The mainlong-range inputto the dLS comes from the hippocampus
and is excitatory, whereas dLS cells are overwhelmingly GABAergic
and formdenselocalinhibitory connections*. Tounderstand whether
the dopamine-induced decrease in mIPSCs and sIPSCs reflects weak-
enedlocalinhibition, we expressed ChR2 sparsely in dLSP™ cells, and
voltage-clamp recorded ChR2-negative dLS cell responses to inputs
from neighbouring ChR2-positive dLS”* cells (Fig. 3x). The amplitude
of light-evoked IPSCs (optical IPSCs; olPSCs) significantly decreased
and the paired-pulseratio (PPR) of oIPSCs increased after application
of SUM, suggesting that D2R activation reduced presynaptic vesicle
release in dLS cells (Fig. 3y-b’). These results support the hypothesis
that dLS inhibitory connections are weakened by VTAPT input.

How might decreased localinhibitioninthe dLS affect aggression? It
hasbeenreported that dLS cells cannot follow hippocampal stimulation
of greater than1Hzbecause of a prolonged post-excitationinhibition
mediated by dLS collaterals*>. We thus asked whether dopamine can
enable the propagation of hippocampal information by dampening
local inhibition. Specifically, we current-clamp recorded dLS neu-
rons while optogenetically activating CA2 and CA3 (CA2/3) terminals
before and after VTAP*" terminal stimulation (Fig. 4a). At the baseline,
brief (0.3 ms) activation of CA2/3 terminals reliably evoked an action
potential followed by a prolonged IPSP in dLS neurons (Fig. 4b). dLS
cells could follow al-Hz hippocampal input but did not generate more
than one spike when CA2/3 terminals were stimulated at 5 or 10 Hz
(Fig. 4d,e). After activating VTAPA" terminals for 5 min (control: 0 mW
light), the post-spike IPSC amplitude significantly decreased (Fig. 4c),
and spiking probability at 5-Hz and 10-Hz CA2/3 terminal stimulation
significantly increased (Fig. 4d,e). SUM application also significantly
reduced the post-spike IPSP amplitude (Fig. 4f-h) and increased the
dLSP % cell spike probability for 5-Hzand 10-Hz CA2/3 inputs to nearly
100% (Fig. 4i,j). Thus, dopamine can ‘open the gate’ for hippocampal
inputs to the dLS by reducing local inhibition.
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Fig.3|Dopamine modulation of dLS cell synaptic and cellular activities
innovice and expertaggressors. a, Experimental timeline. b, Recording
schematics for c-p and representative histology. Scale bar, 500 pm.

¢, Representative light-evoked slow IPSPs of dLS"" cells. d,e, Distribution

of dLS"" cell responses (d) and slow IPSP amplitude (e) after VTAPAT terminal
stimulationinnovices and experts. Noresp., noresponse. f, Light-induced
slow IPSP amplitude of responsive dLS"" cells in novices before and after SUL.
g, Resting membrane potential (RMP) of dLS"" cellsin novices and experts.

h, Representative sIPSC traces of adLS"" cellin a novice before (top) and after
(bottom) 5-minlight stimulation. i,j, Amplitude (i) and frequency (j) of sSIPSCs
before and after VTAP*T terminal stimulation in novices. k-p, sIPSC of dLS"T
cells before and after VTAPAT terminal stimulation in novices with SUL
pre-incubation (k-m) and in experts (n-p). Plots follow conventions in
h-j.q, Recording schematics for r-w and representative histology. Scale bar,
500 pm.r-t, Representative sIPSC traces (r), sIPSC amplitude (s) and sIPSC
frequency (t) of dLSP™? cells before (top) and after (bottom) SUM in novices
and experts. u-w, mIPSCresults. Plots follow conventions inr-t. x, Recording

Lower dLS cell response to dopamine in expert mice

VTAPAT-dLS projection did not modulate aggression in expert aggres-
sors even when VTAPY terminals were artificially activated and released
a similar level of dopamine to that of novice aggressors (Fig. 2v-y
and Extended Data Fig. 6j-1). We thus hypothesized that dLS cells
decrease their ability to sense dopamine in expert aggressors. In sup-
port of this, expert aggressors had significantly fewer Drd2-positive
cells (at least two puncta per cell) in the dLS and fewer puncta per
positive cell than did novice aggressors (Fig. 3¢’-e’). Furthermore,
dLS cells showed reduced hyperpolarization in expert aggressors
to dopamine, delivered either through VTAP"T terminal stimulation
or by bath application (Fig. 3c-e and Extended Data Fig. 9b-d). The
decreased dopamine effect was not due to changes in dLS cell resting

schematics for x-b’ and representative histology. Scale bar, 500 pum.
y,a’,Representative IPSCs evoked by one light pulse (y) and a pair of light pulses
(a’) that activate neighbouring dLS®? cells before and after SUM in novices and
experts.z,b’, 0oIPSCamplitude (z) and PPR of oIPSCs (b’) before and after SUM.
c’,Representative Drd2mRNA staininginthe dLS innovice (left) and expert
(right) aggressors. Top: experimental timeline. Scale bars, 500 um. d’,e’”, Number
of Drd2-positive dLS cells (d’) and puncta per cell of 150 randomly selected
Drd2-positive cells (50 cells per mouse) (e’) in novices and experts. Dashed line,
median; dotted lines, lower and upper quartiles. Eachline and circle represents
onecell, exceptcirclesind’ thatrepresent mice. Numbersin parentheses
indicate numbers of cells or mice (d’). d, Fisher’s exact tests; e,e’, Mann-Whitney
test; g,d’, unpaired t-test; f, paired Wilcoxon test; i,j,m,o0, Friedman test with
multiple comparisonsand Dunn’s correction; l,p, repeated-measures one-way
ANOVA withmultiple comparisons and Tukey’s correction; s,t,v,w,z,b’, repeated-
measures two-way ANOVA with multiple comparisons and Bonferroni’s
correction. See Supplementary Table 1 for statistical details.

membrane potentials, which were comparable in experts and novices
(Fig. 3g and Extended Data Fig. 9e).

Dopaminealso reduceditsinfluence on the inhibitory synaptic trans-
mission of dLS cellsin expert aggressors. VTA™ terminal stimulation
did not change the frequency and amplitude of sIPSCs in dLS cells
in expert aggressors (Fig. 3n-p). Direct application of a D2R agonist
slightly decreased the frequencies of sSIPSCs and mIPSCs in dLSP™?
cells, but to alesser extent than in novices (Fig. 3r-w). Furthermore,
treatment with SUM induced no change in the amplitude of oIPSCs
evoked by activating neighbouring dLSP™? cells in expert aggressors
(Fig. 3x-z). The PPR of oIPSCs slightly increased after application of
SUMinexpertaggressors,buttoalesser extentthaninnovice aggres-
sors (Fig. 3a’,b’). These results collectively provide evidence that dLS
cells have aweakened response to dopamine in expert aggressors.
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Fig.4 |Dopamine and fighting experience enhance dLS spiking fidelity to
hippocampalinputs. a, Recording schematics for b-e. Right: representative
histology and light protocol torelease VTA-LS dopamine. Scale bar, 500 pm.
b,c, Representative recording of CA2/3-input-evoked dLS"" cell spiking (b) and
average amplitude of post-spike IPSP (c) before and after VTAPAT terminal sham
(0 mW) or light stimulation. d,e, Representative recording (d) and spiking
probability (e) of dLS" cells after 1-, 5- and 10-Hz CA2/3 inputs before and after
VTAPAT terminal sham or light stimulation. f, Recording schematics for g—jand
representative histology. Scale bars, 500 pm. g,h, Representative recording of
CA2/3-input-evoked dLS"* cell spiking (g) and average amplitude of post-spike
IPSP (h) before and after ACSF or SUM.1,j, Representative recording trace

(i) and spiking probability (j) of dLS"™ cells after 1-, 5- and 10-Hz CA2/3
inputs before and after ACSF or SUM. k, Recording schematics for I-o.

I,m, Representative recording of CA2/3-input-evoked dLS®™?cell spiking

(I) and average amplitude of the post-spike IPSP (m) in novices and experts.

Reducedintra-dLS inhibitionin expert mice

Why does dLS dopamine become nonessential for aggression in
experts? If dopamine opens the gate for hippocampal inputs, we won-
derwhether the dLS gateis already openin expert aggressors without
dopamine. Consistent with this hypothesis, the frequencies of SIPSCs
and mIPSCs in dLSP" cells were significantly lower in experts than
in novice aggressors (Fig. 3t,w). Notably, D2R agonist reduced the s/
mIPSC frequency in novices to a level similar to the baseline level of
expertaggressors (Fig.3r,t,u,w).Incontrast to the IPSCs, the frequen-
cies of SEPSCs and mEPSCs in dLS cells did not differ between nov-
ice and expert aggressors (Extended Data Fig. 10e,f,h,i,k). However,
the amplitude of SEPSCs, but not mEPSCs, decreased significantly
in expert aggressors (Extended Data Fig. 10g,j). This decrease might
reflect reduced spiking-induced EPSCs, because the sEPSC amplitude
showed a multimodal distribution in novice aggressors, with clusters
of1x,2xand 3x mEPSC amplitude (Extended Data Fig.10g,j). In expert
aggressors, the sSEPSCamplitudes of nearly all cells were similar to those
of mEPSCs (Extended Data Fig.10g,j). Thus, the spontaneous firing of
dLS upstream excitatory cells might decrease in expert aggressors.
Finally, the amplitude of the slow post-spike IPSP in dLS cells from
expertaggressors was significantly lower than thatinnovice aggressors
(Fig.4k-m). Crucially, when we stimulated the CA2/3 terminalsat5 Hz
and 10 Hz, the dLS cells in expert aggressors spiked with nearly 100%
reliability—markedly different from the single-spike response pattern
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n,o, Representative recording (n) and spiking probability (o) of dLSP™* cells

after1-,5-and 10-Hz CA2/3 terminal stimulation in novices and experts.
p-r,dLS cellsin naive mice form strong mutual inhibition, blocking excitatory
hippocampalinputs fromreaching downstream areas and preventing attack
initiation (p). Over male-male interaction, theincreased dLS dopaminerelease
weakens dLS local inhibition through D2R, allowing hippocampal information
to pass and facilitate aggression (q). Over repeated fighting, dLS local inhibition
weakens, enabling hippocampal information to pass without the assistance of
dopamine (r). As the role of dopamine diminishes, dopamine release during
male-maleinteractionand dLS cellresponses to dopamine decrease. Each
circleandlinerepresentsone cell. Numbersinside parenthesesindicate
recorded cellnumbers. c,e,h,j,0, repeated-measures two-way ANOVA with
multiple comparisons and Bonferroni’s correction; m, Mann-Whitney test. See
Supplementary Table 1for statistical details.

that was observed innovice aggressors (Fig.4n-o0). Theseresults sug-
gest thatthe dLS localinhibitory network is weakened inexpert aggres-
sors, which enables hippocampalinformation to flow even without the
assistance of dopamine.

Discussion

Decades of gain- and loss-of-function experiments revealed that the
lateral septum has a crucial role in modulating aggression®*****, Circuit
studies have provided further details: whereas the vLS suppresses
aggression through its projection to the medial hypothalamus, the
dLS enhances aggression by inhibiting the vLS?***. Here, we found that
the strong intra-dLS inhibitory network in naive mice prevents dLS
cells from responding to the excitatory hippocampal inputs, which
presumably will limit theinfluence of the hippocampus on downstream
circuits (Fig. 4p). The dopamine projection from the VTA to the dLS
dampenslocalinhibitionin naive mice, which enables the dLS cells to
respond to excitatory inputs with greater fidelity, and ultimately facili-
tates attack initiation (Fig. 4q). When we impaired the dopaminergic
input from the VTA to the dLS by inhibiting VTAP"" cells, blocking VTA
dopamine synthesis or depleting dLS dopaminergic inputs, aggression
did notincrease in naive male mice, highlighting the crucial role of the
VTA-dLS dopamine circuit in the development of aggression in adult
males. Notably, as malesbecome experiencedin fighting, therole of dLS
dopaminein aggression diminishes. Inexpert aggressors, suppressing



VTAP* cell activity, blocking VTA dopamine synthesis or ablating dLS
dopaminergic inputs caused no deficit in aggression. The reduced
role of dopamine in the dLS in expert aggressors could be explained
by changes in dLS local inhibition. After repeated winning, inhibitory
connections among dLS cells weaken, which enables hippocampal
inputs to recruit dLS circuits reliably without the assistance of dopa-
mine (Fig. 4r). As the need for dopamine diminishes, the liberation of
dopamineinthe dLS during male encounters and the ability of dLS cells
to sense dopamine also reduce. We should note that our study did not
directly investigate the circuit downstream of the dLS. Although the dLS
could exertits effects on aggression through the previously identified
dLS-vLS-VMHyvl circuit®?, it might also modulate aggression through
its projectionsto other aggression-related regions, such as the lateral
hypothalamus and the anterior hypothalamus*** (Fig. 4p-r). Beyond
the dLS, the medial hypothalamic regions that directly drive attack also
undergo extensive synaptic and cellular plasticity with repeated fight-
ing experience?**®°, These changes are likely to help the aggression
cells overcome inhibition from the vLS or other regions more readily
andreduce their reliance on dLS cells in attack initiation.

Our study reveals that VTA dopaminergic neurons have an experience-
dependent and sexually dimorphic role in modulating aggression, by
facilitating the output of the dLS (Supplementary Note1). These findings
suggest that early interventions that target dopamine receptors could
be used to prevent the escalation of aggression, and highlight the poten-
tial need for sex-specific strategies to manage and treat aggression.

Online content

Anymethods, additional references, Nature Portfolio reporting summa-
ries, source data, extended data, supplementary information, acknowl-
edgements, peer review information; details of author contributions
and competinginterests; and statements of data and code availability
are available at https://doi.org/10.1038/s41586-024-08459-w.

1. Lischinsky, J. E. & Lin, D. Neural mechanisms of aggression across species. Nat. Neurosci.
23,1317-1328 (2020).

2. deAlmeida, R. M., Ferrari, P. F., Parmigiani, S. & Miczek, K. A. Escalated aggressive
behavior: dopamine, serotonin and GABA. Eur. J. Pharmacol. 526, 51-64 (2005).

3. Yamaguchi, T. & Lin, D. Functions of medial hypothalamic and mesolimbic dopamine
circuitries in aggression. Curr. Opin. Behav. Sci. 24,104-112 (2018).

4.  Citrome, L. & Volavka, J. Psychopharmacology of violence: Part I: Assessment and acute
treatment. Psychiatr. Ann. 27, 691-695 (1997).

5. Yudofsky, S. C., Silver, J. M. & Schneider, S. E. Pharmacologic treatment of aggression.
Psychiatr. Ann. 17, 397-407 (1987).

6.  Buckley, P. F. The role of typical and atypical antipsychotic medications in the management
of agitation and aggression. J. Clin. Psychiatry 60, 52-60 (1999).

7. O'Malley, K. Y., Hart, C. L., Casey, S. & Downey, L. A. Methamphetamine, amphetamine,
and aggression in humans: a systematic review of drug administration studies. Neurosci.
Biobehav. Rev. 141, 104805 (2022).

8.  Miczek, K. A. Intraspecies aggression in rats: effects of d-amphetamine and
chlordiazepoxide. Psychopharmacologia 39, 275-301 (1974).

9.  Krsiak, M. et al. Drug effects on attack defense and escape in mice. Pharmacol. Biochem.
Behav. 14, 47-52 (1981).

10. Miczek, K. A., Fish, E. W., De Bold, J. F. & De Almeida, R. M. Social and neural determinants
of aggressive behavior: pharmacotherapeutic targets at serotonin, dopamine and
y-aminobutyric acid systems. Psychopharmacology 163, 434-458 (2002).

1. McMillen, B. A, DaVanzo, E. A., Song, A. H., Scott, S. M. & Rodriguez, M. E. Effects of
classical and atypical antipsychotic drugs on isolation-induced aggression in male mice.
Eur. J. Pharmacol. 160, 149-153 (1989).

12.  Aguilar, M. A., Mifarro, J., Pérez-Iranzo, N. & Simdn, V. M. Behavioral profile of raclopride in
agonistic encounters between male mice. Pharmacol. Biochem. Behav. 47, 753-756 (1994).

13.  Tidey, J. W. & Miczek, K. A. Effects of SKF 38393 and quinpirole on aggressive, motor and
schedule-controlled behaviors in mice. Behav. Pharmacol. 3, 553-565 (1992).

14.  Kolla, N. J. & Bortolato, M. The role of monoamine oxidase A in the neurobiology of
aggressive, antisocial, and violent behavior: a tale of mice and men. Prog. Neurobiol. 194,
101875 (2020).

15.  Qayyum, A. et al. The role of the catechol-O-methyltransferase (COMT) GeneVal158Met
in aggressive behavior, a review of genetic studies. Curr. Neuropharmacol. 13, 802-814
(2015).

16. Rodriguiz, R. M., Chu, R., Caron, M. G. & Wetsel, W. C. Aberrant responses in social
interaction of dopamine transporter knockout mice. Behav. Brain Res. 148, 185-198
(2004).

17.  Gogos, J. A. et al. Catechol-O-methyltransferase-deficient mice exhibit sexually dimorphic
changes in catecholamine levels and behavior. Proc. Natl Acad. Sci. USA 95, 9991-9996
(1998).

18. Mahadevia, D. et al. Dopamine promotes aggression in mice via ventral tegmental area to
lateral septum projections. Nat. Commun. 12, 6796 (2021).

19. Yu, Q. et al. Dopamine and serotonin signaling during two sensitive developmental
periods differentially impact adult aggressive and affective behaviors in mice. Mol.
Psychiatry 19, 688-698 (2014).

20. Golden, S. A. et al. Basal forebrain projections to the lateral habenula modulate
aggression reward. Nature 534, 688-692 (2016).

21.  Flanigan, M., Aleyasin, H., Takahashi, A., Golden, S. A. & Russo, S. J. An emerging role for
the lateral habenula in aggressive behavior. Pharmacol. Biochem. Behav. 162, 79-86 (2017).

22. Poulin, J. F. et al. Mapping projections of molecularly defined dopamine neuron subtypes
using intersectional genetic approaches. Nat. Neurosci. 21, 1260-1271(2018).

23. Leroy, F. et al. A circuit from hippocampal CA2 to lateral septum disinhibits social
aggression. Nature 564, 213-218 (2018).

24. Wong, L. C. et al. Effective modulation of male aggression through lateral septum to
medial hypothalamus projection. Curr. Biol. 26, 593-604 (2016).

25. Lin, D. et al. Functional identification of an aggression locus in the mouse hypothalamus.
Nature 470, 221-226 (2011).

26. Armbruster, B. N., Li, X., Pausch, M. H., Herlitze, S. & Roth, B. L. Evolving the lock to fit the
key to create a family of G protein-coupled receptors potently activated by an inert
ligand. Proc. Natl Acad. Sci. USA 104, 5163-5168 (2007).

27.  Kudryavtseva, N. N., Lipina, T. V. & Koryakina, L. A. Effects of haloperidol on communicative
and aggressive behavior in male mice with different experiences of aggression. Pharmacol.
Biochem. Behav. 63, 229-236 (1999).

28. Thompson, K. J. et al. DREADD agonist 21 Is an effective agonist for muscarinic-based
DREADDs in vitro and in vivo. ACS Pharmacol. Transl. Sci. 1, 61-72 (2018).

29. Yan,R.etal. The multi-stage plasticity in the aggression circuit underlying the winner
effect. Cell 187, 6785-6803 (2024).

30. Lee, H. etal. Scalable control of mounting and attack by Esr1* neurons in the ventromedial
hypothalamus. Nature 509, 627-632 (2014).

31. Hashikawa, K. et al. Esr1* cells in the ventromedial hypothalamus control female
aggression. Nat. Neurosci. 20, 1580-1590 (2017).

32. Yang, T. etal. Social control of hypothalamus-mediated male aggression. Neuron 95,
955-970 (2017).

33. Hashikawa, K., Hashikawa, Y., Lischinsky, J. & Lin, D. The neural mechanisms of sexually
dimorphic aggressive behaviors. Trends Genet. 34, 755-776 (2018).

34. Hunker, A. C. et al. Conditional single vector CRISPR/SaCas9 viruses for efficient
mutagenesis in the adult mouse nervous system. Cell Rep. 30, 4303-4316 (2020).

35. dasSilva, J. A., Tecuapetla, F., Paixao, V. & Costa, R. M. Dopamine neuron activity before
action initiation gates and invigorates future movements. Nature 554, 244-248 (2018).

36. Golden, S. A. et al. Nucleus accumbens Drd1-expressing neurons control aggression
self-administration and aggression seeking in mice. J. Neurosci. 39, 2482-2496 (2019).

37. Aleyasin, H. et al. Cell-type-specific role of AFosB in nucleus accumbens in modulating
intermale aggression. J. Neurosci. 38, 5913-5924 (2018).

38. Zhuo, Y. et al. Improved green and red GRAB sensors for monitoring dopaminergic
activity in vivo. Nat. Methods 21, 680-691(2024).

39. Cardozo Pinto, D. F. et al. Characterization of transgenic mouse models targeting
neuromodulatory systems reveals organizational principles of the dorsal raphe. Nat.
Commun. 10, 4633 (2019).

40. Tritsch, N. X. & Sabatini, B. L. Dopaminergic modulation of synaptic transmission in cortex
and striatum. Neuron 76, 33-50 (2012).

41.  Besnard, A. & Leroy, F. Top-down regulation of motivated behaviors via lateral septum
sub-circuits. Mol. Psychiatry 27, 3119-3128 (2022).

42. Liu, J. J., Tsien, R. W. & Pang, Z. P. Hypothalamic melanin-concentrating hormone
regulates hippocampus-dorsolateral septum activity. Nat. Neurosci. 25, 61-71 (2022).

43. Albert, D. J. & Chew, G. L. The septal forebrain and the inhibitory modulation of attack and
defense in the rat. A review. Behav. Neural Biol. 30, 357-388 (1980).

44. Slotnick, B. M., McMullen, M. F. & Fleischer, S. Changes in emotionality following
destruction of the septal area in albino mice. Brain Behav. Evol. 8, 241-252 (1973).

45. Potegal, M., Blau, A. & Glusman, M. Effects of anteroventral septal lesions on intraspecific
aggression in male hamsters. Physiol. Behav. 26, 407-412 (1981).

46. Haller, J. The role of the lateral hypothalamus in violent intraspecific aggression—the
glucocorticoid deficit hypothesis. Front. Syst. Neurosci. 12, 26 (2018).

47. Ferris, C. F. et al. Vasopressin/serotonin interactions in the anterior hypothalamus control
aggressive behavior in golden hamsters. J. Neurosci. 17, 4331-4340 (1997).

48. Stagkourakis, S., Spigolon, G., Liu, G. & Anderson, D. J. Experience-dependent plasticity in
an innate social behavior is mediated by hypothalamic LTP. Proc. Natl Acad. Sci. USA 117,
25789-25799 (2020).

49. Falkner, A. L., Grosenick, L., Davidson, T. J., Deisseroth, K. & Lin, D. Hypothalamic control
of male aggression-seeking behavior. Nat. Neurosci. 19, 596-604 (2016).

50. Stagkourakis, S. et al. A neural network for intermale aggression to establish social
hierarchy. Nat. Neurosci. 21, 834-842 (2018).

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Springer Nature or its licensor (e.g. a society or other partner) holds exclusive rights to this
article under a publishing agreement with the author(s) or other rightsholder(s); author
self-archiving of the accepted manuscript version of this article is solely governed by the

terms of such publishing agreement and applicable law.

© The Author(s), under exclusive licence to Springer Nature Limited 2025

Nature | Vol 639 | 13 March 2025 | 437


https://doi.org/10.1038/s41586-024-08459-w

Article

Methods

Mice

Allprocedures were approved by the NYULMC Institutional Animal Care
and Use Committee (IACUC) in compliance with the National Institutes
of Health (NIH) Guidelines for the Care and Use of Laboratory Animals.
Mice were housed under a 12-h light-dark cycle (dark cycle; 10:00 to
22:000r18:30to 06:30), with food and water available ad libitum.Room
temperature was maintained at20-22 °Cand humidity at 30-70%, witha
daily average of approximately 45%. Test mice were adult DAT-Cre (Jack-
son,006660), Drd2-Cre (MMRRC_032108-UCD), Esr1-2A-Cre (Jackson,
017911) and wild-type C57BL6/N (Charles River, 027) mice. They were
between 8 and 20 weeks old at the time of behaviour testing or recording.
Intruder miceintheinter-male Rltests were adult BC (older than 8 weeks)
male mice. During each Rl test, theintruder was randomly picked from
agroup of 20-30 mice, housed 4-5 mice per cage. For the male-female
Rltest, adult C57BL/6N or BC (older than 8 weeks) female mice were
used. Forthe female aggressiontest, juvenile C57BL/6N (approximately
21-28 days old) male mice were used. All intruder mice were originally
purchased from Charles River and thenbred in-house. They were group-
housed untiladulthood. Females were considered receptive if an experi-
enced male could mount andintromit the female within three attempts.
After surgery, all male test mice were single-housed, and female test
mice were paired with adult male mice until the females became visibly
pregnant. Mice were randomly assigned to control and test groups. All
experiments were performed during the dark cycle of the mice.

Viruses

AAV8-hSyn-DIO-hM4Di-mCherry (1.8 x 10" vg ml™, Addgene, 44362-
AAVS), AAV5-hSyn-DIO-hM3Dg-mCherry (2.0 x 10* vg ml™, Addgene,
44361-AAV5), AAV2-hSyn-DIO-hM3D(Gq)-mCherry (2.6 x 102 vg ml™,
Addgene,44361-AAV2) and AAV8-nEF-Con/Foff-ChRmine-oScarlet (2.3 x
10" vg ml™, Addgene, 137161-AAVS8) were purchased from Addgene.
AAVS5-EF1a-DIO-EYFP (3.5 x 102 vg ml™, UNC, AV4310), AAV5-EF1a-
DIO-hChR2(H134R)-EYFP (4.0 x 102 vg ml™}, UNC, AV4313), AAV5-
CaMKIlla-hChR2(H134R)-EYFP (6.2 x 10 vg ml™, UNC, AV4316), AAV5-
EF1a-DIO-mCherry (5.1 x 102 vg ml™, UNC, AV4311) and AAV2-
hSyn-DIO-mCherry (5.6 x 10”2 vg ml™, UNC, AV4753) were purchased
from University of North Carolina vector core. AAV-hSyn-DA3h (5.85 x
10” vg ml™, BrainVTA, PT4721) was purchased from BrainVTA.
AAV1-CMV-FLEX-EGFP-KASH, AAV1-CMV-FLEX-SaCas9-U6-sgTH and
AAV1-CMV-FLEX-SaCas9-U6-sgRosa26 were provided by L. Zweifel.

Stereotaxic surgery

Mice were anaesthetized with1-1.5% isoflurane and placed in a stereo-
tactic frame (KopfInstruments, model 1900). Viruses or chemicals were
deliveredinto the brains through a glass capillary using ananoinjector
(World Precision Instruments, Nanoliter 2000) at aspeed of 20 nl min™.
Stereotaxicinjection coordinates were based on the Paxinos and Frank-
lin mouse brain atlas®.

For VTAPAT chemogenetic manipulation®, 140 nl per side of
AAV8-hSyn-DIO-hM4Di-mCherry, AAV5-hSyn-DIO-hM3Dq-mCherry or
AAV2-hSyn-DIO-mCherry (as acontrol) wasinjected bilaterally into the
VTA (Bregma coordinates: AP: -3.10 mm, ML: £0.5 mm, DV: -4.50 mm)
of heterozygous DAT-cCe mice. For VMHvI manipulation, we bilaterally
injected 80 nl per side of AAV2-hSyn-DIO-hM3D(Gq)-mCherry into the
VMHvVI (AP:-1.70 mm, ML: £0.75 mm, DV: -5.80 mm) of heterozygous
Esr1-2A-Cre male mice.

For TH mutagenesis®*, we mixed AAV1-CMV-FLEX-EGFP-KASH with
either AAV1-CMV-FLEX-SaCas9-U6-sgTH or AAV1-CMV-FLEX-SaCas9-
U6-sgRosa26 at 1:2 ratio and then bilaterally injected 240 nl per side
of the mixed viruses into the VTA (AP: -3.10 mm, ML: £0.5 mm, DV:
-4.50 mm) of heterozygous DAT-Cre mice.

For dopamine terminal ablation, we administered 25 mg kg™ desip-
ramine (Thermo Fisher Scientific, 30-675-0) intraperitoneally 30 min

before 6-OHDA injection to protect noradrenaline terminals and
then bilaterally injected 60 nl per side of 6-OHDA solution into either
the NAcs (AP: 0.98 mm, ML: £0.5 mm, DV: -4.60 mm) or the dLS (AP:
0.14 mm, ML: £0.4 mm, DV: -2.60 mm) of wild-type C57BL/6N male
mice. For the control mice, we injected the vehicle into both the dLS
and the NAcs. The 6-OHDA solution was prepared right before the
injection by dissolving 15 mg of 6-OHDA (Sigma-Aldrich, H4381) in
1ml 0.2% ascorbicacid.

For dopamine recording®®, we injected 100 nl AAV-hSyn-DA3h
into the dLS unilaterally (AP: 0.14 mm, ML: £0.4 mm, DV: -2.60 mm)
and 140 nl per side of AAV8-nEF-Con/Foff-ChRmine-oScarlet into
the VTA bilaterally (AP: =3.10 mm, ML: +0.5 mm, DV: -4.50 mm) of
heterozygous DAT-Cre male mice for RI tests. We then implanted
two custom-made optic fibre assemblies (Thorlabs, FT400EMT and
SFLC440) approximately 300 um above the injection sites in the dLS
and VTA on the same hemisphere. These fibres were then secured in
place using dental cement (C&B Metabond, S380). We also injected
100 nl of AAV-hSyn-DA3h into the NAcc unilaterally (AP: 0.14 mm,
ML: £1.20 mm, DV: -4.60 mm) and 140 nl per side of AAV8-nEF-Con/
Foff-ChRmine-oScarletinto the VTA bilaterally (AP: -3.10 mm, ML:
+0.5 mm, DV:-4.50 mm) of heterozygous DAT-Cre male mice, and then
implanted the same fibre assemblies above the injection sites. For
dopamine recording during non-aggressive social interaction tests,
we injected 100 nl of AAV-hSyn-DA3h into the dLS unilaterally (AP:
0.14 mm, ML: £0.4 mm, DV: -2.60 mm) of wild-type male mice and
thenimplanted the same fibre assemblies above the injection sites.

For VTAPA™-dLS and terminal optogenetic activation®, we injected
140 nl per side of either AAV5-EF1a-DIO-hChR2(H134R)-EYFP or
AAV5-EF1a-DIO-EYFP into the VTA bilaterally (AP: —=3.10 mm, ML:
+0.5 mm, DV: —4.50 mm) of heterozygous DAT-Cre male mice. After
virus injection, a custom-made optic fibre assembly (Thorlabs,
FT200EMT and CFLC230) was implanted unilaterally approximately
300 pm above the dLS (AP: 0.14 mm, ML: £0.4 mm, DV: -2.60 mm)
and secured using dental cement (C&B Metabond, S380). For VTA-
PAT_NAcs terminal optogenetic activation, we injected 140 nl per side
of AAV5-EF1a-DIO-hChR2(H134R)-EYFP into the VTA bilaterally (AP:
-3.10 mm, ML:+0.5 mm, DV: -4.50 mm) of heterozygous DAT-Cre male
mice. After virus injection, two custom-made optic fibre assemblies
(Thorlabs, FT200EMT and CFLC230) were implanted bilaterally above
theinjection sites.

Forslicerecordings, to stimulate VTA™ terminals, we injected 140 nl
per side of AAV8-nEF-Con/Foff-ChRmine-oScarlet bilaterally into the
VTA (AP: -3.10 mm, ML: £0.5 mm, DV: —4.50 mm) of heterozygous
DAT-Cre male mice. To label dLS"™ cells, we injected 120 nl per side of
AAV5-EF1a-DIO-EYFPbilaterallyinto the dLS (AP: 0.14 mm, ML: 0.4 mm,
DV:-2.60 mm) of Drd2-Cre male mice. Toinvestigate the dLS local net-
work, we diluted the AAV5-EF1a-DIO-hChR2(H134R)-EYFP to afinal titre
of1x102 gc ml™, and injected 60 nl per side of the diluted virusinto dLS
bilaterally (AP: 0.14 mm, ML: +0.4 mm, DV: -2.60 mm) of Drd2-Cre male
mice. To examine the dLS”" cell responses to the excitatory inputs from
CA2/3,weinjected 160 nl per side of AAV5-CaMKIlla-hChR2(H134R)-EYFP
into CA2/3 bilaterally (AP: -1.70 mm, ML: £2.05 mm, DV: -1.80 mm)
and 120 nl per side of AAV5-EF1a-DIO-mCherry into the dLS bilaterally
(AP: 0.14 mm, ML: +0.4 mm, DV: -2.60 mm) of Drd2-Cre male mice.
To investigate the effect of VAT®T terminal activation on dLS cell
responses to the excitatory inputs from CA2/3, we injected 160 nl per
side of AAV5-CaMKIla-hChR2(H134R)-EYFP into the CA2/3 bilaterally
(AP: -1.70 mm, ML: £2.05 mm, DV: -1.80 mm) and 140 nl per side of
AAV8-nEF-Con/Foff-ChRmine-oScarlet into the VTA bilaterally (AP:
-3.10 mm, ML:+0.5 mm, DV: -4.50 mm) of heterozygous DAT-Cre male
mice.

Identification of novice mice
On the basis of our previous experience, the male mouse that weighs
theleastinacage of four or five mice s less likely tobecome aggressive



after single housing. Therefore, we measured the weight of all mice
and excluded the lowest-weight mouse ina cage before surgery. Three
(for cellbody manipulation) or six (for terminal manipulation) weeks
after surgery, the test mice went through the 10-min Rl test for up to
three days. During each Rl test, a non-aggressive group-housed BC
maleintruder was introduced. Once the test mouse initiated attack and
won the fight, the intruder was removed. After the test mouse won one
Rltest, it was considered a novice aggressor and used for subsequent
experiments. Mice that did not display any aggressioninall three RItests
were excluded. Naive mice used in TH mutagenesis and 6-OHDA lesion
experiments were not subjected to any pre-screening procedures.

Pharmacogenetic manipulation

To chemogenetically manipulate VTAPA" and VMHvI®" cell activity in
male aggressors, we used the Rl tests three weeks after surgery toiden-
tify novice aggressors. During this process, the test mice underwent
adaily 10-min Rl test against a non-aggressive group-housed BC male
intruder for up to three days. Once the test mouse attacked and won
one RItest, they were considered novice aggressors. We then divided
the novice aggressorsinto two groups. One group receivedi.p.injection
of saline, and the other group received 1 mg kg™ C21(Tocris, 5548), a
specificligand ofhM4Di?**3, Thirty minutes after injections, we assessed
the aggression level of the test mice by introducing aBC maleintruder
into the test mouse’s home cage for 10 min. After the aggression test,
we tested the sexual behaviour of the mouse by introducing areceptive
femaleinto the test mouse’s home cage. The female’s sexual receptivity
was predetermined by introducing the femaleinto the cage of asexually
experienced male. If the female allowed the male to mount and intro-
mit, the female was deemed receptive. After the aggression and sexual
behaviour tests, for the VTAP"" groups, we also examined the locomo-
tion of the test mouse by placing itin a large open arena (45.7 x 45.7 x
38.1cm, acrylic) for 10 min. After completing all the tests, the mouse
was singly housed for three to seven days without disturbance. We then
repeated the tests after switching the C21 and saline treatments. The
mice then underwent daily Rl tests for another eight days with male
BCintruders to become expert aggressors. We then i.p. injected C21
andsaline again on separate days and performed aggression tests with
BC male intruders, sexual behaviour tests with receptive females and
locomotion tests in the open arena (only for VTA®* groups).

For chemogenetic activation of VTAP"" cells in virgin females, three
weeks after virus injection, we examined the vaginal smears and
selected femalesthat wereindioestrus. The test females were theni.p.
injected with either saline or 1 mg kg™ C21 on separate dioestrus days
and tested withamalejuvenileintruder (approximately 21-28 days old)
for10 min30 minlater.Immediately after the Rl tests, locomotion was
evaluatedinalarge openarenafor 10 min. For chemogenetic activation
orinhibition of VTAPA" cellsin lactating females, test females were paired
with male C57 mice until they were visibly pregnant. Two days after pup
delivery, weidentified females showing robust maternal aggression by
introducing ajuvenile male mouse (approximately 21-28 days old) into
the female’s home cage for 10 min. Aggressive females were theni.p.
injected with either saline or1 mg kg™ C21 on separate days and tested
withamalejuvenileintruder for 10 min30 minlater.Immediately after
the RItests, locomotion was evaluated inalarge open arenafor 10 min.

CRISPR-Cas9-mediated TH mutagenesis

To induce TH mutagenesis of VTAP" cells in naive mice, we injected
viruses expressing Cre-dependent SaCas9-sgTH or SaCas9-sgRosa26
into group-housed DAT-Cre male mice. The mice were singly housed
after surgery. To induce TH mutagenesis in expert mice, we single-
housed naive DAT-Cre male mice for two weeks, then subjected the
mice to daily Rl tests with BC male intruders until the mice showed
eight consecutive wins. Mice that did not attack in the first three days
of RItests or did not attack consistently across days were excluded. We
theninjected either SaCas9-sgTH or SaCas9-sgRosa26 virus into the

VTA of these experienced aggressors. Four weeks after virusinjection,
we subjected all test mice to daily 10-min Rl tests with group-housed
BC male intruders for eight consecutive days. After completing all
Rl tests with males, we tested the test mouse’s sexual behaviour by
introducing a receptive female for 10 min. The mice were then tested
for locomotionin an open arena for 10 min.

6-OHDA lesion

To examine the role of dopamine signalling inthe emergence of aggres-
sion, group-housed C57BL/6N naive male mice were injected with
6-OHDA into the NAcs, 6-OHDA into the dLS and vehicle into both the
NAcs and the dLS. In addition, we injected 6-OHDA or vehicle into the
dLS of expert aggressors. Expert aggressors were generated by sub-
jecting single-housed naive C57BL/6N male mice to daily Rl tests with
BC maleintruders. Mice that won eight days in a row were considered
expertaggressors. All mice were singly housed after 6-OHDA injection.
Four weeks after 6-OHDA injection, we subjected all mice to daily 10-min
Rl tests with BC male intruders for eight consecutive days.

Optogeneticactivation

Tounderstand the effect of optogenetic activation of VTAP*™-dLS and
VTAPT-NAcs terminals, we first identified novice aggressors using Rl
tests six weeks after virus injection. One day after the screening and
on the first testing day, half of the mice received 2 min, 4 mW, 30 Hz,
10 ms and 470 nm light stimulation 10 min before intruder introduction
and 4 mW, 30 Hz, 10 ms and 0.5 s light train every 5 s throughout the
10-minRItest. The other half of the mice received no light stimulation
before or duringthe RItest. Three to seven days after the first tests, we
repeated the Rl tests with the light condition switched for each mouse.

After examining the effect of tonic light stimulation of VTA®-dLS
terminals on aggression, we tested the effect of the acute light stimu-
lation on aggression on a separate day. During the test, we delivered
4 mW,30 Hz,10 ms, 20 sand 470 nm light stimulation or sham (0 mW)
light when the test mouse investigated theintruder. The light and sham
light were each delivered four timesin arandomized order. The attack
latency was calculated as the time elapsed from the light onset to the
first attack. If no attack occurred during the 20-s stimulation, the
latency was considered 20 s. The attack probability was calculated as
the proportion of trials in which the test mouse attacked.

Then, the test mice underwent daily Rl tests with male BC intruders
for seven consecutive days and became expert aggressors. We then
tested the effect of tonic light stimulation on aggressive behaviours
during the 10-min Rl tests using the same light protocol as for the novice
aggressors. Thelight and no-light conditions were tested on separate
days, and the testing order was counterbalanced across mice.

The RTPP test was performed on the same day as the Rl test with
acutelight stimulation for the VTA®™-dLS group and on a separate day
for the VTAP*"-NAcs group. The RTPP arena contains two equal-sized
chambers (13 cm x16 cm x 25 cmeach, acrylic). The test mice were first
habituated in the arena for 10 min. Then, we recorded behaviour for
10 minwithout stimulation to establish abaseline. Finally, we manually
turned onthelight (4 mW, 30 Hz, 10 ms) whenever the mice entered a
predetermined chamber. The mice’s body centre positions were tracked
using DeepLabCut.

To evaluate whether the light activation of VTAPA-dLS terminals
results in any back propagation of action potentials, we performed
the tonic light activation as described above in a group of naive male
mice without the presence of a male intruder. Seventy minutes later,
the mice were perfused with phosphate-buffered saline (PBS) and 4%
paraformaldehyde (PFA), and their brains were collected for quantify-
ing FOSinthe VTA.

Fibre photometry
The GRAB,,;;, fluorescence signals were recorded using fibre pho-
tometry>>*. In brief, bandpass-filtered 400-Hz-modulated 470-nm



Article

LED light (Semrock, FF02-472/30-25) and 317-Hz-modulated 405-nm
LED light (Semrock, FBH405-10) were combined and delivered to
the brain through the implanted optic fibre. The emission light was
passed through the same optic fibre, filtered (Semrock, FF01-535/505),
detected by a Femtowatt Silicon Photoreceiver (Newport, 2151) and
recorded using a TDT real-time processor (TDT, RZ5). The envelopes
0f 400-Hz- and 317-Hz-modulated photocurrents were extracted as
dopamine-dependent and dopamine-independent fluorescence signals
usingacustom TDT program.

The DAT-Cre mice were group-housed before surgery. The
lowest-weight mouse from each cage was not used. Three weeks after
surgery, we subjected the mice to daily Rl tests with BC male intrud-
ers until the mice attacked for nine consecutive days. Four out of
nine mice attacked on the first day of the Rl test. Five out of nine mice
showed aggressive behaviours within three days. For mice that took
multiple non-aggressive interaction days to start to attack, the last
non-aggressive day was used for analysis. The GRAB,;, response to
VTAP*T soma stimulation was measured on the day before any Rl test
under the naive condition, and one hour after the Rl tests on the first
and ninth aggression days. During the VTAP*T stimulation, the mice
were head-fixed on a running wheel”, and 4-mW 589-nm laser stimu-
lation (30 Hz, 10 ms) was delivered to the VTA through the implanted
opticfibre. This stimulation lasted for 5 sand was repeated every 60 s
for a minimum of six cycles. Mice expressing GRAB,, in the NAcc
were not tested for aggression. For non-aggressive social interaction
tests, mice were not tested for aggression but interacted with an adult
group-housed BC male mouse under a wired cup for 10 min per day
for nine days.

To analyse the recording data, the MATLAB function ‘msbackadj’
with amoving window of 10% of the total recording duration was first
applied tothe rawsignal (F,,,) to obtain the instantaneous baseline sig-
nal (Fy,seiine) for both 405-nm and 470-nm channels. The instantaneous
AF/Fwas calculated as (F,,,, — Fuaseiine)/ Foaseiine- PETHS were constructed
by aligning the AF/Fto the onset of each behavioural trial, followed by
averagingacrossall trials for each mouse and thenacross mice. For each
recording session, the responses during the behaviour were calculated
astheaverage AF/Ffor alltrials of a specific behaviour. To establish the
baseline, we calculated the mean of AF/F2 min before introducing male
intruders. For analysing the entry response, we calculated the AF/F
duringthe first 60 safterintruderintroduction. For investigation and
attack response analysis, we excluded the behaviours that occurred
within the first 60 s after intruder entry.

To determine parameters related to the light-evoked GRABp,;,
response, we first constructed PETHs aligned to the 5-s light onset for
eachmouse. Forresponse onset, the second derivative of the PSTH of
each mouse was calculated, and the time index corresponding to the
maximum value of the second derivative immediately after the light
onset was identified as the response onset. For the latency to reach
half-peak, the maximum value of the PSTH trace after time O was used as
the peak response, and the first time point at which the GRAB,,5, signal
exceeded half of this maximum value was considered the half-peak
latency. The first time point at which the GRABy,, signal fell below
the half-maximum value after the offset of the light stimulation was
considered the half-decay latency.

Behavioural analysis

Mouse behaviours were recorded from both the top and the side using
two synchronized cameras (Basler, acA640-120um) and commercial
video acquisition software (Norpix, StreamPix 8) inasemi-dark room
with infrared illumination at a frame rate of 25 frames per second.
Mouse behaviours were automatically annotated using SimBA® and
then refined by an experienced annotator who might or might not
be blind to the group identity. ‘Baseline’is defined as the 120 s right
before introducing the male intruder into the home cage of the test
mice. ‘Intruder entry’ was defined as the first 60 s after afreely moving

or cupped male mouse was introduced into the home cage of the test
mouse. ‘Investigate’ was defined as close contact with any part of the
intruder’s body. ‘Attack’ was defined as a suite of intense actions aim-
ing at biting the intruders, including push, lunge, bite, tumbling and
fast locomotion episodes between these movements. ‘Mount’ was
defined as when the male grasped and mounted the female’s flanks.
‘Intromit’ includes both rapid thrust against the female’s rear and deep
rhythmic thrust.

Invitro electrophysiological recording
For in vitro whole-cell patch-clamp recordings, mice were anaesthe-
tized with isoflurane and perfused with 15 ml ice-cold cutting solu-
tion containing 110 mM choline chloride, 25 mM NaHCO,, 2.5 mMKClI,
7 mMMgCl,, 0.5 mM CacCl,, 1.25 mM NaH,PO,, 25 mM glucose, 11.6 mM
ascorbicacid and 3.1 mM pyruvicacid. Then, the brains were removed
andsubmergedinice-cold cutting solution. Coronal sections (275 um)
were cut using the Leica VT1200s vibratome and incubated in artifi-
cial cerebral spinal fluid (ACSF) containing 125 mM NacCl, 2.5 mM KClI,
1.25 mMNaH,PO,, 25 mM NaHCO,,1 mM MgCl,, 2 mM CaCl, and 11 mM
glucoses at 34 °C for 30 min and then at room temperature until use.
The intracellular solution for current-clamp recording contained
126 mMK-gluconate, 4 mM KCI, 10 mM HEPES, 4 mM Mg-ATP, 0.3 mM
Na,-GTP and 10 mM phosphocreatine (pH adjusted to 7.2 with KOH).
The intracellular solution for the voltage-clamp recording contained
135 mM CsMeS03,10 mM HEPES,1 MM EGTA, 3.3 mM QX-314 (chloride
salt), 4 mM Mg-ATP, 0.3 mM Na-GTP and 8 mM sodium phosphocre-
atine (pH 7.3 adjusted with CsOH). The signals were acquired using the
MultiClamp 700B amplifier (Molecular Devices) and Clampex11.0 soft-
ware (Axon Instruments), and digitized at 20 kHz using DigiDatal550B
(Molecular Devices). The recorded electrophysiological data were ana-
lysed using Clampfit (Molecular Devices) and MATLAB (MathWorks).
VTAP" terminal stimulation and drug perfusion only started after the
cell reached a stable state, typically 3 min after breaking into the cell.
To determine the effect of dopamine on dLS cell membrane poten-
tial, we performed current-clamp recordings. For the VTAP" terminal
activation, we patched onrandomly selected dLS neurons and delivered
200-ms, 589 nm light pluses (CoolLED, pE-300 white) five times with
20-s inter-pulse intervals. If a cell showed light-evoked slow IPSP, we
bath-applied sulpiride (10 pM, Tocris, 0895) for a minimum of 5 min
and then repeated the light stimulation. To determine whether slow
IPSP occurred, we calculated the mean and standard deviation (s.d.) of
the membrane potential -1to O sbefore the light onset and the average
membrane potential 1-2 s after light onset. If the post-light mean mem-
brane potential was two standard deviations below the baseline, the
cellwas considered to be hyperpolarized by the light stimulation. The
slow VTA dopamine terminal stimulation evoked IPSP amplitude was
calculated as the difference between the average membrane potential
1-2 safterlight and -1-0 s before light. For bath applications of dopa-
mine (100 pM, Tocris, 3548), sulpiride (10 puM, Tocris, 0895) + dopa-
mine (100 pM), sumanirole (1 uM, Tocris, 2773) or sulpiride (10 pM), we
patched randomly selected dLS cells, recorded for 3 minto establisha
baseline and then perfused the drug for at least 5 min. We then calcu-
lated the change in membrane potential amplitude as the difference
between the mean membrane potential 2-3 min after drug perfusion
and that-2-0 minbefore the drug perfusion. If the change inmembrane
potential amplitude was below -2 x s.d. of the membrane potential
during the pre-drug period, the cell was considered hyperpolarized.
To examine the effect of VTAPAT terminal stimulation on sIPSCs and
SEPSCs, we performed voltage-clamp recording. The dLS cells were held
at+0 mV (sIPSCs) or =70 mV (sEPSCs) for 65 s to establish abaseline. We
thendelivered 30-Hz, 1-ms, 589-nm light for 5 minat 30 Hzto activate
VTAP* terminals and recorded for 5 min afterwards.
To examine the effect of the D2 agonist on sIPSCs, we patched onto
D2R-expressing neurons in the dLS on the basis of their EYFP expres-
sion, held the cellsat +0 mV and recorded for 65 s. We thenadded 1 pM



sumanirole into the bath solution, waited for 10 minand recorded for
2 min. To record mIPSCs, we added TTX (1 uM, Tocris, 1078) into the
bath solution.

To record sEPSCs, we patched on D2R-expressing neurons in the
dLS onthebasis of their EYFP expression, held the cells at =70 mV and
recorded for 65s. Torecord mEPSCs, we added TTX (1 uM, Tocris, 1078)
into the bath solution.

Toinvestigate theintra-dLS connection, we patched onto ChR2-EYFP
negative cells, held the cellsat +O mV, delivered briefblue light pulses
(0.3 ms, five times, 20-sintervals), and recorded light-evoked IPSCs. We
thenapplied 1 pM sumanirole for 10 min, and recorded the light-evoked
IPSCs of the same cell again.

To investigate the dLSP cell response to the CA2/3 inputs, we per-
formed current-clamp recording of Drd2-positive cells on the basis
of their mCherry expression. During the recording, we delivered a
single light pulse or a train of five light pulses (1 mW, 0.3 ms, 470 nm)
atfrequenciesof1,5and 10 Hz, each three times with a20-s inter-train
interval. We then applied 1 uM sumanirole or vehicle ACSF for 10 min
andrecorded the light-evoked spiking activities again using the same
stimulation protocols. The post-spiking IPSP amplitude was calculated
as the average membrane potential 0.2-0.7 s after light stimulation
minus the average potential -1-0 s before light onset. The spiking prob-
ability was calculated as the number of light-evoked spikes divided by
the number of light pulses.

To examine the effect of VTAPAT terminal activation on dLS cell
responsestoexcitatoryinputsfrom CA2/3, we performed current-clamp
recording of randomly selected dLS cells in the vicinity of VTAPAT fluo-
rescent terminals before and after sham or 589 nm light stimulation
of VTAP* terminals (5 min, 30 Hz, 1 ms).

Immunohistochemistry and imaging analysis

For histological analysis, mice were deeply anaesthetized and perfused
with PBS followed by 4% PFA. After perfusion, brains were collected,
post-fixed in 4% PFA overnight at 4 °C and then cryoprotected in 20%
(w/v) sucrose for 24 h. The brains were then embedded in OCT com-
pound and sectioned into 60-um-thick slices usinga CM1900 cryostat
(Leica). EYFP, EGFP and GRAB,,, were immunostained using a chicken
anti-GFP antibody (1:1,000, Abcam, ab13970) followed by an Alexa
488-conjugated donkey anti-chicken secondary antibody (1:1,000, Jack-
sonImmunoResearch, 703-545-155). mCherry and oScarlet were stained
using arabbit anti-dsRed antibody (1:1,000, Takara, 632496) followed
by aCy3-conjugated donkey anti-rabbit secondary antibody (1:1,000,
JacksonImmunoResearch, 711-165-152). TH cellbody was stained with a
sheep anti-TH primary antibody (1:750, Pel Freeze, P60101-0), followed
by applying an Alexa 488-conjugated donkey anti-sheep secondary
antibody (1:1,000, Jackson ImmunoResearch, 713-545-147). TH termi-
nals were stained with a rabbit anti-TH primary antibody (1:500, EMD
Millipore, AB152), followed by a Cy3-conjugated donkey anti-rabbit
secondary antibody (1:1,000). FOS was immunostained using a
guinea pig anti-FOS antibody (1:1,000, SYSY, 226308) followed by a
Cy3-conjugated donkey anti-guinea pig secondary antibody (1:1,000,
Jackson ImmunoResearch, 706-165-148). Brain slices were incubated
in the primary antibody at 4 °C for 48 h, followed by a similar incuba-
tion period with the secondary antibody. In addition, DAPI (1:20,000,
Thermo Fisher Scientific, D1306) was included with the secondary anti-
body for nuclear visualization. The fluorescenceimages were acquired
with avirtual slide microscope (Olympus, VS120) with a10x objective
or a confocal microscope (Zeiss LSM 510 or 700 microscope).

To count the infected cells in the VTA and SNc, we outlined the VTA
and SNc bilaterally on the basis of the DAPI straining, and exported
the channel containing mCherry (chemogenetic group) or EGFP (TH
mutagenesis group) using Fiji. The image contrast was kept the same
across different samples. Cells were manually counted on the basis
of cell morphology and relative brightness to the background by a
researcher who was blinded to the treatment, using the Fiji cell counter.

For TH staining quantification, the brain sections containing NAcs
(Bregma 0.98 mm) and dLS (Bregma 0.14 mm) from each mouse
were selected for analysis. The channel containing the TH signal was
extracted for each image. All images have a set intensity range of 50
to 3,000 before exporting to PNG format. The NAcs, dLS and corpus
callosum in the same images were manually cropped to calculate the
median TH fluorescence intensity.

For FOS quantification, the brain sections containing VTA (Bregma
-3.16 mm) from each mouse were selected for analysis. VTA was out-
lined on the basis of TH and DAPI staining from the originalimages using
Fiji. FOS counting results were obtained using the Cellpose 1.0 GUI*’,
in which automatic segmentation was performed on the basis of the
size of signal spots (5 pixels, flow threshold 0.7, cellprob threshold 0),
followed by manual correction without any previous knowledge regard-
ing the source of the images.

RNAscope insitu hybridization

Wild-type group-housed male mice were first single-housed for two
weeks and then tested for aggression using Rl tests with BC maleintrud-
ers. For the novice aggressor group, the mice were perfused on the
day after the first aggressive Rl test. For the expert aggressor group,
the mice were subjected to daily winning in Rl tests for eight consecu-
tive days and then perfused the day after the last RI test. Immediately
after perfusion, their brains were collected and embedded in OCT
compoundondryice. The brains were then sectioned into 20-pm-thick
slices using a CM1900 cryostat (Leica) and mounted onto the slides
(Fisher, 1255015). Slides containing dLS were fixated (15 min, 4% PFA)
and dehydrated (50%, 70% and 100% ethanol, 5 min each). We did not
treat the section with protease IV to ensure the integrity of the brain
sections. We then used Mm-Drd2-C2 probe (ACD, 406501-C2) and
RNAscope Fluorescent Multiplex Reagent Kit v1 (ACD, 320851) to detect
Drd2 mRNA following the standard protocol from the manufacturer
(ACD). The sections were thenimaged using a virtual slide microscope
(Olympus, VS120) using a20x% objective. The Drd2 signals were quanti-
fied using Image]J.

Statistics and reproducibility

No statistical methods were used to predetermine sample sizes, but
our sample sizes are similar to those reported in previous publica-
tions?*¢%-%3, All experiments were conducted using one to four cohorts
of mice. For functional and in vivo recording experiments, histology
images were collected fromall mice. For slice recording experiments,
histology images were collected only from asubset of mice, although
the correctvirus expression was always confirmed during the recording
accordingto the fluorescence protein expression. Histology images are
representative and qualitatively similar toimages from other animals.
The results were reproducible across cohorts and combined for final
analysis. Statistical analyses were performed using MATLAB (v.2023a,
MathWorks) and Prism10 (GraphPad Software). All statistical tests
were two-tailed. Data were tested for normality first using the Shap-
iro-Wilk test. If all data points were normally distributed, paired ¢-tests,
unpaired t-tests, ordinary one-way ANOVA with Tukey’s post hoc test
andrepeated-measures one-way ANOVA with Turkey’s or Dunnett’s post
hoctest were performed. If data pointsin one or more groups were not
normally distributed, Mann-Whitney test, Wilcoxon matched-pairs
signed-rank test, Kruskal-Wallis test with Dunn’s multiple compari-
sons test and Friedman test with Dunn’s multiple comparison post
hoctest were performed. For comparing values across two categorical
variables, we performed ordinary two-way ANOVA with Bonferroni’s
multiple comparison post hoc test for between-group comparisons and
Turkey’s multiple comparison post hoc test for within-group com-
parisons and repeated-measures two-way ANOVA with Turkey’s or
Bonferroni’s multiple comparison test for matched data. In these
cases, normality was not formally tested. To compare the effect of
TH mutagenesis and VTAPA" terminal lesion between test groups,
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Fisher’s exact test and Fisher’s exact test followed by the two-stage
linear step-up procedure of Benjamini, Krieger and Yekutieli FDR cor-
rection (FDR = 0.05) were performed. To compare the effectiveness of
treatment on the percentage of mice that showed aggression, McNe-
mar’s test was applied when permitted. Details of each statistical test,
including exact P values, F values, t values, degrees of freedom and
cohortnumbers, canbe found in Supplementary Table 1. All error bars
or error shades represent +s.e.m. All Pvalues equal to or smaller than
0.05 areindicated in the figures.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Behavioural annotations, tracking, fibre photometry, slice electro-
physiology and raw representative histology images can be downloaded
from Zenodo (https://doi.org/10.5281/zenodo0.13937311)*. Behaviour
videos and additional histology images are available from the corre-
sponding authors upon reasonable request. They are not deposited
to a public database owing to their large size and the size limitation
of online repositories. lllustrations of the coronal brain sections are
based onimages from the Allen Brain Reference Atlas (https://atlas.
brain-map.org). Source data are provided with this paper.

Code availability

MATLAB codes used in this study can be downloaded from Zenodo
(https://doi.org/10.5281/zenodo.13937311)%.
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Chemogenetic manipulation of VTAPAT cells during inter-male interaction and open-field test
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Extended DataFig.1|Effect of chemogenetic manipulation of VTAPA" cells
oninter-maleinvestigation, male sexual behaviours and locomotion.

a,b, Experimental design (a) and timeline (b) to chemogenetically manipulate
VTAPA cells. ¢, Representative raster plots showing investigationand attack
after saline or C21treatmentin mCherry, hM4Di,and hM3Dq novice aggressors.
d,e, Investigationduration during the resident-intruder test (d), and the total
distancetravelledin the open-field arena (e) after saline or C21 treatmentin
mCherry,hM4Di,and hM3Dq novice aggressors. f, Representative raster plots
showinginvestigationand attack after saline or C21treatmentin mCherry,
hM4Di, and hM3Dq expertaggressors.g,h, Investigation duration during the
resident-intruder test (g), and the total distance travelled in the open-field

arena (h) after saline or C21treatmentin mCherry, hM4Di, and hM3Dq expert
aggressors. i-m, Investigation duration (i), mount duration (j), latency to
mount (k), averaged duration per intromission (I) and attack duration (m)
towards femaleintruders after saline or C21i.p. injections in novice aggressors.
Eachlinerepresentsone mouse.Barsand errorbarsind,e,g,h,i-Irepresent
mean + SEM. Numbersinside the parenthesesindicate the number of subject
mice.d,e,g, h,i-m, repeated-measures (RM) two-way ANOVA followed by
multiple comparison tests with Bonferroni’s correction. All tests are two-sided.
Allpvalues<0.05areindicated. See Supplementary Table 1for statistical
details. Brainillustrationinais adapted from the Allen Brain Reference Atlas
(https://atlas.brain-map.org).
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Extended DataFig. 2| Chemogenetic activation of VMHvI®*" cells promotes
aggressioninbothnovice and expertaggressors. a, Experimental design

to chemogenetically activate VMHvI®" cells in male mice. b, Representative
histology image showing hM3Dq expression (red) in the VMHvI®*" cells. ¢, The
experimental timeline.d-g, The percentage of mice that attacked (d), attack
duration (e), latency to attack (f) and investigation duration (g) of male intruders
aftersaline or C21i.p.injectionsinnovice and expertaggressors. h-k, The
percentage of mice that attacked (h), attack duration (i), latency to attack (j)
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andinvestigation duration (k) of female intruders after saline or C21i.p.
injectionsinnovice and expertaggressors. Eachline represents one mouse.
Barsand errorbars represent mean + SEM. Numbers inside the parentheses
indicate the number of subject mice. h, McNemar’s test; e-g, i-k, RM two-way
ANOVA followed by multiple comparison tests with Bonferroni’s correction. All
tests are two-sided. All p values < 0.05 areindicated. See Supplementary Table 1
for statistical details. Brainillustrationinais adapted from the Allen Brain
Reference Atlas (https://atlas.brain-map.org).
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Extended DataFig.3 | Chemogenetic manipulation of VTAPA" cells does

not change female aggression. a, Experimental design. b, Arepresentative
histology image showing the expression of THand hM4Di. ¢, Experimental
timeline to chemogenetically inhibit VTAP cellsin mothers.d-h, The percentage
of mice thatattacked (d), attack duration (e), latency to attack (f), investigation
duration (g) ofajuvenileintruder and the total distance travelledinalarge
openarena (h) after saline or C21treatment in aggressive lactating female mice
(mothers).i, Experimental timeline to chemogenetically activate VTAP* cells
invirginandlactating females. j-n, The percentage of mice that attacked
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juvenileintruder and the total distance travelled in alarge open arena (n) after
saline or C21treatmentinvirginand aggressive lactating female mice (mothers).
Eachlinerepresents one mouse. Barsand error bars represent mean + SEM.
Numbersinside the parentheses indicate the number of subject mice.

d,j, McNemar’stest; f, paired Wilcoxon test; e,g,h, paired t-test; k-n, RM two-way
ANOVA followed by multiple comparison tests with Bonferroni’s correction. All
testsare two-sided. All p values < 0.05are indicated. See Supplementary Table1
for statistical details. Brainillustrationinais adapted from the Allen Brain
Reference Atlas (https://atlas.brain-map.org).
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Extended DataFig. 4 | Effect of TH mutagenesisin VTA®*" cells oninter-male
investigation, male sexual behaviours andlocomotion. a,b, Experimental
design (a) and timeline (b) to induce Rosa26 or TH mutagenesis in VTAP* cells.
c,d, Investigation duration during each of the daily Rl tests after ablating Rosa26
or THin naive male mice (c) and expert aggressors (d). e-h, Investigation
duration (e), mount duration (f), latency to mount (g) and average duration per
intromission (h) towards receptive female mice after Rosa26 or TH mutagenesis
innaive male mice (grey circle) and expert aggressors (red circle). i, Heat maps
illustrating the body centre distribution of example sgRosa26-and sgTh-
expressing mice duringthe 10-minlocomotiontestinalarge openarena.
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multiple comparison tests with Bonferroni’s correction; e,g, Mann-Whitney
test; f h, unpaired t-test; j, k, ordinary two-way ANOVA followed by multiple
comparison tests with Bonferroni’s correction. All tests are two-sided. All
pvalues <0.05areindicated. See Supplementary Table1for statistical details.
Brainillustrationinais adapted from the Allen Brain Reference Atlas (https://
atlas.brain-map.org).
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Extended DataFig.5|dLS 6-OHDA lesion prevents therise of aggressionin
naive mice but has no effect on expertaggressors. a, Experimental design
andtimelinetolesion dopamine terminalsat dLS and NAcs in naive wild-type
male mice.b-d, Attack duration (b), latency to attack (c) and investigation
duration (d) of BCmaleintruders during the 8-day Rl tests after injecting vehicle
or 6-OHDA into the NAcs or dLS of naive mice. RM two-way ANOVA followed by
multiple comparison tests with Tukey’s correction. *p <0.05,**p < 0.01, and
***p < 0.001.Statistics are for dLS-L vs. Ctrl comparisons. e, Experimental design
andtimeline to deplete dopamine terminalsat the dLS inexpertaggressors.

f-h, Attack duration (f), latency to attack (g) and investigation duration (h) of
BC maleintruders during the 8-day Rl tests after injecting vehicle or 6-OHDA
intothedLS of expert aggressors. RM two-way ANOVA followed by multiple
comparison tests with Bonferroni’s correction. Colour linesand shadesrepresent
mean + SEM. Numbersinside the parenthesesindicate the number of subject
mice. Alltestsare two-sided. All p values < 0.05 areindicated. See Supplementary
Table1for statistical details. Brainillustrationsin a,e are adapted from the Allen
Brain Reference Atlas (https://atlas.brain-map.org).
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Extended DataFig. 6| VTAPAT stimulation induces different patterns of
dopaminerelease atthe dLS and at the NAcc. a-c, Experimental designs
(a,b), and timeline (c) to stimulate the VTAPA" cells and record the dopamine
signalatthedLS or NAcc.d,e, PETHs of GRABy, 3, signals (AF/F) at the dLS
(d)and NAcc (e) aligned to the VTAP*T light (colour) or sham light (0 mW, grey)
onset.f, The mean GRAB,,5, signal during the 5s VTAPA stimulation. g, The
onset of the GRAB,,,5, response following VTAPAT stimulation. h, The latency
toreach half of the GRAB,,5, peak response amplitude following VTAPA"
stimulation. i, The half-decay time of GRAB,, signal after VTAPA" stimulation
offset.j,k, PETHs of GRABy,5, signal of the dLS aligned to the VTAPA" light (colour)
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orshamlight (0 mW, grey) onset on the 1 (j) and 9" days of aggression (k).

1, The mean GRAB,, 5, activity of the dLS on the 1 and 9" days of aggression
during 5s VTAPATstimulation or sham periods. Each circle and line represents
onemouse. Linesandshadesind,eandj,kandbarsanderrorbarsinf-iandl
represent mean + SEM. Numbers inside the parenthesesindicate the number
of subject mice. f,h, unpaired t-test; g,i, Mann-Whitney test; 1, RM two-way
ANOVA followed by multiple comparison tests with Bonferroni’s correction. All
tests are two-sided. All p values < 0.05 areindicated. See Supplementary Table 1
for statistical details.
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Extended DataFig.7|dLS GRAB,,,signals donot change withrepeated
socialinteractions. a, Experimental design and fibre photometry set-up to
record dopaminerelease at the dLS and arepresentative histology image.
Thewhite dashed linesindicate the fibre track. b, The experimental timeline
torecord dopaminerelease atthe dLS during social interaction tests.

¢, Representative AF/F traces of GRABy,3, (black) and 405 nm control (grey)
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(bottom) days of testing. Red dashed linesindicate the introduction of the
cupped maleintruders.d,e, Average PETHs of GRABp,, (black) and 405 nm
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various behavioursonthe1and 9" days of social interaction. h, Experimental
designand timelinetorecord dopaminereleaseatthe dLS.i, Theaveraged AF/F
of 405 nm channel during various behaviours of the Rl tests on the last non-
aggressive day and the 1* day of attack.j, The averaged AF/F of 405 nm channel
during various behaviours of the Rl tests on the 1%, 5, and 9" days of aggression.
Eachlinerepresents one mouse. Barsand error bars represent mean + SEM.
Numbersinside the parenthesesindicate the number of subject mice.

f.g,i,j, RMtwo-way ANOVA followed by multiple comparison tests with
Bonferroni’s or Tukey’s correction. All tests are two-sided. All p values < 0.05
areindicated. See Supplementary Table1for statistical details. Elements (mice)
inb,hwere created using BioRender (https://biorender.com).
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Extended DataFig. 8| Acute stimulation of VTAPA™-dLS terminals or tonic
activation of VTAPA™-NAcs terminals does not change aggressive behaviours
innoviceaggressors. a,b, Experimental design (a) and timeline (b) to determine
theacute effect of VTAPAT - dLS terminal stimulation on aggression.

¢, Behaviouralraster of arepresentative mouse during the 20 s sham (0 mW)
andlight (4 mW) trials. d-f, The attack probability (d), attack duration (e) and
latency to attack (f) during the 20 s light or sham stimulation periods. g, Heat
mapsillustrating the body centre distribution of an example mouse during the
baseline and light-pairing periods when VTAPAT - dLS terminals are activatedin
onepre-selected chamber. h, Time spentin thelight-paired chamber during the
10-minbaseline and 10-min light-pairing periods. i, Experimental design and
timeline to quantify FOS expression after tonic stimulation of VTAP*" terminals
atthedLS.j, Representative images showing FOS (red) and EYFP (left, green), or
ChR2 (right, green), expressioninthe VTA. White arrows highlight example FOS
positive cells. k, The number of FOS positive cellsin the VTA of EYFP and ChR2-
expressing mice.l, Experimental schematics and representative histology

images showing ChR2 cellsin the VTA and their terminalsin the NAc. The white
arrowsindicate the fibre tracks. m, Experimental timeline to evaluate the
effect of tonic activation of VTAPAT - NAcs terminals on aggression. n-q, The
percentage of mice that attacked (n), attack duration (0), latency to attack

(p) andinvestigation duration (q) of novice aggressors onshamand light-
stimulated days. r, Heat mapsillustrating the body centre distribution of an
example mouse during the baseline and light-pairing period when VTAPAT -
NAcs terminals areactivated in one pre-selected chamber. s, Time spentinthe
light-paired chamber during 10 min baseline and 10 min light-pairing periods.
Eachlinerepresents one mouse.Barsand error bars represent mean + SEM.
Numbersinside the parentheses indicate the number of subject mice.

d-f,h, RM two-way ANOVA followed by multiple comparison tests with
Bonferroni’s correction; k, unpaired t-test;n, McNemar’s test; 0,q,s, paired
t-test; p, Wilcoxon matched-pairs signed-rank test. All tests are two-sided. All
pvalues <0.05areindicated. See Supplementary Table1for statistical details.
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Extended DataFig.9|Aggression experience diminishes the dopamine-
induced hyperpolarization of dLS cells. a, Experimental timeline and
schematics showing current-clamp recording of dLS cellsinresponse to
dopamineapplicationand arepresentative image of the recorded lateral
septumslice and arecording glass pipette. b, Left: Representative current-
clamprecording traces of dLS"" cells of novice aggressors after bath application
of dopamine, sumanirole (SUM), sulpiride (Sul), and sulpiride+dopamine.
Right: Arepresentative trace of adLS"" cell of an expert aggressor after
applying dopamine. ¢, Distribution of dLS¥" cell responses to dopamine in
noviceand expertaggressors. d, The membrane potential change of dLS"'
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dotrepresentsonecell. Barsand error barsrepresent mean + SEM. Numbers
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areindicated. See Supplementary Table1for statistical details.
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Extended DataFig.10 | Effects of VTAT terminal activationand aggression
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before (top) and after (bottom) the 5-minlight stimulation. c,d, The amplitude
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and experimental timeline showing voltage-clamp recording of dLS" cells.
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innovice and expert aggressors. i, Representative mEPSC traces of dLS*" cells
fromnovice (top) and expert (bottom) aggressors. j, k, Theamplitude (j) and
frequency (k) of mEPSCsinnovice and expertaggressors. Eachline or circle
represents onecell. Barsand error barsrepresent mean + SEM. Numbers inside
the parentheses indicate the number of recorded cells. ¢,d, Friedman test
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Supplementary Table1for statistical details.
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Software and code
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Data collection | Animal behaviors were recorded from both the top and side using two synchronized cameras (Basler, acA640-120um) and commercial video
acquisition software (Norpix, StreamPix 8). Fiber photometry recording data was recorded using RZ5 real-time processor (Tucker-Davis
Technologies). The envelope of 400 Hz 470-nm LED-induced signals and 317 Hz 405-nm LED-induced signals from the photoreceiver were
extracted in real time using a custom-written program (Tucker-Davis Technologies) as the readout of GRAB DA3h intensity. Optogenetic light
stimulation was controlled using a custom-written program (Tucker-Davis Technologies). Electrophysiology data were recorded with
MultiClamp 700B amplifier (Molecular Devices) and Clampex 11.0 software (Axon Instruments), digitized at 20 kHz with Digidata 1550B (Axon
Instruments). Behavior and fiber photometry data were analyzed using custom code written in MATLAB 2023a (Mathworks). Statistical
analyses were done using Prism 10 (GraphPad).

Data analysis Animal behaviors were automatically annotated using SimBA (v1.3) and then refined by experienced annotators.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- A description of any restrictions on data availability

- For clinical datasets or third party data, please ensure that the statement adheres to our policy

Raw values associated with each figure panel can be found in the source data files. Behavioral annotations, tracking, fiber photometry, slice electrophysiology, raw
representative histology images can be downloaded from Zenodo (10.5281/zenodo.13937311). Behavior videos and additional histology images are available from
the corresponding authors upon reasonable request. They are not deposited to a public database owing to their large size and size limitation of the online
depositories. Illustrations of the coronal brain sections in Figs. 1a, |, and 2a and Extended Data Figs. 1a, 23, 33, 4a, and 5a,e were adapted from the Allen Brain
Reference Atlas (https://atlas.brain-map.org). Source data are provided with this paper.
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Life sciences study design

All studies must disclose on these points even when the disclosure is negative.

Sample size Sample sizes were based on comparable n-values from the literature published previously, as shown below.
Wong, L.C., Wang, L., D'Amour, J.A,, Yumita, T., Chen, G., Yamaguchi, T., Chang, B.C., Bernstein, H., You, X., Feng, J.E., et al. (2016). Effective
Modulation of Male Aggression through Lateral Septum to Medial Hypothalamus Projection. Current biology : CB 26, 593-604. 10.1016/
j.cub.2015.12.065.
Yin, L., Hashikawa, K., Hashikawa, Y., Osakada, T., Lischinsky, J.E., Diaz, V., and Lin, D. (2022). VMHuvlICckar cells dynamically control female
sexual behaviors over the reproductive cycle. Neuron 110, 3000-3017.e3008. https://doi.org/10.1016/j.neuron.2022.06.026.
Yamaguchi, T., Wei, D., Song, S.C., Lim, B., Tritsch, N.X., and Lin, D. (2020). Posterior amygdala regulates sexual and aggressive behaviors in
male mice. Nat Neurosci 23, 1111-1124. 10.1038/s41593-020-0675-x.
Falkner, A.L., Wei, D., Song, A., Watsek, L.W., Chen, I., Chen, P., Feng, J.E., and Lin, D. (2020). Hierarchical Representations of Aggression in a
Hypothalamic-Midbrain Circuit. Neuron 106, 637-648 e636. 10.1016/j.neuron.2020.02.014.
Fang, Y.Y., Yamaguchi, T., Song, S.C., Tritsch, N.X., and Lin, D. (2018). A Hypothalamic Midbrain Pathway Essential for Driving Maternal
Behaviors. Neuron 98, 192-207 e110. 10.1016/j.neuron.2018.02.019.

Data exclusions  Mice failing to display aggression within three days (one Rl test/day) were excluded in most of experiments, except experiments in Figure 1I-
w, Figure 2a-e, Extended Data Figure 4, Extended Data Figure 5, Extended Data Figure 6b,e, f-i, Extended Data Figure 7, Extended Data Figure
8i-k.

In Figure 1, 6 DAT-cre male mice with hM4Di have been excluded from the experiments due to the different experiment design.
In Figure 2f-n, 2 mouse was excluded due to the misplacement of optic fibers.

During slice recording, cells were excluded if the access resistance was higher than 20 MQ at the end of recording. For current-clamp
recording, cells were excluded if the holding current was lower than -50 pA at -70 mV. For voltage-clamp recording, cells were excluded if the
holding current was lower than -200 pA at -70 mV.

In Figure 3h-m, 8 cells from 3 mice in ACSF group and 9 cells from 3 mice in Sul group were excluded because we did not record sIPSC for long
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enough time after terminal stimulation.
In Figure 3g-t, 20 cells from 3 mice in novice and 25 cells from 5 mice in expert condition were excluded due to lack of SUM application.
In Figure 3u-w, 17 cells from 3 mice in novice and 28 cells from 4 mice in expert condition were excluded due to lack of SUM application.

Replication All functional and fiber photometry recording experiments started with a small batch of test (and control) animals (2-4 animals per group) and
then gradually added more animals for each group as transgenic mice became available. We made sure that control and test mice were added
around the same time. The final analysis for each experiment combined all animals from different cohorts. Chemogenetic activation of VMH
Esrl cells in ExFig 2, RNA scope data in Fig 3bb-dd, DA3h recording in social interaction group in ExFig 7a-g, c-fos induction in ExFig 8k, DA
terminal activation at NAc in ExFig 8k-s, was collected at once for all the animals.

Randomization  Mice were randomly assigned to experimental groups (such as mCherry, hM4Di, or hM3Dq group in Figla-k, sgRosa26 vs sgTH in Figll-w, 6-
OHDA vs vehicle injection in NAcs or dLS, in Fig 2a-e, EYFP vs ChR2 in Fig 20-y). For chemogenetic experiments, half of the animals were
randomly assigned to receive C21 first, the other half received saline first.

Blinding The c-Fos quantification and histology analysis were completed by experienced researchers who are blind to the treatment. Other
experiments were performed by experimenters who are not blind to the group allocation during data acquisition or analysis. We make sure
that control and experiments group were test in the same condition, and data were analyzed with the same criteria. Aggressive behaviors
were analyzed primarily using automated behavior recognition software, Simba, followed by manual checking by researchers either blind or
not blind to the treatment conditions.
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Reporting for specific materials, systems and methods

We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material,
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response.
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Plants

Antibodies

Antibodies used Primary antibodies used were: chicken anti-GFP antibody (1:1000, Abcam, ab13970), rabbit anti-dsRed antibody (1:1000, Takara,
632496), sheep anti-TH primary antibody (1:750, Pel Freeze, P60101-0), rabbit anti-TH primary antibody (1:500, EMD Millipore,
AB152), guinea pig anti-c-fos antibody (1:1000, SYSY, 226308). Secondary antibodies used were: Alexa 488-conjugated donkey anti-
chicken secondary antibody (1:1000, Jackson ImmunoResearch, 703-545-155), Cy3-conjugated donkey anti-rabbit secondary
antibody (1:1000, Jackson ImmunoResearch, 711-165-152), Alexa 488-conjugated donkey anti-sheep secondary antibody (1:1000,
Jackson ImmunoResearch, 713-545-147), Cy3-conjugated donkey anti-rabbit secondary antibody (1:1,000), Cy3-conjugated donkey
anti-guinea pig secondary antibody (1:1000, Jackson ImmunoResearch, 706-165-148) .

Validation All the antibodies used in this paper have been used in our previous studies and cited multiple times as listed on the manufacture's
website or CiteAb(https:// www.citeab.com/).
Specifically, for the primary antibodies used in this paper,
chicken anti-GFP antibody (1:1000, Abcam, ab13970): Dai, B., et al., Cell Reprots 2022.
rabbit anti-dsRed antibody (1:1000, Takara, 632496): Grippo, R., et al. Current Biology 2017; Nicolai, L., et al. PNAS 2010.
sheep anti-TH primary antibody (1:750, Pel Freeze, P60101-0): Dai, B., et al., Cell Reprots 2022.
rabbit anti-TH primary antibody (1:500, EMD Millipore, AB152): McNamara, C., et al. Nature neuroscience 2014.
guinea pig anti-c-fos antibody (1:1000, SYSY, 226308): Osakada, T., et al. Nature 2024.

Animals and other research organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research, and Sex and Gender in
Research

Laboratory animals All procedures were approved by the NYULMC Institutional Animal Care and Use Committee (IACUC) in compliance with the National
Institutes of Health (NIH) Guidelines for the Care and Use of Laboratory Animals. Mice were housed under a 12-hour light-dark cycle
(dark cycle; 10 a.m. to 10 p.m. or 6:30 p.m. to 6:30 a.m.), 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 approximately 45%. Test animals were adult
DAT-cre (Jackson, 006660), Drd2-cre (MMRRC_032108-UCD), Esr1-2A-cre (Jackson, 017911), and WT C57BL6/N (Charles River, 027)
mice. They were between 8 and 20 weeks old at the time of behavior testing or recording. Intruder animals in the inter-male Rl tests
were adult Balb/C (>8 weeks) male mice. During each Rl test, the intruder was randomly picked from a group of 20-30 mice, housed




Wild animals

Reporting on sex

Field-collected samples

Ethics oversight

4-5 mice/cage. For the male-female Rl test, adult C57BL/6N or Balb/C (>8 weeks) female mice were used. For the female aggression
test, juvenile C57BL/6N (approximately 21-28 days old) male mice were used. All intruder mice were originally purchased from
Charles River and then bred in-house. They were group-housed until adulthood. Females were considered receptive if an
experienced male could mount and intromit the female within three attempts. After surgery, all male test mice were single-housed,
while female test mice were paired with adult male mice until the females became visibly pregnant. Animals were randomly assigned
to control and test groups. All experiments were performed during the dark cycle of the animals.

The study did not involve wild animals.

Stimulus animals in the Rl tests were adult C57BL/6N (>8 weeks) and Balb/C (>8 weeks) male and female mice originally purchased
from Charles River and then bred in-house. Both male and female DAT-cre C57BL/6N mice were used as test animals for the initial
validation of the VTA dopamine cells' role in aggression, but only male Drd2-cre, Esr1-2A-cre, and WT C57BL/6N mice were used in
later experiments.

The study did not involve field collected samples

All procedures were approved by the NYULMC Institutional Animal Care and Use Committee (IACUC) in compliance with the National
Institutes of Health (NIH) Guidelines for the Care and Use of Laboratory Animals.

Note that full information on the approval of the study protocol must also be provided in the manuscript.
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