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SUMMARY

Currently, there are no medications that effectively
treat the core symptoms of Autism Spectrum Dis-
order (ASD). We recently found that the bacterial
species Lactobacillus (L.) reuteri reverses social
deficits in maternal high-fat-diet offspring. How-
ever, whether the effect of L. reuteri on social
behavior is generalizable to other ASD models
and its mechanism(s) of action remains unknown.
Here, we found that treatment with L. reuteri selec-
tively rescues social deficits in genetic, environ-
mental, and idiopathic ASD models. Interestingly,
the effects of L. reuteri on social behavior are not
mediated by restoring the composition of the
host’s gut microbiome, which is altered in all of
these ASD models. Instead, L. reuteri acts in a va-
gus nerve-dependent manner and rescues social
interaction-induced synaptic plasticity in the
ventral tegmental area of ASD mice, but not in
oxytocin receptor-deficient mice. Collectively,
treatment with L. reuteri emerges as promising
non-invasive microbial-based avenue to combat
ASD-related social dysfunction.

INTRODUCTION

The prevalence of autism spectrum disorder (ASD), which is
influenced by both genetic and environmental factors (Hall-
mayer et al., 2011; Kim and Leventhal, 2015), continues to
increase worldwide (Baio et al., 2018; Kawa et al., 2017).
However, effective treatments for ASD remain elusive.
Defined as a heterogeneous neurodevelopmental disorder,
ASD is characterized by social deficits, repetitive behaviors,
and language difficulties (American Psychiatric Association,
2013). In addition to these core symptoms, ASD patients

are often afflicted with gastrointestinal (Gl) issues (Holingue
et al.,, 2018; McElhanon et al., 2014; Vuong and Hsiao,
2017). In fact, children with ASD are 3.5 times more likely to
suffer from Gl disorders than children without developmental
disorders (Schieve et al., 2012). Moreover, Gl problems have
been associated with changes in the microbial communities
inhabiting the gut of ASD individuals (Ding et al., 2017; Vuong
and Hsiao, 2017).

Studies in animal models have shown that gut microbes can
modulate central nervous system (CNS)-driven behaviors in a
very powerful way (Borre et al., 2014; Sharon et al., 2016;
Vuong et al.,, 2017). Recently, in mice, we showed that
maternal high-fat diet (MHFD) induces social deficits and a
change in the gut microbiota of offspring that is characterized
by a reduction of the commensal bacterial species L. reuteri
(Buffington et al., 2016). Consistent with these data, HFD-
induced obesity in adult mice also leads to a reduction in
the levels of L. reuteri (Sun et al., 2016). More importantly, se-
lective treatment with L. reuteri reverses the social deficits in
MHFD offspring (Buffington et al., 2016). However, whether
L. reuteri can also rescue the social deficits of ASD models
with different underlying etiologies remains unknown. Here,
we first studied whether L. reuteri is able to reverse the social
deficits in other mouse models of ASD. Surprisingly, we found
that microbial treatment with this single bacterial species res-
cues the impaired social behavior in genetic, environmental,
and idiopathic mouse models of ASD.

In addition, we sought to identify the mechanism by which a
given bacterial strain (L. reuteri) regulates a selective behavior
or disease state, which represents one of the most important
challenges in microbiome research. More specifically, inte-
grating multiple approaches, such as genetics, metagenomics,
targeted vagotomies, immunohistochemistry, electrophysi-
ology, and behavior, we began to dissect how L. reuteri impacts
brain function. At the cellular and molecular levels, we provide
new causal evidence that L. reuteri modulates social behavior
and related changes in synaptic function within the social reward
circuits via the oxytocinergic system. Moreover, at the systems
level, we found that L. reuteri modulates social behavior
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Figure 1. Shank3B™"~ Mice Exhibit Changes
in Their Microbial Composition, Reduced
L. reuteri Levels, and Social Deficits that
Were Rescued by Treatment with L. reuteri
(A) Principal coordinates analysis (PCoA) of un-
weighted UniFrac distances from the 16S rRNA
gene-sequencing dataset shows that Shank3B~~
samples clustered separately from those of WT
littermates (n = 6-7 per group; p < 0.01, R? = 0.225;
8,024 reads/sample).

(B) gPCR analysis shows lower levels of L. reuteriin
Shank3B~'~ mice (as % of total bacteria, n = 9-16
per group; WT versus Shank38~'~: Mann-Whitney
test, p < 0.0001).

(C) Schematic of experimental design.

(D) Schematic of the three-chamber task.

(E and F) In Shank3B~’~ mice, L reuteri rescued
social behavior deficits in the three-chamber test
(E, Sociability, n = 7-13 per group; WT, t =5.68, p <
0.0001; Shank3B~'~ + vehicle, t = 0.14, p = 0.99;
Shank3B~'~ + L. reuteri, t = 8.066, p < 0.0001; two-
way ANOVA, F,5, = 17.9, p < 0.0001; F, Social
Novelty, n = 7-13 per group; WT, t = 5.01, p <
0.0001; Shank3B~'~ + vehicle, t = 3.75, p < 0.01;
Shank3B~'~ + L. reuteri, t = 4.63, p < 0.0001; two-
way ANOVA, F, 5, = 0.52, p = 0.59).

(G) Schematic of the reciprocal social interaction
task.

(H) L. reuteri rescued reciprocal social interac-

E'.

+ L. reuteri tion deficits in Shank3B~/~ mice (n = 9-12 pairs
per group; WT versus Shank3B~'~ + vehicle, t =
3.03, p < 0.05; Shank3B™~ + vehicle versus

Shank3B~'~ + L. reuteri, t = 3.20, p < 0.01; WT
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independent of other microbes in the gut, and in a vagus
nerve-dependent manner. Collectively, our findings provide
new mechanistic insight into the gut-brain-axis signaling by
which L. reuteri influences central nervous system function and
selective behaviors.

RESULTS

Shank3B~~ Mice Show Alterations in the Composition of
the Gut Microbiota, and Treatment with L. reuteri
Rescues Their Social Deficits

Variants in human SHANKS3 lead to Phelan-McDermid syndrome
and other non-syndromic ASDs (Jiang and Ehlers, 2013). Mice
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versus Shank3B ™'~ + L. reuteri, t = 0.32, p > 0.99;
one-way ANOVA, F, .5 = 6.3, p = 0.0055). ns, not
significant. Plots show mean + SEM. See also
Figures S1-S5 and S15.

Reciprocal Social Interaction

o WT
o Shank3B ™
+ vehicle

o Shank3B ™
+ L. reuteri

lacking the Shankp isoform of the Shank3
gene (Shank3B~'~ mice) exhibit ASD-like
behaviors, including social deficits (Peca
et al., 2011). Given that individuals with
ASD often show changes in their gut mi-
crobial ecology (Ding et al., 2017; Vuong
and Hsiao, 2017), we wondered whether
Shank3B~~ mice display alteration of
their gut microbial composition. To
answer this question, we performed 16S
ribosomal RNA (rRNA) gene sequencing on fecal samples from
Shank3B~'~ mice and wild-type (WT) littermates, as previously
described (Buffington et al., 2016). Bacterial composition,
computed based on weighted UniFrac distances (the assess-
ment of community structure by considering abundance of oper-
ational taxonomic units, OTUs) or Shannon diversity index, was
not significantly altered in Shank3B~/~ mice compared to WT lit-
termates (Figures S1A-S1D). By contrast, the bacterial diversity
measured by unweighted UniFrac analysis, which assesses
community structure by considering only the presence or
absence of OTUs, revealed a significant difference in the phylo-
genetic profile of the microbial communities between genotypes
(Figure 1A).
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It is noteworthy that Shank3B~'~ mice were obtained from
heterozygous (Shank3B*'~) breeding, as recommended for mi-
crobiome studies (Stappenbeck and Virgin, 2016), ruling out
potential differences in maternal care and/or early life effects
of the gut microbiome. More importantly, we found that the mi-
crobiome changes depend on the genotype, but not on cage
housing conditions (the so called “cage effect”). For instance,
WT mice clustered together regardless of their cage of origin
(cage A, B, C, or D). The same is true for Shank3B~'~ (KO)
mice (Figure S2).

Moreover, we found that Shank3B~'~ mice specifically have
lower levels of L. reuteri compared to their WT littermates (Fig-
ure 1B). Thus, Shank3B~'~ mice exhibit an altered gut micro-
bial composition, including decreased L. reuteri levels in
their gut.

Social deficits are one of the most salient features of individ-
uals with ASD (American Psychiatric Association, 2013), and
Shank3B~'~ mice exhibit impaired social behavior (Peca et al.,
2011). To examine whether reduced L. reuteri levels in the gut
of Shank3B~'~ mice could account for their social behavioral
deficits, Shank3B~'~ mice were treated with either vehicle or
L. reuteri, added daily in drinking water for 4 weeks (Figure 1C).
Social behaviors were first examined in the three-chamber so-
ciability and social novelty tests, as we previously described
(Buffington et al., 2016). To test sociability, we compared the
time that the experimental mouse spent interacting with either
a stranger mouse (Mouse 1) or an empty wired cup (Empty, Fig-
ure 1D). As expected, WT mice displayed normal sociability, as
reflected by their preferential interaction with the stranger
mouse. By contrast, Shank3B~'~ mice showed no preference
for the stranger mouse over the empty cup, indicating impaired
sociability (Figure 1E). The social deficits in Shank3B™'~ mice
are not due to alterations in their olfactory ability, since olfaction
was not impaired in these mice, as determined by the buried
food test (Figure S3A). In addition, we found that, as in WT con-
trols, Shank3B~'~ mice displayed normal preference for social
novelty, as they spent more time interacting with the novel
mouse (Mouse 2) than with the familiar one (Mouse 1; Figure 1F).
Interestingly, we found that only one cohort of Shank3B
heterozygous (Shank3B*~) mice showed impaired social
behavior (Figures S4A, S4C, and S4E). Thus, given the weak
social behavior deficits in Shank3B*'~ mice, we focused on the
homozygous knockout line (Shank3B~'~ mice), which consis-
tently showed an impairment in sociability (Figures S4A, S4C,
and S4E).

Remarkably, treatment with L. reuteri rescued sociability in
Shank3B~'~ mice. Indeed, the performance of L. reuteri-treated
Shank3B~'~ mice was similar to that of WT controls (Figure 1E).
To further support these findings, we next assessed reciprocal
social interaction (Figure 1G) by measuring the amount of time
that stranger, genotype- and treatment-matched mice spent in-
teracting as pairs. Shank38~'~ mice interacted significantly less
than WT littermates, and treatment with L. reuteri reversed the
social deficits in the mutant mice (Figure 1H). It is noteworthy
that Shank3B~/~ mice are hypo-active, a condition that was
not improved by L. reuteri (Figure S5). Thus, treatment with
L. reuteri selectively reverses the ASD-like social deficits in
Shank3B~'~ mice.

The VPA Mouse Model of ASD Shows Alterations in the
Composition of the Gut Microbiota, and Treatment with
L. reuteri Rescues Its Social Deficits

Environmental factors may account for a large proportion of the
ASD cases (Hallmayer et al., 2011). In mammals, both pre- and
post-natal periods are critical developmental windows ultimately
influencing behavior during adulthood. During these early devel-
opmental periods, environmental factors can change the micro-
bial composition of the host, and affect brain physiology and
function via the so-called gut-microbiota-brain axis (Borre
etal., 2014; Sharon et al., 2016; Vuong et al., 2017). For instance,
among the environmental factors, maternal exposure to different
nutrients (e.g., HFD) and/or substances (e.g., valproic acid, VPA)
during pregnancy has been associated with ASD (Ornoy, 2009;
Sullivan et al., 2014). More specifically, clinical studies have
shown that maternal exposure to VPA, a branched short-chain
fatty acid used as an antiepileptic drug, is associated with
increased risk of ASD incidence in offspring (Christensen et al.,
2013; Ornoy, 2009). Accordingly, in rodents, VPA administration
during gestation leads to ASD-like behaviors (notably social
deficits) in offspring (Kim et al., 2017). Given that the MHFD envi-
ronmental mouse model of ASD shows social deficits that are
mediated by changes in the microbiome (Buffington et al.,
2016), we wondered whether the VPA mouse model of ASD is
also characterized by alterations in their microbial ecology.
Indeed, we found changes in the composition of the microbiota
of VPA-treated mice (Figures S6A-S6E), but L. reuteri levels were
not reduced in these mice (Figure S6F).

Given that (1) VPA alters oxytocin-mediated changes in synap-
tic transmission (Tyzio et al., 2014), (2) intranasal oxytocin res-
cues social deficits in VPA-exposed mice (Hara et al., 2017)
and other mouse models of ASD (Buffington et al., 2016; Pefia-
garikano et al., 2015), and (3) L. reuteri promotes oxytocin levels
(Buffington et al., 2016; Poutahidis et al., 2013), we next
wondered whether treatment with L. reuteri would improve the
social deficits in the offspring from VPA mice. Interestingly, un-
like treatment with vehicle, treatment with L. reuteri ameliorates
the social deficits in VPA mice (Figures S6G and S6H). Taken
together, these data demonstrate that, like in the MHFD
model, L. reuteri also corrects the social deficits in another
environmental model of ASD (VPA) with alterations in the gut
microbiome.

BTBR Mice Show Alterations in the Composition of the
Gut Microbiota, and Treatment with L. reuteri Rescues
Their Social Deficits
Several environmental and genetic factors have been identified
to be associated with increased incidence of ASD (Hallmayer
et al., 2011; Kim and Leventhal, 2015). However, the majority
of the ASD cases remain idiopathic. The BTBR T+ Itpr3tf/J
(BTBR) inbred mouse line exhibits the core ASD symptoms,
including abnormal social behavior (McFarlane et al., 2008; Scat-
toni et al., 2008). Given that no genetic variants in ASD risk genes
have been identified in the BTBR genome (Jones-Davis et al.,
2013), this model is considered an idiopathic model of ASD
(Meyza and Blanchard, 2017).

While previous studies have shown that BTBR mice harbor a
different microbial community in the gut (Coretti et al., 2017;
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Golubeva et al., 2017) and cohousing with C57BL/6J mice has
been shown to restore their social deficits (Yang et al., 2011),
the nature of the bacterial species which may be causally related
to the social behavioral deficits in this ASD model remains un-
known. Accordingly, we also found a markedly altered gut micro-
biome composition in BTBR mice compared to C57BL/6J mice
(Figures 2A and S7). Moreover, we found a specific reduction
in L. reuteri levels in BTBR mice (Figure 2B). Given that
both Shank3B~'~ and BTBR mice exhibit alterations in their gut
microbial composition and decreased L. reuteri levels and
that L. reuteri is sufficient to restore the social behavior in
Shank3B~'~ and VPA mice, we next wondered whether this se-
lective microbial intervention would also be effective in BTBR
mice. Indeed, treatment with L. reuteri improved the social defi-
cits in the three chamber and reciprocal social interaction tasks
in the BTBR mice (Figures 2C-2E). Similarly to the Shank3B~/~
mice, social deficits in BTBR mice were not due to impaired
olfaction (see Figure S3B). Taken together, our data show that
treatment with L. reuteri selectively reverses the ASD-like social
deficits in genetic, environmental, and idiopathic models of ASD.

L. reuteri Rescues Social Deficits Independent of Other
Gut Microbes

To dissect the mechanism(s) through which L. reuteri restores
social behavior, we mainly focused on the Shank3B~'~ model.
We first asked whether L. reuteri exerts its effects on social
behaviors directly, or indirectly by correcting the altered microbi-
al composition of the host. To answer this question, we first
analyzed the composition of the gut microbiota in vehicle-
treated and L. reuteri-treated Shank3B~'~ mice, as determined
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the 16S rRNA gene-sequencing dataset shows
that BTBR samples clustered separately from
C57BL/6J samples (n = 10-11 per group; p < 0.01,
R? = 0.164; 8,024 reads/sample).

(B) gPCR analysis shows lower levels of L. reuteri
(as % of total bacteria, n = 9-10 per group; C57BL/
6J versus BTBR, Mann-Whitney test, p < 0.0001) in
BTBR mice.

(C-E) In BTBR mice, L. reuteri rescued social
behavior deficits in the three-chamber test (C,
Sociability, n = 16-17 per group; C57BL/6J, t =
7.033, p < 0.0001; BTBR + vehicle, t = 0.93, p >
ke 0.99; BTBR + L. reuteri: t = 2.75, p < 0.05; two-way
ANOVA, F5 94 = 9.54, p < 0.001; D, Social Novelty,
n = 16-17 per group; C57BL/6J, t = 6.35, p <

©BTBR 0.0001; BTBR + vehicle, t = 0.67, p > 0.99; BTBR +
+ vehicle L. reuteri, t = 2.87, p < 0.05; two-way ANOVA,

©BTBR F2,04 = 7.935, p < 0.001) and the reciprocal social
+ L. reuteri

interaction test (E, n = 8-11 pairs per group;
C57BL/6J versus BTBR + vehicle, t = 3.03, p <
0.05; BTBR + vehicle versus BTBR + L. reuteri: t =
457, p < 0.001; C57BL/6J versus BTBR +
L. reuteri, t = 1.25, p = 0.67; one-way ANOVA,
F207 = 10.79, p < 0.001). ns, not significant. Plots
show mean + SEM. See also Figures S6, S7,
and S15.

by 16S rRNA gene sequencing. We found that treatment with
L. reuteri did not significantly alter the microbial profile of either
Shank3B~'~ mice (Figure 3A) or BTBR mice (Figure S8). Hence,
L. reuteri has no significant impact in the overall microbial
composition of the host.

To causally demonstrate whether the effects of L. reuteri on
social behavior are dependent on its interaction with other
members of the microbial community, mice raised under sterile
conditions (i.e., germ-free [GF] mice) were monocolonized with
L. reuteri at weaning, and social behavior was tested in
8-week-old mice. As previously described, unlike conventionally
colonized mice, GF mice displayed social deficits (Buffington
etal., 2016; Desbonnet et al., 2014). Remarkably, monocoloniza-
tion with L. reuteri was sufficient to reverse the social deficits in
GF mice (Figures 3B-3D), supporting the notion that L. reuteri
acts solo, rescuing social behavior in the absence of other mem-
bers of the community.

L. reuteri Reverses Deficits in Social Behavior via the
Vagus Nerve

It is widely accepted that there is a bidirectional gut-microbiota-
brain axis, where bacteria initiate signals that are transmitted
from the gut to the CNS, either through blood circulation or via
the vagus nerve (Borre et al., 2014; Sharon et al., 2016; Vuong
et al., 2017). If the integrity of the host’s intestinal barrier is
damaged and rendered more permeable (so-called “leaky
gut”), which occurs when the gut epithelium tight junctions are
impaired (Suzuki, 2013), bacteria and/or metabolites produced
by bacteria can enter the blood circulation. Indeed, alterations
in gut permeability have been described in individuals with
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ASD (Julio-Pieper et al., 2014; Mayer et al., 2014). Thus, we first
tested whether Shank3B™'~ mice show increased intestinal
permeability. To this end, we administered fluorescein isotho-
cyanate-dextran (FITC-dextran) by oral gavage and measured
its concentration in the serum, as described (Gupta and Ne-
breda, 2014). If the intestinal barrier is compromised in
Shank3B~'~ mice, we would expect increased FITC-dextran in
the serum of these mice. As expected, our positive control
mice administrated with dextran sodium sulfate (DSS), a chem-
ical which induces colitis, exhibited a leaky gut, as determined
by increased FITC-dextran in their serum (Figure 4A). By
contrast, compared to control littermates, Shank3B~'~ mice
showed no changes in gut permeability (Figure 4A). Accordingly,
the expression of key tight junction proteins was not altered in
Shank3B~'~ mice, as determined by reverse transcription
followed by quantitative PCR (RT-gPCR) (Figure 4B). Thus,
Shank3B~~ mice did not show major alterations in gut
permeability.

We then investigated whether, for L. reuteri, the vagus nerve
could serve as a channel of communication between the gut
and the brain. Previous studies have shown that the vagus nerve
is activated in response to specific bacteria (Perez-Burgos et al.,
2014; Perez-Burgos et al., 2013) and that the Lactobacillus spe-
cies L. rhamnosus reduces anxiety-related behavior in a vagus-
dependent manner (Bravo et al., 2011). To determine whether
the vagus nerve is required for L. reuteri to reverse the social
deficits in Shank3B~'~ mice, we performed bilateral subdiaph-
ragmatic vagotomy in these mice (Figure 4C). Control mice
(sham-operated mice) underwent the same surgical procedures,
except that the vagal branches were not transected. If the vagus
nerve is required for the relevant gut-microbiota-brain communi-
cation, L. reuteri should fail to rescue the social deficits in vago-
tomized Shank3B~'~ mice. Consistent with this hypothesis, we

D Reciprocal Social Interaction

Figure 3. L. reuteri Does Not Change the Mi-
crobial Composition of Shank3B™~ Mice and
Is Sufficient to Rescue Social Deficits in
Germ-free Mice

(A) PCoA of unweighted UniFrac distances from
the 16S rRNA gene-sequencing dataset shows
that treatment with L. reuteri did not significantly
alter the clustering of Shank3B~'~ samples (n = 6—
10 per group; p < 0.001; R% = 0.215, 8,024 reads/
sample).

(B-D) In GF mice, L. reuteri reversed social
behavior deficits in the three-chamber test (B,
Sociability, n = 8-16 per group; Controls, t = 5.44,
p < 0.0001; GF + vehicle, t = 1.87, p = 0.20; GF +
L. reuteri, t = 3.85, p < 0.001; two-way ANOVA,
F2 68 = 16.64, p < 0.0001; C, Social Novelty, n = 8-
16 per group; Controls, t = 3.00, p < 0.05; GF +
vehicle, t =1.28, p = 0.61; GF + L. reuteri, t = 4.10,
p < 0.001; two-way ANOVA, Fogs = 7.63, p =
0.0010) and the reciprocal social interaction test
(D, n = 8-13 pairs per group; Controls versus GF +
vehicle, t = 5.89, p < 0.0001; Controls versus GF +
L. reuteri, t = 0.77, p > 0.99; GF + vehicle versus
GF + L. reuteri, t = 6.03, p < 0.0001; one-way
ANOVA, F; 30 = 24.87, p < 0.0001). ns, not signifi-
cant. Plots show mean + SEM. See also Figure S8.

oWT
o Shank3B™" + vehicle
© Shank3B”"+ L. reuteri

e Control
o GF + vehicle
o GF +L. reuteri

found that L. reuteri rescued social behaviors in sham-operated,
but not in vagotomized Shank3B~'~ mice (Figures 4D and 4F).
Results from several control experiments underscore the speci-
ficity of the vagotomy to the effects of L. reuteri on social
behavior. First, the vagotomy was complete, as determined by
a food intake analysis based on the satiating effect of cholecys-
tokinin-octapeptide (CCK-8), which depends on the vagus nerve
(Joyner et al., 1993; Figure S9A). Second, social behavior was
similar in WT-sham and WT-vagotomized mice (Figures S9B-
S9D). Moreover, preference for social novelty, which is not
impaired in Shank3B~'~ mice, was not affected by the vagotomy
(Figure 4E), indicating that the vagotomy itself had no effect on
social behavior. Third, vagotomy did not affect motor behavior
(Figures S9E-S9H). Finally, intranasal oxytocin-treatment, which
bypasses the gut-microbiota-brain communication channel,
restored social behaviors in vagotomized Shank3B~'~ mice
(see Figures 6D and 6E), demonstrating that the vagotomy pro-
cedure did not prevent the animals’ ability to perform the social
task. Thus, L. reuteri reversed the social deficits in Shank3B~/~
mice in a vagus nerve-dependent manner.

Oxytocin Rescues Social Behavioral Deficits in Genetic,
Environmental, and Idiopathic Models of ASD

Oxytocin modulates numerous aspects of social behaviors and
is implicated in ASD (Donaldson and Young, 2008; LoParo and
Waldman, 2015). Treatment with oxytocin reverses social defi-
cits in several mouse models of ASD (Buffington et al., 2016;
Hara et al., 2017; Harony-Nicolas et al., 2017; Pefagarikano
et al., 2015). Additionally, it is known that vagal nerve fibers proj-
ect to the PVN (Sabatier et al., 2013; Uvnas-Moberg et al., 2015),
a brain region where oxytocin is produced, and that neuronal
activity in the PVN induced by bacterial colonization is blocked
by subdiaphragmatic vagotomy (Wang et al., 2002). Finally,
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Figure 4. Shank3B™~ Mice Show No Alterations in Intestinal Permeability, and L. reuteri Fails to Improve Social Behavior in Vagotomized

Shank3B™~ Mice

(A) Intestinal permeability assay by FITC intensity shows no difference between Shank3B '~ mice and WT littermates (n = 6-7 per group; WT + DSS versus WT,
t=3.17, p < 0.05; WT+ DSS versus Shank3B~/~, t = 3.95, p < 0.01; WT versus Shank3B~'~, t = 0.81, p > 0.99; one-way ANOVA, F5 17 = 8.6, p = 0.0026).

(B) Expression of gut tight junction components was unaltered in Shank3B ™'~ mice, as determined by RT-gPCR (n = 5-6 per group; WT versus Shank3B~'~, Cdh1
t=0.17,p >0.99; Ocin t = 0.13, p > 0.99, Cldn5 t = 1.03, p > 0.99; Jam1 t = 0.87, p > 0.99; one-way ANOVA, F3 39 = 0.62, p = 0.60).

(C) Schematic of the vagotomy experimental design.

(D-F) In vagotomized Shank3B '~ mice, L. reuteri failed to reverse social behavior deficits in the three-chamber test (D, Sociability, n = 7 per group; Shank3B '~
Sham + L. reuteri, t = 3.22, p < 0.05; Shank3B~'~ Vagotomized + L. reuteri, t = 1.33, p = 0.35; two-way ANOVA, F4 5, = 10,4, p = 0.003; E, Social Novelty, n = 7 per
group; Shank3B~'~ Sham + L. reuteri, t = 2.56, p < 0.05; Shank3B~'~ Vagotomized + L. reuteri: t = 2.60, p < 0.05; two-way ANOVA, F4 5, = 0.028, p = 0.86) and
reciprocal social interaction test (F, n = 6-7 pairs per group; Shank3B~/~ Sham + L. reuteri versus Shank3B '~ Vagotomized + L. reuteri, Mann-Whitney Test p <

0.01). DSS, dextran sodium sulfate; ns, not significant. Plots show mean + SEM.

stimulation of the vagus nerve can promote oxytocin release
(Stock and Uvnas-Moberg, 1988).

We and others have shown that L. reuteri increases oxytocin
levels (Buffington et al., 2016; Poutahidis et al., 2013). Interest-
ingly, we found a reduction in oxytocin-positive neurons in
the PVN (Figure 5A) of Shank3B~'~ mice compared to WT litter-
mates (Figures 5B and 5C). The number and fluorescence inten-
sity of NeuN-positive neurons did not change in the PVN of
Shank3B~'~ mice (Figures 5B, 5D, and 5F), indicating that the
decrease in oxytocin-positive neurons in Shank3B~'~ was not
due to a decrease in the total number of neurons. As expected,
L. reuteri treatment increased both the number and fluorescence
intensity of oxytocin-positive neurons in Shank3B~'~ mice (Fig-
ures 5B, 5C, and 5E).

Given that L. reuteri treatment promotes oxytocin immunore-
activity in the PVN of Shank3B~'~ mice and rescues their social
deficits, we hypothesized that oxytocin administration would
also reverse the social deficits in Shank3B~'~ mice. As pre-
dicted, intranasal oxytocin (Figure 6A) reversed the social defi-
cits in Shank3B~'~ mice (Figures 6B, 6C, and S10A). Moreover,
oxytocin improved the social behaviors that are deficient in
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See also Figure S9.

VPA (Figures S11A and S11B), BTBR mice (Figures S11C-
S11E), and partially in GF mice (Figures S11F-S11H), all models
in which L. reuteri effectively rescues their social deficits. Inter-
estingly, like L. reuteri treatment, oxytocin had no effect on the
hypo-activity behavior in the Shank3B~'~ mice (Figures S10B
and S10C). Together, these data suggest that oxytocinergic
signaling is involved in the mechanism of action by which
L. reuteri selectively restores social behavior in several ASD
mouse models.

L. reuteri Restores Social Interaction-Induced Synaptic
Potentiation in the Ventral Tegmental Area of
Shank3B™~ Mice, but Not in Mice Lacking the Oxytocin
Receptor in Dopaminergic Neurons

Brain regions responding to naturally rewarding stimuli, including
the ventral tegmental area (VTA) and the nucleus accumbens
(NAc), are crucially involved in social behaviors (Ddlen et al.,
2013; Gunaydin et al., 2014; Huang and Hessler, 2008). In addi-
tion, oxytocin-expressing neurons in the PVN project to the VTA
(Melis et al., 2007). Oxytocin activates VTA neurons in both mice
and humans, influencing the processing of socially relevant cues
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Figure 5. L. reuteri Treatment Corrects
Oxytocin Levels in the PVN of the Hypothal-
amus of Shank3B™'~ Mice

(A) Representative images of oxytocin-positive
neurons at different antero-posterior levels of the
PVN of control mice.

(B) Oxytocin immunoreactivity in the PVN of WT

and Shank3B ™'~ mice treated with either vehicle or
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2 00 2 00 ure 7B). By contrast, the same procedure

(Gregory et al., 2015; Groppe et al., 2013; Hung et al., 2017; Tang
et al., 2014; Xiao et al., 2017), and oxytocin receptor blockade in
the VTA prevents social attachment in rodents (Pedersen et al.,
1994). Moreover, optogenetic stimulation of VTA-NAc projec-
tions promotes social interaction (Gunaydin et al., 2014). Social
interaction, which can be particularly rewarding, triggers synap-
tic potentiation in VTA dopamine (DA) neurons of both birds
(Huang and Hessler, 2008) and mice (Buffington et al., 2016).
Since the oxytocinergic system is impaired in Shank3B~/~
mice, we hypothesized that social interaction-induced VTA plas-
ticity would be deficient in these mice. To test this hypothesis,
we recorded direct social interaction-evoked long-term
potentiation (LTP) in VTA DA neurons (Figures 7A and S12A-
S12C) by measuring the ratio of alpha-amino-3-hydroxy-5-

failed to induce synaptic potentiation

in Shank3B™'~ mice (Figure 7B). The
inability to induce social interaction-induced synaptic potentia-
tion in Shank3B~'~ VTA DA neurons was not due to changes
in baseline activity or to the failure to respond to any stimuli.
In fact, baseline AMPAR/NMDAR ratios were similar in
Shank3B~'~ mice and WT littermates (Figure 7B), and a single in-
jection of cocaine, which has been shown to increase the
AMPAR/NMDAR ratio in VTA DA neurons (Huang et al., 2016;
Ungless et al., 2001; Figure S12D), evoked LTP in VTA DA neu-
rons of Shank3B~'~ mice (Figure 7B). Thus, the synaptic poten-
tiation associated specifically with social reward is impaired in
Shank3B~'~ mice. More importantly, we found that L. reuteri res-
cues the deficits in social interaction-induced VTA plasticity in
Shank3B~'~ mice (Figure 7B). Consistent with the notion that
the effect of L. reuteri on social behavior is mediated by oxytocin,
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o Shank3B~- + vehicle
o Shank3B™~ + oxytocin

Figure 6. Oxytocin Administration Rescues
Social Deficits in Both Shank3B™~ and
Shank3B~~ Vagotomized Mice

(A) Schematic of experimental design.

(B and C) In Shank3B~'~ mice, oxytocin improved
social behavior deficits in the three-chamber test
(B, Sociability, n=8-10 per group; WT, t=3.84, p <
0.01; Shank3B~~ + vehicle, t = 0.28, p > 0.99;
Shank3B ™'~ + oxytocin, t = 2.88, p < 0.05; two-way
ANOVA, Fj4s = 2.94, p = 0.06) and reciprocal
social interaction test (C, n = 7-9 pairs per
group; WT versus Shank3B~'~ + vehicle, t = 2.70,
p <0.05; Shank3B~'~ + vehicle versus Shank3B /'~ +
oxytocin, t=4.02, p <0.01; WT versus Shank3B~'~ +
oxytocin, t = 1.45, p = 0.49; one-way ANOVA, F5 19 =
0.0025).

(D and E) In Shank3B~/~ vagotomized mice,
oxytocin also improved social behavior deficits in
the three-chamber test (D, Sociability, n = 7 per
group; Shank3B~'~ Vagotomized + L. reuteri, t =
1.35, p = 0.33; Shank3B~’~ Vagotomized +
oxytocin, t = 2.76, p < 0.05, two-way ANOVA,
Fi24 = 8.46, p = 0.0077) and reciprocal social
interaction test (E, n = 5-6 pairs per group;
Shank3B~'~ Vagotomized + L. reuteri versus
Shank3B~/~ Vagotomized + oxytocin, Mann-
Whitney Test, p < 0.05). ns, not significant. Plots
show mean + SEM. See also Figures S10and S11.
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intranasal oxytocin administration also rescued the impaired LTP
in VTA DA neurons from Shank3B~'~ mice (Figure 7B). Hence,
social interaction-induced synaptic plasticity is impaired in
Shank3B™'~ mice but restored by treatment with L. reuteri or
oxytocin.

Because PVN-VTA oxytocinergic projections are crucially
involved in social behaviors (Hung et al.,, 2017; Xiao et al.,
2017) and that L. reuteri and oxytocin restore social interac-
tion-induced plasticity in VTA DA neurons of ASD models (Buf-
fington et al., 2016; Figure 7B), we wondered whether the effect
of L. reuteri on social behavior and related changes in social-
induced plasticity in the VTA depends on oxytocin signaling.
To answer this question, we conditionally deleted oxytocin re-
ceptors (Oxtr) in DA neurons (see STAR Methods). Deletion of
Oxtr in DA neurons in DA-Oxtr~’~ mice had no impact on the
levels of L. reuteri in the gut (Figure S13). However, compared
to control mice, we found that mice lacking Oxtr in DA neurons
(DA-Oxtr~'~) were socially impaired (Figure 7C), consistent with
a recent report (Hung et al., 2017).

Strikingly, treatment with either L. reuteri or oxytocin failed to
rescue the deficits in social behaviors (Figure 7C) and related
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tration of the selective oxytocin receptor

antagonist L-371,257 to Shank3B~/~
mice prevented the prosocial effects associated with L. reuteri
treatment (Figure S14). Collectively, these data show that
L. reuteri treatment promotes social behaviors and social inter-
action-mediated synaptic potentiation in an oxytocin-depen-
dent manner.

DISCUSSION

Traditionally, when we think about the etiology and symptom-
atology of ASD, we think about the brain. However, recent dis-
coveries that gut microbes could modulate brain function and
behavior have added a whole new dimension to this classic
view. A large body of preclinical literature supports the notion
of a bidirectional communication system linking the gut and
the brain, known as the gut-microbiota-brain axis (Borre et al.,
2014; Sharon et al., 2016; Vuong et al., 2017). Foundational
studies have shown that GF mice or mice treated with a broad
spectrum of antibiotics show behavioral abnormalities, including
endophenotypes associated with ASD (Arentsen et al., 2015;
Bercik et al., 2011a; Desbonnet et al., 2014; Diaz Heijtz et al.,
2011; Leclercq et al., 2017; Neufeld et al., 2011).
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While most of the focus in the ASD field has been on either ge-
netic or environmental factors associated with the disorder, the
gut microbiome lies at the interface between the host and its
environment. Moreover, Gl symptoms and changes in gut micro-
bial composition are common in ASD individuals (Vuong and
Hsiao, 2017). Indeed, while some patients with ASD present a
decreased Bacteroidetes/Firmicutes ratio (Strati et al., 2017; To-
mova et al., 2015), others show the opposite result (De Angelis
et al., 2013; Zhang et al., 2018). We found that Shank3B~/~
mice show no significant difference in abundance of the two
phyla, but the BTBR and VPA models show an increased Bacter-
oidetes/Firmicutes ratio compared to control mice (Figure S15).
Hence, like in humans, changes in the Bacteroidetes/Firmicutes
ratio may not be a reliable microbial signature associated with
ASD-like behaviors, at least in the ASD mouse models studied
here. More importantly, experiments in mouse models have
shown that gut microbes can modulate endophenotypes tradi-
tionally associated with brain-centered disorders, including
ASD (Buffington et al., 2016; Hsiao et al., 2013). Regardless of
the initial insult triggering the disorder (genetic or environmental)
and the extent of the alterations to the intestinal microbial
communities, we found that L. reuteri reverses social deficits in
genetic, environmental, and idiopathic models of ASD. Thus,
our data (in mice) support the idea that microbial therapies could
ameliorate specific endophenotypes associated with ASD. More
importantly, while most of the studies in the microbiome field so
far have been correlational in nature, where the composition of
the microbiota is associated to a particular behavioral or disease
state, we began to mechanistically dissect how a particular
microbe in the gut impacts brain function and behavior. Our re-
sults showing that L. reuteri is able to reverse the social deficits
in different mouse models of ASD hold promise for novel thera-
pies in human patients. However, the gut-microbiota-brain axis
is an emerging field, and to ensure the success of microbial-
based therapies for neurological disorders, we believe that first
it would be important to establish a set of defined and objective
criteria for transitioning into human clinical trials. We discuss
some of these criteria below:

First, it would be important that the bacterial strain(s) restores
the behavioral deficits of interest (e.g., social deficits) in multiple
models of a disease, demonstrating the robustness of the micro-
bial intervention. Specifically, we have shown that L. reuteri res-
cues social deficits in several mouse models of ASD, including a
genetic model (Shank3B~'7), three environmental models (VPA,
GF, and MHFD; Buffington et al., 2016), and an idiopathic model
(BTBR) of ASD (Figures 1, 2, 3, and S6). Future experiments to
assess whether L. reuteri is also effective in non-mouse models
of ASD, such as rats (Harony-Nicolas et al., 2017) or even non-
human primates (Zhao et al., 2017), would provide an even
stronger rationale for moving toward developing therapies for
humans. For instance, studying the effect of L. reuteri in pigs
would be revealing, since their Gl tract is more similar to that
of humans (Zhang et al., 2013). However, to our knowledge,
pig models with social deficits are not currently available.

Second, it will be of great significance to determine whether
the effect of the candidate microbe(s) is direct or indirect—that
is, whether the microbe itself is driving the effect or instead
modulating the abundance and/or function of other members

of the microbial community, which in turn affect behavior. If the
latter case, it would be key to define which member(s) of the
community is the main player(s). This may ultimately determine
whether the therapy will be based on only one microbe (mono-
therapy) or a combination of bacteria (probiotic cocktail; Olson
et al., 2018). Surprisingly, we found that L. reuteri alone is
sufficient to reverse the social behavioral deficits in GF mice,
demonstrating that its effect on social behavior does not depend
on other members of the microbial community (Figure 3).

Third, there should be a minimal understanding of the mecha-
nism through which the gut microbe of interest modulates
behavior. In this regard, we found that the L. reuteri-mediated
rescue of social behavior depends on oxytocinergic and dopami-
nergic reward systems. We and others have previously provided
correlational evidence that L. reuteri increases oxytocin levels
(Buffington et al., 2016; Poutahidis et al., 2013), but causal evi-
dence linking L. reuteri and oxytocin signaling during social
behavior was missing. Here, we show that L. reuteri reverses
the social deficits in several mouse models of ASD (Figures 1E-
1H, 2C-2E, 3B-3D, and S6G), but it fails to do so in mice lacking
oxytocin receptor specifically in dopaminergic neurons (DA-
Oxtr~'~ mice, Figure 7C). Moreover, in Shank3B~/~ mice in which
oxytocin receptors were pharmacologically blocked, treatment
with L. reuteri was not longer able to reverse the social deficits
in these mice (see Figure S14). Accordingly, like L. reuteri,
oxytocin reverses the social deficits in all of the other ASD mouse
models tested (MHFD, VPA, GF, BTBR, and Shank3B~'~ mice;
see Figures 6 and S11 and Buffington et al., 2016), but not in
DA-Oxtr~'~ mice (Figure 7C). Thus, our genetic and pharmaco-
logical results support the concept that the effect of L. reuteri
on social behavior depends on the oxytocinergic systems.

In addition, we have previously found that social interaction-
induced LTP in VTA DA neurons was impaired in MHFD mice
and that L. reuteri reverses these long-lasting synaptic changes
that likely underlie the social deficits (Buffington et al., 2016).
However, it was not clear whether this form of plasticity was
also impaired in genetic models of ASD. Here we found that,
like the environmental MHFD model, genetic models of ASD
(Shank3B~~ and DA-Oxtr~'~) exhibit impaired social interac-
tion-induced VTA plasticity and social behavior (Figures 1 and
7), indicating that there may be a convergent cellular and synap-
tic mechanism underlying the neuropathology associated with
ASD. More importantly, treatment with both L. reuteri and
oxytocin reverses the social interaction-induced LTP in VTA DA
neurons from Shank3B~/~ mice, but it fails to do so in DA-
Oxtr”’~ mice (Figure 7D), consistent with the idea that
L. reuteri-mediated increase in oxytocin enhances the salience
and rewarding value of social stimuli. Accordingly, the release
of oxytocin from PVN neurons onto VTA DA neurons increases
excitability during social interaction (Hung et al., 2017). Taken
together, these data support the notion that social behavior
(and its mechanisms) can be also studied at the cellular level
by measuring changes in synaptic plasticity in VTA dopami-
nergic neurons upon social interaction.

Moreover, our new results identified the main communication
channel between the gut and the brain through which L. reuteri
improves social behaviors in mouse models of ASD (Figures
4D-4F). It has been previously shown that microbes could
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Figure 7. L. reuteri Rescues the Impaired Social Interaction-Induced Synaptic Plasticity in VTA DA Neurons of Shank3B™'~ Mice, but Not in
Mice Lacking Oxytocin Receptors

(A) Schematic of electrophysiology experiments.

(B) AMPAR/NMDAR ratio in lateral VTA DA neurons recorded at baseline and 24 hr after reciprocal social interaction (n = 6-8; WT baseline versus Shank3B '~ +
vehicle baseline, t = 1.81, p > 0.99; WT baseline versus WT social interaction, t = 5.70, p < 0.0001; WT baseline versus Shank3B~'~ + vehicle social interaction, t =
0.29, p > 0.99; WT baseline versus Shank3B~'~ + L. reuteri, t =1.07, p > 0.99; WT baseline versus Shank3B~'~ + L. reuteri social interaction, t = 4.04, p<0.01; WT
baseline versus Shank3B~'~ + cocaine, t = 3.64, p < 0.05; WT baseline versus Shank3B~'~ + oxytocin social interaction, t = 4.29, p < 0.01; Shank3B~'~ baseline +
vehicle versus WT social interaction, t = 7.51, p < 0.0001; Shank3B ™'~ + vehicle baseline versus Shank3B~/~ + vehicle social interaction, t = 1.58, p > 0.99;
Shank3B~'~ + vehicle baseline versus Shank3B~'~ + L. reuteri, t = 0.66, p>0.99, Shank3B~'~ + vehicle baseline versus Shank3B '~ + L. reuteri social interaction,
t=5.78, p < 0.0001; Shank3B~/~ + vehicle baseline versus Shank3B~/~ + cocaine, t = 5.38, p < 0.0001; Shank3B~'~ + vehicle baseline versus Shank3B~'~ +
oxytocin social interaction t = 6.1, p < 0.0001; WT social interaction versus Shank3B~'~ + vehicle social interaction, t = 6.18, p < 0.0001; WT social interaction
versus Shank3B ™'~ + L. reuteri, t = 6.55, p < 0.0001; WT social interaction versus Shank3B~~ + L. reuteri social interaction, t = 1.43, p > 0.99; WT social interaction
versus Shank3B~'~ + cocaine, t = 1.83, p > 0.99; WT social interaction versus Shank3B~'~ + oxytocin social interaction, t = 1.41, p > 0.99; Shank3B~'~ + vehicle
social interaction versus Shank3B '~ + L. reuteri, t = 0.82, p > 0.99; Shank3B~'~ + vehicle social interaction versus Shank3B /'~ + L. reuteri social interaction, t =
4.44, p < 0.01; Shank3B~'~ + vehicle social interaction versus Shank3B~/~ + cocaine, t = 4.03, p < 0.01; Shank3B~'~ + vehicle social interaction versus
Shank3B~'~ + oxytocin social interaction, t = 4.72, p < 0.001; Shank3B~'~ + L. reuteri versus Shank3B~'~ + L. reuteri social interaction, t = 4.93, p < 0.001;
Shank3B~'~ + L. reuteri versus Shank3B~'~ + cocaine, t = 4.55, p <0.01; Shank3B~'~ + L. reuteri versus Shank3B~'~ + oxytocin social interaction, t =5.19, p <
0.001; Shank3B~'~ + L. reuteri social interaction versus Shank3B~'~ + cocaine, t = 0.38, p > 0.99; Shank3B '~ + L. reuteri social interaction versus Shank3B ™/~ +
oxytocin social interaction, t = 0.07, p > 0.99; Shank3B ™~ + cocaine versus Shank3B /'~ + oxytocin social interaction, t = 0.47, p > 0.99; one-way ANOVA, F7 46 =
16.68, p < 0.0001). Representative AMPA and NMDA traces are shown above each group.

(C) Reciprocal social interaction was impaired in DA-Oxtr '~ mice, and neither L. reuteri or oxytocin reversed the social deficits in these mice (n = 10-12 pairs per
group; Controls versus DA-Oxtr~’~ + vehicle, t = 6.095, p < 0.0001; Controls versus DA-Oxtr~’~ + L. reuteri, t = 5.517, p < 0.0001; Controls versus DA-Oxtr’~ +
oxytocin, t =5.148, p < 0.0001; DA-Oxtr~'~ + vehicle versus DA-Oxtr '~ + L. reuteri, t = 0.6059, p>0.99; DA-Oxtr~’~ + vehicle versus DA-Oxtr '~ + oxytocin, t =
0.8639, p > 0.99; DA-Oxtr '~ + L. reuteri versus DA-Oxtr '~ + oxytocin, t = 0.2712, p > 0.99; one-way ANOVA, F3 41 = 15.34, p < 0.0001).

(D) AMPA/NMDA ratio of DA neurons in the lateral VTA at baseline and 24 hr after reciprocal social interaction (n = 6-7 per group; DA-Oxtr~'~ + vehicle social
interaction versus DA-Oxtr~’~ social interaction + L. reuteri, t = 0.02, p>0.99; DA-Oxtr~’~ + vehicle social interaction versus Controls baseline, t = 0.40, p>0.99;
DA-Oxtr~’~ + vehicle social interaction versus DA-Oxtr '~ + cocaine, t = 5.47, p < 0.0001; DA-Oxtr~’~ + vehicle social interaction versus DA- Oxtr '~ + vehicle, t =
0.44, p > 0.99, DA-Oxtr~'~ + vehicle social interaction versus Controls social interaction, t = 4.92, p < 0.001; DA-Oxtr~'~ + vehicle social interaction versus DA-
Ooxtr’~ + oxytocin social interaction, t = 0.089, p > 0.99; DA-Oxtr /= 4+ L. reuteri social interaction versus Controls baseline, t = 0.37, p > 0.99; DA-Oxtr (s
L. reuteri social interaction versus DA- Oxtr '~ + cocaine, t = 5.49, p < 0.0001; DA-Oxtr~'~ + L. reuteri social interaction versus DA-Oxtr '~ + vehicle, t = 0.47,

(legend continued on next page)
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modulate anxiety and depression-related behaviors via the va-
gus nerve (Bercik et al., 2011b; Bravo et al., 2011). Moreover, a
recent report shows that optogenetic stimulation of the vagal
gut-to-brain axis modulates reward-related behavior (Han
et al., 2018), indicating that the vagus nerve connects the gut
to the brain reward system. Coincidetally, we found that changes
in the gut microbiome could influence long-lasting changes in
synaptic efficacy in the mesolimbic dopamine reward system
underlying social behaviors (Figure 7 and Buffington et al.,
2016). In addition, here we provide new evidence that the vagus
nerve is a central gut-brain communication pathway by which
L. reuteri promote social behavior (Figures 4D-4F). While bacte-
ria can interact with the vagus nerve via intrinsic primary afferent
neurons (Perez-Burgos et al., 2014), further studies are neces-
sary to investigate how precisely L. reuteri interacts with the va-
gus nerve. For instance, according to a recent report, cells from
the gastrointestinal tract with a primarily endocrine function (en-
terodocrine cells) form synapses with vagal afferents (Kaelberer
etal., 2018). It would be interesting to examine whether L. reuteri
signals to the brain via alteration of the enterodocrine cell func-
tion or specifically by promoting synaptic function between
these cells and vagal afferents.

Lastly, given that vagus nerve stimulation, like L. reuteri treat-
ment, increases oxytocin levels (Stock and Uvnas-Moberg,
1988) and transcutaneous vagus nerve stimulation enhances
facial emotion recognition in humans (Sellaro et al., 2018),
it would be interesting to examine in future experiments
whether selective stimulation of vagal afferents improves social
behaviors.

Fourth, to corroborate the validity of the microbial-based ther-
apy, the effect of the probiotic treatment on behavior should be
reproduced by other laboratories. Indeed, consistent with our re-
sults, an independent study by Tabouy et al. (2018) has recently
found that L. reuteri successfully corrects social deficits in
Shank3B~'~ mice.

Finally, the microbial treatment must be safe and long-lasting
in humans. While probiotics are generally believed to be safe,
safety assessments (e.g., toxicity, genetic stability, and potential
pathogenicity) of the microbial treatment of interest need to be
performed. Accordingly, in terms of safety, an L. reuteri strain
used in infants (Indrio et al., 2014) has received a certification
of Generally Recognized as Safe (GRAS) for use in humans by
the FDA. Moreover, when compared to (1) the transient effect
on behavior associated with intranasal administration of
oxytocin (Neumann et al., 2013; Pefagarikano et al., 2015), (2)
the high amount of intranasal oxytocin needed to effective
improve behavior in humans (Leng and Ludwig, 2016), and (3)
the potential risk of oxytocin receptor desensitization (Robinson
et al., 2003) associated with the long-term administaration of
high dose of oxytocin, L. reuteri emerges an intriguing non-inva-

sive therapeutic alternative to persistently increase “endoge-
nous” oxytocin levels in the brain. Therefore, in view of the robust
and consistent reversal of social behavioral deficits by L. reuteri
in several ASD mouse models and its safety profile, it would be
interesting to examine whether L. reuteri is able to improve social
behavior in individuals with ASD in future studies.
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STARXMETHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Oxytocin Antibody ImmunoStar Cat# 20068; RRID:AB_572258
Anti-NeuN Millipore Cat# MAB377; RRID:AB_2298772

VECTASHIELD Mounting Medium with DAPI
antibody

Goat anti-rabbit Alexa Fluor 488
Goat anti-mouse Alexa Fluor 594

Vector Laboratories

ThermoFisher Scientific
ThermoFisher Scientific

Cat# H-1200; RRID:AB_2336790

Cat# R37116; RRID:AB_2556544
Cat# A-21125; RRID:AB_2535767

Bacterial and Virus Strains

Lactobacillus reuteri MM4 Provided by Robert A. Britton N/A
Laboratory
Chemicals, Peptides, and Recombinant Proteins
Isofluorane Henry Schein Animal Health Cat# 029405
Oxytocin Tocris Bioscience Cat# 1910
L-371,257 Tocris Bioscience Cat# 2410
Paraformaldehyde Sigma-Aldrich Cat# P6148
CCK-8 Sigma-Aldrich Cat# C2175
FITC-Dextran 4KDa Sigma-Aldrich Cat# FD4
Triton X-100 Bio-Rad Cat# 1610407
Dimethyl sulfoxide (DMSO) Sigma-Aldrich Cat# 472301
Picrotoxin Sigma-Aldrich Cat# P1675
DL-APV Sodium Salt Tocris Bioscience Cat# 3693
Valproic Acid Sigma-Aldrich Cat#P4543
SR-Buprenorphine ZooPharm Cat# BZ8069317
Cocaine hydrochloride Sigma Aldrich Cat# C5776
Gelatine from bovin skin Sigma Aldrich Cat# G9391
Critical Commercial Assays
MO BIO PowerSoil DNA Isolation Kit MO BIO Laboratories Cat# 12888
DNeasy Blood&Tissue Kit Quiagen Cat# 69504
RNeasy Plus Universal Minikit Quiagen Cat# 73404

Superscript VILO cDNA synthesis kit

Invitrogen (ThermoFhisher Scientific)

Cat# 11754050

Experimental Models: Organisms/Strains

Shank3B*'~ mice
C57BL/6J mice
BTBR mice
DAT-Cre mice
Oxtrfl/ﬂ

GF mice

The Jackson Laboratory
The Jackson Laboratory
The Jackson Laboratory
The Jackson Laboratory
Benjamin R. Arenkiel laboratory

Center for Comparative Medicine
(CCM) of Baylor College of Medicine

Cat# 017688
Cat# 000664
Cat# 002282
Cat# 020080
Lee et al., 2008
N/A

Oligonucleotides

L. reuteri primers: Forward,
5'GAAGATCAGTCGCAYTGGCCCAA-3'; Reverse,
5-TCCATTGTGGCCGATCAG-3’

General bacteria primers: Forward,
5'-ACTCCTACGGGAGGCAGCAG-3'; Reverse,
5-ATTACCGCGGCTGCTGG-3'

Sigma-Aldrich

Sigma-Aldrich

Sun et al., 2016

Sun et al., 2016

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Cdh1 primers: 5'-TCCTTGTTCGGCTATGTGTC-3, Sigma-Aldrich Holmes et al., 2006

5'-GGCATGCACCTAAGAATCAG-3'

Cldn5: 5'-GTGGAACGCTCAGATTTCAT-3, Sigma-Aldrich Holmes et al., 2006

5-TGGACATTAAGGCAGCATCT-3'

Ocln primers: 5'-GCTGTGATGTGTGTGAGCTG-3/, Sigma-Aldrich Holmes et al., 2006

5'-GACGGTCTACCTGGAGGAAC-3

Jam1 primers: 5-~-ACCCTCCCTCCTTTCCTAC-3', Sigma-Aldrich Holmes et al., 2006

5'-CTAGGACTCTTGCCCAATCC-3

Actb primers: 5'-CTCTTCCAGCCTTCCTTCCT-3/, Sigma-Aldrich Holmes et al., 2006

5-TGCTAGGGCTGTGATCTCCT-3

Software and Algorithms

Anymaze Stoelting https://www.stoeltingco.com/anymaze/video-
tracking/software.html

AxioVision Carl Zeiss Microimaging https://www.zeiss.com/microscopy/us/

Graphpad Prism 7.0

Graphpad Software

downloads/axiovision-downloads.html

http://www.graphpad.com/

Adobe lllustrator CS6 Adobe N/A

Adobe Photoshop CS6 Adobe N/A

FLUOstar OPTIMA BMG LABTECH https://www.bmglabtech.com/downloads/
pClamp 10 Molecular Device N/A

USEARCH v7.0.1090 Edgar, 2010 N/A

Imaged NIH https://imagej.nih.gov/ij/download.html
Miseq Software lllumina https://support.illumina.com/sequencing/

sequencing_software/miseq_reporter/
downloads.html

StepOne Software Applied Biosystem (Life http://www.thermofisher.com/us/en/home/
Technology-ThermoFisher technical-resources/software-downloads/
Scientific) StepOne-and-StepOnePlus-Real-Time-PCR-

System.html

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Mauro
Costa-Mattioli (costamat@bcm.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

C57BL/6J, Shank3B*'~ mice, DAT-cre mice, and BTBR mice were obtained from Jackson Laboratories (Bar Harbor, ME) and
Oxtrox/1ox mice were previously described (Lee et al., 2008). Shank3B~'~ mice were generated from Shank3B*'~ x Shank3B*/~
breeding and littermates were cohoused according to sex. DA-Oxtr~~ (DAT-cre, Oxtr™") mice were generated by crossing
DAT-cre mice to Oxtr" mice and cohoused by genotype and sex. All mice were kept on a 12 hr light/dark cycle and had ac-
cess to food and water ad libitum. Germ-free (GF) mice (C57BL/6J background) were housed in a flexible isolator fed with
HEPA-filtered air and provided with irradiated food and water at the Baylor College of Medicine gnobiotic facility. The VPA
mice were generated by administrating a single dose of valproic acid sodium salt (Sigma Aldrich) to a pregnant C57BL/6J
female at embryonic day 12.5 (Lim et al., 2017). The offspring from either vehicle-injected or VPA-injected females were
used as control and VPA mice respectively. For all the mouse models, only male mice were included in the study and at least
two litters were used for each experiment. Animal care and experimental procedures were approved by Baylor College of
Medicine’s Institutional Animal Care and Use Committee in accordance with all guidelines set forth by the U.S. National In-
stitutes of Health.
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METHOD DETAILS

16S rRNA Gene Sequencing

16S rRNA gene sequencing was performed as previously described (Buffington et al., 2016). Methods were adapted from protocols
provided for the NIH-Human Microbiome Project (Methé et al., 2012; Human Microbiome Project Consortium, 2012). Bacterial
genomic DNA was extracted using MO BIO PowerSoil DNA Isolation Kit (MO BIO Laboratories). The 16S rDNA V4 region was ampli-
fied by PCR and sequenced in the MiSeq platform (lllumina) using the 2x250 bp paired-end protocol yielding pair-end reads that over-
lap almost completely. The primers used for amplification contain adapters for MiSeq sequencing and single-end barcodes allowing
pooling and direct sequencing of PCR products. The 16S rRNA gene read pairs were demultiplexed based on the unique molecular
barcodes, and reads were merged using USEARCH v7.0.1090 (Edgar, 2010), allowing zero mismatches and a minimum overlap of 50
bases. Merged reads were trimmed at first base with Q5. A quality filter was applied to the resulting merged reads. Reads containing
above 0.05 expected errors were discarded. 16S rRNA gene sequences were clustered into Operational Taxonomic Units (OTUs) ata
similarity cutoff value of 97% using the UPARSE algorithm (Edgar, 2013). OTUs were mapped to an optimized version of the SILVA
Database (Quast et al., 2013) containing only the 16S v4 region to determine taxonomies. Abundances were recovered by mapping
the demultiplexed reads to the UPARSE OTUs. A custom script constructed a rarefied OTU table from the output files generated in
the previous two steps for downstream analyses of alpha-diversity, beta-diversity, and phylogenetic trends.

Bacterial Quantification by quantitative PCR (qPCR)

DNA was isolated from fecal pellets using DNeasy Blood & Tissue Kit (QIAGEN), according to the manufacturer’s protocol. The con-
centration of DNA isolated from each pellet was obtained via NanoDrop. gPCR was performed using PowerUp SYBR Green Master
Mix, according to the manufacturer’s protocol (Applied Biosystems, Carlsbad, USA) with primer sets targeting the 16S ribosomal
subunit of L. reuteri and of all bacteria (see key resources table).

Culture and Treatment with L. reuteri

Lactobacillus reuteriMM4-1A (ATCC-PTA-6475) was cultured aerobically in MRS broth at 37°C. Briefly, cultures were centrifuged, washed,
resuspended in phosphate buffered saline (PBS), and frozen at —80°C until use. PBS (vehicle) or L. reuteri were added to the drinking water
daily to minimize dosage variability. The experimental group received live bacteria (~1x108 organisms/mouse/day), while the control group
received equal volume of PBS. Mice consumed the treated water ad libitum for the duration of the treatment period. Fecal sample collec-
tion, behavioral assays, tissue collection and electrophysiological recordings were initiated 4 weeks after treatment began.

Three Chamber Social Test

All behavioral tests were assayed on 7- to 10-week-old male mice. Social behaviors were performed as previously described (Buf-
fington et al., 2016; Silverman et al., 2010). Briefly, mice were first habituated for a 10 minutes in an empty 60 x 40 x 23 cm Plexiglass
arena divided into three interconnected chambers (left, center, right). Sociability was evaluated during a second 10-minutes period in
which the subject could interact either with an empty wire cup (Empty) or a wire cup containing a genotype, age, sex and treatment-
matched stranger conspecific (Mouse 1). The interaction time was determined by measuring the time the subject mouse spent sniff-
ing or climbing upon either the empty cup or the cup containing the stranger mouse. The position of the empty cup/stranger mouse in
the left or right chamber during the sociability period was counterbalanced between trials, in order to avoid bias. Preference for social
novelty was assayed, in a third 10 minutes period, by introducing a second stranger mouse (Mouse 2) into the previously the empty
wire cup. The time spent interacting with the empty cup or mouse 1 or mouse 2 was recorded and measured using the automated
AnyMaze software by trained, independent observers. The human observers were blind to the treatment group.

Reciprocal Social Interaction

Mice were placed ina 25 x 25 x 25 cm Plexiglass neutral arena with an unfamiliar conspecific matched according genotype, age, sex
and treatment. Trained, independent observers recorded the time a pair of mice socially interacted, using the AnyMaze software. This
included close following, touching, nose-to-nose sniffing, nose-to-anus sniffing, grooming and/or crawling over/under each other.
The human observers were blind to the treatment group.

Open Field

Mice were placed in an open arena (40 x 40 x 20 cm) and allowed to explore freely for 10 minutes and their position was continually
monitored using the tracking software AnyMaze. Distance traveled, speed, and time spent in the center of the arena were recorded
and automatically measured throughout the task. The center of the arena was defined as the interior 20 x 20 cm area.

Buried Food Test

To examine olfactory abilities we used the buried food test as previoiulsy described (Yang and Crawley, 2009). Briefly, mice were
food-deprived for 24 hr before the test. A small platable cookie (Nabisco, Teddy Graham) was buried 1 cm beneath the surface of
a 3 cm bedding and the time the animal took to locate the buried cookie was recorded. Faillure to use odor cues to locate the buried
food during this test is an indication of impaired olfaction.
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Bilateral Subdiaphragmatic Vagotomy

Mice were habituated to a liquid diet (35% sweetened condensed milk in water) for two days before surgery and fasted overnight
before surgery. Anesthesia was delivered by gaseous isoflurane (Henry Schein Animal Health) in an induction chamber and then
through a nose piece of the stereotaxic apparatus (Leica Biosystems). The surgical site was shaved and wiped with betadine and
alcohol three times before a midline laparotomy was made. The liver and small intestine were gently retracted to visualize the stom-
ach and lower esophagus. Both vagus nerve trunks were dissected off the esophagus and all neural and connective tissue surround-
ing the esophagus (below the diaphragm) were removed to ensure that all vagus branches were transected. A separate group of mice
had a sham operation in which the vagus nerve was visualized, but not dissected. Incisions were closed with 5-0 absorbable suture
(i.e., vicryl on a taper needle) and the skin was closed with a non-absorbable suture 5-0 on a cutting needle (i.e., Nylon or prolene) to
re-approximate the abdominal wall musculature and skin. Histoacryl or similar surgical glue was applied over the incision to ensure
that the closure was watertight. Sustained release buprenorphine (1mg/kg) was administered 1 hr prior to the start of surgery. A sec-
ond dose of sustained release buprenorphine was administered subcutaneously at 72 hr after the initial dosing. After the surgery was
complete, animals were allowed to recover from surgery and anesthesia in a clean cage half-positioned on a heat pad and returned to
the animal facility after they were alert and demonstrated no complications from the procedure. In order to avoid ileus, the mice were
fed with the same liquid diet for 3 days after surgery. Finally, before giving the mice the regular pellet diet, they were fed with a fully
fortified gel diet (DietGel 31M, ClearH,0) for two days in order to facilitate a full recovery. Animals were monitored daily for at least
1 week to ensure complete recovery from surgery.

To assess the completeness of the vagotomy we performed the satiety test. Satiety induced by CCK-8 is mediated by the vagus
nerve (Owyang and Heldsinger, 2011). The completeness of the vagotomy was determined by analyzing the satiety effect induced by
CCK-8 (Sigma—-Aldrich) administration, following 20 hr of food deprivation. Briefly, mice were fasted overnight. The following day
sham operated and vagotomized mice were single housed and treated with an intraperitoneal injection (i.p.) of CCK-8 (dissolved
in 0.1% PBS) at a dose of 8 ng/kg body weight (Bravo et al., 2011). Food intake was monitored for the following 2 hr, by weighing
food pellets pre- and post-test. The completeness of the vagotomy was made at the end of the experiment, at least two weeks after
the final treatment dose, since probiotics have been shown to influence the satiety effect of CCK-8 (Fak and Backhed, 2012; Falcinelli
et al., 2016).

Intestinal Permeability Assay

The intestinal permeability procedure was adapted from a previously described protocol (Gupta and Nebreda, 2014). Briefly, colitis
was induced in control mice by adding 3% dextran sulfate sodium salt (DSS; Sigma Aldrich) in drinking water for 7 days. Control and
experimental mice were then fasted overnight and weighted the next morning. Mice were administered FITC-dextran (4KDa, Sigma
Aldrich, 44 mg/100 g of body weight) by oral gavage, as described (Bertola et al., 2013). After 4 hr, mice were anesthetized and blood
was collected (300-400 pl) by cardiac puncture. Serum was extracted from whole blood by allowing the sample to clot undisturbed at
room temperature for 15-30 minutes and then centrifuged at 3000 x g for 15 minutes at 4°C. The resulting supernatant (serum) was
transferred into a clean polypropylene tube and then diluted with an equal volume of PBS and 100 pL of diluted serum to a 96-well
microplate in duplicate. FITC concentration in serum was determined by spectrofluorometry (FLUOstar OPTIMA, BMG LABTECH)
with an excitation of 485 nm (20 nm band width) and an emission wavelength of 528 nm (20 nm band width) using as standard serially
diluted FITC-dextran (0, 125, 250, 500, 1,000, 2,000, 4,000, 6,000, 8,000 ng/ml).

Gene Expression Analysis via Reverse Transcription followed by quantitative Polymerase Chain Reaction (RT-qPCR)
The total RNA was extracted from gut tissue using the RNeasy Plus Universal Minikit (QIAGEN). cDNA was generated using
SuperScript VILO (Invitrogen). gPCR was performed using PowerUp SYBR Green Master Mix, according to the manufacturer’s
protocol (Applied Biosystems, Carlsbad, USA) to quantify relative expression levels of the tight junction related genes Cdh1, Ocln,
Cldn5, and Jam1. Expression of the mouse $-actin was used to normalize each gene expression levels. Primer sequences are pro-
vided in the Key Resources Table.

Oxytocin Administration

Oxytocin (Tocris Bioscience) was administrated intranasally at a dose of 200 mg/kg as previously reported (Buffington et al., 2016).
Briefly, oxytocin was dissolved in 10% dimethyl sulfoxide (DMSO) in PBS and 10% DMSO in PBS was used as the vehicle control.
1.25 pl of vehicle or oxytocin were administrated into each nostril from P10 pipette 30 minutes prior social behavior test, since the
effects of oxytocin last 2 hr with this delivery method (Pefiagarikano et al., 2015), resulting in elevated brain concentration for about
90 minutes (Neumann et al., 2013).

L-371,257 Administration

L-371,257 (Tocris Bioscience) was administrated intranasally at a dose of ~300 ng/kg, as previously reported (Pefiagarikano et al.,
2015). Briefly, L-371,257 was dissolved in 10% dimethyl sulfoxide (DMSO) in PBS and 10% DMSO in PBS was used as the vehicle
control. Two microliters of L-371,257 (or vehicle) were administrated into each nostril 20 minutes prior to reciprocal social interac-
tion test.
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Immunofluorescence

Immunofluorescence was performed as we previously described (Buffington et al., 2016). Briefly, mice were deeply anesthetized by
inhalation of isoflurane and perfused through the ascending aorta with 10 mL 0.9% PBS followed by 30 mL 4% paraformaldehyde
(PFA) in 0.1M phosphate buffer (PB). Brains were removed, immersed in the same fixative overnight at 4°C and subsequently cry-
oprotected in 30% sucrose (in 0.1M PB) over 3 days. Coronal sections were cut at 30 um with a cryostat (Leica Biosystem) and
then collected in ice-cold PBS. Slices were rinsed in 0.1M PB, blocked with 5% normal goat serum, 0.3% Triton X-100 0.1M PB
(PBTgs) for 1 hr rocking at RT, and then incubated for 24 hr at 4°C in a mixture of primary antibodies diluted in PBTgs. Sections
were then washed (three times with 0.3% Triton X-100 0.1M PB) and incubated in a mixture of secondary antibodies coupled to a
fluorochrome and diluted in PBTgs for 1.5-2 hr in the dark at room temperature. Sections were washed again (three times with PBTgs,
0.1M PB and 0.05M PB respectively for five minutes each). Slices were mounted onto 2% gelatin-coated slides (Sigma-Aldrich), air-
dried, and coverslipped with a mounting medium [Fluorescence Vectashield H-1200 with DAPI (Vector Labs)]. Primary antibodies
used were rabbit anti-oxytocin (ImmunoStar, 1:2000 dilution), mouse anti-NeuN (Millipore, 1:2000 dilution), while secondary anti-
bodies were goat anti-rabbit Alexa Fluor 488 (ThermoFisher Scientific) and goat anti-mouse Alexa Fluor 594 (ThermoFisher Scientific,
1:1000 dilution), respectively.

Fluorescent imaging and data acquisition were performed on a Zeiss Axiolmager Z2 microscope (Car Zeiss Microlmaging)
mounted with an AxioCam digital camera (Carl Zeiss Microlmaging). Images were captured using AxioVision acquisition software
(Carl Zeiss Microlmaging). Allimages within the same set of experiments were acquired at identical exposure times, for every channel
used, to allow for comparison of fluorescence intensity. Hypothalamic oxytocin-expressing neurons and NeuN-expressing cells
number were assessed in the well-defined PVN region using the automatic cell counter plugin in Imaged, as previously described
(Buffington et al., 2016), using the following operational sequence: (1) open image file, (2) 16-bit conversion 3) subtract background,
(3) adjust threshold, (4) watershed, (5) analyze particles. Automatic identification of cell boundaries was validated against the source
image. Fluorescence intensity was measured in ImagedJ by selecting regions of interest (i.e., Oxytocin- and NeuN-positive hypotha-
lamic cell bodies, 30 cells per mouse) using the following operational sequence: (1) open image file, (2) 16-bit conversion, (3) set mea-
surement, (4) ROl manager, (5) measure. Contrast and brightness were linearly adjusted using Photoshop (Adobe) or Imaged (NIH)
uniformally across all images within the dataset.

Electrophysiology

Recordings were performed as previously described (Buffington et al., 2016; Huang et al., 2016), with minor modifications.
Briefly, animals were anaesthetized with isoflurane and then decapitated. The brain was rapidly removed from the skull and
fixed on a vibroslicer stage (VT 1000S, Leica Microsystems, Buffalo Grove, IL) with cyano-acrylic glue. Acute 220-300 pm-thick
coronal slices were cut in ice-cold (2-3°C) cutting-solution containing the following (in mm): 87 NaCl, 25 NaHCOg, 25 glucose,
75 sucrose, 2.5 KCl, 1.25 NaH,POy4, 0.5 CaCl, and 7 MgCl, (equilibrated with 95% O,-5% CO, gas mixture, pH 7.3-7.5). Slices
were incubated for 20 minutes at 32°C and then stored at room temperature in a holding bath containing oxygenated standard
artificial cerebrospinal fluid (ACSF) containing (in mm): 125 NaCl, 25 NaHCOS3, 25 glucose, 2.5 KClI, 1.25 NaH2PO4, 2 CaCl2, and
1 MgCI2 (equilibrated with 95% 0,-5% CO,), for at least 40 minutes, before being transferred to a recording chamber mounted
on the stage of an upright microscope (Examiner D1, Carl Zeiss, Oberkochen, Germany). The slices were perfused with oxygen-
ated ACSF (2 ml/min) containing the GABAA receptor antagonist picrotoxin (100 uwm; Sigma-Aldrich, USA) and maintained at
32°C with a Peltier feedback device (TC-324B, Warner Instrument). Whole-cell recordings were performed using conventional
patch-clamp techniques. Patch pipettes were pulled from borosilicate glass capillaries (World Precision Instruments, Inc., FL)
and filled with following intracellular solution (in mm): 117 CsMeSOg3, 0.4 EGTA, 20 HEPES, 2.8 NaCl, 2.5 Mg-ATP, and 0.25 Na-
GTP; 5 TEA CIl, pH was adjusted to 7.3 and osmolarity to 290 mOsm using a vapor pressure osmometer Vapro5600
(ELITechGroup Wescor, South Logan, Utah, USA). When filled with the intracellular solution, patch pipettes had a resistance
of 2.0-3.0 mQ before seal formation.

Recordings were performed with Multiclamp 700B (Molecular Devices), sampled at 20 kHz with Digidata 1440A (Molecular Device)
interface, filtered online at 3 kHz with a Bessel low-pass filter and analyzed offline with pClamp10 software (Molecular Devices).
Ventral tegmental area (VTA) was visually identified by infrared differential interference contrast video microscopy and lateral VTA
was located considering the medial lemniscus and the medial terminal nucleus of the accessory optic tract as anatomical landmarks.
Dopaminergic (DA) neurons in this area were identified evaluating the following features: 1) cells firing at a frequency of 1-5 Hz and the
spike width > 1ms in cell attached configuration, 2) membrane capacitance (Cm) > 28 pF and 3) the presence of an |h current and a
leak current > 150 pA, when hyperpolarized from —40 mV to —120 in 10 mV steps (Bariselli et al., 2016; Zhang et al., 2010). Passive
electrode-cell parameters were monitored throughout the experiments, analyzing passive current relaxations induced by 10 mV hy-
perpolarizing steps applied at the beginning of every trace. Variation of series resistance (Rs) > 20% led to the rejection of the exper-
iment. AMPAR/NMDAR ratios were calculated as previously described (Buffington et al., 2016; Huang et al., 2016). Briefly, neurons
were slowly voltage clamped at +40 mV until the holding current stabilized (at 200 pA). Monosynaptic Excitatory Post Synaptic cur-
rents (EPSCs) were evoked at 0.05 Hz with a bipolar stimulating electrode placed 50-150 um rostral to the lateral VTA. After recording
the dual-component EPSC, DL-AP5 (100 uM) was bath-applied for 10 minutes to isolate the AMPAR current, blocking the NMDAR.
The NMDAR component was then obtained by offline subtraction of the AMPAR component from the original EPSC. The peak
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amplitudes of the isolated components were used to calculate the AMPAR/NMDAR ratios. Cocaine hydrochloride (Sigma-Aldrich, St.
Louis, MO) was dissolved in 0.9% saline and injected |.P. at a volume of 5 ml/kg 24 hr prior to electrophysiological recordings.

Statistical Analysis

Statistical analysis was performed as described (Buffington et al., 2016). Data were presented as mean + SEM. Statistical analyses
performed include Mann-Whitney test, one- or two-way ANOVA with Bonferroni post hoc analysis to correct for multiple compari-
sons, unless otherwise indicated. p, t, and F values were presented in the figure legends. p < 0.05 was considered statistically sig-
nificant. *p < 0.05, *p < 0.01, **p < 0.001, ***p < 0.0001. GraphPad’s Prism 6 (La Jolla, CA) software was used to perform statistical
analyses and generate graphical data representations. As per 16S rRNA gene sequencing, analysis was conducted in RStudio
0.99.292 (http://www.R-project.org/ [2014]), utilizing the phyloseq package (McMurdie and Holmes, 2013) to import sample data
and calculate alpha and beta-diversity metrics. 16S rRNA gene sequencing data was analyzed using Silva 115 and 123 (Quast
etal., 2013). Analyses were performed on datasets that were rarefied 1,000x, then averaged and rounded. Significance of categorical
variables were determined using the non-parametric Mann-Whitney test for two category comparisons or the Kruskal-Wallis test
when comparing three or more categories. Correlation between two continuous variables was determined by linear regressions,
where p values indicate the probability that the slope of the regression line is zero. Principal coordinate plots employed the Monte
Carlo permutation test to estimate p values. All p values were adjusted for multiple comparisons with the FDR algorithm (Benjamini
et al., 2001).
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