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Social trauma engages lateral septum
circuitry toocclude social reward
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In humans, traumatic social experiences can contribute to psychiatric disorders'. It is
suggested that social trauma impairs brain reward function such that social behaviour
is no longer rewarding, leading to severe social avoidance®>. Inrodents, the chronic

social defeat stress (CSDS) model has been used to understand the neurobiology
underlying stress susceptibility versus resilience following social trauma, yet little is
known regarding its impact on social reward**. Here we show that, following CSDS,
asubset of male and female mice, termed susceptible (SUS), avoid social interaction
with non-aggressive, same-sex juvenile C57BL/6) mice and do not develop context-
dependent social reward following encounters with them. Non-social stressors have
no effect on social reward in either sex. Next, using whole-brain Fos mapping, in vivo
Ca* imaging and whole-cell recordings, we identified a population of stress/threat-
responsive lateral septum neurotensin (NT") neurons that are activated by juvenile
social interactions only in SUS mice, but not inresilient or unstressed control mice.
Optogenetic or chemogenetic manipulation of NT*S neurons and their downstream
connections modulates social interaction and social reward. Together, these data
suggest that previously rewarding social targets are possibly perceived as social
threats in SUS mice, resulting from hyperactive NT" neurons that occlude social

reward processing.

Social avoidance manifests across a host of psychiatric illnesses,
with causes ranging from disinterest in social contact® to negative
emotional states evoked by social encounters’. While the causes of
social avoidance are diverse®, past social trauma can result in severe
socialavoidance thought to reflect reduced social reward®’. Despite a
deep clinical understanding of social trauma and its resultant effects
on social behaviour, we know very little about the underlying neural
circuitry involved. Preclinical social trauma models, such as chronic
social defeat stress (CSDS), have been used to better understand neu-
ral circuit mechanisms that control emotional behaviour**'°, CSDS
reduces exploratory behaviours and preference for natural rewards
like sucrose, and results in severe social avoidance interpreted as social
anhedonia®'°. However, past CSDS studies assessed social interaction
with anadult CD-1mouse, similar to those used as aggressors toinduce
the social trauma. Social avoidance under these circumstances prob-
ably reflects fear or submissive behaviour rather than impaired social
reward.

Tobetter understand whether social reward deficits areinduced by
CSDS, we assessed social behaviour by testing social interaction and
social conditioned place preference (sCPP) with a non-threatening,
same-sex juvenile C57BL/6) mouse that, under control conditions, is
rewarding. CSDS—but not non-social chronic stressors like chronic
variable stress (CVS)—blocks social reward ina subset of mice termed

susceptible (SUS). We next employed a circuit-based approach to better
understand the mechanisms by which previous traumatic social experi-
ence withanadult male aggressor affects subsequent social reward pro-
cessing. Following CSDS, SUS mice exhibit heightened activity within
lateral septum neurotensin (NT") neural circuitry, which occludes
social reward and promotes sustained social avoidance behaviour even
when presented with a non-threatening social situation.

SUS mice exhibit social reward deficits

To investigate how CSDS affects social interaction and social reward,
7-8-week-old wild-type (WT) male and female mice underwent stand-
ard CSDS followed by social interaction testing witha CD-1or ERa-Cre
F1 mouse'®™. As previously described, mice were classified as either
resilient (RES) or SUS based on their social interaction behaviour
(that is, social interaction (SI) ratio) (Fig. 1a,b,g and Extended Data
Fig.1a,b,d,e). This was followed by a resident intruder (RI) test and
sCPPwith4-6-week-old, same-sex juvenile C57BL/6) mice. During the
Rl test, control (CTRL) and RES mice exhibited similar social behav-
iours towards the juvenile, including the amount of active interac-
tion (that is, approach, close following and sniffing). Mice in these
groupsrarely withdrew whenthejuvenile approached and investigated,
which we define as passive social investigation. Conversely, SUS mice
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Fig.1|Susceptible mice show social reward impairment after CSDSinboth
males and females. a, Experimental timeline for social behaviour tests
following chronic social defeat.b,g, Sl ratios of females (one-way analysis of
variance (ANOVA) with Tukey’s multiple-comparisons test, F(2,31) =53.96,
P<0.0001,n=10(CTRL),12 (RES),12 (SUS) (b); and of males (one-way ANOVA,
F(2,46)=24.36,P<0.0001,n =10 (CTRL), 13 (RES), 26 (SUS) (8). ¢,h, Social
investigation time from RItest of females (one-way ANOVA, F (2, 31) = 6.755,
P=0.0037) (c); and of males (F(2,46) =14.82, P < 0.0001) (h).d,i, Social
avoidance of females (F(2,31) =33.13, P<0.0001) (d) and males (F(2,46) =
15.37,P<0.0001) (i). e, Time spentin paired and unpaired chambers during
sCPP test (female CTRL (two-way repeated-measures ANOVA followed by
Sidak’s multiple-comparisonstest, F (1,18) = 7.023, P=0.0163, n = 10); RES mice
(F(1,22)=4.598,P=0.0433,n=12);and SUS mice (F (1,22) = 0.08155,P=0.7779,
n=12)).f, Correlation between Slratio and sCPPin females (R*=0.1474, P= 0.025).
j, Timespentin paired and unpaired chambers during sCPP test (two-way
repeated-measures ANOVA: male CTRL (F(1,18) = 6.074, P=0.0240,n =10);
RES mice (F(1,26) =7.499, P=0.0110, n =13); and SUS mice (F (1, 50) = 0.4818,
P=0.4908,n=26)).k, Correlation between Slratio and sCPP in males
(R*=0.08939, P=0.0369). NS, not significant.*P< 0.05,**P< 0.01,***P< 0.001,
****p<(0.0001. All dataexpressed as mean + s.e.m.

exhibited much less active social investigation, longer latency to the
firstsocial bout and significantly more social avoidance during passive
social investigation with a juvenile (Fig. 1c,d,h,i and Extended Data
Fig.1c,f). Social investigation time, social avoidance and latency to

investigate correlated with Slratio during testing with a CD-1 (Extended
Data Fig. 1g-1). These results show that SUS mice exhibit avoidance
not only toward aggressive adult CD-1 male mice, but also toward
non-threatening, same-sex C57BL/6J juvenile mice. We next used the
sCPPtest to assess social preference; CTRL and RES, but not SUS, mice
formed social preference to the intruder-paired context (Fig. 1e,j),
suggesting that juvenile interaction is not rewarding to SUS mice. sCPP
score correlated with Sl ratio (Fig. 1f k) as well as social investigation
time, social avoidance counts and latency to the first social bout during
the Rl test (Extended Data Fig. Im-r). The female oestrous cycle was
not associated with any differences in sCPP formation (Extended Data
Fig.1s). Interestingly, we found that female mice formed a significant
sCPP only when the juvenile mice were confined to a wire-mesh cup
during conditioning (Extended Data Fig. 1t), so we used this design for
all studies in females. All behavioural parameters were normally dis-
tributed except for social avoidance (Extended DataFig. 1u). Given that
sCPPis dependent onintact learning and memory processes, we per-
formed novel-object recognition and novel-location tests and found no
evidence of learning and memory deficits in SUS or RES mice compared
with CTRL mice (Extended Data Fig. 2a-c). To test whether the order
in which behavioural tests were performed affected aspects of social
behaviour, we reversed the order of testing (SCPP-RI-SI) in WT mice
following CSDS and found similar effects (Extended Data Fig. 2d,e).
Next, we grouped mice first by sCPP scores (social preference) and
found a similar positive correlation with social investigation in the RI
testalong with a trend for Slratio (Extended Data Fig. 2f,g), which again
suggests that these different social behaviours largely correlate with
one another. Together, these datasupporttheideathat CSDS-induced
social avoidanceresults from disruptionsin social reward processing,
which led us to consider that SUS mice may in fact perceive juvenile
social targets as threatening or stressful.

NT" neurons are hyperactivated in SUS mice

Toinvestigate the circuit mechanisms mediating social reward deficits
in SUS mice, we conducted a cleared whole-brain Fos mapping proce-
dure using the iDISCO+ method® to examine differentially modulated
brain regions following CSDS when mice were exposed to juvenile
intruders (Fig.2a and Extended Data Fig. 3a-h). Cleared brains (Fig. 2b)
wereimaged onalightsheet microscope (Fig. 2c), followed by registra-
tion and annotation (Extended Data Fig. 3i) using ClearMap™. To first
screen potentially relevant brain regions, Fos* cells were compared
among CTRL, SUS and RES mice to identify differentially regulated
brainregionsinboth sexes (Fig.2d, Extended Data Tables1-5and Sup-
plementary Table 1). Interestingly, we found dramatic sex-based differ-
encesin Fos activity when comparing RES and SUS mice, despite both
sexes exhibiting similar social deficits. Compared with RES males, SUS
males showed asignificantincreasein Fos' cellsin 47 regions whereas
SUS females showed significant increases in only 22 regions. Nota-
bly, the lateral septum (LS) was one of the most highly activated brain
regionsinboth SUS males and females compared with RES mice, so we
selected it for further investigation. To confirm that Fos activation in
SUS mice was due to the presence of a social target, we performed an
additional Rl test following CSDS with a novel object versus ajuvenile
intruder. Under these conditions, we found that Fos activity was sig-
nificantly higher in SUS mice followingjuvenile interaction compared
with novel-objectinteraction. Although we observed aslightincrease
inFos activity following both novel-object and juvenile interactionin
RES mice, there were no significant differences in time spent between
them (Extended Data Fig. 3j,k).

Due to its dense reciprocal interconnections throughout the
brain’s primary reward centres, the LS is often thought of as a nexus
for mood®™™¢, motivation'”’® and spatial information processing®.
Interestingly, in SUS mice following juvenile Rl we found that most
Fos-expressing neurons were located specifically in the lateral-ventral
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Fig.2|NT" neuronal activity is associated with altered social behaviours
insusceptible mice. a, Timeline of iDISCO+ Fos analysis from the Rl test after
CSDS. Timed sac, mice were perfused 90 min after RItest. b, Mouse brain before
and after iDISCO+ clearing. ¢, Autofluorescence and Fos signal from lightsheet
imaging.d, ClearMap analysis showing differentially activated brain regions
from RES versus SUS mice. Arrowheadsindicate LS. e, Neurotensin expression
from Allen Brain Atlas ISH data. f, Timeline of ISH. g,h, Multiplex ISH (g) showing
Fosexpression (h) in NT neurons in females (one-way ANOVA, F (2, 6) = 7.887,
P=0.0209,n=3miceper group, threeslices per mouse) and males (F(2,10) =13.13,
P=0.0016,n=3(CTRL), 4 (RES), 6 (SUS), three slices per mouse); scale bars,

50 um. LV, lateral ventricle. i, Timeline of slice electrophysiology (ePhys)

portion of the LS. Using the Allen Brain Atlas in situ hybridization
(ISH) database?, we found several genes expressed specifically in the
lateral-ventral portion of the LS, including neurotensin (N¢) (Fig. 2e) and
corticotrophin-releasing hormone receptor 2 (Crhr2). Oxytocin recep-
tor (Oxtr) was expressed specifically in the lateral portion, somatostatin
(Sst) was expressed mainly in the dorsal-lateral portion and dopamine
receptor D3 (Drd3) was expressed only in the medial portion of the LS.
Several recent studies have examined the role of these molecularly
defined cell types in regulation of behaviour, including Sst* neurons
in fear conditioning®, vGAT" and Nt* neurons in stress-suppressed
feeding®?, Crhr2' neurons in anxiety-like behaviour?, as well as Oxtr'
and Drd3' neuronsinsocial fear® and social dysfunction®. To determine
which cell type was activated by juvenile social interactionin SUS mice,
we performed multiplex ISH on brain slices from CSDS mice follow-
ing juvenile RI (Fig. 2f). We found over 94% colocalization between
Nt and Fos in SUS mice, with very limited expression of Fosin Nt cells
(Fig.2g,h and Extended DataFig.4a). Around 100% of all Nt* cells were
GABAergic (Extended DataFig. 4b,c). Interestingly, Nt and Crhr2 mes-
senger RNA were largely colocalized in the anterior part but not in
the posterior part of the LS, where we found significant increases in
Fos levels following juvenile Rl in SUS mice (Extended Data Fig. 4d,e).
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following CSDS. j, eYFP* NT"S neurons patched in whole-cell configuration.

k, Current-frequency curve showing counts of action potentials evoked by
incremental steps of injected current. NT" neurons from SUS mice (n =55
neurons) compared with RES mice (two-way ANOVA, P<0.0001,n=19).

1, Resting membrane potential (RMP) for SUS and RES mice (two-tailed Mann-
Whitney test, P=0.0336,n=4 (RES),9 (SUS).m, Correlation between Sl ratio
andfiringrate evoked by a100 pA step current (Pearson’s correlation, R*=0.34,
P=0.0351). Each dot represents the mean value per mouse for RES (red, n=4)
and SUS (black, n=9) mice.n, Sample traces of excitability for RES (red) and
SUS (black) mice following 100 pA current injection. *P< 0.05,**P< 0.01.
Alldataexpressed asmean +s.e.m.

Nt neurons had an overlap of about 5% with Drd3* and of about 20%
with Oxtr* neurons (Extended Data Fig. 4f-i). Interestingly, we also
found anincrease in Sst* Fos* neurons in SUS mice following juvenile
socialinteractionrelative to CTRL mice, but not between RES and SUS
mice (Extended Data Fig. 4j,k). Last, we found no differencesin Nt Fos®
neurons between CTRL, RES and SUS mice (Extended Data Fig. 41).
Together these data highlight a potentially strong involvement of NT*
neurons in social reward deficits in SUS mice.

To confirm that NT* neurons were indeed hyperactivated in SUS
mice following interaction with a juvenile, we used a whole-cell slice
electrophysiological approach to record NT" neurons in defeated
male mice following a juvenile Rl test (Fig. 2i,j). We found that NT*
neurons from SUS mice showed increased excitability (Fig. 2k,n), as
well as decreased resting membrane potential (Fig. 2] and Extended
Data Fig. 5a), when compared with RES mice. Interestingly, we also
found that the excitability of these cells was negatively correlated
with the Sl ratio observed following CSDS (Fig.2m). These changes in
intrinsic properties of NT" neurons suggest that CSDS induces lasting
adaptationsinthese cells, which mediate social dysfunction. Interest-
ingly, we found no differencesin other properties of these cells (action
potential threshold, amplitude, half-width or fast hyperpolarization;
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Fig.3|Invivo NT"*activity in different social and stress contexts.

a, AAV-DIO-GCaMPés injection and expressionin LS. b, Timeline of FP
experiments. c-h, Left, representative Ca* trace of NT** neurons during
residentintruder test (pink stripsindicate passive social investigation);
middle, peri-event plot of NT" neuron activity 2 sbefore and after intruder
approach;right, statistics for neuron activity 2 s before and 2 s after social
eventsin CTRL females (paired two-tailed t-test, t6 =3.379, P=0.0149,n=7)
(¢)and males (t6 =0.5081,P=0.6295,n=7) (d); in RES females (¢4 = 0.6528,
P=0.5495,n=5) (e) and males (t4 = 0.2939, P=0.7834,n=5) (f); and in SUS females
(t4=3.772,P=0.0196,n=5) (g) and males (t4 = 4.844,P=0.0084,n=5) (h).

Extended Data Fig. 5a), confirming that CSDS specifically increases
the excitability of these cells in SUS mice.

To further investigate NT*S neuron activity in vivo during social
encounterswithjuveniles, weinjected Cre-dependent adeno-associated
virus (AAV)-DIO-GCaMPésinto the LS of N¢-Cre transgenic mice to label
NT" neurons (Fig. 3a). We then measured fluorescent Ca** activity by
fibre photometry (FP) in CTRL, RES and SUS mice during juvenile RI
(Fig.3b and Extended Data Fig. 5b). We found no increase in NT" neu-
ron activity in CTRL (Fig. 3c,d) and RES (Fig. 3e,f) mice in response to
juvenile approach, but SUS mice exhibited significantly higher activity
(Fig.3g,h). Surprisingly, the magnitude (approximately 5-10% change in
fluorescence (AF/F)) ofincrease in NT" neuron activity during juvenile

Time (s)

i-1, Left, representative Ca* trace of NT"* neurons in CTRL mice during social
defeatand tail pinches; middle, peri-event plot of NT** neuron activity 2 s
before and 2 s after attack/tail pinch; right, statistics of neuronactivity 2 s
beforeand 2 s after event in female defeat (¢7 = 6.852,P=0.0002, n = 8) (i), male
defeat (t6 = 6.973,P=0.0010, n=7) (j), female tail pinch (t4 =3.988, P= 0.0163,
n=>35) (k) and maletail pinch (¢t5=6.137, P=0.0017,n = 6) (I). Alldata were
analysed using paired two-tailed t-test.*P < 0.05, **P < 0.01, ***P < 0.001.
Alldataexpressed as mean +s.e.m. Scale bar,100 um. Theillustrationsin
bwerecreated with BioRender (https://biorender.com).

approach was similar to that observed when unstressed CTRL mice
encountered an aversive experience, such as coming under attack
by an aggressive CD-1 mouse (Fig. 3i,j) or experiencing a painful
investigator-administered tail pinch (Fig. 3k,1). Moreover, NT** neu-
ronactivity showed no change following palatable food consumption
(Extended Data Fig. 5¢). These findings are consistent with the idea
that NT™ neurons respond to aversive, but not to rewarding, stimuli.
We further tested NT*S neuron activity during sCPP conditioning and
found that NT** neurons in SUS mice showed higher activity during the
juvenile-paired conditioning session, with no changes observedin CTRL
or RES mice (Extended Data Fig. 5d). On the basis of these data, we sug-
gest that, following CSDS, SUS mice may overgeneralize social threat
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cues and perceive juveniles as social threats, similar to that observed
when being attacked by a highly aggressive CD-1mouse.

NT" neurons modulate social behaviour

To assess whether NT" neurons regulate social behaviours follow-
ing CSDS, we utilized viral vectors expressing designer receptors
exclusively activated by designer drugs (DREADDs) to bidirectionally
manipulate the activity of NT" neurons during Sl with a CD-1mouse,
and also during juvenile Rl and sCPP. About 3-4 weeks before CSDS,
we injected AAV-DIO-hM3Dq, AAV-DIO-hM4Di or AAV-DIO-mCherry
viruses into the LS of 4-week-old Nt-Cre mice (Fig. 4a and Extended
Data Fig. 6a). Mice were randomly assigned to CTRL or CSDS condi-
tions. For inhibition studies with hM4Di to show necessity, we used only
SUS mice whereas for activation studies aimed at showing sufficiency
we used only RES mice (note: different baseline Sl for vehicle-treated
SUS hM4Di versus RES hM3Dq mice in Fig. 4). Testing was performed
using a within-subjects design in which mice were first tested for SI
30 min after vehicle injection; then, 30 min before the second SI,
mice were injected intraperitoneally with clozapine N-oxide (CNO).
We found bidirectional effects of NT* neuron modulation on Slinboth
females and males, with increased activity reducing Slin RES mice
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preference rescued by inhibition of NT* neuronsin female SUS mice (two-way
repeated-measures ANOVA,CNO (e), F(1,14) =7.272,P=0.0174, n = 8; vehicle
(f),F(1,14)=0.3070,P=0.5883,n=8);and in male SUS mice (CNO (), F(1,14) =
4.710,P=0.0477,n=8; vehicle (m), F(1,18) =1.627, P= 0.2183,n =10). Activation
of NT™ populations in RES females (two-way repeated-measures ANOVA, CNO
(g),F(1,18)=0.1653,P=0.6891,n=10; vehicle (h), F(1,18) =8.490,P=0.0093,
n=10);and in RES males (CNO (n), F (1,14) = 0.2221, P= 0.6447,n = 8; vehicle (0),
F(1,16) =9.283,P=0.0077,n=9) blocked social CPP formation. *P < 0.05,
**P<0.01,***P<0.001,****P<0.0001. All data expressed as mean = s.e.m.

and decreased activity enhancing Sl in SUS mice (Fig. 4b,i). Mice
were then split into two groups for Rl, ensuring that the Sl ratio was
balanced across groups; mice received either vehicle or CNO during
the Rl test. Inhibition of NT"S neurons increased social investigation
time and normalized avoidance behaviour inboth sexes (Fig. 4c,d,j,k).
For sCPP, we treated hM4Di-injected SUS mice and hM3Dg-injected
RES mice with vehicle or CNO during social conditioning sessions.
We found that, by inhibiting NT' neurons in SUS mice, we could nor-
malize preference for the social conditioned compartment to CTRL
or RES levels in both sexes (Fig. 4e,f,1,m). Conversely, by activating
NT" neurons in RES mice, we were able to reduce social investigation
and social preference compared with their vehicle-treated controlsin
both sexes (Fig.4g,h,n,0). Thus, we find that activation of NT* neurons
resulting from social trauma is both necessary and sufficient to elicit
social behaviour deficits. Interestingly, activation of NT" neurons in
stress-naive mice affected neither Sl ratio nor sCPP (Extended Data
Fig. 6b-d), which suggests that a history of social trauma is critical.
Inline with this, we find no effect of non-social stressors, such as CVS,
on social reward (Extended Data Fig. 6e,f), despite the fact that both
CSDS and CVS similarly reduce preferences for natural rewards like
sucrose?. Consistent with this, arecent study showed that ventral CA3
neurons projecting to the LS play arole in acute social stress-induced



avoidance®, but notinunstressed mice?. To test whether NT" neurons
canmore generally regulate reward or aversion behaviour, we utilized a
real-time place preference assay (RTPP) in stress-naive mice and found
no effect of optogenetic stimulation of NT" neurons on preference
(Extended DataFig. 6g,h). Taken together, these data supporttheidea
that NT"S circuits modulate social behaviours in a context-dependent
fashion.

Todetermine whether NT* neurons encode context-specific infor-
mation related tonon-social stressors, we exposed WT mice to chronic
restraint stress (CRS) and then performed an interaction test with a
new restraint tube. We found that mice exposed to CRS had a longer
latency to approach the tube and reduced time spent investigating
the tube (Extended Data Fig. 7a,b). We then silenced NT*® neurons
with aninhibitory DREADD and found that this partially rescued tube
avoidance (Extended DataFig.7c,d).Inaseparate group, we paired WT
mice with juvenile bedding/odour during CRS (CRSO) and found no
differences in the juvenile Rl test, suggesting that mice do not gener-
alize avoidance to a juvenile social target based on exposure to these
olfactory cues (Extended Data Fig. 7e,f). Overall, these data suggest
that NT" neurons are involved in more general computations that
use pastinformation from stressful or threatening situations to guide
future behaviours towards cues associated with the same or similarly
threatening/stressful situations. Last, we found a role for NT** neurons
inmediating anxiety-related behaviours, such as the elevated plus maze
(EPM), marble burying test and open field test (OFT) (Extended Data
Fig. 7g-j). Together these results highlight the LS as a critical node in
the regulation of emotional behaviours, particularly in response to
aversive/stressful experiences.

NT"S circuitry regulates social behaviour

The LS contains long-range GABAergic projection neurons®® and has
topographically distributed, wide-range input-output projections’**,
Todetermine the output patterns of NT* neurons, we applied multiple
viral-mediated anterograde tracing tools. First, we injected AAV-
DIO-enhanced yellow fluorescent protein (€YFP) into the LS of Nt-Cre
mice and imaged eYFP" axon terminals throughout the brain (Fig. 5a).
We then used HSV-1 (HI29ATK-TT) for anterograde trans-synaptic
tracing® to verify which regions form monosynaptic connections with
NT"S neurons (Fig. 5b and Extended Data Fig. 8a). Interestingly, many
of the downstream regions identified, such as the medial-lateral pre-
optic area (LPO/MPO), nucleus accumbens (NAc), anterior hypotha-
lamic nucleus (AHN), lateral hypothalamus (LH), periaqueductal grey
(PAG), medial amygdala (MEA) and supramammillary nucleus (SuM),
areallinvolvedinvarious aspects of social behaviour or conditioned
reward®. Among these regions, the NAcisinvolved insocial reward>**
andstress susceptibility®>*$, and the PAG in social aggression®, as well as
in defensive and escape behaviours*®*, Although the AHN plays arolein
defensive behaviour**and parental behaviour®, its role in social reward
remains unknown. We wanted first to determine whether the same
or different NT' neurons project to each of these sites. We injected
aCre-dependent retrograde AAV (rgAAV-DIO) expressing tdTomato
intothe AHN, NAc or PAG of Nt-Cre mice (Extended Data Fig. 8b). In the
same mice, rgAAV-DIO-eYFP was injected into the alternate regions and
we visualized overlap between tdTomato and eYFP in NT" neurons. We
alsoinjected choleratoxin subunit B (CTB) intothe NAc(CTB488), AHN
(CTB555) and PAG (CTB647) (Extended Data Fig. 8d) and found similar
results: AHN/NAc-, AHN/PAG- and NAc/PAG-projecting LS neurons
showed little overlap (Extended Data Fig. 8c,e), further confirming
that LS neurons projecting to these regions represent mostly separate
subpopulations. To investigate the function of these NT" circuits,
weinjected AAV-DIO-ChR2(H134R) into the LS of 5-week-old Nt-Cre mice
andimplanted ferrulesinthe NAc, AHN or PAG. Three weeks later, mice
underwent a subthreshold CSDS (stCSDS) and social behaviour was
tested during a 2-day, 5 minjuvenile Rl test in which laser on/off order

was counterbalanced (Fig. 5¢). Activation of NT*>AHN or NT®>NAc
circuits decreased active social investigation time without affecting
social avoidance behaviour during passive social bouts initiated by
thejuvenile (Fig. 5d-i). However, activation of NT-->PAG circuit had no
effect on either social investigation time or social avoidance (Fig. 5j-1).
To further validate whether manipulation of NT*S>AHN or NT"->NAc
circuits can bidirectionally modulate social interaction, we injected
AAV-DIO-eNpHR3.0 into the LS and then performed CSDS (Extended
Data Fig. 9a). We found that inhibition of the NT>AHN or NT*S>NAc
circuits increased social investigation and partially decreased social
avoidance during the Rl test (Extended Data Fig. 9b-e). To test whether
these pathways bidirectionally control social preference, we injected
either AAV-DIO-ChR2 or AAV-DIO-eNpHR3.0, exposed mice to social
defeat stress and then performed optical stimulation of NT=>AHN or
NT"->NAc circuits during the social conditioning session. As expected,
we found that bidirectional regulation of both pathways affected sCPP
(Extended Data Fig. 9f-m). The eNpHR3.0 manipulation seemed to
have more subtle effectsingeneral, possibly due toits poor efficacy in
presynapticinhibition. Recently developed G-protein-coupled optoge-
netic tools**** may provide amore convincing method for long-range
presynaptic inhibition in future studies.

To confirmthat these projections were monosynaptic and inhibitory,
we injected AAV-DIO-ChR2 into the LS of Nt-Cre mice and performed
ex vivo whole-cell electrophysiology with ChR2-assisted circuit map-
ping of NT*>NAc and NT*>AHN pathways. Our data show both
pathways to be monosynaptic (with TTX), inhibitory (Cs-based inter-
nal, clamped at 0 mV) and GABAa-dependent (SR-95531, Gabazine)
(Extended Data Fig.10a,b). We also validated that 15 Hz of blue-light
stimulation can reliably evoke NT* neurons (Extended Data Fig. 10c).
Because it hasbeenreported that other cell typesin the LS can modu-
late stress behaviours under different conditions, we tested whether
non-NT neuronsintheLSalso playaroleinsocial trauma-induced social
deficits by injecting AAV-Flpo and AAV-CreOff-FIpOn-ChR2 viruses into
the LS of N¢-Cre mice to label non-NT neurons with ChR2 (Extended
DataFig.10d). Wefirst validated the specificity of thisapproach using
Multiplex ISH (Extended Data Fig.10e,f), and found very little overlap
between ChR2 and NT. We next validated stimulation parameters for
ChR2 usingslice electrophysiology and confirmed that 15 Hz reliably
activated non-NT neuronsin the LS (Extended Data Fig. 10g). We then
stimulated non-NT neuronsinthe LS invivo at 15 Hz during the Rl test
following CSDS and found no effect on social interaction (Extended
DataFig.10h). Takentogether, these results suggest that the activation
of inhibitory NT"® projections to the AHN and NAc is both necessary
and sufficient to alter social investigation and social preference of mice
following traumatic social experience.

Discussion

Many components of social behaviour, including its rewarding proper-
ties, are evolutionarily conserved between humans and rodents***,
Although it is well established that social stress leads to the develop-
mentof depression, anxiety*® and post-traumatic stress disorder®, the
neural circuits that mediate the negative consequences of social stress—
particularly with regard to social reward—are not well defined. We view
preclinical social stress models asimperative to this early-phase work
sothat we can define potential circuit mechanisms of trauma-impaired
social reward to inform future studies in humans.

Utilizing an unbiased approach, we identified the LS as one of the
most highly regulated regions activated in both male and female SUS
miceinresponse toanormally rewardingsocial target, suggesting that
itmight bea particularlyimportant regioninregard to explaining the
commonsocial deficits exhibited by both sexes. Detailed analysis of the
LS identified a specific population of GABAergic projection neurons
expressing the neuropeptide neurotensin. In unstressed mice we found
these cells to be responsive during situations of threat, including in
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Fig.5|Optogenetic manipulation of NT' downstream regions alterssocial
behaviour in CSDS mice. a, Anterograde AAV-DIO-eYFP tracing from NT*
neurons.b, Anterograde HSV-1(H129ATK-TT) trans-synaptic tracing (70 h post
injection) verifies monosynaptic connections between NT'** neurons and
regionsshownina.c, AAV-DIO-ChR2injection and timeline for resident
intruder optogenetics experiments.d-1, ChR2 axon terminal activationin NAc
(d), AHN (g) and PAG (j) during Rl test in females (NAc (e), social investigation,
F(1,12) =4.836,P=0.0482; social avoidance, F(1,12) =2.935,P=0.1123,n=8
(ChR2), 6 (€YFP); AHN (h), social investigation, F (1,12) =4.947, P= 0.0461, social
avoidance, F(1,12) =0.8571,P=0.3728,n=8 (ChR2), 7 (eYFP)); PAG (K), social

response to aggressive attack behaviour. However, following chronic
social traumain SUS mice we found that these neurons generalize their
responses to non-threatening social situations, including during inter-
actions with non-aggressive juvenile mice. Notably, NT*S and Drd3"
neurons exert opposing functions to control social behaviour follow-
ingstress (Fig. 4 and ref. ). Drd3" and Nt neurons are topographically
distinctin the LS and it is likely that they have different input/output
projection patterns, and possibly even form distinct synaptic connec-
tions within the LS. Thus, we hypothesized that NT* neurons might play
auniqueroleinregulation of social reward by inhibiting downstream
reward centres. Indeed, anterograde tracing studiesidentified known
reward centres—including the NAc and AHN—as receiving moderate/
dense innervation from NT™ neurons, and activation of these inputs
reduced socialinteraction and context-dependent social reward with
ajuvenile.

Because anxiety is well known to inhibit adaptive social behaviours;
one critical question is whether NT* neurons are encoding social aver-
sionor whether they simply encode ageneralized state of anxiety that
impairs social behaviours. According to our data, generalized anxiety
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investigation, F(1,13) = 0.6986, P= 0.4183; social avoidance, F (1,13) =0.07324,
P=0.7909,n=8(ChR2), 6 (€YFP); and in males (social investigation, NAc (f),
F(1,13) =4.540, P=0.0528; social avoidance, F (1,13) = 0.2848,P=0.6026,n=9
(ChR2),5(eYFP); AHN (i), social investigation, F (1,13) = 28.94, P=0.0001, social
avoidance, F(1,13) =0.06521, P=0.8024, n=8 (ChR2), 7 (eYFP); PAG (I), social
investigation, F(1,14) =0.002038, P=0.9646; social avoidance, F (1,14) =1.750,
P=0.2071,n=9(ChR2), 6 (6YFP) (f)). Two-way repeated-measures ANOVA was
performed forall comparisons.*P<0.05,**P<0.01,****P< 0.0001. All data
expressed asmean +s.e.m.Scale bars, 200 um. Theillustrationsin c were
created with BioRender (https://biorender.com).

states measured by EPM/OFT are separable from social behaviour
deficits: (1) when we stimulate NT* neurons in social stress-naive mice,
we are able to produce a generalized exploratory deficit in the EPM/
OFT (Extended DataFig. 7); however, such stimulation does notinduce
avoidance of a social target (Extended Data Fig. 6b). (2) Both RES and
SUS mice in the CSDS model exhibited anxiety-like behaviours in the
OFT and EPM, yet only SUS mice exhibited social avoidance and reduced
social reward. (3) Although CVS produces an increase in generalized
anxiety-like behaviour, it has no effect on social interaction or social
reward (Extended DataFig. 6e,f). Thus, inaddition to regulation of gen-
eralized anxiety states, NT" neurons encode contextual information
about stressful/traumatic past experiences to guide future behavioural
responses.

Overall our findings demonstrate that, in both male and female SUS
mice, rewarding social targets are perceived as stressful or threat-
ening, which engages NT" circuitry and impairs social reward pro-
cessing in a context-dependent manner. Interestingly, in studies of
patients with depression and comorbid social anxiety disorder, it was
shown that social trauma abnormally increases the representation


https://biorender.com

of social threat®. Furthermore, children who have experienced
trauma are reported to exhibit heightened perceptual threat sensi-
tivity, negative and neutral emotion misclassification and attention
biases towards threat-related cues®. Our research thus provides an
important foundation for understanding the neural mechanisms
underlying post-trauma social reward processing. Future studies in
humans to test the relevance of LS circuitry in mediation of social
threat perception and reward sensitivity in victims of trauma will be
highly informative.
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Methods

Animals

Wild-type C57BL/6) mice, 7-8 weeks old (males, 22-26 g; females,
18-22 g;Jackson Laboratory) were used as experimental mice in CSDS
studies; 4-6-week-old C57BL/6) mice (Jackson Laboratory) were used as
newintrudersinboththeRItestand sCPP test; 16-24-month-old male
CD-1(ICR) mice (sexually experienced retired breeders; Charles River
Laboratories) were used as aggressors for male CSDS. ERa-Cre mice
(017911, B6N.129S6(Cg)-Esr1™i1croAnd /). jackson laboratory) were
crossed with CD-1females to obtain Flmales, whichwere used as aggres-
sors for female CSDS. Nt-Cre (01752, B6;129-Nts™™®Memi/J- Jackson
Laboratory) homozygous mice were crossed with WT C57BL/6 J mice,
and the F1 generation was used as experimental mice in the CSDS
studies. Littermates were randomly assigned to experimental groups.
All mice were allowed 1 week of acclimation to the housing facilities
before the start of experiments. WT CD-1and F1 ERa-Cre mice were
single housed, Nt-Cre and WT C57BL/6) mice were housed in groups
of between three and five. All mice were maintained on a12/12-h light/
dark cycle (07:00-19:00) with ad libitum access to food and water.
Housing and experimental rooms were maintained at 20-22 °C and
40-60% humidity. Experiments were conducted during the light phase.
Procedures were performed inaccordance with the National Institutes
of Health Guide for Care and approved by the Use of Laboratory Animals
and the Icahn School of Medicine at Mount Sinai Institutional Animal
Care and Use Committee. Additional information about mice used in
this study can be found in the Life Sciences Reporting Summary.

Aggressor screening, CSDS and stCSDS

Female™ and male'® aggressor screening for CSDS and SI tests was
performed as previously described. Experimental males were single
housed after CSDS, and females were group housed during CSDS but
single housed after defeat. Defeat was halted if an intruder showed
any signs of injury. An all-male CSDS lasted 10 min per day for 10 days
an all-female CSDS lasted 5 min per day for 10 days; stCSDS lasted for
5and 2 min per day for males and females, respectively, for 10 days.

Chronic variable stress

CVSwas modified from our previous work®. Male and female mice were
randomly assigned to CTRL and CVS groups. CVS groups underwent
28 days of stress with one stressor per day, the stressors consisting of
1hfoot shock (random shock 60 times in1h), 1 h tail suspension and
1hrestraint.

Chronicrestraint stress

Male mice were randomly assigned to CTRL and CRS groups. The CRS
group underwent 28 days of 1 hrestraint stress each day. For the juvenile
odour-paired CRS, mice wererestrained in a50 mL restrainer and put
inanew cage with bedding from a same-sex C57BL/6] juvenile mouse.

Social interaction test

Sltests were performed 24 h after the last defeat, as described pre-
viously™. Mice were habituated in the testing rooms for 1 h before
testing and all testing was performed under red-light conditions.
Sltests were performed with mice freely exploringinatarget-free arena
(44 cm (w) x 44 cm (d) x 38 cm (h)) for 2.5 min, followed by another
2.5 mintarget-present (CD-1or ERa-Cre mice) session during which tar-
getmice were confinedinawire-meshenclosure (10 cm (w) x 6.5cm (d) x
38 cm (h)). The ‘interaction zone’ of the test arena encompassed a
14 cm x 24 cmrectangular area projecting 8 cm around the wire-mesh
enclosure. The ‘corner zones’ encompassed a9 cm x 9 cmareaproject-
ing from both corner joints opposing the wire-mesh enclosure. We
calculated Sl ratio as the ratio of time spent in the interaction zone
withaCD-1or F1ERa-Cre mouse present over time spent with the target
absent. Allmice with a SIratio over 1were classified as RES mice and all

witharatiobelow1asSUS mice. Corner ratio was calculated as the ratio
oftime spentinthe corner zone withanadult CD-1or F1ERa-Cre target
mouse present over time spent when the target mouse was absent.

Residentintruder test

TheRItest was modified froma previously described protocol®. After
defeat and SI, mice were habituated in the testing rooms for 1 hbefore
testing, and all testing was performed under dim light conditions.
Experimental mice were kept in their home cage, placed under an
Ethovision camera, habituated for 2-3 min with their wired cage top
removed and then intruders (mice or objects) were introduced into
their home cage and allowed to interact freely for 5 min (Rl test for
iDISCO+ cohortlasted for 10 min, to maximumly stimulate Fos expres-
sion). Social investigation included the amount of active interaction
including approach, close following and sniffing. Social avoidance
was defined as the escaping from a juvenile mouse of the experimen-
tal mouse when approached and investigated by the former. A speed
of more than 20cm s was considered an escape. SUS mice typically
escaped at speeds of 20-65 cm s 'immediately to avoid social encoun-
ters following juveniles’ approach/investigation. All experimental
mice showing aggressive behaviours towards juveniles (around 1%)
were excluded from analyses. All Rl behaviours were scored blindly
by experimenters.

Social conditioning place preference

ThesCPP protocol, as published previously*?, consisted of three phases:
pretest, social conditioning and posttest. Mice were habituated inthe
testing rooms for 1 h before conditioning or testing. All phases were
conducted under red-light and sound-attenuated conditions. The CPP
apparatus (Med Associates) has a neutral middle zone that allows for
unbiased entry and two conditioning chambers with different walls
and floors. On the pretest day, mice were introduced into the middle
chamber and allowed to explore freely in all three chambers of the
CPP box for 20 min. No group differences in bias for either chamber
were found, and conditioning groups were balanced in an unbiased
fashiontoaccount for startside preference, as described previously**.
The conditioning phase consisted of four consecutive days with two
conditioning sessions each day: during the morning paired sessions
(08:00-12:00), experimental mice were confined to the assigned cham-
ber for 15 min with a new same-sex juvenile C57BL/6) intruder; during
the afternoon unpaired session (13:00-17:00) mice were putinto the
opposite chamber without a social target for 15 min. For female sCPP,
during conditioning the juvenile mice were confined in a wire-mesh
cup, which we found was necessary for females to form CPP, whereas
males formed a preference only whenthey were able to freely interact
with the juvenile outside the cup. All groups were counterbalanced
for conditioning chamber. On posttest day, experimental mice were
placedinthe middle chamber of the CPP apparatus and allowed to freely
explore allchambers for 20 min. Duration spent within either context
was used to measure CPP. For chemogenetics experiments, CNO was
administered during the full conditioning sessions. Behavioural analy-
sis of SCPP datawas performed by assessing (1) subtracted CPP (posttest
phase durationspentintheintruder-paired chamber minus test phase
durationspentintheintruder-unpaired chamber, accounting for test
sessionbehaviour only); and (2) group and individual durations in both
pretest and posttest sessions.

Novel-object recognition and object location test

Novel-object recognition (NOR) and object location tests were per-
formed as previously described*. Male mice were habituated in the
testingroom for1hbefore testing and then placed inthe middle of an
empty plexiglass open field (45 cm (w) x 45 cm (d) x 38 cm (h)) under
dim light for 10 min (habituation phase). Twenty minutes after the
habituation phase, mice were placed in the same open field with two
objects (A and B) and allowed to explore for 10 min. Mice were then



placed backin their home cage for 20 min before being putbackinto the
openfield with object Breplaced by anew object, C. Mice were allowed
to explore for 10 min. Following the NOR test, mice were transferred
back to their home cage for 20 min before being returned to the open
field,in which thelocation of object Awas changed and the time spent
interacting was recorded. Time spent with the new versus familiar
object or location was recorded and scored by Ethovision software.

Elevated plus maze

The EPM was performed as previously described". Male mice were
habituated in the testing room for 1 h before testing and then placed
inthe middle of the plexiglass EPM under red light for 5 min. Eacharm
ofthe maze measured 12 x 50 cm? Behaviour was tracked using Noldus
Ethovision (Noldus Interactive technologies). Total time spent in the
open and closed arms was measured.

Open field test and locomotor measures

Open field test was performed as previously described. Male mice
were habituated in the testing room for 1 h before testing and then
placed in the middle of the plexiglass arenas (44 x 44 x 35 cm®) under
red light for 10 min. Behaviour was tracked using Noldus Ethovision
(Noldus Interactive technologies) torecord the total distance moved,
aswellasthe timespentinthe centre (22 x 22 cm?) versus outer zones.

Marble burying test

The marble-burying test was performed as previously described®. Male
mice were habituated in the testing room for 1 hbefore testing. Fresh,
unscented mouse corncob bedding (depth 5 cm) was put in standard
ratcages (26 cm (w) x 48 cm (d) x 20 cm (h)) with filter-top covers, and
another cage was inserted onto the surface of the bedding to create
parallel lines on the bedding surface that could be used for marble
placement. Standard glass toy marbles (1.6 cm diameter) were placed
gently onthe surface of the bedding in five rows of four. Marbles were
washed in70% ethanol, rinsed in distilled water and dried before each
use. Mice were introduced into the corner of the cage to explore for
30 min with the filter-top covered on the cage. A marble was scored
as buried if two-thirds of its surface area was covered by bedding.
A 2-day, DREADD-manipulated marble-burying test was performed
using awithin-subjects design; mice were given either CNO or vehicle
in a counterbalanced way, and thus they received CNO or vehicle on
the first day and the alternative on the second day.

Real-time place preference

The RTPP experiments was performed as previously described>*: mice
were placedinthe centre of anarena (44 cm (w) x 44 cm (d) x 35 cm (h))
with a central divider and allowed to explore freely for 20 min. The
time spent on each side was recorded using Noldus Ethovision (Noldus
Interactive technologies). For the first 10 min of the test, one side of
the open field was paired with 20 ms pulses of 15 Hz blue-light stimu-
lation (473 nm, 7-10 mW, 1 s on, 1s off). For the second 10 min of the
test, laser stimulation was paired with the opposite side of the arena;
this was done to minimize inherent bias toward one side of the arena.
There was al-mininterval between the two phases. Total time spent
inthe unstimulated and stimulated sides was calculated and analysed.

Perfusion and brain tissue processing

For immunohistochemistry and iDISCO+, mice were euthanized by
injection of 10% chloral hydrate and perfused transcardially with
ice-cold 1x PBS (pH 7.4), followed by fixation with cold 4% paraform-
aldehyde in 1x PBS. Brains were postfixed for 12 hin the same fixative
at4 °C.Forimmunohistochemistry, coronal sections were prepared on
avibratome (Leica) at 50 um to assess viral placement and for immu-
nohistochemistry. For ISH, mouse brains were rapidly removed and
flash-frozen in =30 °C isopentane for 5-10 s then kept at -80 °C until
sectioningat15 pmusinga cryostat (Leica). Animals injected with AAV

viruses were perfused at least 4 weeks after injection; animals injected
with HI29ATK-TT were perfused 48 and 70 h after injection.

IHC, ISH and confocal microscopy

ForFosIHC, slices were incubated for 2 hin blocking solution (3% nor-
mal donkey serum, 0.3% Triton X-100 in PBS) thenincubated overnight
inprimary antibody (mouse anti-Fos, 1:1,000 (Santa Cruz Biotechnol-
ogy, C-10)) at 4 °C. Slices were then washed in PBS for 3 x 20 min and
incubated in secondary antibody (Cy2 (no. 711-225-152), Cy3 (no. 711-
165-152), Cy5 (no. 711-175-152), AffiniPure Donkey Anti-Rabbit IgG (H+L),
1:1,000 (Jackson ImmunoResearch)) for 2 hat room temperature, then
washed in PBS for 3 x 20 minbefore staining with DAPI (1 pg mL™, Sigma)
for 20 min. Sections were then mounted with Eco-Mount (Life sciences)
and coverslipped (Fisher). For Fos analysis, magnification of x20 and
tile-scan function were used to acquire the entire region of interest.
Analysis of Fos-positive cells was performed using Fiji (NIH)*". For
representative images of viral infection, images were acquired at x10
magnification usingthetile-scan function. For ISH, RNAscope Multiplex
Fluorescent Kits (Advanced Cell Diagnostics) were used according
to the manufacturer’s instructions. Briefly, fresh-frozen brains were
slide mounted at 15 pm thickness, fixed for 15 min in cold 4% PFA and
dehydrated serially with 50, 70 and 100% EtOH/H,O for 2 min each,
followed by 20 min Protease IV (RNAscope) treatment. Proprietary
probes (Advanced Cell Diagnostics) for Fos (316921, accession no.
NM_010234.2); Sst (404631-C2, accession no. NM_009215.1), Gad67
(400951-C2, accession no. NM_008077.4), Oxtr (412171-C2, accession
no.NM_001081147.1), Drd3 (447721-C, accession no.NM_007877.1) or
Crhr2(413201-C2, accession no. NM_009953.3); Nt (420441-C3, acces-
sionno.NM_024435.2) were hybridized at40 °Cfor2 hthensubjected to
aseries of amplification stepsat 40 °C (1-FL, 30 min; 2-FL, 15 min; 3-FL,
30 min; 4-FL, 15 min). Reagent Alt-A was used for the fourth amplifica-
tionstep, with Channel 1at 488 nm, Channel 2at 550 nm and Channel 3
at 647 nm. Finally, slides were treated for 1 min with DAPI and imme-
diately coverslipped with Eco-Mount. All slices were imaged using a
Zeiss LSM 780 confocal microscope. Cells and Fos from all ISH and
IHC images were counted blindly across groups.

iDISCO+ staining, imaging and ClearMap analysis

TheiDISCO+ staining protocol was modified from http://www.idisco.
info. Fixed whole brains were incubated with the primary Fos anti-
body (no.226003, 1:1,000, Synaptic Systems) and secondary donkey
anti-rabbit IgG (H+L) Highly Cross-Adsorbed Secondary Antibody,
Alexa Fluor 647 (no. A-31573, 1:1,000, Thermo Fisher Scientific) for
7 days each. A LaVision lightsheet microscope with zoom body was
used for half-brain sagittal scanning, with dynamic focus and a step
size of 4 um. Cleared brains were processed as previously described
using ClearMap™. Fos* cells were quantified using the cell detection
module, with cell detection parameters optimized and validated based
on theintensity and shape parameters of the signal. The autofluores-
cence channelwas aligned to the Allen Institute’s Common Coordinate
Framework using the Elastix toolbox. Brain areas were collapsed into
their parent region (for example, the rostroventral, caudodorsal and
ventral lateral septum were combined into the ‘lateral septal nucleus’).
These decisions were made before analysis. To compare cell countsin
RES and SUS animals, a negative binomial regression was applied using
the glm.nb function from the MASS package inR. Group classifications
were dummy coded (O for the SUS group and 1for the RESgroup). The
maximum-likelihood coefficients a and S were determined through
iterative reweighted least squares. A significant S means that group
statusisrelatedto cell count number at the specified region of interest.
The z-values in Extended Data Fig. 2i correspond to this 5 coefficient,
normalized by its sample standard deviation. P values were corrected
for multiple comparisons using the Benjamini-Hochberg procedure
to decrease false discovery rate. Q-values below 0.05 were considered
significant.
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Stereotaxic surgery and viral gene transfer

Nt-Cre mice (4-5 weeks old) were anaesthetized by intraperito-
neal injection with a mixture of ketamine HCI (100 mg kg™) and
xylazine (10 mg kg™) and positioned on a stereotaxic instrument
(David Kopf Instruments). In the LS (from bregma: AP +0.7 mm;
ML +0.4 mm; DV -3.0 mm), 0.5 pL of virus was bilaterally infused
using 33-gauge Hamilton needles over 5 min, with needles left in
place for 5 min after injection. For DREADD virus delivery, 0.5 pl of
AAVS-hSyn-DIO-hM3D-mCherry (2.0 x 102 vg mL™, no. 44361-AAVS,
Addgene), AAV9-hSyn-DIO-hM4D-mCherry (2.0 x 102 vg mL™, no.
44362-AAV9, Addgene) or AAV9-hSyn-DIO-mCherry (2.0 x 102vg mL™,
no. 50459-AAV9, Addgene) was injected into the LS. For antero-
grade tracing, 0.5 pL of AAV9-hSyn-DIO-EYFP (2.0 x 102 vg mL™, no.
50457-AAV9, Addgene) or 0.15 pl of HI29ATK-TT (4.0 x 10° vg mL™,
Center for Neuroanatomy with Neurotropic Viruses) was injected uni-
laterally into the LS. For retrograde tracing of LS downstreamregions,
0.5 pL of retrograde AAV-DIO-EGFP/tdTomato (2.0 x 10 vg mL™?,
nos. 50457-AAVrg and 28306-AAVrg, Addgene) was injected into
the medial part of the NAc (from bregma: AP +1.5 mm; ML £0.5 mm;
DV -4.4 mm), AHN (from bregma: AP -0.7 mm; ML +0.5 mm;
DV -5.0 mm) or PAG (from bregma: AP —4.2 mm; ML +0.2 mm;
DV -2.5 mm). For CTBinjection, 0.5 pL of Alexa Fluor 488-conjugated
Cholera Toxin Subunit B (1.0 mg mL™, no. C-34775, Thermo Fisher)
was injected into the NAc (from bregma: AP +1.5 mm; ML £0.5 mm;
DV-4.4 mm), 0.5 pL of Alexa Fluor 555-conjugated Cholera Toxin Subu-
nit B (1.0 mg mL™, no. C-34776, Thermo Fisher) was injected into the
AHN (from bregma: AP -0.7 mm; ML £0.5 mm; DV -5.0 mm) and 0.5 pL
of Alexa Fluor 647-conjugated Cholera Toxin Subunit B (1.0 mg mL™,
no. C-34778, Thermo Fisher) was injected into the PAG (from bregma:
AP -4.2 mm; ML £0.2 mm; DV -2.5 mm). For optogenetics, 0.5 pL of
AAV9-EF1a-DIO-EYFP (3.0 x 10" vg mL™, no. 27056-AAV9, Addgene),
AAV9-Efla-DIO eNpHR3.0-EYFP (3.0 x 10 vg mL™, no. 26966-AAV9,
Addgene) or AAV9-EF1a-DIO-ChR2-EYFP (3.0 x 102 vg mL™, no.
20298-AAV9, Addgene) was injected into either the LS (cell body
stimulation) or downstream regions (terminal stimulation). For Cre-
Offvirus injection, AAV-EF1a-Flpo (2.0 x 10 vg mL™, no. 55637-AAV1,
Addgene) and AAV-nEF-Coff/Fon-ChR2(ET/TC)-EYFP (2.0 x 10?vg mL™,
no.137141-AAV8, Addgene) were mixed 1:1and injected into the LS. All
AAVinjections were performed 3 weeks before perfusion or behavioural
experiments. For aggressors used in female CSDS, we targeted the
VMHvI of ERa-Cre F1mice as described previously™ 8. For FP, 0.5 pL of
AAV9-CAG-FLEX-G6s/EGFP virus (2.0 x 102 vg mL™, n0.100842-AAV9,
51502-AAV9 Addgene) was injected unilaterally into the LS. For optoge-
netic (ChR2) and FP experiments, cannulae (ChR2: MFC_200/240-
0.22_3mm_MF1.25 FLT; FP: MFC_200/250-0.57 3mm_MFL.25 FLT) were
implanted at the same time as viral delivery (for LS local, fibres were
implanted 0.2 mm above the injection site). For optogenetic (ChR2
and eNpHR3.0) experiments on NT" terminal stimulation, cannulae
(MFC_200/240-0.22_MF1.25_FLT, 5 mm for NAc/AHN, 3 mm for PAG)
were implanted into the NAc (from bregma: AP +1.5 mm; ML 1.5 mm;
DV -4.4 mm, 15° angle), the AHN (frombregma: AP-0.7 mm; ML £1.5 mm;
DV -4.8 mm,10° angle) or PAG (frombregma: AP 4.2 mm; ML +0.2 mm;
DV -2.3 mm). For secure fixture of the optic fibre, dental cement (Grip
cement; Dentsply) was added to the skull and around the fibres.

DREADD manipulation

For ERa-Cre mice (used for female CSDS), CNO (1 mg kg™, Tocris) was
given intraperitoneally 30 min before CSDS™. For OFT, EPM and the
marble-burying, Sland Rl tests, CNO was given 30 min before the test;
for sCPP, CNO was given 30 min before each conditioning session.

Optogenetics manipulation
Forblue (ChR2) and orange (eNpHR3.0) light stimulation, optical fibres
(BFP(2) 200/220/900-0.22 4m_FCM-2xMF1.25, Doric Lenses) were

connected to either a473 nm blue laser diode (no. BCL-473-050-M,
Crystal Laser) or a 589 nmorange laser diode (no. MGL-111-589-50mW,
Opto Engine LLC) using a patch cord with a FC/PC adaptor (no.
MFP_200/240/900-0.22 4m_FC-MF1.25, Doric Lenses). A function
generator (no. 33220A, Agilent Technologies) was used to generate
20 msblue-light pulsesat15 Hz,1s on/1s off for all ChR2 experiments.
Constant orange light was used for eNpHR3.0 experiments during
the 5 minresident intruder test. For sCPP studies, orange light was
delivered in a4 min on/1 min off pattern. The intensity of light deliv-
ered to the brain was 7-10 mW. These parameters are consistent with
previously validated and published protocols®. For all optogenetics
tests, experimental mice were habituated to patch cords for 2 days
before testingin RI. For Rl experiments, mice were tested over 2 days,
counterbalanced under laser-on and -off conditions. For social CPP
tests, light was provided during the social conditioning session. For
the RTPP test, blue-light delivery was controlled by TTL from Noldus
Ethovision (Noldus Interactive technologies).

Ex vivo electrophysiology

AAV9-hSyn-DIO-EYFP (0.5 ul, 2.0 x 102 vg mL™, Addgene) was injected
bilaterally into the LS of 4-week-old male N¢-Cre mice. Two to three
weeks after injection, the mice underwent CSDS. Before slice prepa-
ration, all mice were exposed to a 4-6-week-old, same-sex juvenile
intruder for 5 min. About 20 min after the Rl test, mice were anaes-
thetized using isoflurane. The brain was rapidly extracted and coro-
nal sections (250 um) sliced using a Compresstome (no. VF-210-0Z,
Precisionary Instruments) in cold (0-4 °C) sucrose-based artificial
cerebrospinal fluid (SB-aCSF) containing (in mM): 87 NaCl, 2.5 KCl,
1.25 NaH,PO,, 4 MgCl,, 23 NaHCO,, 75 sucrose and 25 glucose. After
60 minat32 °Cforrecovery, slices were maintained in oxygenated (95%
CO0,/5% 0O,) aCSF containing (in mM): 130 NaCl, 2.5KCl, 1.2 NaH,PO,,
2.4 CaCl,, 1.2 MgCl,, 23 NaHCO; and 11 glucose at room temperature
for the remainder of the day, and transferred to a recording cham-
ber continuously perfused at 2-3 mL min™ with oxygenated aCSF.
Patch pipettes (4-7 MQ) were pulled from thin-walled borosilicate
glass using a micropipette puller (no. P-97, Sutter Instruments) and
filled with a K gluconate (KGlu)-based intrapipette solution contain-
ing (in mM): 116 KGlu, 20 HEPES, 0.5 EGTA, 6 KCI, 2 NaCl, 4 ATP and
0.3 GTPand 2 mg mL" biocytin (pH adjusted to 7.2). Cells were visual-
ized using an upright microscope with an IR-DIC lens and illuminated
with a white light source (Scientifica). A 470 nm LED (no. pE-300"2,
Cooled) illumination through the microscope objective was used
for visualization of eYFP* cells (using a bandpass filter cube, Olym-
pus). Excitability was measured in current-clamp mode by injection
of incremental steps of current (0-100 pA, +10 pA at each step). For
recording of optically evoked inhibitory postsynaptic currents (olIP-
SCs), AAV9-EF1a-DIO-ChR2-eYFP (0.5 pL, 3.0 x 10 vg mL, Addgene)
was injected bilaterally into the LS of 4-week-old male Nt-Cre mice. At
5-8 weeks post injection, coronal brain slices of NAc/AHN were pre-
pared as described above and NAc/AHN neurons were recorded in
voltage-clamp mode using an internal solution containing (in mM):
120 Cs-methanesulfonate, 10 HEPES, 10 Na-phosphocreatine, 8 NaCl,
5TEA-Cl,4 Mg-ATP,1QX-314, 0.5 EGTAand 0.4 Na-GTP.NT"* terminals
were stimulated through the microscope x40 objective (15 Hz, 5 ms
per pulse, 470 nm; no. pE-300"""?, CoolLed). olPSCs were recorded
at 0 mVin the presence of tetrodotoxin (TTX, 1 uM, Tocris) to probe
monosynaptic effects. oIPSCs were blocked by bath application of
gabazine (no.SR-95531,10 puM, Tocris) confirming the GABAergic nature
ofthe synaptic contact. Whole-cell recordings were performed using a
patch-clamp amplifier (Axoclamp 200B, Molecular Devices) connected
to a Digidata 1550 LowNoise acquisition system (Molecular Devices).
Signals were low-pass filtered (Bessel, 2 kHz) and collected at 10 kHz
using the data acquisition software pClamp 11 (Molecular Devices).
Electrophysiological recordings were extracted and analysed using
Clampfit (Molecular Devices). All groups were counterbalanced by



days after defeat. All recordings were performed blind to experimental
condition.

Fibre photometry

Fibre photometry was performed according to the Neurophotomet-
rics manual and published protocols®. A fibre-optic patch cord (no.
MFP_200/240/900-0.48 3m_FC-MF1.25, Doric Lenses) was attached
to the implanted cannula with cubic zirconia sleeves covered with
dark-coloured, shrinkable tubing. The other end of the fibre-optic cable
was coupled toaNeurophotometrics LED port. The open-source Bonsai
programme was used to control the system; 470 and 415 nm LED lights
were used for GCaMP6s signal and autofluorescence measurement.
Lightatthe fibre tip ranged from 40 to 80 uW and was constant across
trials over testing days. Simultaneous recording of 40 fps from both
470 and 415 nm channels was achieved phase to phase and visualized
viaBonsai. Three weeks after virus injection and ferrule implantation,
when mice were around 8 weeks old, they underwent CSDS and SI; they
were then habituated to the patch cord for 2 days and Ca* fluorescence
wasrecorded during the RItest, social CPP conditioning session, stress
and food reward tests. Once connected to the apparatus, mice were
allowed torest and habituate for 3-5 min before starting. For the Rl test,
we recorded Ca* fluorescence during 2 min of baseline activity without
anintruder, followed by 5 min of intruder exposure. The food reward
was performed in an open field, and peanut butter cups were placed
in the arena close to the corners. All food-biting events were scored
manually. MATLAB custom-coding was used for analysis of signal. The
415 nmchannelserved as the control channel and was subtracted from
the GCaMPé6s channel to eliminate autofluorescence, bleaching and
motion effects. Change in fluorescence (AF/F) was calculated as the
percentage of mean fluorescence signal of GCaMPé6s signal. Ingeneral,
these motion artefacts had very little effect on overall GCaMPé6s signal.
Behavioural data were aligned with fluorescence recording data by
dividing behavioural video frames with GCaMPé6s signal frames. For
analysis of LS GCaMPé6s activity during discrete behaviours in the RI
test, average AF/F (%) inthe 2 sbefore and after adiscrete event (passive
social investigation) were compared. A passive social investigation was
determined to occur at the moment of the intruder-initiated passive
social approach.

Statistical analysis

Allstatistical details canbe found in the figure legends, including type
of statistical analysis used, P values, n, what n represents, degrees of
freedom and ¢ or F values. All t-tests, one-way ANOVA and repeated
two-way ANOVA were performed using GraphPad Prism software
(GraphPad Software Inc.). One-way ANOVA analysis was followed by
Tukey’s multiple-comparisons test, and two-way repeated-measures
ANOVA analysis was followed by Sidak’s multiple-comparisons test. Sta-
tistically significant differences areindicated in each figure (*P < 0.05,
**P<0.01, **P<0.001, ***P<0.0001). For detailed P values please
see Source data. Analyses of Fos staining, ISH data and behavioural
videos during the RItest were performed blinded to experimental con-
ditions. Sample sizes were chosen according to previous experiments.
For Extended Data tables and the Supplementary table, P values were
corrected for multiple comparisons using the Benjamini-Hochberg
procedure to reduce false discovery rate. Q-values below 0.05 were
considered significant for all Extended Data tables.

Statistics and reproducibility

Figure 2c and Extended Data Fig. 3i were repeated in three separate
cohorts per sex, with all showing similar results. Figure 5a,b (right)
was repeated in three seperate male cohorts (n = 6) and in one female
cohort (n=2), with all showing similar results. Extended Data Fig. 3j
was repeated twice in both sexes, with both showing similar results.
Extended Data Fig. 6a was repeated in four separate cohorts in both

sexes, withall showing similar results. Extended Data Figs. 8a,d (right)
and10e were repeated twice in males only, with both cohorts showing
similar results. Extended Data Fig. 8b was repeated three times, with
all showing similar results.

Image visualization

Brainslice schematicsin Figs. 2g,i,j, 3a, 4aand 5a,b and Extended Data
Figs.4d,f,g,7c,8a,b,d and10d were adapted from the Allen Brain Atlas
Reference using Adobe Illustrator.

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

Data availability

Allraw dataforanimal behaviours, ISHand IHC are available as Source
datafiles. The Allen Brain Atlas ISH database was used to search for
potential molecular markersin LS.

Code availability

All MATLAB code for Ca?" imaging analysis and Python code for
iDISCO+ analysis can be obtained from github (https://github.com/
nyclong/2021-07-11642-Nature.git).
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