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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.4|Enterococcusfaecalisrestoressocial deficits and corticosterone
levelsinmice. a, Timelineschematics forb, c, f(left) and d, e, g (right). b, Social
activity in mice treated with various antibiotic combinations (see main text).

¢, Serum corticosterone levels after social interactionin AVM-and
AVNM-treated mice.d, Social activity in GF mice receiving faecal transplants
from AVNM- or AVM-treated donor mice. e, Serum corticosterone levelsin GF
micereceiving faecal transplants from AVNM- or AVM-treated donor mice.

f, Composition of bacteria (at family level) in faeces from AVNM-and
AVM-treated donor mice. g, Enterococcusloadsin faecal pellets from GF mice
thatreceived faecal transplants from AVNM-and AVM-treated donor mice. Red
dashed line, lower limit of quantification (LLOQ). h, Timeline schematic
depicts two rounds of RSI (first, baseline 3-week ABX effects; second, 3-week
E.f.colonization effects). ABX mice colonized with E. faecalis (ABX + E.f.).
Control buffer was given to vehicle (VEH + Ctrl) and ABX (ABX + Ctrl) mice.
i,Socialactivity in VEH + Ctrl, ABX + Ctrland ABX + E.f. mice. j, Serum
corticosteronelevelsin ABX + Ctrlmice after second RSI. Datashown as
individual points withmean ts.e.m. fromat least two independent trials.
n=b,c,8;d, e, 12GF-AVNM, 14 GF-AVM; g,11GF-AVM, 9 GF-AVNM; i, 8 VEH, 8 ABX,
7 ABX +E.f.;§j,7VEH + Ctrl, 8 ABX + Ctrl,7 ABX + E.f. mice per group. One-way
ANOVA (b, j), two-way ANOVA with repeated measures (i) with Bonferroni
multiple comparison test; two-tailed unpaired t-test (c-e). NS, not significant.

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.

Enterococcusfaecalis restores 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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