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Social interactions among animals mediate essential behaviours, including mating,
nurturing, and defence?. The gut microbiota contribute to social activity in mice**,
but the gut-brain connections that regulate this complex behaviour and its
underlying neural basis are unclear>®. Here we show that the microbiome modulates
neuronal activity in specific brain regions of male mice to regulate canonical stress
responses and social behaviours. Social deviation in germ-free and antibiotic-treated
miceis associated with elevated levels of the stress hormone corticosterone, which is
primarily produced by activation of the hypothalamus-pituitary-adrenal (HPA) axis.
Adrenalectomy, antagonism of glucocorticoid receptors, or pharmacological
inhibition of corticosterone synthesis effectively corrects social deficits following
microbiome depletion. Genetic ablation of glucocorticoid receptors in specific brain
regions or chemogeneticinactivation of neurons in the paraventricular nucleus of the
hypothalamus that produce corticotrophin-releasing hormone (CRH) reverse social
impairmentsin antibiotic-treated mice. Conversely, specific activation of
CRH-expressing neurons in the paraventricular nucleus induces social deficits in mice
with anormal microbiome. Via microbiome profiling and in vivo selection, we identify

abacterial species, Enterococcus faecalis, that promotes social activity and reduces
corticosterone levels in mice following social stress. These studies suggest that
specific gut bacteria canrestrain the activation of the HPA axis, and show that the
microbiome can affect social behaviours through discrete neuronal circuits that
mediate stress responses in the brain.

Bidirectional communication between the gut and the brain affects
health and disease®’. Various environmental and/or peripheral factors
influence gut-braininteractions, including the intestinal microbiota.
Changesinstressresponses, anxiety, locomotion, and social behaviour
have shown that the microbiota contribute to brain development and
function and to behaviour**™, Specific gut bacterial species contrib-
ute to each of these behavioural domains in mice**. The influence of
host-microorganisminteractions on complex behaviours may extend
beyond preclinical studies, asthe human microbiomeis altered in sev-
eral neuropsychiatric disorders that are associated with changes in
sociability®.

Sensory processing, internal states, and decision-making are
crucial for the control of social behaviour®. An animal perceives
visual, olfactory, pheromonal, auditory, and/or tactile cues from
another animal, which may modulate the internal state of the first
animal towards a decision that will guide a specific response. In
addition, past experiences, emotions, motivation, and physiological
inputs shape the internal state and influence the final outcome of a

social response’. Activation or inhibition of specific brain regions
or circuits can determine the type of response towards another
animal, such as a decision to mate, nurture, fight, surrender, flee,
orinvestigate'?.

In addition to outcomes determined by the brain, the regulation
of social behaviour may be influenced by the gastrointestinal tract>*.
Diet choice affects social aggression®. Most, but not all", studies show
that rodents lacking gut bacteria display decreased social behav-
iour compared to animals with a complex microbiome>*¢, Mouse
models of autism spectrum disorder display changes in gut micro-
biome composition, and probiotic treatment corrects certain social
outcomes** ¥ In humans, gastrointestinal symptoms have been
observed inseveral psychiatric disorders with a social component®°?,
and individuals with these disorders also have altered microbiomes
compared to healthy individuals®*?, Despite the emerging apprecia-
tion of the effects of gut bacteria on complex behaviour, the neural
circuits that are influenced by the microbiome to modulate social
activity remain unknown.
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Fig.1| The gut microbiome regulates social behaviour and serum
corticosteronelevelsinmice. a, Timeline schematic of studies using GF mice
and ABX-treated SPF mice. Iso, isolation; RSI, reciprocal social interaction.

b, ¢, Social activity of SPF and GF test mice (subject), in the context of SPF (b)
and GF (c) novel mice.d, Social activity of adult SPF mice treated with ABX or
vehicle. e, i, Representative images of c-Fos stainingin brainsections from SPF
and GF mice (e) and vehicle (VEH)- or ABX-treated SPF mice (i). adBNST,

Gut microbiota affect social activity

Consistent with previous studies**, germ-free (GF) mice showed
reduced social activity towards novel stranger mice, regardless of micro-
bial status (Fig.1la—c, Extended DataFig. 1a-c). Notably, non-social activ-
ity wasindistinguishable between GF and specific-pathogen-free (SPF)
mice, which harbour complex microbiota (Extended Data Fig. 1f, g).
Adult SPF mice treated orally with abroad-spectrum antibiotic cocktail
(ABX) to deplete their microbiota also showed decreased social activ-
ity (Fig. 1a, d, Extended Data Fig. 1d). Social activity was not altered by
presentation of anovel ABX mouse (Extended Data Fig.1e). Non-social
activity was not changed by antibiotic treatment (Extended DataFig. 1f).
Culture-dependent and culture-independent analysis showed that the
microbiota were fully depleted in GF and ABX mice (Extended Data
Fig. 2). Neither administration of antibiotics directly into the brain
nor chronic systemic injection of antibiotics altered social behaviour
(Extended Data Fig.1h-j), which suggests that antibiotics are not neu-
rotoxic. Depletion of the microbiome reduced social activity regardless
of animal sex, social isolation time, and age (Extended Data Fig. 1k-m)
but did not cause altered behaviour in the three-chamber social test
(Extended DataFig.1n-q).

Anxiety-like behaviour was lower in GF mice thanin their SPF coun-
terparts, as previously reported?®, although there was no change in this
behaviour in ABX mice (Extended Data Fig. 3a-h). Overall locomo-
tor activity was not affected in the GF or ABX groups (Extended Data
Fig.3a, e, i). GF status did not alter water intake (Extended Data Fig. 3j),
andthe heightened olfactoryinvestigatory behaviour seen in GF mice
exposed to soiled bedding from SPF mice is probably due to novelty
(Extended Data Fig. 3k). Habituation and dishabituation to an equally
novel social odour were similar in GF and SPF mice (Extended Data
Fig. 31). Responses to microbial scents may influence olfactory com-
munication®. As volatile odours from GF rats in oestrus induce similar
sexual responses in male rats to odours from control rats®, moderate
effects on olfactionin GF mice are unlikely to explain the stark contrast
insocial behaviour compared to SPF mice. Collectively, these datashow
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anterodorsal BNST; LV, lateral ventricle; 3V, third ventricle. Scale bars, 200 pm.
f-h, j-1, Quantification of c-Fos" cells in GF (f-h) and ABX-treated (j-1) mice.
m-o0, Serum corticosterone levelsin GF (m, n) and ABX-treated (0) mice
followingsocial interactions as shown. Datashown asindividual points
withmeants.e.m.fromatleasttwoindependenttrials.n=a,20 SPF,19 GF;
b,n, 8;c,26;f-h, 6;j-1,5;, m, 13 SPF, 18 GF; 0,30 mice per group. Two-tailed
unpaired t-test (b-d, f-h, j-o).

that the absence of gut microbiotaimpairs social activity in mice, and
that social deviations are not likely to be a consequence of olfactory
dysfunction, anxiety, or altered locomotion.

Microbiota affect brain region activity

Weinvestigated brainactivation patternsin GF and ABX mice. Expres-
sion of c-Fos, a measure of neuronal activation, was increased after a
social encounter in brain regions associated with stress responses,
including the paraventricular nucleus of the hypothalamus (PVN),
bed nucleus of stria terminalis (BNST) and hippocampal dentate gyrus
(DG) (Fig.1e-1). We observed atrend towards increased c-Fos staining
inthe basolateralamygdala (BLA) of GF and ABX mice (Extended Data
Fig.1r,s). GF mice only showed increased brain activationin response
to social interaction (Extended Data Fig. 1t). Several immediate-early
genesinthe hippocampus and hypothalamus of GF mice were elevated
following exposure to stranger animals (Extended DataFig.4a-d). The
effects of gut bacteria on the social behaviour studied are not likely to
be mediated through vasopressin, whereas an oxytocin-dependent
pathway cannot be completely ruled out* (Extended Data Fig. 5a-e,
Supplementary Information 1). We conclude that depletion of the
microbiotaactivates or de-represses activity in distinct brain regions
inresponse to asocial interaction.

Gut bacteriaregulate corticosterone

Gut bacteria modulate the HPA stress response in mice’® and affect
corticosterone production by the HPA axis*'>*'¢, Accordingly, serum
corticosterone levels were more robustly increased after a transient
social encounter in GF and ABX mice than in SPF controls (Fig. 1m-o0).
Corticosterone concentrations trended upward immediately after a
social encounter and lasted at least one hour in ABX mice (Extended
DataFig.1u). Corticosterone levels were increased in GF mice, but not
ABX mice, exposed to anovel cage (Extended Data Fig.1v). Changesin
corticosterone levels were not subject to circadian rhythms (Extended



DataFig.1w, x). Transplantation of gut bacteria from SPF donors into GF
mice corrected social activity and lowered corticosterone (Extended
DataFig. 1y, z), showing that the effects of microbiota alterations are
reversible. The increases in corticosterone levels in GF and ABX mice
following social interaction were not due to differencesin PVN neuronal
density (Extended Data Fig. 5f-k, Supplementary Information 1). We
therefore investigated the hypothesis that the HPA axis mediates the
observed behavioural outcomes in GF and ABX mice.

Weinhibited corticosterone production using both pharmacological
andsurgicalapproaches (Fig.2a).In GF mice, injection of the corticoster-
onesynthesis blocker metyrapone (MET) reduced serum corticosterone
levels and significantly increased social activity compared to injec-
tion of the vehicle control, carboxymethylcellulose (CMC) (Fig.2b, c).
The adrenal gland is amajor source of corticosterone, and adrenalec-
tomy (ADX) blocked corticosterone increases in ABX mice compared to
sham controls (ABX-sham versus ABX-ADX) (Fig.2d). Notably, ABX-ADX
mice showed normal social activity (vehicle-sham versus ABX-ADX;
Fig.2e, CMC* and CMC*%), whereas ABX-sham mice showed reduced
social activity compared to controls (vehicle-sham versus ABX-sham;
Fig. 2e, CMC™ and CMC?"). Administration of RU-486 to antagonize
glucocorticoid receptors led to similar social activity in vehicle-sham
and ABX-sham mice, whereas MET treatment to inhibit corticosterone
synthesis increased social behaviour in ABX-sham mice compared to
vehicle-sham mice (Fig. 2e). ABX-ADX mice showed increased social
activity following treatment with either RU-486 or MET (Fig. 2e). By
contrast, acute injection of corticosterone impaired social behaviour
inallgroups (Extended Data Fig. 6a). We observed minimal effects on
non-social activity following surgery or drug treatment (Extended
DataFig. 6b-d).

The vagus nerve is a key pathway for gut-brain communication®.
However, social behaviour and corticosterone levels were not changed
by subdiaphragmatic vagotomy (SDV) in ABX mice (ABX-sham versus
ABX-SDV) (Fig. 2f, Extended Data Fig. 6e-g), which suggests that the
vagus nerve does not participate in social impairment resulting from
microbiota depletion.

Next, we deleted the gene encoding the glucocorticoid recep-
tor (Nr3cl) in specific brain regions by stereotaxic injection of
AAV-hSyn-Cre-GFP bilaterally into Nr3cF” mice (Fig. 2g, Extended
Data Fig. 7a, d, g). In ABX-treated Nr3cI”’ mice, knockout of Nr3cl
in the DG (Nr3c1%°®) or BNST (Nr3c14®™") resulted in an increase in
social activity compared to ABX-treated wild-type mice injected with
AAV-hSyn-Cre-GFP (control) (Fig. 2h, j). Global blockade of glucocor-
ticoid receptor signalling by RU-486 enhanced social activity only in
ABX control mice, but not ABX Nr3¢c1*°C or Nr3c1*®™" mice (Fig. 2h, j).
Accordingly, serum corticosterone levels (Fig. 2i, k) and c-Fos expres-
sion (Extended DataFig.7c, f,j) inthe PVNand BNST were reduced in
ABX Nr3c14°® and Nr3c1*®™" mice after social interaction. Increased
social behaviour and decreased corticosterone were observed in
Nr3c1*°¢ and Nr3c1*®™" mice only after antibiotic treatment, but notin
micewith anintact microbiome (Extended Data Fig. 7k, m, p), with the
exception of decreased social activity in SPF Nr3cI*®*™"mice (Extended
Data Fig. 7n).

Bilateral stereotaxic delivery of AAV-hSyn-Cre-GFP into the hypotha-
lamicregion (including the PVN) of Nr3cF mice (Nr3c1*#"*°) decreased
social behaviour compared to non-ablated control mice following ABX
treatment, with or without administration of RU-486 (Fig. 2I). Serum
corticosterone (Fig. 2m) and c-Fos expression in the DG (Extended
Data Fig. 7i, j) were significantly increased in ABX-treated Nr3cI14""*°
mice, supporting the notion that the glucocorticoid receptor in the
hypothalamus serves as anegative regulator of the HPA axis. Non-social
activity was not affected in Nr3c1*°¢ or Nr3c1*#"" mice, but was reduced
in ABX-treated Nr3cI*®™" mice (Extended Data Fig. 7b, e, h, 1, 0, ).
Decreased social behaviour and increased corticosterone in Nr3c14""°
mice were observed only following antibiotic treatment (Fig. 21, m,
Extended Data Fig. 7q, s). These results indicate that glucocorticoid
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receptors have distinct functions in different brain regions, and that
they affect the levels of corticosterone and social behaviours that are
regulated by the microbiota.
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CRH neurons modulate social behaviour

Although global changes in stress-related genes were not observedin
the DG, Ammon’s horn, or hypothalamus (Extended Data Fig. 4e-1),
the Crh gene was selectively upregulated in the hypothalamus of ABX
mice after social interaction (but not following novel cage exposure)
(Fig. 3a). We used a chemogenetic approach with designer recep-
tors exclusively activated by designer drugs (DREADDs) to deliver a
mutated human M4 muscarinic receptor, hM4Di%, via AAV to inactivate
CRH-expressing neurons. Specifically, AAV-hSyn-DIO-hM4Di-mCherry
(hM4Di) was bilaterally injected into the PVN of Crh-ires-Cre mice,
with AAV-hSyn-DIO-mCherry (mCherry) used as a control (Fig. 3b,
Extended Data Fig. 8a). Treatment with clozapine N-oxide (CNO), a
designer drug for DREADDs, markedly increased social behaviour in
ABX mice in an acute fashion (Fig. 3¢c), and decreased corticosterone
in ABX hM4Di mice, but not in ABX mCherry mice (Fig. 3d). Inactiva-
tion of CRH neurons in the PVN also decreased c-Fos staining after
social interaction (Fig. 3e-g), but did not alter c-Fos expression in
the BNST or DG (Extended Data Fig. 8c-f). We were unable to deter-
mine whether c-Fos staining was specific to CRH neurons. Delivery
of AAV-hSyn-DIO-hM4Di-mCherry bilaterally into the BNST, another
region with high expression of CRH, did not alter social behaviour, cor-
ticosterone levels, or brain c-Fos expression (Extended Data Fig. 8g-m).
Non-social activity was unchanged following inactivation of CRH neu-
rons in the PVN or BNST (Extended Data Fig. 8b, i).

Unilateral injection of the retrograde neural tracer cholera toxin B
subunit (CTB) into the PVN of SPF and GF mice (Extended Data Fig. 9a)
showed a trend towards a reduction in labelled neuronal projections
from the PVN in the BNST, lateral septum (LS), and medial amygdala
(MeA) in the ipsilateral hemisphere of SPF mice compared with GF
mice (Extended Data Fig. 9b, ¢). We next co-injected CTB into the PVN
and Fluorogoldinto the BNST of ABX Crh-ires-Cre;Ail4D reporter mice
(Extended Data Fig. 9d). The PVN receives similar projections from
the BNST, LS, and MeA in both ABX and control mice (Extended Data
Fig.9e, g). Labelling alternative projections showed that the PVN and
BNST are bidirectionally connected to each other and receive neuronal
projections from the LS and MeA (Extended Data Fig. 9f, g). Notably,
retrograde labelling from the PVN and BNST was similarinboth ABX and
vehicle-treated mice (Extended DataFig.9e-g). Therefore, decreased
social behaviour in GF and ABX mice is probably due to changes in neu-
ral activity rather than neural circuitry, with the PVN being the major
region, although we cannot rule out other circuits.

Stress pathways promote social deficits

To test whether activation of CRH neurons in the PVN is sufficient to
inducesocialimpairment under more ‘natural’ conditions (rather thanin
GF or ABX mice), we bilaterally injected AAV-hSyn-DIO-hM3Dg-mCherry
(hM3Dq) into the PVN of SPF Crh-ires-Cre mice, using mice injected
with AAV-hSyn-DIO-mCherry (mCherry) as controls (Fig. 3h, Extended
DataFig.8n). hM3Dqis amutated human M3 muscarinic receptor that
induces neuronal firing when activated?. Injection of CNO increased
corticosterone in SPF hM3Dq mice, but not in SPF mCherry mice
(Fig. 3i). Chemogenetic activation of CRH neurons in the PVN follow-
ing intraperitoneal injection of CNO significantly decreased social
behaviour in SPF hM3Dq mice (Supplementary Video 1), but not in
SPF mCherry mice (Fig. 3j) or SPF hM3Dq mice injected with vehicle
(Supplementary Video 2). Activation of CRH neurons in the PVN also
increased non-social activity in SPF hM3Dq mice (Extended Data Fig. 8o,
Supplementary Video 1), which was also observed in mice under stress
conditions®,

Administration of synthetic corticotropin-releasing factor (CRF)
directlyinto the PVN of SPF mice reduced social activity towards anovel
mouse (Fig. 3k-m, Extended Data Fig. 8p). Notably, CRF levels affected
non-social activity: low levels of CRF increased non-social activity and
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highlevels had no effect (Extended Data Fig. 8q). Injection of corticos-
terone or theglucocorticoid receptor agonist dexamethasone into the
DG and BNST of SPF mice also decreased social activity (Fig.3n, o, p,
Extended DataFig. 8r, s). Therefore, activation of CRH" neuronsin the
PVNand of glucocorticoid receptor-expressing neuronsinthe DG and
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BNST induce social alterations, revealing a neural pathway that regu-
lates social behaviour. We speculate that this circuit may also mediate
social activity in response to non-microbial cues.

Enterococcusfaecalisrestores social behaviour

We next sought to identify gut bacterial species that affect social
activity in mice. Treatment of SPF mice with different combinations
of antibiotics (ampicillin (A), vancomycin (V), neomycin (N), and met-
ronidazole (M)) showed that a microorganism(s) that is exclusively
sensitive to neomycin appeared to be responsible for modulating
social activity and c-Fos expression in the PVN (Fig. 4a, b, Extended
DataFig.10a). After socialinteraction, corticosterone levels were lower
in AVM-treated mice than in AVNM-treated mice (Fig. 4c). Notably,
transplantation of microbiota from antibiotic-treated donor mice
into untreated GF recipients transferred the associated social activ-
ity phenotypes (Fig. 4d) and decreased serum corticosterone levels
(Fig.4e), suggesting that specific (neomycin-sensitive) bacterial species
mediate social behaviour.

Standard bacterial 16S rRNA gene sequencing did not profile the
microbiome because of low biomass in faecal samples following anti-
biotic depletion (Extended Data Fig. 2e-k). Using arecently developed
quantitative microbiome sequencing framework?, we identified a
taxon in the Enterococcus genus that was present in AVM-treated and

AVM-microbiotarecipient mice, and absentin mice that received faecal
samples from AVNM donors (Fig. 4f, g, Extended Data Fig. 10b-d). The
predominant bacterial species from the AVM microbiota s E. faecalis
(E.f)) (Fig. 4g, Extended Data Fig.10d).

AdultSPF mice were treated for three weeks with ABX as above, and
then switched to regular water and colonized with . faecalis (ABX + E.f.)
ortreated with sodium bicarbonate control (ABX + control) by gavage
(Fig. 4h). Matched vehicle mice (no antibiotics) were gavaged with
bicarbonate. Mice were first behaviour tested before gavage (first trial)
to confirm that antibiotics reduced social activity in this paradigm
(Extended Data Fig.10e). Notably, after three weeks of colonization with
E.faecalis (Extended DataFig.10f), ABX + E.f. mice showed anincrease
insocial activity compared to their first trial (Fig. 4i) or ABX + control
mice (Extended Data Fig. 10g). Corticosterone levels were reduced in
ABX + E.f. mice compared to ABX + control mice, to levels similar to
vehicle-treated mice (Fig. 4j). These datareveal that £. faecalisincreases
social activity in mice with ABX-depleted microbiota, but they do not
exclude the possibility that other bacteria have similar or synergistic
effects. GF mice mono-colonized with . faecalis (GF + E.f.) also showed
anincreaseinsocial activity and decreased c-Fos expressionin the brain
compared to GF mice (Extended Data Fig.10h-k), with corticosterone
levels unaffected (Extended Data Fig. 101), potentially as a result of
developmentalissuesin GF mice or the lack of other microorganisms.
We conclude that specific members of the gut microbiota, such as
E.faecalis, can affect social behaviour in mice.

Discussion

We have provided evidence that a complex microbiome suppresses
an overactive stress response during encounters with a novel mouse
by dampening the HPA-axis-mediated production of corticosterone;
we confirmed this result by restoring sociability upon removal of the
adrenal gland, antagonism of the glucocorticoid receptor, or pharma-
cological inhibition of corticosterone synthesis in mice devoid of gut
bacteria. Antibiotic depletion of the microbiota in adult mice, used
here asresearchtool and not suggested clinically, recapitulated many
of the findings with GF mice. It is tempting to speculate that symbi-
otic bacteria have evolved properties that promote social behaviours
among animals under stress to disseminate microorganisms within a
population®, create social groups among animals to preserve micro-
bial communities?, and/or influence animal mating to expand host-
microbiome symbiosis across generations™.

The gut microbiome is altered in several neuropsychiatric condi-
tions that involve social deficits, such as autism spectrum disorder®,
and findings in rodents and humans have implicated changes in gut
bacteria as a contributing factor to brain morphology, activity, tran-
scriptional patterns, neurogenesis, expression of neurotransmitters,
and many complex behaviours®. The discovery of a specific neuronal
pathway that responds to signals from the gut may enable interventions
to modulate social behaviours through safe, natural, and non-invasive
approaches. Future research will aim to uncover the microbial mol-
eculesthatareresponsible for modulating social activity and to identify
hostreceptors and cell types that receive microbial signals and translate
them into specific behavioural outputs.
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Methods

Mice

Wild-type C57BL/6) (00064), Nr3cI” (021021; B6.Cg-Nr3cI™-Vdajy),
Crh-ires-Cre (012704; B6(Cg)-Crh™<94"/}), and Ai14D (007914; B6.Cg-G
t(ROSA)26Sor™#cActdlomatotize /1y mice were obtained through Jackson
Laboratory. C57BL/6) germ-free (GF) mice were bred in the Gnotobi-
otic Animal Facility at Caltech. In addition, wild-type C57BL/6JNarl
mice usedin SDV, brain cannulation, chronic antibiotic intraperitoneal
injection, partial colonization, and anxiety-like behaviour experiments
were obtained through National Laboratory Animal Center, Taiwan. All
experiments were performed with male mice except for Extended Data
Fig. 1k. All mice were group housed (2-5 mice per cage) unless speci-
fiedwitha13-hlight/11-h dark cycle (lights on at 06:00) at 21-23 °C and
45-55% relative humidity withinarange of 30-70% in ventilated cages
(Super Mouse 750, Lab Products). Unless specified, SPF mice were fed
5053 PicoLab Rodent Diet (LadDiet) and the SPF breeders were fed a
mix of half 5053 and half 5058 PicoLab Rodent Diet. SPF C57BL/6) mice
obtained from Jackson Laboratory were yielded from multiple litters
(atleast 6-8 litters) and randomly assigned to subject groups (SPF,
vehicle, or ABX) or novel mice (SPF or ABX) to eliminate the maternal
effect. GF mice used in this study were yielded from multiple litters
(atleast 6 litters) and randomly assigned to testing groups to eliminate
the maternal effect. No statistical methods were used to predetermine
sample size. The investigators were not blinded to allocation during
experiments and outcome assessment.

For experimental mice, SPF, GF, vehicle and ABX mice were trans-
ferred and maintained insterilized cages and fed autoclaved 5010 Pico-
LabRodentDiet (LadDiet) and provided with autoclaved drinking water.
GF mice were housed outside the GF isolator for no more than a week.
GF mice used in this study were tested for behaviour at 11-15 weeks
of age. The SPF mice used for comparison with GF mice were all
age-matched. All GF mice completed the behaviour test once and were
processed with tissue collections 30-60 min after behaviour testing.
Faecal samples from GF mice were freshly collected at the endpoint of
each experiment. The faeces were plated onto Brucellaagar plates with
5%sheep’sblood (BO150; Teknova) and cultured aerobically and anaero-
bically toscreen for contaminationin the sterile housing. All SPF mice
were handled with the same procedures as GF mice. All experiments
were performed with approval of the Caltech and NCKU Institutional
Animal Care and Use Committee (IACUC).

Antibiotic cocktail (ABX) treatment

Gut microbiota were depleted in adult mice (8-12 weeks) by treat-
ment with a cocktail of antibiotics for 3-4 weeks. The recipe included
drinking water with ampicillin (1g/I), vancomycin (0.5 g/1), neomycin
(1g/1), and metronidazole (0.5 g/1), and was sweetened with 1% w/v of
sucrose and filtered witha 0.22-pm filter. To avoid confounding effects
from chronic stress induced by oral gavage, antibiotics were adminis-
tered in the drinking water ad libitum. Untreated (vehicle control) mice
received 1% w/v of sucrose infiltered drinking water. The length of ABX
treatment was adapted based on the recovery of body weight after
ABXtreatment. All antibiotics were United States Pharmacopeia (USP)
grade, oratminimum cell culture grade. Drinking water was prepared
and changed weekly. All vehicle-treated mice went through the same
handling procedures as ABX mice. Faecal samples were freshly collected
attheendpoint of each experiment and plated onto Brucellaagar plates
with 5% sheep’s blood (B0150; Teknova) and cultured aerobically and
anaerobically to test whether gut bacteria were successfully depleted
following ABX treatment.

Corticosterone measurement

Wholeblood was collected by either cardiac puncture or retro-orbital
bleeding and placed into Micro tube Z gel (41.1378.005; Sarstedt).
Serum was separated by centrifuge at 10,000g for five minutes and

stored at —80 °C until use. Corticosterone levels were detected using
the Corticosterone EIA Kit (K014-H5; Arbor Assays) according to the
manufacturer’s protocol. Owingto the effects of the circadian rhythm
on corticosterone levels, we collected blood samples only between
13:00 and 17:00 on each day of the experiment.

Adrenalectomy

Mice were anaesthetized with 5% isofluraneinaninduction box followed
by maintenance on a nose cone with 1-2% isoflurane during surgery.
Assingle dose of sustained-release buprenorphine (1 mg/kg) was sub-
cutaneouslyinjected before surgery. The surgical fields were covered
withasterile drape and sterile gloves were worn. A1.5-cm dorsal midline
incision was made with its midpoint centred over the 13thrib. All of
the underlying muscle on either side of the spinal column was incised.
The adrenal glands are located in the fat pad that covers the cranial
portion of the kidney. The adrenal glands were isolated and removed
using asmall curved forcep and amicro scissor. Bupivacaine (1mg/kg)
was applied subcutaneously along the incision just before wound
closure. The peritoneal opening was closed with a 5-0 subcutaneous
suture (Vicryl) and 7-mmwound clips (Roboz) were applied to close the
dermis. For postoperative care, mice were monitored for signs of pain or
distressatleast three times a day for three days, and were supplied with
drinking water containing 30 mg/kg ibuprofen for seven days with 0.9%
sodium chloride ad libitum. The clips were removed two weeks after
surgery under isoflurane anaesthesia. Sham-operated control mice
underwent the same procedure as described above without removal
of the adrenal glands.

Drug administration

To systemically inhibit corticosterone synthesis, mice were intra-
peritoneally injected with 50 mg/kg metyrapone (3292; R&D) and
returned to their home cage. Toblock glucocorticoid receptors, mice
wereintraperitoneally injected with 40 mg/kg RU-486 (also known as
mifepristone; M8046; Sigma-Aldrich) and returned to their home cage.
Metyrapone and RU-486 were freshly dissolved in 0.5% carboxymethyl-
cellulose sodium (CMC; C9481; Sigma) on the day of the reciprocal
social interaction test. Injection with 0.5% CMC was used as abaseline
control. Behaviour testing was performed 40 min after injection.

For acute corticosterone exposure, mice were intraperitoneally
injected on two consecutive days with 10 mg/kg corticosterone
2-hydroxypropyl-B-cyclodextrin complex (C174; Sigma-Aldrich) and
returned to their home cage. The corticosterone 2-hydroxypropyl-
B-cyclodextrin complex was used to facilitate solubility of the steroid.
The reciprocal social interaction test was performed 40 min after the
second corticosterone injection.

For DREADD-based chemogenetic activation or inactivation, mice
expressing hM3Dq, hM3Dior mCherry were intraperitoneally injected
with 2-3 mg/kg CNO (Enzo Life Sciences) and returned to their home
cage. Thereciprocal social interaction test was performed 32-40 min
after the second CNO injection.

Viral vectors
AAV-hSyn-DIO-hM4Di-mCherry (44362-AAVS5); AAV-hSyn-DIO-hM3Dq-
mCherry (44361-AAV5); AAV-hSyn-DIO-mCherry (50459-AAVS);
AAV-hSyn-EGFP (50465-AAVS5) viruses were purchased through
Addgene. AAV-hSyn-Cre-GFP (AAV5) was produced at the Vector core
at the University of North Carolina at Chapel Hill.

Stereotaxic surgery

Adult (7-8 weeks old) mice were deeply anaesthetized with 5% isoflu-
raneinoxygenand kept at1-2%isoflurane during surgery. Inaddition,
5 mg/kg ketoprofen was subcutaneously given once before surgery.
Surgery was performed with a stereotaxic frame (Model 1900; David
KopfInstruments). The bregmawaslocated by using a centring scope
(Model 1915; David KopfInstruments) and aligned using a stereotaxic
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alignmentindicator (Model 1905; David Kopf Instruments). The skull
was exposed, and holes were produced using a stereotaxic drill (Model
1911; David Kopf Instruments) with a no. 79 micro drill bit (Drill Bit
City). Viruses were injected into the brain in both hemispheres using
apulled glass capillary (1B120F-4; World Precision Instruments) with
ananolitre injector (Nanoliter2010; World Precision Instruments) at
a flow rate of 23 nl/minute controlled by a micro controller (Micro4;
World Precision Instruments). The glass capillaries were left in place
for five minutes to prevent backflow. Stereotaxicinjection coordinates
(inmillimetres) were based on the Paxinos and Franklin atlas®: PVN (AP:
-0.80,ML:+0.25; DV:-4.75), BNST (AP: 0.26, ML: +0.90; DV: -4.30), DG
(AP:-1.50, ML: +0.40; DV:-2.25). The diagrams of braininjection were
based on the Paxinos and Franklin atlas® (Extended Data Figs. 7a,d, g,
8a, g, n). Volumes delivered were 207 nl for most regions, and 299 nl
for the DG. Bupivacaine (1 mg/kg) was applied subcutaneously along
theincision before wound closure. The incision on the scalp was closed
with tissue adhesive (Gluture topical adhesive; Abbott Laboratories).
For postoperative care, mice were monitored daily for signs of pain or
distress for at least three days and were supplied for seven days with
drinking water containing 30 mg/kg ibuprofen ad libitum. Behavioural
experiments were performed at least three weeks after virusinjection.
Allsurgically manipulated animals underwent histological examination
after death to ensure viruses were correctly injected.

Guide canulaimplantationsurgery

Mice were anaesthetized with 5% isoflurane in oxygen in a Plexiglas
cage. After anaesthesia, mice were placed in a digital stereotaxic device
(Stoelting) delivering isoflurane to maintain anaesthesia throughout
thesurgery andinjected subcutaneously with 5 mg/kg ketoprofen. The
custom guide cannula was implanted in the following regions at the
following coordinates based on the Paxinos and Franklin atlas®: lateral
ventricle (LV), AP: =0.1 mm; ML: 1.0 mm; DV: -2.0 mm; PVN, AP: -0.8,
ML:£0.25,DV:-4.75; DG, AP: -1.5,ML: £0.4, DV: -2.25; BNST: AP: 0.26,
ML:.., DV: -4.3. The diagrams of brain cannulation were based on the
Paxinos and Franklin atlas® (Extended Data Fig. 8p, r, s). Two to four
small stainless-steel screws were installed into the skull to anchor the
acrylic maintaining the guide cannula. Then, adummy stainless-steel
plug was implanted in the cannula to prevent clogging with blood or
cerebrospinal fluid at the cannula opening. For postoperative care,
mice were monitored daily for signs of pain or distress for at least three
days and were supplied for seven days with drinking water containing
30 mg/kg ibuprofen ad libitum.

The customized cannulization set includes a guide cannula, injec-
tor, dummy, and cap (Extended Data Fig. 8t). The guide cannula was
implanted 0.5 mm above the PVN, DG, and BNST. The tip of the guide
cannulatrack canbevisualized in eachimplanted mouse. The injector
was designed to reach 0.5 mm below the tip of guide cannula. As the
injector was made of 33G fine needle, the needle tracks produced by
theinjector were not visibleinbrainslices. The cannulization set for the
PVN, DG, and BNST was customized (RWD Life Science) with the follow-
ing specification: PVN (guide cannula: double_OD 0.41 mm-27G/C.CO0.5/
B7.8/M3.5/C=4.25mm, dummy cannula: double_OD 0.20 mm-27G/C.
C0.5/Mates with M3.5/G=0.5mm, Injector: double_0OD0.21 mm-33G/C.
C0.5/Mates with M3.5/C = 4.25 mm/G = 0.5 mm), DG (guide cannula:
double_OD 0.41mm-27G/C.C0.8/B7.8/M3.5/C=1.75 mm, dummy can-
nula: double_OD 0.20 mm-27G/C.C0.8/Mates with M3.5/G = 0.5 mm,
Injector: double_ODO0.21 mm-33G/C.C0.8/Mates with M3.5/C =1.75
mm/G=0.5mm), BNST (guide cannula:double_OD 0.41mm-27G/C.C1.8/
B7.8/M3.5/C = 3.8 mm, dummy cannula: double_OD 0.20 mm-27G/C.
C1.8/Mates with M3.5/G=0.5mm, Injector: double_OD0.21mm-33G/C.
Cl.8/Mates with M3.5/C =3.8 mm/G = 0.5 mm).

Intracerebroventricular (ICV) antibiotics injection
Ampicillin (1 mg/I) and metronidazole (0.5 mg/l) were dissolved in
artificial cerebrospinal fluid (ACSF: 7.46 g/INaCl, 0.19g/IKCL, 0.14 g/I

CacCl,, 0.19g/I1MgCl,, 1.76 g/INaHCO,, 0.18 g/INaH,PO,, 0.61 g/l glucose
in ddH,0) and adjusted to pH 7.4. The dissolved antibiotics were filtered
through a 0.22-um filter. Mice were infused with antibiotics during
social behaviour tests with an infusion rate of 7 nl/s for 3 min.

CRF infusionin PVN

CRF was dissolved in saline (high-dose: 210 pM; low-dose: 42 pM) and
injected into each hemisphere of PVN during anaesthesia with aninfu-
sionrate of 4.5nl/sfor atotalinfusion volume of 450 nl. Once complete,
theinjection syringe remained in tissue for 2 min to prevent backflow.
After 2 min, the injection syringe was placed in the other hemisphere
of PVN and the same volume of CRF was infused at the same flow rate.
The micewerethen placedinanovel cage torecover from anaesthesia
until social behaviour testing.

Corticosterone and dexamethasone infusion in DG and BNST
Corticosterone (65 pM) or dexamethasone (20 mM) was dissolved
in DMSO, diluted in saline, and injected bilaterally into DG and BNST
of anaesthetized mice at an infusion rate of 4.5 nl/s up to 450 nl. The
injection syringe remained in tissue for 2 min to prevent backflow.
After 2 min, the injection syringe was placed in the other hemisphere
of PVN and the same volume of corticosterone or dexamethasone was
infused at the same flow rate. The mice were then placed inanovel cage
to recover from anaesthesia until social behaviour testing.

Subdiaphragmatic vagotomy (SDV)

Mice were habituated toaliquid diet (Research Diets; AIN-76A) for two
days and were fasted overnight before surgery. The abdominal surgery
site was shaved and wiped with the skin disinfectant chlorhexidine
three times before incision. Mice were then anaesthetized using 1-5%
isoflurane and injected subcutaneously with 5 mg/kg ketoprofen. An
incision was made along the abdominal midline and the muscle and skin
were separated using blunt scissors. The liver was then gently moved
using asterile cotton swab to expose the stomach and oesophagus. The
ventral and dorsal trunks of the vagus nerve were resected using sharp
forceps. In the sham operation, the stomach and oesophagus were
exposed but the vagal trunks were not resected. The organs were then
placed back to their anatomical position. The incision along the mus-
cular layer was closed with absorbable suture and treated with topical
lidocaine (0.25%) and the skin incision was closed with non-absorbable
suture and treated with n-butyl cyanoacrylate adhesive (3M Vetbond)
to prevent infection. After surgery, the mice were placed into a clean
cage placed onaheat pad. During the recovery time, mice were givena
hydrating, nutritious gel pack (DietGel 76A 20z, Clear H,0) for two days
beforereceiving anormal chow diet. Mice were supplied with drinking
water containing ibuprofen (20 mg/dl) ad libitum.

After behaviour testing, SDV was validated by intraperitoneal injec-
tion of cholecystokinin (CCK-8) following fasting-induced food con-
sumption. Eachmouse was fasted for 20 h, placed into asingle cage, and
injected i.p. with CCK-8 (8pg/kg, Sigma-Aldrich). After 2 h ad libitum
feeding post-injection, food intake was recorded. The anorexia signal
by CCK-8is transmitted through the vagus nerve to acutely decrease
satiety.

Hippocampal dentate gyrus (DG) and Ammon’s horn
microdissection

Microdissection of the DG and Ammon’s horn was performed as
described**. In brief, brains were sampled from deeply anaesthetized
miceand placedin cold PBS for five minutes. The midbrain, brainstem,
and cerebellum were removed so that only the cerebrum remained.
The cerebrum was sagittally sliced along the midline of the brain. The
cerebral hemisphere was placed inice-cold PBS in a Petri dish and the
thalamus and hypothalamus were removed under a dissection micro-
scope. Once the medial side of the hippocampus was exposed, the
DG could be readily visualized. A 27-gauge needle was inserted into



the edge of DG and moved along the septo-temporal axis of the hip-
pocampus toretrieve the DG. Therest of the hippocampus (Ammon’s
horn)was collected with sharp forceps. The tissues were pooled from
both hemispheres and placed in RNAlater (Qiagen) for storage. The
samples were stored at —80 °C until RNA extraction. The diagrams of
brain microdissection were based on the Paxinos and Franklin atlas®
(Extended DataFig. 4e).

Brain sampling for IEG expression

GF mice were transferred out of isolators and temporarily co-housed
with stranger GF mice from multiple cages. The brains of GF mice were
immediately collected and dissected into hippocampus, hypothalamus,
midbrain, and brainstem regions. Brains of SPF mice were sampled
and handled following the same procedure. The primers for IEGs were
adapted from a previous publication.®.

RNA extraction and quantitative real-time polymerase chain
reaction (QRT-PCR)

RNA extraction of brain samples was based on the manufacturer’s pro-
tocol (Rneasy Mini Kit; Qiagen). RNA concentration and quality was
measured by NanoDrop (Thermo Scientific). RNA (1 pg) from each
sample was reverse transcribed using the iScript cDNA synthesis kit
(Bio-Rad).

Geneexpressionin brain subregions was measured using Power SYBR
Green PCRmaster mix (ThermoFisher Scientific) and analysed using ABI
Prism 7900HT system (Life Technologies). Gene expression was nor-
malized to Actb or Gapdh mRNA. Data are presented as fold-changein
geneexpressionineach group relative to the control group. The primer
sequences were adapted from the Harvard PrimerBank database®.

Fluorogold labelling

Tolabelneuronsinthe PVNinaretrograde manner, mice were givena
single intraperitoneal injection of 100 pl Fluorogold (2% w/v; Fluoro-
chrome). The mice were perfused six days after injection®. Brains were
sampled and stained using the standard protocols described above.

Retrograde tracing

Stereotaxic injection was performed as described above. SPF, GF,
vehicle-treated and ABX-treated mice were stereotaxically injected
into the PVN with 46 pl CTB-488 (0.5% w/v; C22841; ThermoFisher).
Vehicle-treated and ABX-treated mice were stereotaxically injected
into the BNST with 46 pl Fluorogold (2% w/v; Fluorochrome). Stere-
otaxicinjection coordinates (in millimetres) and diagrams (Extended
Data Fig. 9a, d) were based on the Paxinos and Franklin atlas®: PVN
(AP:-0.80,ML:+0.25; DV:-4.75), BNST (AP: 0.26, ML: +0.90; DV: -4.30).
Mice were perfused one week after injection. GF mice were maintained
under ABX treatment as described above to limit microbial contamina-
tion. Allsurgically injected animals underwent histological examination
to ensure the tracers were correctly injected.

Brainsample collection for c-Fos staining

Allbrainsamples for c-Fos expression were collected one hour after the
reciprocal socialinteraction test. Mice were anaesthetized by intraperi-
toneal injection with a mixture of 100 mg/kg ketamine and 10 mg/kg
xylazine. The mice were then perfused via the cardiovascular system
with PBS followed by 4% paraformaldehyde (Electron Microscopy
Sciences). Brains were removed and post-fixed in 4% paraformaldehyde
for 3-5days at 4 °C. The brains were kept in PBS with 0.02% sodium
azide at4 °C until sectioning.

Brain sectioning and immunohistochemistry

Thebrains were embedded in 4% UltraPure low melting point agarose
(ThermoFisher) and were coronally sectioned by vibratome (VT1000S;
Leica) at athickness of 50 pm, with the exception of the brain sections
for Fig.1, whichwere sectioned at athickness of 100 um. Brain sections

of 50 um were collected and stained every 0.15 mm. Brain sections of
100 um were collected sequentially and stained entirely. The brain
sections were stored free-floating in PBS with 0.02% sodium azide at
4 °C until staining.

Free-floating sections were incubated with primary antibody in block-
ing solution (10% horse serum, 0.1% triton X-100, and 0.02% sodium
azidein PBS) overnight atroomtemperature. The next day, sections were
incubated with fluorescence-conjugated secondary antibody for 1.5-2h
atroomtemperature. Between each step and after secondary antibody
staining, sections were thoroughly washed with PBS or PBS with 0.1%
triton-X-100 at least three times for Smin each. The stained free-floating
sections were then mounted onto Superfrost Plus microscope slides
(Fisher Scientific) in PBS. Excess PBS from adhered sections was care-
fully removed. Slides were dried at room temperature for 2-5 min.
ProLong Diamond anti-fade mountant with DAPI (150-200 pl; Ther-
moFisher Scientific) was applied to the slides before placing the cover-
slip. The slides wereimmersed in mountant overnight before imaging.

Primary antibodies and their dilutions were: goat anti-c-Fos
(1:250; SC-52; Santa Cruz), mouse anti-NeuN (1:1,000; MAB377;
Millpore Sigma), rabbit anti-oxytocin (1:10,000; 20068; Immunostar),
rabbit anti-vasopressin (1:2,000; 20069; Immunostar), and rabbit
anti-fluorescent gold (1:1,000; AB153-1; EMD Millpore Sigma). The
fluorescence-conjugated secondary antibodies were donkey anti-goat
(1:1,000), donkey anti-rabbit (1:1,000), and donkey anti-mouse (1:1,000)
(ThermoFisher Scientific).

Microscopic imaging and image analysis

Imaging was performed using a Zeiss LSM 800 inverted confocal laser
scanning microscope (Carl Zeiss) with Zen software (Carl Zeiss). For
Fig.1e,i,and the DG in Extended Data Figs. 7, 8, confocal images were
obtained by Z-stacks covering the entire Z-axis range of the sections.
Theinterval for each focal plane was 2 um. The images were then pro-
jectedin the visualization plane with maximum intensity voxels by
maximum intensity projection using Zen software. In addition, the DG
and PVN for Fig. 1e, i were imaged in tiled images covering the entire
brain area using Zen software. For other images shown in this study,
confocalimages were captured insingle plane with the highest intensity
of DAPI. A 20x objective lens was used for all images, except those in
Fig. 1, which were taken using a 10x objective lens. c-Fos-, oxytocin-,
vasopressin-, CTB-488-, and Fluorogold-positive cells were quantified
using a manual cell counter in ImageJ software (NIH). All images were
minimally processed with brightness and contrast adjustment. The
adjustment was applied equally across the entireimage and consistent
in the corresponding controls. Regions of interest were selected by a
segmented line based on the anatomical features of each region. The
final number of positive cells reported was averaged from multiple
images.

Coordinates for adBNST imaging were from anterior to posterior (AP)
+0.38 mmto +0.26 mm, (DV) 4.00 mm to +4.50 mm relative to bregma
(bilateral). Coordinates for PVN imaging were from anterior to posterior
(AP) —0.70 mm to —0.94 mm relative to bregma (bilateral). Coordi-
nates for DG imaging were from anterior to posterior (AP) —1.58 mm
to-1.94 mmrelative to bregma (bilateral). Coordinates for BLAimaging
were from anterior to posterior (AP) -1.06 mmto -2.06 mmrelative to
bregma (bilateral). Coordinates for LS imaging were from anterior to
posterior (AP) +0.98 mm to +0.86 mm relative to bregma (bilateral).
Coordinates for MeA imaging were from anterior to posterior (AP)
-1.46 mm to -1.94 mm relative to bregma (bilateral). All coordinates
and diagrams were based on the Paxinos and Franklin atlas® (Extended
DataFig.1r).

Quantification of Fluorogold-positive cellsin PVN and ME

Confocal images were converted from czi format to jpeg format, and
uploaded to ImageJ. Images were smoothed and edges were accentu-
ated to sharpen cellular shape. Brightness and contrast were adjusted
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toenhance contrast and reduce non-cellular background fluorescence.
Images were made binary (16-bit), yielding black and white images
inwhich cells, previously defined by their edges, were white and the
rest of the image was black. Images were subjected to a threshold to
separate cells frombackground. The threshold was decided to be that
at which cells appeared either partially or completely red when the
image was run through the threshold function in the program. Appli-
cation of this threshold yielded cells completely separate from the
background. The Wastershed, Despeckle, and Fill Holes functions were
applied selectively and as needed to divide cells that may have been
merged together following binarization, to reduce false positive cells
by removing minuscule specks that met threshold, and to close gaps
of white space within cells, respectively. The following measurements
were programmed to be calculated: ‘Area’, ‘Min and Max Gray Value’,
‘Integrated Density’, and ‘Mean Gray Value.

For the PVN: the polygon line tool was used to outline regions of
interest. Original confocal images were referenced to ensure accurate
outlining. Particles were quantified by an automatic counter that enu-
merated cells within the outline. Results were given as an image with
numbered cellsin the region of interest and a table displaying quantifi-
cation of thatimage (for example, cell count, total area, average size of
cell, percentage areathat cells take up, meangrey value, and integrated
density). Cell count value was used in the quantification of PVN images.
For the ME, the rectangle tool was used to outline a square of known
area within an arbitrary part of the median eminence. The same area
was applied to otherimages of the ME at approximately the same part
of the ME. Integrated density was calculated for that area. Integrated
density was used as a proxy for measuring fluorescence intensity.

Faecal microbiota transplant

GF recipient mice were colonized with gut bacteria from SPF donors
(exGF) at 4 weeks of age and from ABX-treated donors (AVM, AVNM) at
8weeks of age. The socialbehaviour test was performed at 10-15 weeks
of age. The faecal samples collected were immediately homogenized
in pre-reduced sterilized PBS. Oral gavage was used to give 100 pl of
the settled suspension to GF recipient mice.

Mouse faecal sample collection and microbial DNA extraction
Frozenmouse faecal samples were stored at—80 °C until DNA extraction
atLaragen.16S sequencing was performed at Laragen, using anin-house
validated protocol. In brief, DNA was extracted using a bead-based
method with a proprietary extraction buffer validated against mock
community controls. Samples were lysed using Tissuelyser I (Qiagen)
and DNA was purified by magnetic beads using the Kingfisher Flex
System (ThermoFisher Scientific). Subsequently, 16S sequencing was
performed accordingto the Earth Microbiome Project16S V4 protocol
(https://earthmicrobiome.org/protocols-and-standards/16s/).

16S rRNA gene sequencing and data analysis

Demultiplexed sequencing outputs from 2 x 150 bp V4 16S rRNA
gene sequencing using Illumina MiSeq were obtained from Laragen
and analysed using the QIIME2 software package®. We obtained
55,290.5 £ 2,427.52 (mean * s.e.m.) reads for vehicle-treated sam-
ples, 8,218.1 + 5,508.82 reads for AVNM-treated samples, and
2,045.8 +660.83 reads for negative controls. Paired reads were joined
by q2-VSEARCH?¥. Subsequently, reads were quality filtered and
denoised using q2-Deblur*® with left_trim_len =20, trim_length =229
to obtain an operational taxonomic unit (OTU) table and representa-
tive sequences. Subsequently, a tree was generated using phyloge-
netic placement of sequences with SEPP into the GreenGenes reference
database* using q2-fragment-insertion*2. Taxonomic assignment for
eachsOTUwas obtained by aNaive-Bayes classifier asimplementedin
q2-feature-classifier®, Lastly, Alpha (observed speices and Faith’s phylo-
genetic diversity) and Beta diversity (UniFrac**) metrics were calculated
using QIIME2. Hypothesis testing for differences in Alpha diversity

were performed using the Kruskal-Wallis test and differences in Beta
diversity were tested using PERMANOVA, as implemented in QIIME2.
Raw data were deposited in ENA under BioProject PRINA632893.

Isolation and characterization of enterococcal candidate
bacterium

Faecal pellets were taken from mice that received faecal microbiota
transplants from AVNM- or AVM-treated mice. Pellets were main-
tained onice for the duration of sample collection (approximately
20 min). Under anaerobic conditions, pellets from each group were
then pooled and weighed. Pre-reduced PBS with 1.5% sodium bicar-
bonate was added at 10 pl PBS + NaHCO, per 1 mg faeces. Faeces were
mashed and faecal contents completely resuspended using a ster-
ile P1000 pipette tip, vortexed vigorously, and allowed to settle for
1-2 min. Supernatant was used to inoculate chopped meat medium
(Hardy Diagnostics; AG21H) and incubated anaerobically at 37 °C for
five days. Growth differences between groups (thatis, turbidity) were
evident in the cultures. One hundred microliters of each meat broth
culture was streaked onto Brucella blood agar plates (Teknova) and
incubated anaerobically for three days at 37 °C, after which notice-
able morphological differences were evident. Single colonies were
selected and re-streaked to confirm purity, and colony PCR and
sequencing were performed for eachisolate (Laragen) using universal
16S primers: 16S forward 5’- AGAGTTTGATCMTGGCTCAG-3’, reverse
5’-GGTTACCTTGTTACGACTT-3". Glycerol stocks (30% glycerol) of iso-
lates were stored at -80 °C.

Adult colonization of ABX mice with E. faecalis

Gut microbiotawere depletedin adult C57BL/6) male mice (8-12 weeks)
by treatment with ABX for 3 weeks as described above. Three weeks
after ABX treatment, mice were given 6 inoculums of 1x 10% CFU each
of E. faecalis (ATCC 19433) by oral gavage (2x per week). ABX water
wasreplaced by sterilized regular drinking water during the period of
gavage with E. faecalis. Control ABX-treated mice and vehicle-treated
mice were given 6 oral gavages with 1.5% sodium bicarbonate in PBS
(control buffer), which was the same buffer used for E. faecalis gavage.
The reciprocal social interaction tested was performed before (first)
and after gavage with E. faecalis or control buffer (second) (Fig. 4h). The
subject mouse was placed in a novel sterilized cage without bedding
for a five-minute acclimation period. After the second social interac-
tion test, mice were left in the testing cage for one hour before blood
collection. Cardiac puncture blood collection was performed one hour
after socialinteraction. Bacterial genomic DNA from faecal samples was
isolated using a commercial kit (Quick-DNA fecal microbe kits, Zymo
Research) following the manufacturer’sinstructions, and the relative
densities of bacteria were determined by qPCR using E. faecalis-specific
primers: forward 5’- CCCTTATTGTTAGTTGCCATCATT-3/, reverse
5’- ACTCGTTGTACTTCCCATTGT-3".

Perinatal colonization of mice with enterococcalisolate
Three-week old C57BL/6) germ-free male and female mice were
mono-colonized with our enterococcal isolate and set up as breed-
ing pairs. Colonization was confirmed by plating faeces on Brucella
blood agar plates (Teknova) and PCR of faecal DNA using 16S primers.
Offspring from these colonized animals were reared and maintained
inagnotobioticisolator into adulthood. At 10-11 weeks of age, male
offspring were transferred out of the isolator and single-housed in
standard, autoclaved cages (Lab Products) for 1 week. After 1 week,
social behaviour was tested and tissues (brain, serum, faeces) were
collected using the methods described above.

Faecal DNA extraction for digital PCR anchoring for AVM donors
andrecipients

DNA was extracted from all samples by following the Qiagen DNeasy
Powersoil ProKit protocol (Qiagen). Bead-beating was performed with
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a FastPrep-24 (MP Biomedicals) Instrument for 1 min at 6.5 m/s. To
ensure extraction columns were not overloaded, we used ~-30-50 mg
of stoolasinput. The elution volume was 100 pl. Stool from germ-free
mice and extraction blanks wereincluded to assistinthe interpretation
of low-abundance samples from antibiotic-treated mice. All samples
were stored at —80 °C before downstream processing.

Absolute abundance of 16S rRNA for AVM donors and recipients
Absolute taxon abundances were calculated as described previ-
ously®***¢ In brief, the total 16S rRNA gene copies per sample were
measured using the Bio-Rad QX200 droplet dPCR system (Bio-Rad
Laboratories). The dPCR mix contained the following: 1x EvaGreen
Droplet Generation Mix (Bio-Rad), 500 nM forward primer and 500 nM
reverse primer*. Universal primers were modified from the standard
515F-806R primers. Thermocycling was performed as follows: 95 °C
for 5min, 40 cycles of 95 °C for30's,52 °Cfor 30, and 68 °C for 30's,
with a dye stabilization step of 4 °C for 5 min and 90 °C for 5 min. All
ramp rates were 2 °C per second. Enterococcus-specific primers*
followed similar thermocycling conditions, except that the annealing
temperature was set to 60 °C.

Concentrations of 16S rRNA gene per microlitre of extraction were
corrected for elution volume and losses during extraction before nor-
malizing to the input sample mass (equation (1)%).

Microbial load=dPCR concentration x elution volume
dead volume « 1 (4))
extraction volume sample mass

Absolute abundance measurements of individual taxa were calcu-
lated either by dPCR with taxon-specific primers or by multiplying the
total microbial load from equation (1) by the relative abundance from
16S rRNA gene amplicon sequencing. The lower limit of quantifica-
tion (LLOQ) was defined by back-calculating (using equation (1)) the
microbial load from a dPCR reading of 5 copies per pl and assuming a
sample mass equal to the average sample mass input.

16S rRNA gene amplicon sequencing for absolute abundances
for AVM-treated donors and recipients

Amplicon libraries were generated as described previously**#¢, The
variable 4 (V4) region of the 16S rRNA gene was amplified in dupli-
cate with the following PCR reaction components: 1x SPrime Hotstart
mastermix, 1x Evagreen, 500 nM forward primer, and 500 nM reverse
primer. Amplification was monitored in a CFX96 RT-PCR machine
(Bio-Rad) and samples were removed once fluorescence measurements
reached -10,000 RFU (late exponential phase). Cycling conditions
were as follows: 94 °C for 3 min, up to 45 cycles of 94 °C for 45s, 54 °C
for 60 s, and 72 °C for 90 s. Duplicate reactions that amplified were
pooled together and quantified with Kapa library quantification kit
(Kapa Biosystems, KK4824) before equimolar sample mixing. Librar-
ieswere concentrated and cleaned using AMPureXP beads (Beckman
Coulter). Thefinal library was quantified using a High Sensitivity D1000
Tapestation (Agilent) chip. Sequencing was performed by Fulgent
Genetics using the lllumina MiSeq platform and 2 x 300-bp reagent
kit for paired-end sequencing.

16S rRNA gene amplicon data processing for AVM donors and
recipients

Processing of all sequencing datawas performed using QIIME 2 2019.1*.
Raw sequence data were demultiplexed and quality filtered using the
q2-demux plugin followed by denoising with DADA2*. All samples
wererarefied to theread depth of the sample with the minimum num-
ber of reads. Taxonomy was assigned to amplicon sequence variants
(ASVs) using the q2-feature-classifier* classify-sklearn naive Bayes
taxonomy classifier against the Silva® 132 99% OTUs references from
the 515F/806R region. All data sets were collapsed to the genus level

before downstream analyses. Alldownstream analyses were performed
in IPython primarily through use of the Pandas, Numpy, Seaborn and
Scikit-learn libraries. Two independent cohorts of AVM and AVNM
donorsandrecipients were conducted in this study. Initially, we found
that Enterococcaceae family was presented in only one cohort of
AVM-treated donors (Fig. 4f) but not found in another cohort of AVM
donors. This finding prompted us to investigate whether the distinct
Enterococcus family was present in the AVM recipients. Notably, we
found that Enterococcus genus was present in both set of AVM recipi-
ents. Therefore, the two cohorts of data from AVM recipients were
compiled to generate Fig. 4g and Extended Data Fig. 10b-d.

Behaviour testing

All behaviour tests were performed at 8-16 weeks of age. Only male,
sexually naive mice were used in this study to avoid the confounding
effectof oestrous cycle, except for Extended Data Fig. 1k. Allbehaviour
tests were conducted in standard sterilized cages. Cage bedding was
not changed for three days before behavioural testing. Mice were accli-
mated to the testingroomfor atleast 30 minbefore allbehaviour tests.

Reciprocal social interaction. RSl is a widely-used task that tests
social activity towards another novel animal. Two strategies were
adopted inthis study. For the experiments not involving survival sur-
gery, mice were group housed and isolated for 4-8 h before testing.
The subject mouse was placed in a novel sterilized cage with bedding
for a two-minute acclimation period. A same-sex, same strain, sexu-
ally naive, novel (stranger) mouse of similar age was introduced into
the cage. All interactions between the two mice were video recorded
for five minutes. For the experiments involving survival surgery, all
mice were single-housed in accordance with IACUC protocols. On the
day of behaviour testing, anovel mouse of similar age was introduced
into the subject’s cage. All interactions between the two mice were
video recorded for five minutes. Minimal aggressive behaviours were
observed. Each novel mouse was used for testing up to two times per
day. Subject mice undergoing repeated testing throughout the experi-
ment were confronted with a novel mouse each time. The following
social investigation behaviours constituted ‘social activity’ and were
scored as such: anogenital sniffing, nose-nose sniffing, active approach,
and push under/crawl. The following solitary behaviours during social
interaction constituted ‘non-social activity’ and were scored as such:
self-grooming, digging, and rearing. All behaviours were analysed
using ETHOM software®".

Three-chamber social test. This test was performed in a40 (width) x
60 (length) x 20 (height)-cm Plexiglass box divided equally into three
chambers by transparent walls made by Plexiglas with opening doors
(10 cmwidth x 7 cm height). The procedure consists of two consecutive
phases—habituation and sociability. In the habituation phase, test mice
were placed in the centre of the social chamber for 10 min and allowed
tofreely explore each compartment. In the sociability phase, test mice
were enclosed in the centre compartment with the doors closed. Two
inverted steel wire cups were placed in each of the two side chambers.
Anunfamiliar, strain-, age- and sex- matched mouse was placed in one
of the inverted wire cups. The other inverted wire cup represented
anovel object. After setting up, doors were opened simultaneously,
and the test mouse was allowed to investigate the chamber for 10 min.
The behaviour was recorded with a video camera mounted above the
apparatus. Ethovision (Noldus Information Technology) was used to
analyse the time spent by the mouse in each chamber, frequency enter-
ing each chamber, and distance travelled in each phase.

Novel cage behaviour. This is a widely-used test for measuring
non-social activity in a novel environment. The subject mouse was
placed in an unused, sterilized cage. Non-social activity was video
recorded for 5 min. The following solitary behaviours during social
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interaction constituted ‘non-social activity’ and were scored as such:
self-grooming, digging, and rearing. All behaviours were analysed
using ETHOM software®'.

Open-field test. The open-field testis awidely used task that tests anxi-
ety and generallocomotion. The open-field apparatusis asquare open
arena (50 x 50 cm) bordered by opaque plastic walls. Each mouse was
placedintothearenaalongtheinterior walland behaviour was recorded
for 60 min. The centre zone (17 x17 cm) was defined as the middle of the
open-field chamber. Behaviourinthe open field was recorded by avideo
cameramounted over the arena. Ethovision (Noldus Information Tech-
nology) was used to analyse the number of entries to, and the duration
in, the centre zone. Open-field chambers were cleaned with 70% ethanol
followed by Rescue disinfectant (Virox Technologies) between subjects.

Olfactory habituation/dishabituation. This test is widely used to
assess a subject mouse’s ability to discriminate a novel odour from
afamiliar odour after repeated exposure. The mouse is repeatedly
presented with the same odour and habituatestoit, and distinguishes
itfromanovel odour that the animal has never been exposed to previ-
ously. A subject mouse was acclimated to a sterilized cotton applica-
tor in a new sterilized cage without bedding during habituation to
the testing room. The cotton applicator was inserted into the cage
grid and fixed by a weigh dish. The cage lid was intact during the test.
Odours were presented in the following order: water, almond extract
(McCormick), bananaextract (McCormick), C57BL/6) cage odour and
BTBR cage odour (002282; Jackson Laboratory). The neutral (water)
and non-social odours (almond, banana) were obtained by dipping the
tip of cotton applicatorinto the solution. The social odours (C57BL/6)
cage, BTBR cage) were obtained by swiping the used cage bottomina
zigzag fashion several times. Each odour was presented in triplicate for
two minutes per trial. The inter-trial interval was one minute. After each
trial, the used cotton applicators were placed in a closed container to
prevent cross-trial contamination. The observer was seated adistance
away from the testing area to avoid disturbing the mouse. Olfactory
investigation behaviour was defined as the mouse orienting towards
the cotton tip withits nose close to the tip. The behaviour was scored
using a stopwatch torecord the total time spent sniffing.

Statistical analysis

Alldataarerepresented asmean+s.e.m.Atwo-tailed unpaired t-test was
used to compare databetween two independent groups. A two-tailed
paired t-test was used to compare data from the same animal before
and after treatment. A one-tailed paired ¢-test was used to compare
data from the same animal staying in the mouse chamber and object
chamber for the three-chamber social test. Data with more than two
independent groups were analysed by one-way ANOVA with Bonfer-
roni’s multiple comparison post hoc test. Data with two factors were
analysed by two-way ANOVA with Bonferroni’s multiple comparison
post hoctest. All datawere analysed using Prism (Graphpad). A Pvalue
was used to define the significance of differences between groups.
When P was smaller than 0.05, the groups were considered different.
The number of biological replicates and statistical methods are listed
in the figure legends. P values or asterisks indicate differences in the
figures. See Supplementary information for more details on statistical
tests and exact Pvalues for each figure.

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

Data availability

All data generated and analysed during this study are included in this
published article and its Supplementary Information files. Raw data

for 16S rRNA gene sequencing and data analysis have been deposited
inthe ENA database under BioProject PRINA632893. Source data are
provided with this paper.
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Extended DataFig.1|Social behaviours, non-social activity, c-Fos
expressionand corticosteronelevelsin GF and/or ABX-treated mice.
a-c,Social activity in SPF and GF test mice (subject), in the context of SPF

(a) or GF (b) novel mice. a, Anogenital sniff ****P<0.0001, nose-nose

sniff ****P<0.0001, active approach ***P=0.0003, push-crawl**P=0.0055;

b, anogenital sniff ****P<0.0001, nose-nose sniff **P=0.003, active
approach **P=0.0023; ¢, novel mouse effect P=0.1133 (data from Fig. 1b, ¢).
n=20SPF,19 GF (vs SPF); 8 SPF, 8 GF (vs GF) mice.d, e, Social activity in vehicle
(VEH)-and ABX-treated test mice (subject), in the context of SPF (d) or ABX-
treated (e) novel mice. d, Anogenital sniff ***P=0.0005, nose-nose sniff
**P=0.0028, active approach***P=0.0004, push-crawl P=0.4601.n=26 mice
pergroup.e,P=0.7039,n=10 VEH, 9 ABX mice. f, Non-social activity in the
reciprocal socialinteraction (RSI) paradigm in SPF, GF and ABX-treated mice
(subject), inthe context of SPF or GF novel mice. GF vs SPF novel mouse:
P=0.8086,n=20SPF, 19 GF mice. GF vs GF novel mouse: P=0.1205, n=8 mice
per group. ABX vs SPF novel mouse: P=0.5044, n=26 mice per group.

g, Non-social behaviourinanovel cage without the presence of anovel mouse.
Grooming P=0.482, digging P=0.8689, rearing P=0.4608 or total P=0.1743.
n=8SPF,10 GF mice. h, Timeline schematic of guide cannula stereotaxic
surgery, intracerebroventricular (ICV) injection of vehicle, ampicillin (A) and
metronidazole (M), social behaviour,and sample collection. Social activity was
tested in SPF miceinjected ICV with antibiotics (subject), in the context of SPF
novel mice. Social activity P=0.5294, nose-to-nose P=0.1784, nose-to-tail
P=0.4477.n=12 mice per group.i,j, Timeline schematic of intraperitoneal
(i.p.) injection of vehicle, ampicillin and metronidazole, open-field (OF) test,
social behaviour, and sample collection. RSI (i) and open-field (j) test were
tested inantibiotic-injected SPF mice (subject), in the context of SPF novel
mice. Social activity P=0.5583 (i); locomotion P=0.3705 (j).n=6 VEH,

4 ampicillin, 6 metronidazole mice. k, Social activity was tested in SPF, GF,
VEH-treated and ABX-treated female mice (subject), in the context of SPF
female novel mice. GF **P=0.0053 and ABX*P=0.0191. n=10 SPF, 9 GF,5VEH,
5ABXmice.l, Thelengthofiisolation shownin Fig.1b did not affect social
activity in GF or SPF controls. Microbiota effect ****P<0.0001.n=4 SPF (4-5h),
7SPF (5-6 h), 5SPF (6-7 h), 2SPF (7-8 h), 5SPF (8-9 h),10 GF (4-5h), 3GF (5-6 h),
4 GF (6-7h), 6 GF (7-8 h), 4 GF (8-9 h) mice (data from Fig.1b, c). m, Age of GF
mice had no effect onsocial activity. P=0.379.n=6 (11-12w), 5 (13 w), 8 (14-15w)
GF mice (datafromFig.1b,d).n-q, The distance travelled and social activity in

the three-chamber social test for SPF and GF male mice (n, 0) and VEH-and ABX-
treated mice (p, q), in the context of SPF novel mice.n=9 SPF,10 GF,10 VEH,

10 ABX mice. Distance moved in the sociability phase (n, GF **P=0.0047; p, ABX
P=0.1246), time in chamber (o, left, SPF mouse (M) vs object (0) ****P<0.0001,
GFMvsO***P=0.0005; q, left, VEHMvs O P=0.1220, ABXMvs O **P=0.0063),
and frequency entering chamber (o, right, SPFMvs O P=0.1420, GFMvs O
P=0.0872; q,right, VEHMvs O P=0.2194, ABXMvs O ***P=0.0008).n=9 SPF,
10 GF, 10 VEH, 10 ABX mice.r, Left, schematic of brain regions with high c-Fos
expression after RSl (relevant to Fig. 1e-1). Right, representative images (from
6 SPF, 6 GF,5VEH, 5 ABX mice) of c-Fos staining in BLA in SPF, GF, VEH, and ABX
after RSI. Scale bars, 200 um.s, Quantification of c-Fos® cellsin BLA of GF and
ABXmice. SPF vs GF P=0.1014, VEH vs ABX P=0.1095. n=6 SPF, 6 GF, 5VEH,
5ABXmice.t, Quantification of c-Fos® cellsin various brain regions of SPF and
GF mice.PVNP=0.4239,adBNST P=0.2571,DG P=0.0818, BLAP=0.2552.n=5
SPF, 6 GF mice.u, Serum corticosterone levelsin ABX-treated mice atisolation
(is0),0hand 1h post-RSI. VEH:Isovs 0 h*P=0.0129, Iso vs 1h**P=0.0027,0 hvs
1hr#P=0.0023; ABX:Isovs 0h P=0.0624,Iso vs 1h#**P=0.0016,0hvs1h
##p=0.0062.n=5mice per group.v, Serum corticosterone levels after novel
cage exposurein GF and ABX-treated mice. ABX vs GF **P=0.0085, SPF vs GF
*P=0.0125.n=11VEH, 11ABX, 5 SPF, 4 GF mice.w, X, Serum corticosterone
levels at different times of deathin SPF and GF (w) and VEH and ABX mice (x)
tested in Fig. 1m-o0. GF ***P=0.0005 (w), ABX**P=0.0011 (x). w, n=2SPF (0-1h),
5SPF (1-2h), 4 SPF (2-3 h), 4 SPF (3-4 h), 3SPF (4-5h), 9 GF (0-1h),3GF (1-2h),

4 GF (2-3h), 6 GF (3-4 h), 4 GF (4-5h) mice (datafrom Fig.1m, n).x,n=9 VEH
(0-100m),17 VEH (100-200 m), 22 ABX (0-100 m), 4 ABX (100-200 m) mice
(datafrom Fig.10).y, Social activity in SPF, GF and exGF test mice (subject),
inthe context of SPF novel mice. SPF vs GF ****P<0.0001, SPF vs exGF
***P=0.0001, GF vs exGF ****P<0.0001.n=20 SPF,19 GF, 8 exGF mice (SPF and
GF datafromFig.1b, c).z, Serum corticosterone levels after RSlin exGF mice.
SPF vs GF**P=0.0012, GF vs exGF *P=0.0467.n=13 SPF, 18 GF, 8 exGF mice
(SPF and GF data from Fig. 1b, ¢). Datashown asindividual points with

mean +s.e.m. Data analysed by two-tailed unpaired t-test (a,b,d-g, k,n, p, s, t);
one-tailed paired t-test (0, q); one-way ANOVA (i, j, m, y, z), repeated measures
(h) with Bonferroni’s multiple comparison post hoc test; two-way ANOVA
(c,1,v-x), repeated measures (u) with Bonferroni’s multiple comparison post
hoctest.*P<0.05,**P<0.01,***P<0.001, ****P<0.0001, ND: no difference.

For more statistical details, see Supplementary Information.
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Extended DataFig.2|The depletion of microbiotain GF and/or ABX-
treated mice was demonstrated by absolute bacteria quantification,
plating, microbiome analysis and profiling. a, Bacterial DNA was detected
using Femto DNA quantification methods. Bacterial DNA was completely
absent from faecal samples collected from GF mice housed in closed IVC cages
for one week (**P=0.0038) and from adult mice treated with ABX for three
weeks (**P=0.0083).n=4mice per group. b, ¢, Colony-forming units (CFU)
quantified by scoring colonies from faecal samples plated on brucellablood
agar following three weeks ABX treatment. b, Aerobes were depleted at the first
week of ABX treatment. VEH vs ABX: 1w **P=0.001,2w***P=0.0001,3w
***+%P<(0.0001.c,Anaerobes were completely depleted by the third week of ABX
treatment. VEH vs ABX:1w P=0.2237,2w*P=0.0179,3 w****P<0.0001.n=4
mice per group.d, Representative images of caecumenlargement and brucella
blood agar plating of caecal contents from VEH and ABX-treated mice. Plating
of caecal contents showed that culturable bacteriawere completely absent
after 3weeks of ABX treatment. e, f, Box plots of number of total reads (e) and
totalreads that matched sequencesin16S reference database (f) in VEH-and
AVNM-treated mice, compared to negative controls.n=8 VEH, 8 AVNM,
3negative control.g, h, Box plots of alpha diversity as measured by number of
observed ASVs (g) and Faith’s phylogenetic diversity (h) in VEH-and

-04 02

=02 0.0 04
Axis 1 (66.75%)

H
3
3
i
H

Group

AVNM-treated mice, compared to negative controls.n=8 VEH, 8 AVNM,
3negative control.g, VEH vs AVNM ***P=0.00093097; VEH vs negative control
*P=0.03169856. (h) VEH vs AVNM **P=0.00113133; VEH vs negative control
*P=0.01430588.1,j, Principle coordinate analysis plots based on unweighted
(i) and weighted (j) UniFrac distances between faecal samples from VEH- and
AVNM-treated mice, compared to negative controls (rarified to 728 reads per
sample).n=8VEH, 7AVNM, 3 negative control.i, VEH vs AVNM ***P=0.0002;
VEH vs negative control **P=0.0071.j, VEH vs AVNM ***P=0.0005; VEH vs
negative control **P=0.0055.k, Relative abundance of major phylain VEH-and
AVNM-treated mice, compared to negative controls.n=8 VEH,7AVNM,

3 negative control.i-k, One AVNM mouse was found to be contaminated and
excluded for the generation of the graphs. Datashown as individual points with
mean s.e.m. (a-c); box plots (e-h) show median (centreline) and interquartile
range (IQR) (box limits); whiskers show either 1.5 x IQR of the lower and upper
quartiles or range. Data analysed by two-tailed unpaired t-test (a); two-way
ANOVA, repeated measures (b, ¢) with Bonferroni’s multiple comparison post
hoc test; Kruskal-Wallis test (g, h); permutational multivariate analysis of
variance (PERMANOVA) (i, j). *P< 0.05,**P< 0.01, ***P< 0.001, ****P<0.0001,
ND:nodifference. For morestatistical details, see Supplementary Information.
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Extended DataFig. 3| Anxiety-like behaviour, locomotion, water intake,
and olfactoryinvestigative behaviour in GF and/or ABX-treated mice.

a-h, Anxiety-like behaviour and locomotion were tested using the open-field
test, light-dark box and elevated plus maze in SPF, GF, VEH-treated and ABX-
treated mice. a, Locomotor activity measured in open-field testin GF mice
showed no difference indistance travelled inopen-field chamber. P=0.8371.
n=9SPF, 8 GF mice per group. b, Centre zone durationin open-field testin GF
mice. GF mice spentlongerinthe centre of the open-field chamber than SPF
mice.*P=0.0108.n =9 SPF, 8 GF mice per group.c, Light chamber duration
measured inlight-dark box for GF mice. GF mice spentlonger in thelight
chamber than SPF mice.*P=0.0442.n=9 mice pergroup.d, Openarmduration
measured inelevated plus maze for GF mice. GF mice spentlongerinthe open
armthan SPF mice.*P=0.0261.n=9 mice per group. e, Locomotor activity
measured in open-field test for ABX mice showed no difference in distance
travelledin the open-field chamber. P=0.3606.n=10 mice per group.
f,Durationinthe centre zone measured in open-field test shows no difference
incentre duration for ABX mice.P=0.3372.n=10 mice per group. g, Durationin
thelight chamber measured inlight-dark box shows no differencein light
chamber duration for ABX mice. P=0.9381.n=10 mice per group. h, Duration
spentinopenarmmeasuredin elevated plus maze shows no difference in open
arm duration for ABX mice. P=0.8743.n=10 mice per group. i, ABX mice show
no changeinthedistance travelled in the open-field chamber. VEH vs ABX
P=0.6223.n=15mice per group. j, Water intake was monitored in GF mice

housedinIVC cages for one week. GF mice showed no difference in water
consumed. SPF vs GF P=0.7591. n=5mice per group. k, The olfactory
habituation/dishabituation testinvolves exposure toaseries of odours:
baseline (water), volatile non-social odours (almond and banana extracts), and
social odours (C57BL/6 and BTBR cages). Time-course of sniffing time shows
no difference for GF mice when exposed to water, almond extract, or banana
extract. GF mice displayed increased sniffing time when exposed to the social
odour from C57BL/6) mice, but not from BTBR mice. SPF vs GF: B6 Cage(1-1)
*P=0.0172,B6 Cage(1-2) *P=0.0402.n=10 SPF, 11 GF mice per group.

1, Percentage investigation timeinresponse to the first exposure tosocial
odour was measured in the olfactory habituation/dishabituation test in SPF
and GF mice. The percentage of investigation time decreased at the second and
third exposuresto the same social odourinboth SPF and GF mice. The
investigation time decreased when switched to BTBR odour in GF mice. SPF:B6
Cagel-1vs1-2**P=0.0020,B6 Cage1-1vs1-3***P=0.0002,BTBR Cage1-1vs1-2
***P=0.0002,BTBR Cage1-1vs1-3****P<0.0001; GF: B6 Cage1-1vs1-2
*P=0.0120,B6 Cagel-1vs1-3*P=0.0397, BTBR Cage 1-1vs 1-2****P<0.0001,
BTBR Cagel-1vs1-3****P<0.0001,B6 Cage 1-1vs BTBR Cage 1-1*P=0.0143.
n=10 SPF,11 GF mice per group. Datashown asindividual points with

mean ts.e.m. Dataanalysed by two-tailed unpaired ¢-test (a-h) and two-way
ANOVA, repeated measures (i-1) with Bonferroni’s multiple comparison post
hoctest.*P<0.05,**P<0.01,***P<0.001,****P<0.0001, ND: no difference.
For more statistical details, see Supplementary Information.



Article

a b
15 .
Em SPF Hippocampus S1mm spF Hypothalamus
m GF m GF
B oqpl k., Fx k kk POOR ke kkk k% Fe)
% — o — — /o E 41 % ewx Kk
= c = 1
S? ° S
25 o 25
£ £
o [
3o 3o
o& 6 5 o §
c® o c®
o) 0 o
09 09
e} e ¥ . 3
c 3 3 (<)
s 3 . o 8 @ o s
o
c d |
31 mm sPF Jno Midbrain = SPF Brainstem
B GF . m GF
—
e o * % P=0.0502 *k Kk k
5 g AT xE O EE K
5 < 53
a8 2 25 2
a0 o 20 o
) o ¢ 5 o
a Q
X @ X O
[ =] (Gl =]
0§ 0§
c 8 s
05 <
0o o O
ke he}
(<)
i i
O e & &0 @ & a ¢ . o & & & @ & @
LA O R N &bf" &bf" & o LSS R S ) &\bio 660?3 & &
@ & & &
e .ABX 2 - »S | ,\20 Em Dentate gyrus B Ammon's horn
m | oy
! 3w T4 T 05n  oamPe g e e e
SPF lso  RSlorNC P
(8-12w) g
10
j=2]
c
@
L
Os
kel
Hypothalagus uo_
0
Irg1b Dsp Tdo2
9 20 h 25 ! 3, EE Vehicle (RSI)
. i 51 mm Vehicle (RSI
‘5 Hm Vehicle (RSI) ,§ - /:3 >l : (S | ) -5 == ABX (RS))
23 = ABX (RSI) §§ 20 (Rsl) ﬁ:@ i
£ o] wo w53 e o 83
X3 33 Y
o c o c oc 2 °
o 8 © % 15 ° o @
£s o . §S 58
S 3 1.0 o ogo0 (= 9 ° o e
) c o %)
gc 5SS 40 3 c
59 g 00 ES
g‘O . 0O % o
2 [
53 83 o5 £3
L £ S
o) £ >
a < £
0.0 0.0
Nr3c1 Nr3c2 Nr3c1 Nr3c2 Crhr1 Crhr2  Ucn Ucn2 Ucn3  Awp Oxt
c 2% mm Vehicle (Novel cage) g 207 mm Vehicle (Novel cage) g o= X;t;i(cé: Do °Z§’e)
Ve
% = = ABX (Novel cage) Ba = ABX (Novel cage) -% = 9
) 28 29 , .
&< 15 MO ND 52 15 N D 5 !
X® X o X
S 5 o5 oe
% S Q ° & S % 53 T
oo 10 o o o oo
o 2 c o 0w O
25 S & 26
> O L o E &
20 »n O 8O
2o 05 s £o
2L ge g0
€L [ e
o] £ >
e 0.0 < +
’ Nr3c1 Nr3c2 Crhrt Crhr2  Ucn Ucn2 Ucn3  Avp Oxt

Extended DataFig.4|Seene

xt page for caption.




Extended DataFig. 4 |IEG expressioninthe brains of GF mice and stress-
related gene expressionin the hippocampus and hypothalamus of ABX-
treated mice. a-d, IEG expression was measured in GF mice taken from the
isolator and temporarily mixed with other mice from different cages. SPF

mice were sampled and handled following the same procedure. Mice were
immediately killed and the brains were collected and analysed. Brains were
dissectedinto hippocampus (a), hypothalamus (b), midbrain (c), and brainstem
(d).IEG expressionin each region was analysed by qRT-PCR. n= 6 mice per
group.a,Inthe hippocampus, Arc (*P=0.024), Fos (**P=0.0036), cJun
(*P=0.0152),JunB (**P=0.0077), Egr1 (P=0.0532), Egr2 (*P=0.0328), Gadd45b
(***P=0.0005), Gadd45g (*P=0.0435), and Bdnf (*P=0.0142) were upregulated
in GF mice. Map2 P=0.3874.n=6 mice per group.b, Inthe hypothalamus, Arc
(*P=0.0108), Fos (***P=0.0001), and EgrI (**P=0.0022) were upregulated in GF
mice, withno change in Map2 gene expression. ¢/un P=0.3859,JunBP=0.106,
Egr2P=0.0864,Gadd45b P=0.8544, Gadd45g P=0.4398, BdnfP=0.1517, Map2
P=0.8255.n=6 mice per group.c,No changesinIEG expression were foundin
the midbrains of GF mice.Arc P=0.4733, Fos P=0.455, ¢Jun P=0.6153, JunB
P=0.6154, Fgrl P=0.4102, Egr2 P=0.283, Gadd45b P= 0.424, Gadd45g
P=0.0852,BdnfP=0.9779, Map2 P=0.4018.n=3 mice per group.d, Inthe
brainstem, ¢/un (*P=0.0479),JunB (*P=0.0244), Egrl (P=0.0502), Gadd45b
(**P=0.0022), Gadd45g (**P=0.0075), and Bdnf (*P=0.0127) were
downregulated in GF mice. No change in Map2was detected in all four brain
regionsin GF mice. Arc P=0.8297, Fos P=0.5208, Egr2 P=0.5391, Map2
P=0.1266.n=6 mice per group. e, Timeline schematic of ABX treatment, single

housing, behavioural manipulations, and tissue sampling. Tissues collected
include hippocampal dentate gyrus (DG; red), hippocampal Ammon’s horn,
and hypothalamus. f, Gene expression analysisin Ammon’s hornand DG was
performed by qRT-PCR. Mgribisenrichedin Ammon’s horn. Dsp and Tdo2 are
specific to the DG. Analysis confirmed the specific dissection of the
hippocampusinto Ammon’shornand DG. All ****P<0.0001. n =24 mice per
group. g, h, Gene expression of glucocorticoid receptor (Nr3cI) and
mineralocorticoid receptor (Nr3c2) in the hippocampus analysed by qRT-PCR.
There was no difference between vehicle and ABX micein DG (g, Nr3cl
P=0.1016, Nr3c2P=0.8947) or Ammon’s horn (h, Nr3c1 P=0.1379, Nr3c2
P=0.9764) after RSI. n=6 mice per group. i, Expression of stress-related genes
(Crhr1P=0.4032,Crhr2P=0.6778,Ucn P=0.2477,Ucn2P=0.0636,and Ucn3
P=0.0797) and neuropeptide genes (Avp P=0.9861and Oxt P=0.1445) were
unchanged after reciprocal social interactionin ABX mice.n=5vehicle, 6 ABX
mice pergroup.j, k, Expression of Nr3c1 and Nr3c2 does not differ between
vehicleand ABX micein DG (j, Nr3¢c1P=0.6206,Nr3c2P=0.5075) or Ammon’s
horn (k, Nr3c1P=0.4873, Nr3c2 P=0.0931) after novel cage exposure.n=6
mice pergroup.l, Ucngene expressionis upregulated after novel cage
exposurein ABX mice (*P=0.013). Other stress-related genes (Crh1 P=0.649,
Crhr2P=0.3875, Ucn2P=0.1409,and Ucn3 P=0.511) and neuropeptide genes
(Aup P=0.5809 and Oxt P=0.8216) were unchanged. n=6 mice per group. Data
shownasindividual points with mean +s.e.m. Data analysed by two-tailed
unpaired t-test (a-d, f-1).*P<0.05,**P<0.01, **P<0.001, ****P<0.0001, ND: no
difference. For more statistical details, see Supplementary Information.
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Extended DataFig. 5| Expression of oxytocin, vasopressin, and their
receptorsinthe hypothalamus of GF mice and Fluorogold labelling of
neuronsinthe PVNand median eminence (ME) of GF and/or ABX-treated
mice. a, b, Representative images (from 8 SPF and 6 GF mice) of vasopressin

(a, AVP; red) and oxytocin (b, OXT; green) staining in brain sections after
reciprocalsocialinteraction. Scale bars,100 pm. ¢, d, Quantification of AVP (c)
and OXT (d) distributionin PVN of SPF and GF mice. No difference inthe
number of AVP neuronsin PVN was detected in GF mice (P=0.3869). OXT-
positive cellswere lower in GF mice (**P=0.0049). n =8 SPF, 6 GF mice per
group. e, Gene expression of AVP, OXT, and their receptors analysed by
qRT-PCR.No difference was found between naive SPF and GF mice. Aup
P=0.3992, Auprla P=0.6361, Avprlb P=0.5471, Aupr2 P=0.2168, Oxt P=0.9281,
OxtrP=0.3252.n=4mice per group. f-i, GF and SPF mice were intraperitoneally
injected with Fluorogold and killed six days later. PVN and ME were
retrogradely labelled. f,Representative Fluorogold retrograde tracing and
immunohistochemistry images of the PVN. Green, anti-Fluorescent Gold
(Fluorogold); magenta: anti-NeuN. n=4 mice per group. g, Number of

Fluorogold® cellsin the PVN shows no difference between GF and SPF mice. SPF
vs GF P=0.2362.n=4 mice per group. h, Representative Fluorogold retrograde
tracing and immunohistochemistryimages of the ME. Green: anti-Fluorescent
Gold (Fluorogold); magenta: anti-NeuN. n=3 mice per group.i, Integrated
density of Fluorogold in the ME shows no difference between GF and SPF mice.
P=0.3723.n=3mice pergroup.j, k, ABX- or vehicle-treated Crh-ires-Cre;Ai14D
micewereintraperitoneally injected with Fluorogold and killed six days later.
PVN neurons were retrogradely labelled with Fluorogold. j, Representative
Fluorogold retrograde tracing and immunohistochemistry images of the PVN.
Green: anti-Fluorescent Gold (Fluorogold); red: corticotropin-releasing
hormone (CRH); magenta: anti-NeuN. n=4 mice per group. k, Number of
Fluorogold® cellsin the PVN shows no difference between ABX and vehicle
mice. P=0.4545.n=4 mice per group. Scale bars, 200 um. Dataanalysed by
two-tailed unpaired t-test (c-e, i, k) and two-way ANOVA, repeated measures
(g) with Bonferroni’s multiple comparison post hoc test.**P<0.01;ND: no
difference. For more statistical details, see Supplementary Information.
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Extended DataFig. 6 | Perturbation of glucocorticoid and vagus-
dependentsignallingin GF and/or ABX-treated mice. a, b, Social activity was
tested using the RSl paradigmin VEH-sham, ABX-sham, and ABX-ADX mice
injected with corticosterone (subject), in the context of SPF novel mice. Acute
administration of corticosterone produced no difference between groupsin
socialactivity (a, P=0.5697) or non-social activity (b, P=0.6781).n=5VEH-
sham, 7 ABX-sham, and 4 ABX-ADX mice per group (subject only).

c,d, Non-social activity was recorded using the RSl paradigm in SPF and GF (c),
VEH-sham, ABX-sham, and ABX-ADX mice (d) (subject), in the context of SPF
novel mice. ¢, Non-social activity was analysed during the social interaction
testin SPF and GF mice injected with metyrapone. Equally decreased
non-social activity was detected in GF and SPF mice injected with metyrapone.
SPF-CMCvs SPF-MET *P=0.041, GF-CMCvs GF-MET *P=0.0274.n=5SPF-CMC,
5GF-CMC, 6 SPF-MET, 5 GF-MET mice per group (subject only). d, Non-social
activity was analysed during the socialinteraction testin VEH-sham, ABX-
sham, and ABX-ADX test mice injected with CMC, RU-486, or metyrapone
(subject), inthe context of SPF novel mice. Lower non-social activity was
detected in ABX-ADX animals injected with RU-486 and ABX animals injected
withmetyrapone. First CMC: VEH-sham vs ABX-sham **P=0.0034; RU-486:
VEH-sham vs ABX-ADX *P=0.0215; MET: VEH-sham vs ABX-sham ***P=0.0006,
VEH-sham vs ABX-ADX *P=0.0145. n=11mice for VEH-sham, 18 ABX-sham and

11 ABX-ADX sham mice per group (subject only). e, The completeness of
subdiaphragmatic vagotomy (SDV) was validated by fasting-induced food
consumption for 2 h following intraperitoneal CCK-8 injection. Food intake was
normalized by body weight. SDV mice showed increased food intake compared
to sham mice. SPF naive control vs SPF naive CCK-8 **P=0.0038, ABX-sham
CCK-8vs ABX-SDV CCK-8 **P=0.0084. n=6 controlsaline, 6 control CCK-8,

7 ABX-sham, and 4 ABX-SDV mice per group. f, Measurement of serum
corticosterone concentrations showed no difference after social interactionin
ABX-SDV mice, compared to ABX-sham mice. P=0.8436.n=9 ABX-sham,

8 ABX-SDV mice per group. g, Quantification of c-Fos* cellsin anterodorsal bed
nucleus of stria terminalis (@adBNST) and dentate gyrus (DG) of ABX-sham and
ABX-SDV mice. Increased c-Fos’ cells were detected in adBNST (left,
*P=0.0451), but notin DG (right, P= 0.2577), after social interaction in ABX-SDV
mice, compared to ABX-sham mice.n=5sham, 5SDV mice per group. Data
shownasindividual points with mean +s.e.m. Data analysed by one-way ANOVA
with Bonferroni’s multiple comparison post hoc test (a, b); two-way ANOVA (c),
repeated measures with mixed effect (d), with Bonferroni’s multiple
comparison post hoctest; two-tailed unpaired t-test (e-g). *P<0.05,**P<0.01,
***P<0.001, ***P<0.0001, ND: no difference. For more statistical details,

see Supplementary Information.
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Extended DataFig.7|Knockout of glucocorticoid receptorsinspecific
brainregionsin ABX-treated and SPF mice. a, d, g Diagrams of virus injection
into the DG (Nr3c1%’%; relevant to Fig. 2h, i), BNST (Nr3c1*#*; relevant to Fig. 2j, k)
and hypothalamus (Nr3c14"""; relevant to Fig. 21, m). b, e, h, Non-social activity
recorded using the RSl paradigmin ABX mice (subject), in the context of SPF
novel mice. b, Nodifference in non-social activity was detected in ABX Nr3c142¢
mice. Control vs Nr3c14?° P=0.1191. n=7 mice per group (subject only).

e, Minimal difference in non-social activity was detected in ABX Nr3cI*®" mice.
Adecreaseinnon-social activity was detected only at the second CMCinjection
(*P=0.0363).n=7 mice per group (subject only). h, No difference in non-social
activity was detected in Nr3c14"""° mice. Control vs Nr3c1*#"*° P=0.0652.n=6
control, 5 Nr3c1""° mice per group (subject only). ¢, Quantification of c-Fos"
cellsinvarious brainregions of ABX Nr3c1*’° and control mice. Decreased
c-Fos' cellswere detected in the PVN and adBNST after social interactionin ABX
Nr3c1*’° mice compared to control mice. There was no change in c-Fos
expressioninthe DG of ABX Nr3cI*°° mice. PVN****P<0.0001,adBNST
**P=0.0022,DGP=0.9714.n=7 mice per group. f, Quantification of c-Fos' cells
invarious brain regions of ABX Nr3c1®*"and control mice. Decreased c-Fos*
cellsweredetected inthe PVNand adBNST after social interactionin ABX
Nr3cI*®*"mice comparedto control mice. There was no changein c-Fos
staininginthe DG.PVN ****P<0.0001,adBNST ***P=0.0002,DG P=0.4187.
n=7micepergroup.i, Quantification of c-Fos* cellsin various brain regions of
ABXNr3c1*"""° and control mice. Increased c-Fos" cells were detected in DG and
adBNST after socialinteraction in ABX Nr3c1*#"*° mice compared to control
mice. There wasno changein c-Fos expressioninthe PVN.PVN P=0.1163,
adBNST P=0.0688,DG *P=0.0389. n=6 control, 5 Nr3c1*""*° mice per group.
j.Neuronalactivity was measured by c-Fos staining of various brain sections.
Representative images of c-Fos staining after social interactionin PVN,

adBNST, and DG in Nr3c14P¢ (from 7 animals each group), Nr3c14®™7 (from 7
animals each group) and Nr3c1*"**° mice (from 6 control and 5 Nr3c14""*°
animals), and their corresponding control groups. Scale bars, 100 pm.

k, 1, Social activity (k) and non-social activity (I) were tested using the RSI
paradigmin SPF test mice (subject), in the context of SPF novel mice. SPF
Nr3c1*’° mice did not display altered social activity (P=0.4323) or non-social
activity (P=0.8234) compared to control mice with vehicleinjection.n=5mice
pergroup (subject only). m, Serum corticosterone concentrations show no
change aftersocialinteraction in SPF Nr3cI“°° mice. P=0.9935. n=5mice per
group.n, 0, Social activity (n) and non-social activity (o) were tested using the
RSIparadigmin SPF test mice (subject) in the context of SPF novel mice. SPF
Nr3c1*®™7"mice showed reduced social activity compared to control mice with
vehicleinjection (*P=0.0473). No change was observed in non-social activity
between SPF control and Nr3cI*®*" mice (P=0.4742). n=5 mice per group
(subjectonly). p, Serum corticosterone concentrations show no change after
social interaction in SPF Nr3c14®™"mice. P=0.9312.n=5mice per group.
q,r,Social activity (q) and non-social activity (r) were tested using the RSI
paradigmin SPF test mice (subject), in the context of SPF novel mice. SPF
Nr3cI"™° mice did not display altered social activity (P=0.1823) or non-social
activity (P=0.2339) compared to control mice with vehicle injection.n=5mice
pergroup (subject only). s, Serum corticosterone concentrations show no
change after social interaction in SPF Nr3¢c1*#""° mice. P=0.0701.n=>5mice per
group. Datashown asindividual points with mean +s.e.m. Data analysed by
two-way ANOVA, repeated measures (b, e) with mixed effect (h) with
Bonferroni’s multiple comparison post hoc test; two-tailed unpaired t-test
(c,fi,k-s).*P<0.05,**P<0.01,***P<0.001, ****P<0.0001, ND: no difference.
For more statistical details, see Supplementary Information.
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Extended DataFig. 8| Manipulations of CRH neurons and glucocorticoid-
sensing neuronsin ABX-treated and SPF mice. a, Diagram of AAV-hSyn-DIO-
hM4Di-mCherry (hM4Di) or AAV-hSyn-DIO-mCherry (mCherry) virusinjection
into the PVN of Crh-ires-Cremice. b, Non-social activity in ABX-treated mCherry
and hM4Dimice, with and without CNO (subject). hM4Di effect P=0.4909.
n=10 mCherry,11hM4Dimice.c,d, Neuronal activity was measured by c-Fos
staining of brain sections. Representative images (from10 mCherry and 11
hM4Dimice) of c-Fos, mCherry and DAPI staininginthe adBNST (c) and DG (d)
inhM4Diand mCherry mice upon CNO injection after social interaction. Scale
bars, 100 pm. e, f, Quantification of c-Fos* cellsin various brain regions of ABX
hM4Diand mCherry mice. There was nochangeinc-FosintheadBNST

(e, P=0.301) or DG (f, P=0.5745) of ABX hM4Di mice upon CNO injection.n=10
mCherry,11hM4Dimice per group. g, Top, timeline scheme of stereotaxic
surgery, ABX treatment, drug administration, social behaviour, and sample
collection. Crh-ires-Cre mice were stereotaxically injected with virusesinto the
BNST one week before ABX treatment at the age of 7-8 weeks. After three weeks
of ABX treatment, social behaviour was tested in VEH- or CNO-injected mice.
Bottom, diagram of virusinjectioninto the BNST of Crh-ires-Cre mice to deliver
AAV-hSyn-DIO-hM4Di-mCherry (hM4Di) or AAV-hSyn-DIO-mCherry
(mCherry). h, Social activity was tested using the RSl paradigm in ABX test mice
(subject), inthe context of SPF novel mice. With VEH and CNO injection, there
was no differenceinsocial activity between mice injected with hM4Diand mice
injected withmCherry. mCherry vshM4Di P=0.4722.n=10 mCherry, 9 hM4Di
mice per group (subjectonly).i, Non-social activity was recorded using the RSI
paradigmin ABX mice (subject), in the context of SPF novel mice. With VEH and
CNOinjection, there was no difference in non-social activity between mice
injected with hM4Diand miceinjected with mCherry at the BNST. mCherry vs
hM4DiP=0.1921. n=10 mCherry, 9 hM4Dimice per group (subject only).
j,Serum corticosterone concentrations show no change after social
interactionin ABXhM4Dimice wheninjected with CNO.P=0.2063.n=8 mice
per group.k, 1, Quantification of c-Fos" cellsin various brain regions of ABX
hM4Diand mCherry mice. No changein c-Fos® cellswas detectedinthe PVN

(k, P=0.4792) or adBNST (I, P=0.3054) after social interactionin ABX hM4Di
micewith CNOinjection, compared to mCherry mice.n=10 mCherry, 8 hM4Di
mice per group.m, Neuronal activity was measured by c-Fos staining of brain
sections. Representative images (from 10 mCherry, 8 hM4Dimice) of c-Fos,

mCherry and DAPIstainingin the PVN and adBNST of hM4Di and mCherry mice
with CNOinjection after social interaction. Scale bars, 100 pum. a-m, All mice
received antibiotics. n, Diagram of AAV-hSyn-DIO-hM3Dq-mCherry (hM3Dq)
or AAV-hSyn-DIO-mCherry (mCherry) injectioninto the PVN. o, Relevant to
Fig.3h-j.Non-social activity was recorded using the RSI paradigm in SPF mice
(subject), in the context of SPF novel mice. With VEH injection, there was no
differenceinnon-social activity between miceinjected with AAV-hSyn-DIO-
hM3Dqg-mCherry (hM3Dq) and mice injected with AAV-hSyn-DIO-mCherry
(mCherry).Injection of CNOincreased non-social activity inhM3Dq mice but
notmCherry mice. SPF mCherry CNO vs SPFhM3Dq CNO ****P<0.0001.n=10
mCherry, 11hM3Dq mice per group (subject only). p, Relevant to Fig. 3k-m.
Diagram of guide cannulaimplantationinto the PVN to deliver VEH or CRF.

q, Non-social activity wasrecorded using the RSI paradigm in SPF mice
(subject), inthe context of SPF novel mice. Injection of CRF (low) increased
non-social activity, whereas injection of CRF (high) did not alter non-social
activity compared to VEH mice. VEH vs CRF(low) *P=0.0427, CRF(low) vs
CRF(high) *P=0.0134.n=16 VEH, 7 CRF (Iow), 9 CRF (high) mice per group
(subjectonly).r,s,Relevant to Fig. 3n-p. Diagram of guide cannula
implantationinto the DG (r) or BNST (s) to deliver VEH, CORT, or DEX.

t, Relevant to Fig. 3k-m. Correct guide cannulaimplantationinto the PVN was
validated by histological sectioning and DAPI staining for visualization of the
PVNto confirm CRF injection. The customized guide cannulasetincludes
guide cannula, injector,dummy, and cap (left). The guide cannulawas
implanted 0.5 mmabove the PVN. The tip of the guide cannulatrack canbe
visualized inthe thalamus regionin eachimplanted mouse. Theinjector was
designed toreach 0.5 mm below the tip of the guide cannula. As the injector
wasmade of 33Gfine needle, the needle track of the injector was not visible in
thebrainsliceandis depictedintheimage (middle). Enlarged image to show
the guide cannulatrack and the depicted needle track above the PVN (right).
Scalebars, 500 um. Datashown as individual points with mean +s.e.m. Data
analysed by two-way ANOVA, repeated measures (b, h, i, 0) with Bonferroni’s
multiple comparison post hoc test; two-tailed unpaired (e, f, k, I) or paired
t-test (j); one-way ANOVA with Bonferroni’s multiple comparison post hoc test
(q).*P<0.05,****P<0.0001, ND: no difference. For more statistical details,
see Supplementary Information.



Article

a b

w

o

=}
Q

il
Hm SPF
35 Jno
a2 B GF
(o)
8 9 o
CTB.488 > = FG CTB-488
0 .£200
N
m Qo
=5 )
O3
G @100 °
S'E?B:/GéF 8 c Crh-ires-Cre;Ai14D
an g o ) Vehicle and ABX
>
€0
S c
P4

0
BNST LS MeA

e f
8 c 4501 mm vehicie ] c 50) wy vehicie JND
© 54001 mm ABX T S0 mm aX
® P50 o T 400
0 = S 350
oo .S 300 o o c
<t © © 300 o
o G 250 8 58 8 o
[t — + 250
O @200 5 @
© o ©.200
o g1%0 8 2150
© O £ O o
S 500 L2 551 o
E 2 s Z 2 5
Z 0 0

BNST LS MeA PVN LS MeA

¢ g
SPF GF Vehicle ABX Vehicle ABX

BNST

CTB-488 NeuN CTB-488

CTB-488

CTB-488 NeuN

CTB-488 NeuN CTB-488

Extended DataFig.9|Retrograde neural tracing of the PVN and adBNST of
GF and ABX-treated mice. a, CTB-488 was stereotaxicallyinjected into the
PVN of GF and SPF C57BL/6) mice. The brains were removed seven days after
injection. CTB-488 retrograde tracing was visualized by confocalimaging of
brain sections counterstained with an antibody against NeuN. GF mice were
treated with ABX after surgery. b, Quantification of CTB-488" cellsin various
brainregions of SPF and GF mice.adBNST (P=0.229); LS (P=0.1373); MeA
(P=0.358).Nodifferencein CTB-488retrograde-labelled cells was detected
between SPF and GF mice.n=4 mice per group. ¢, Representative images
(from4 animals eachgroup) of CTB-488 (green) labelling and NeuN (magenta)
stainingintheadBNST, MeA, and LS of SPF and GF mice. Scale bars, 100 pm.

d, CTB-488 and Fluorogold were stereotaxically injected into the PVN and
adBNST, respectively, in vehicle and ABX Crh-ires-Cre;Ai14D mice. Brains were
removed 7 days after injection. Retrograde tracers were visualized by confocal

imaging of brain sections counterstained with antibodies. e, Quantification of
CTB-488" cellsin various brain regions of vehicle and ABX mice. No difference
in CTB-488retrograde-labelled cellswas detected between vehicleand ABX
mice.adBNSTP=0.2064,LS P=0.4332, MeA P=0.4366.n=4 mice per group.

f, Quantification of Fluorogold (FG)* cells in various brain regions of vehicle and
ABX mice. Nodifference in Fluorogold retrograde-labelled cells was detected
between vehicleand ABX mice.adBNST P=0.8922,LS P=0.8715, MeA
P=0.7284.n=4 mice per group. g, Representative images (from4 animals each
group) of CTB-488 (green) labelling, Fluorogold (blue) staining, and CRH*
tdTomato (red) cellsin the adBNST, MeA, LS, and PVN of vehicle and ABX mice.
Scalebars,100 pm. Datashownasindividual points withmean +s.e.m.Data
analysed by two-tailed unpaired t-test (b, e, f). ND: no difference. For more
statistical details, see Supplementary Information.
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Extended DataFig.10|Microbiome analysis of AVNM and AVM mice, and
identification and effects of E. faecalis. a, Quantification of c-Fos" cellsin
PVN of AVNM and AVM mice. Decreased c-Fos* cells are detected in PVN after
socialinteractionin AVM mice compared to AVNM mice.***P=0.0003.n=8
mice per group. b, Total microbial loads of faecal pellets from GF mice
receiving faecal microbial transplants from AVM- or AVNM-treated mice.
Allmeasurements performed with digital PCR and normalized to faecal pellet
weights.n=11GF-AVM, 9 GF-AVNM mice per group. ¢, Correlation between the
log,,abundance of Enterococcus as determined by taxon-specific dPCRand 16S
rRNA gene ampliconsequencing with dPCR anchoring (relative abundance of
Enterococcus measured by sequencing x total 16S rRNA gene copies measured
by dPCR).n=8mice pergroup.d, Percentage abundance of taxa from faecal
pellets of GF mice that received faecal microbial transplants from AVM- or
AVNM-treated mice.n=9 GF-AVNM, 11 GF-AVM mice per group. e, Social
activity showninFig.4iinvehicle (VEH) and ABX mice (subject) in the first RSI
test.*P=0.0321.n=8 VEH, 15 ABX mice (data from Fig. 4i).f, Enterococcus
faecalis-specific16S rRNA gene copy number in faecal pellets from ABX mice
colonized with E.f. for 3weeks and VEH or ABX mice gavaged with control
buffer. Allmeasurements performed with qPCR and normalized to faecal
bacterial6SrRNA gene. High E.f. valuesin ABX + E.f. compared to VEH + Ctrl
mice probably reflect reduced competition by other bacteria following
antibiotic treatment. The dashed line represents E.f. expressionin VEH + Ctrl
mice.VEH + Ctrlvs ABX + E.f. **P=0.002, ABX + Ctrlvs ABX + E.f. **P=0.0015.

n=3mice pergroup, subset selected from Extended DataFig.10g. g, Social
activity (relevant to Fig. 4i) following three weeks of E. faecalis colonization
using the RSl paradigmin VEH + Ctrl, ABX + Ctrl,and ABX + E.f. mice (subject).
ABX+Ctrlvs ABX+E.f. *P=0.0336.n=8 VEH +Ctrl, 8 ABX + Ctrl, 7 ABX +E.f.
mice. Note, ABX + Ctrlmice are halfthe same group used ini, and therefore
showabaselinereductioninsocial activity (datafrom Fig. 4i). h, Social activity
wastested using the RSl paradigmin SPF and GF mice and in GF mice colonized
with E.f. at the perinatal stage (subject), in the context of SPF novel mice. GF
mice colonized with E.f. display increased social activity, compared to GF
control mice. SPF vs GF *P=0.028, GF vs GF +E.f. **P=0.0066.n=6 SPF,11GF, 10
GF +E.f. mice per group (subject only). i-k, Quantification of c-Fos* cellsin
various brainregions of GF and GF +£.f. mice. Decreased c-Fos" cells were
detectedin PVN (i, *P=0.0167),adBNST (j, *P=0.0467),and DG (k, **P=0.0076)
after socialinteractionin GF + £.f. mice compared to GF mice. n=9 mice per
group for PVN; n=10 mice per group for DG; n=10 GF, 9 GF + E.f. mice per group
foradBNST. 1, Serum corticosterone concentrations show no change after
socialinteractionin GF +E.f. mice compared to GF mice. SPF vs GF P=0.959, SPF
vs GF +E.f. P=0.0585, GF vs GF + £.f. P=0.2642.n= 6 SPF, 11 GF,10 GF +E.f. mice
per group. Datashownasindividual points with mean +s.e.m. Data analysed by
two-tailed unpaired t-test (a, e, i-k); one-way ANOVA with Bonferroni’s multiple
comparison posthoctest (f-h,1).*P<0.05,**P<0.01,***P<0.001,ND: no
difference. For more statistical details, see Supplementary Information.



nature research

Last updated by author(s): Apr 15,2021

Reporting Summary

Nature Research wishes to improve the reproducibility of the work that we publish. This form provides structure for consistency and transparency
in reporting. For further information on Nature Research policies, see our Editorial Policies and the Editorial Policy Checklist.

Statistics

For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

Confirmed

>
~
Q

|X| The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement
|X| A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

lXI The statistical test(s) used AND whether they are one- or two-sided
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested
A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient)
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

O oo god

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

OO0 X X XK

X X X

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code

Policy information about availability of computer code

Data collection Zeiss Zen version 2.3.69.1018, Ethovision version 3.1.16, Ethovision XT version 15.0.1416
Data analysis Prism version 9.01 (128), Ethovision version 3.1.16, Ethovision XT version 15.0.1416, ETHOM version 1.0, ImageJ version 2.1.0/1.53c, QIIME2,
g2-Deblur 2019.10.

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 Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data
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
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

Raw data is provided for all figures with individual data points plotted or box and whisker graphs (Figures 1-4 and Extended Data Figures 1-10). The data that
support the finding of this study are available from the corresponding author upon request. 16S sequencing data that support the findings of this study have been
deposited the Sequence Read Archive (SRA) under BioProject PRINA632893. We used GreenGenes as our reference database (https://www.nature.com/articles/
ismej2011139; https://greengenes.secondgenome.com/) adapted to Qiime2 (https://docs.qiime2.org/2021.2/data-resources/).

o]
Q
==
c
=
D
=
D
wn
D
Q
=
(@)
o
=
D
o
©)
=
-]
Q
wn
C
Q
=
S

0202 [1dy




Field-specific reporting

Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

[X Life sciences [ ] Behavioural & social sciences [ | Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design

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

Sample size No statistical methods were used to calculate the sample size. Sample size was determined based on prior studies and literature in the field
using similar experimental paradigms (Reference: 5, 12, 18, 22).

Data exclusions  No data were excluded except one AVNM mouse used in Extended Data Fig. 2i-k was excluded because of sample contamination.

Replication All data were successfully replicated and data from multiple experiments were pooled at least from two independent trials. For all mouse
behavior test, the replication ranged 5-26 mice; sera corticosterone, the replication ranged 5-30 mice; IHC, the replication ranged 3-11 mice,
Gene expression, the replication ranged 3-6 mice.

Randomization  No specific randomization method was used. All mice used were randomly assigned to behavior testing, corticosterone measurement,
immunofluorescence quantification, 16S sequencing, microbiota colonization, gene expression, neuronal tracing, adrenalectomy, vagotomy,
guide cannula, genetic ablation, drug administrations, and chemogenetic experiments.

Blinding Investigators were not blind to treatment groups. The experimenters treating the mice were the same as those analyzing the data. The

treatment groups had to be clearly identified throughout the study to prevent cross contamination in the cases of gnotobiotic and antibiotic
treatment. All statistics were performed in an unbiased manner.

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.

Materials & experimental systems Methods
Involved in the study n/a | Involved in the study
Antibodies X[ ] chip-seq
Eukaryotic cell lines |Z| |:| Flow cytometry
Palaeontology and archaeology |Z| |:| MRI-based neuroimaging

Animals and other organisms
Human research participants

Clinical data
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Dual use research of concern

Antibodies

Antibodies used Primary antibodies and their dilutions were: goat anti-c-Fos (1:250; SC-52; Clone 4; Santa Cruz), mouse anti-NeuN (1:1000; MAB377;
Clone A60; Millpore Sigma), rabbit anti-oxytocin (1:10,000; 20068; Clone N/A; Immunostar), rabbit anti-vasopressin (1:2000; 20069;
Clone N/A; Immunostar), and rabbit anti-Fluorescent Gold (1:1000; AB153-I; Clone N/A; EMD Millpore Sigma). The fluorescence-
conjugated secondary antibodies were donkey anti-goat (1:1000; A-32814, A-21082, A11057; ThermoFisher Scientific), donkey anti-
rabbit (1:1000; A-21206, A-10042, A-31573; ThermoFisher Scientific), and donkey anti-mouse (1:1000; A-21202, A-10037, A-31571;
ThermoFisher Scientific).

Validation Concentration of antibodies were validated based on manufacturing instructions and serial dilutions.
Goat anti-c-Fos (1:250; SC-52; Santa Cruz): https://www.scbt.com/p/c-fos-antibody-4
Mouse anti-NeuN (1:1000; MAB377; Millpore Sigma): https://www.merckmillipore.com/TW/zh/product/Anti-NeuN-Antibody-clone-
A60,MM_NF-MAB377?ReferrerURL=https%3A%2F%2Fwww.google.com%2F
Rabbit anti-oxytocin (1:10,000; 20068; Immunostar): http://www.immunostar.com/shop/antibody-catalog/oxytocin-antibody/
Rabbit anti-vasopressin (1:2000; 20069; Immunostar) : https://www.immunostar.com/shop/antibody-catalog/vasopressin-antibody/
Rabbit anti-Fluorescent Gold (1:1000; AB153-I; EMD Millpore Sigma): https://www.merckmillipore.com/TW/zh/product/Anti-
Fluorescent-Gold-Antibody,MM_NF-AB153-I?ReferrerURL=https%3A%2F%2Fwww.google.com%2F&bd=1
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Animals and other organisms

Policy information about studies involving animals; ARRIVE guidelines recommended for reporting animal research

Laboratory animals

Wild animals
Field-collected samples

Ethics oversight

Wild-type C57BL/6J (00064), Nr3c1f/f (021021; B6.Cg-Nr3c1tm1.1Jda/J), Crh-ires-Cre (012704; B6(Cg)-Crhtm(cre)zjh/J), and Ail4D
(007914; B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J) mice were obtained through Jackson Laboratory. C57BL/6J germ-free
(GF) mice were bred in the Gnotobiotic Animal Facility at Caltech. In addition, wild-type C57BL/6JNarl mice used in SDV, brain
cannulation, chronic antibiotic intraperitoneal injection, partial colonization experiment, anxiety-like behavior were obtained through
National Laboratory Animal Center, Taiwan. All experiments were performed with male animals except for Extended Data Fig. 1j. to
avoid the confounding effect of estrous cycle. Female mice were used for breeding. All mice were group housed (2—5 mice per cage)
unless specified with a 13 h light/11 h dark cycle (lights on at 06:00) at 21-23 °C and 45-55% relative humidity within a range of 30—
70% in ventilated cages (Super Mouse 750TM, Lab Products Inc). All behavior tests were performed at 8-16 weeks of age.

The study did not use wild animals.
The study did not involve field-collected samples.
All experiments were performed in accordance with the NIH Guide for the Care and Use of Laboratory Animals using protocol

approved by California Institute of Technology (Caltech) Institutional Animal Care and Use Committee (#1411-16G and #1411-19) and
National Cheng Kung University (NCKU) Institutional Animal Care and Use Committee (#107268 and #108224).

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