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SUMMARY

The core symptoms of many neurological disorders have traditionally been thought to be caused
by genetic variants affecting brain development and function. However, the gut microbiome,
another important source of variation, can also influence specific behaviors. Thus, it is critical

to unravel the contributions of host genetic variation, the microbiome, and their interactions

to complex behaviors. Unexpectedly, we discovered that different maladaptive behaviors are
interdependently regulated by the microbiome and host genes in the Crtnap2~~ model for
neurodevelopmental disorders. The hyperactivity phenotype of Cntnap2~~ mice is caused by host
genetics, whereas the social behavior phenotype is mediated by the gut microbiome. Interestingly,
specific microbial intervention selectively rescued the social deficits in Cntnap2~~ mice through
upregulation of metabolites in the tetrahydrobiopterin synthesis pathway. Our findings that
behavioral abnormalities could have distinct origins (host genetic vs microbial) may change the
way we think about neurological disorders and how to treat them.
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In brief:

Host genetics and the microbiome interdependently regulate maladaptive behaviors in a mouse
model for neurodevelopmental disorders. Precise microbial, or microbe-induced metabolite-based
therapy, selectively rescues social deficits but not hyperactivity.
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INTRODUCTION

It is traditionally believed that by directly impacting brain development and function, genetic
variants are the primary drivers of the behavioral symptoms associated with neurological
disorders (Sahin and Sur, 2015; Silva and Ehninger, 2009). Indeed, most of the current
research in neurogenetics focuses on how genetic variants associated with neurological
disorders i) regulate activity in key brain regions in human (e.g., using sophisticated imaging
techniques), ii) hijack the function of relevant molecular pathways (e.g., using molecular and
cell-specific genetic approaches), and/or iii) modulate selective circuits in the brain (e.g.,
using opto- and chemo-genetics) that give rise to overt behavioral and internal neuronal
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states. Consequently, current therapeutic approaches for neurological disorders aim to target
the brain directly.

In addition to host genetics, which can explain certain phenotypic changes, the microbiome
is another important source of variation (Fischbach and Segre, 2016). Indeed, we,
individuals, are the bearers not only of our own cells and genes, but also of the
microorganisms (and their genes) living with us. Thus, the phenotypes of an individual

may arise from complex interactions between the genetics of the host and microorganisms,
which led to the notion of the holobiont [an animal or plant host together with all

associated microorganisms living in symbiosis with it (Margulis, 1993)] and the hologenome
[(Rosenberg et al., 2007), the sum of all microbial genes plus the genes of the host].

Given that genetic variation is able to influence the gut microbial ecology (Benson et

al., 2010; Elinav et al., 2011; Goodrich et al., 2014; Khachatryan et al., 2008; Rehman
etal., 2011) and that the gut microbiota can modulate host behaviors associated with
neurological dysfunction in a very powerful manner via the gut-brain axis [reviewed in
(Sharon et al., 2016; Sherwin et al., 2019; Vuong et al., 2017)], it is essential to dissect
whether different complex behaviors in genetic neurological disorders could result from
reciprocal host-microbiota interactions. Investigating the mechanisms through which host
and microbial factors regulate complex behaviors will not only expand our understanding of
neurological disorders but may also lead to new therapies.

Different breeding schemes modulate behavior and microbiota composition in a genetic
mouse model for neurodevelopmental disorders.

To study the role of host-microbiome interactions in complex behaviors, we employed

the Cntnap2~~ mouse model for neurodevelopmental disorders. Consistent with some of
the behavioral abnormalities observed in individuals with mutations in CNTNAPZ, loss of
Cninap2 [contactin-associated protein-like 2; which encodes the protein Caspr2 (Poliak et
al., 1999; Poliak et al., 2001)], in mice leads to social deficits and hyperactivity (Bakkaloglu
et al., 2008; O’Roak et al., 2011; Pefiagarikano et al., 2011; Pefiagarikano et al., 2015).

We first tested social behavior in wild-type (WT; Cntnap2*/*) and knockout (KO;
Cntnap2™") mice born from isolated homozygous breeding lines (Isolated lines: WT-I and
KO-I, respectively; Fig. 1A,B and S1A) using the 3-chamber test for sociability and social
novelty. As expected, we found that WT-I mice spent significantly more time interacting
with the stranger mouse (Mouse 1) than with the empty cup (Empty), indicating normal
sociability (Fig. 1C). By contrast, KO-l mice exhibited impaired sociability as evidenced by
their lack of social preference (Fig. 1C), as previously reported (Pefiagarikano et al., 2011;
Pefiagarikano et al., 2015). Moreover, unlike WT-1, KO-1 mice did not prefer to interact
with a novel mouse (Mouse 2) over a familiar mouse (Mouse 1) in the social novelty

test (Fig. 1D). Accordingly, in a reciprocal social interaction test, KO-I1 mice spent less
time interacting with each other compared to WT-I mice (Fig. 1E). KO-1 mice displayed
no deficits in olfaction compared to WT-I mice as measured in the buried food test (Mann-
Whitney U= 66, £=0.7444), indicating that their social deficits were not likely due to
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impaired olfaction. Moreover, when we assessed their locomotor activity in the 3-chamber
test, we found that KO-I mice were hyperactive compared to WT-I mice (Fig. 1F,G),
consistent with previous reports (Pefiagarikano et al., 2011; Pefiagarikano et al., 2015). Thus,
Cntnap2~~ mice generated from isolated breeding (KO-1) show impaired social behavior
and hyperactivity.

Individuals with neurodevelopmental disorders, such as autism spectrum disorders (ASD),
often present with gastrointestinal comorbidities and an altered microbiome composition
(De Angelis et al., 2013; Finegold et al., 2010; Strati et al., 2017; Vuong and Hsiao,

2017). Thus, we next examined whether KO-I mice show alterations in their gut microbial
ecology using 16S ribosomal RNA (rRNA) gene sequencing. Analysis of beta (between
subject) diversity revealed that KO-1 mice harbor an intestinal microbial composition distinct
from WT-1 mice. To measure beta diversity, we used three independent metrics: principal
components analysis (PCA) with PhILR (Phylogenetic Isometric Log-Ratio)-transformed
Euclidean distances (Silverman et al., 2017) (Fig. 1H) and principal coordinates analysis
(PCoA) with Bray-Curtis (Fig. S1B) or unweighted UniFrac dissimilarities (Fig S1C).
Analysis of alpha (within subject) diversity quantified by the Shannon diversity index and
richness showed that KO-1 mice have increased diversity compared to WT-I mice (Fig.
S1D,E). Additionally, 33 amplicon sequence variants (ASVs) were differentially abundant in
KO-I mice compared to WT-I mice (Fig. 11, S1F, Table S1) as well as 33 predicted microbial
metabolic pathways inferred by PICRUSt2 (Fig. S1G,H, Table S2). Thus, Cntnap2”~ mice
originating from the isolated line (KO-I) show differences in their gut microbiota.

Conclusive evidence that a genomic mutation is responsible for a specific phenotype, such
as impaired behavior, can only be obtained when littermate controls are used (Holmdahl
and Malissen, 2012; Stappenbeck and Virgin, 2016). Thus, we performed experiments using
Cntnap2~~ mice and Cntnap2** littermate controls, which were born from a heterozygous
breeding line (Littermate line: KO-L and WT-L, respectively; Fig. 2A,B and Fig. S11).
Surprisingly, unlike KO-I mice, KO-L mice showed normal social behavior (Fig. 2C-E). In
contrast, like KO-I mice, KO-L mice were hyperactive compared to WT-L mice (Fig. 2F,G).
In accordance with the social behavior results, KO-L and WT-L mice exhibited a similar
composition of their gut microbiota with no changes in alpha or beta diversity (Fig. 2H,
S1J-M), abundance of ASVs (Fig. 21, SIN, Table S1), or predicted microbial metabolic
pathways (Fig. S10,P, Table S2). Thus, Cntnap2~~ mice originated from the littermate

line (KO-L) exhibit hyperactivity, but normal social behavior and similar gut microbiota to
wild-type littermates (WT-L).

The microbiome selectively modulates social behavior, but not locomotor activity levels, in
a genetic mouse model for neurodevelopmental disorders.

Littermate controls are considered to be the gold-standard in behavioral neuroscience since
they help to establish the contribution of host genes over environmental factors onto a given
phenotype. However, if the microbiome directly modulates a given behavior, the phenotype
of the mutant animal may be masked by co-housing conditions. For example, we know now
that behavioral deficits can emerge as a result of the lack of one or more bacterial species
[reviwed in (Hsiao et al., 2013; Lynch and Hsiao, 2019; Olson et al., 2018; Sherwin et al.,
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2019)]. If WT and mutant mice are littermates and consequently co-housed in the same
cage, a bacterial species that confers a given phenotype and is missing in the mutant mice
can be transferred from the WT to the mutant mice (Ridaura et al., 2013). Given that the
social deficits and changes in microbiota composition observed in KO-I mice are absent

in KO-L mice that were housed with WT-L littermates, but the hyperactivity phenotype is
observed in both mutant lines (KO-1 and KO-L), we hypothesized that the social phenotype
is driven by the gut microbiome, whereas the locomotor activity phenotype is only mediated
by the Cntnap2 mutation in the host.

To test this hypothesis and isolate the potential effect of host versus microbial genetics

on behavior, we i) co-housed Cnitnap2~~ mice originated from the isolated line (KO-I)
with WT mice (WT-1), ii) separated Crtnap2~~ mice originated from the littermate line
(KO-L) from WT-L mice and iii) performed fecal microbiota transplant (FMT) of both
littermate and isolated lines into germ-free (GF) mice that are reared in the total absence of
microorganisms.

First, co-housing KO-l with WT-I mice (Fig. 3A,B and Fig. S2A), which allows the passive
interchange of gut microbiota between hosts, led to a more similar microbiota composition.
Briefly, there were no significant differences in ASVs or predicted metabolic pathways (Fig.
31, S2F-H, Table S1, S2) between co-housed WT-1 and KO-I mice. Accordingly, alpha
diversity assessed by the Shannon diversity index (Fig. S2D) and beta diversity assessed by
PCoA with Bray-Curtis and unweighted UniFrac dissimilarities were similar in co-housed
KO-I and WT-I (Fig. S2B,C). However, alpha diversity determined by richness (Fig. S2E)
and beta diversity determined by PCA of PhILR-transformed Euclidean distances (Fig. 3H)
showed a modest difference between the two groups (PERMANOVA RZ=0.11, P-value =
0.044) compared to the difference observed in the isolated lines (WT-1 and KO-1 mice, see
Fig 1H, PERMANOVA A2 = 0.36, 2= 0.0002). Hence, co-housing led to a more similar
composition of the gut microbiota between groups.

Importantly, co-housed KO-I mice no longer displayed deficits in social behaviors (Fig. 3C-
E), but remained hyperactive (Fig. 3F,G). Thus, co-housing rescues the social deficits, but
not hyperactivity phenotype, in Cntnap2~~ mice originated from the isolated line (KO-1).

Second, likely due to the inherent nature of their breeding scheme, WT-L mice and KO-L
mice cohabitate and carry a similar microbiota composition (Fig. 2H,1, Fig S1I-N). We
next wondered whether separation of WT-L and KO-L mice would lead to a shift in their
microbiome profile and ultimately deficits in social behavior. To answer this question,
WT-L and KO-L mice were separated according to their genotype at weaning and bred as
adults to generate transgenerational WT and KO mice (WT-T and KO-T) (Fig. 4A,B and
Fig. S21). While KO-T mice still showed normal sociability (Fig 4C), social novelty was
impaired in these mice (Fig. 4D). It is noteworthy that the social novelty test in rodents

is used to evaluate components of social affiliation and social recognition and deficits in
these behaviors are described as central in ASD (American Psychiatric Association, 2013).
Moreover, normal sociability and impaired social novelty has been observed in several
mouse models for ASD (Carter et al., 2011; Chen et al., 2019; Jiang and Ehlers, 2013;
Kazdoba et al., 2016; Liu and Smith, 2009; Pietropaolo et al., 2011). In addition to the
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deficits in social novelty, KO-T mice also exhibit deficits in reciprocal social interaction
(Fig. 4E). Thus, given that KO-T mice are deficient in two out of the three social tasks,
we conclude that they show deficits in social behavior. Additionally, the KO-T mice were
hyperactive compared to WT-T controls (Fig. 4F,G).

Consistent with the hypothesis that social behavior (but not locomotor activity levels)

is regulated by the gut microbiome, we found that KO-T mice exhibit a different gut
microbiota composition (Fig. 4H,1, S2J-N). We also identified significant changes in the
abundance of 73 ASVs (Fig 41, S2N, Table S1) and 44 predicted microbial metabolic
pathways in KO-T mice compared to WT-T mice (Fig. S20,P, Table S2). Thus, separation
experiments negatively altered social behaviors and led to changes in the microbiota
composition in KO-T mice, but did not change the hyperactivity phenotype observed in
Cntnap2~~ mice originated from the littermate line (KO-L).

Finally, to rule out a potential influence of maternal care and other variables on behavior and
to causally test whether changes in the microbiome modulate social behavior in Cntnap2™~
mice, we performed FMTs from donors of the isolated (WT-I and KO-1) and littermate
(WT-L and KO-L) lines into GF mice (Fig. 5A). After transplantation into GF mice, the
microbial communities from the different groups largely maintained their identity (Fig. S3,
Table S1, S2) as seen in other FMT models (Ang et al., 2020). In behavioral analyses, GF
mice showed impaired sociability and preference for social novelty (Fig. 5B,C), consistent
with previous reports (Buffington et al., 2016; Desbonnet et al., 2014; Sgritta et al., 2019).
More importantly, we found that the behavior of the GF recipient mice mirrored that of their
respective microbiota donors. Specifically, FMT with WT-sourced microbiota (i.e., GF:WT-
I, GF:WT-L) rescued social deficits in GF mice regardless of the donor line (Fig. 5B,C).
However, the social deficits in GF mice were only reversed by FMT with KO-L-sourced
microbiota (i.e., GF:KO-L), but not by KO-I-sourced microbiota (i.e., GF:KO-I; Fig. 5B,C).
Thus, these data indicate that Crtnap2~~ mice originated from the isolated line (KO-I) may
lack one or more bacterial species that are crucially required for social behavior. Given that
FMT does not lead to changes in hyperactivity in any of the GF mice (Fig. 5D,E), our
results provide causal evidence that the social deficits in Cntnap2~ mice are mediated by
alterations in the microbiome.

Selective microbial intervention rescues social deficits, but not hyperactivity, in a genetic
mouse model for neurodevelopmental disorders.

While we provide a characterization of the microbiome of Cntnap2~~ mice, previous
studies have focused on specific brain circuits. In particular, the oxytocinergic system,
which is known to modulate numerous aspects of social behaviors and is implicated in
ASD (Donaldson and Young, 2008; LoParo and Waldman, 2015), has been reported to

be deficient in Cntnap2~~ mice (Pefiagarikano et al., 2015). In Cntnap2~~ mice, the
paraventricular nuclei (PVN) of the hypothalamus, where oxytocin is primarily synthesized,
contain less oxytocin producing neurons and oxytocin treatment reverses the social deficits
in the mutant mice (Pefiagarikano et al., 2015). Accordingly, we found that intranasal
oxytocin treatment reversed the social deficits, but not the hyperactivity, in Cntnap2~~
(KO-1) mice (Fig. S4AA-F).
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We and others have previously shown that microbial intervention with the commensal
bacterial species Lactobacillus reuteri promotes oxytocin levels in plasma and the PVN
(Buffington et al., 2016; Poutahidis et al., 2013; Sgritta et al., 2019) and reverses social
deficits in several mouse models for ASD (Buffington et al., 2016; Sgritta et al., 2019;
Tabouy et al., 2018). However, the same manipulation failed to do so in mice with

deficient oxytocin receptors (Sgritta et al., 2019). Thus, we next wondered whether L.
reuteri treatment could rescue the social behavior deficits in the Critanp2~~ mice. First, we
examined whether L. reuterilevels are altered in Cntnap2”~ (KO-1) mice and found that

L. reuterilevels were reduced in KO-I mice as determined by qPCR (Fig. S5A). Second,

we found that treatment with L. reuterireversed the deficits in oxytocin producing neurons
in KO-I mice (Fig. S4G-J). Third, and more notably, we found that L. reuteri treatment
reversed the social deficits in both young (Fig. 6A-C,G) and adult KO-I mice (Fig. S5B-D).
Fourth, the same microbial intervention did not affect the hyperactivity phenotype in KO-I
mice (Fig. 6D,E). Thus, early or late precision microbial intervention selectively reverses the
social deficits, but not the hyperactivity phenotype, in Cntnap2~'~ (KO-1) mice, supporting
the notion that social and locomotor activity phenotypes have different hologenomic origins.

Selective microbial intervention rescues social interaction-induced synaptic transmission
in the ventral tegmental area (VTA) of a genetic mouse model for neurodevelopmental

disorders.

Brain regions responding to naturally rewarding stimuli, including the VTA, are crucially
involved in social behavior. More specifically, oxytocin-expressing neurons in the PVN
project to dopaminergic (DA) neurons of the VTA (Melis et al., 2007) and the activation

of DA neurons by oxytocin within this circuit is critically required for social behavior
(Gunaydin et al., 2014; Hung et al., 2017; Xiao et al., 2017). Consistent with the idea that
social stimulation can be particularly rewarding, we and others found that social interaction
triggers synaptic strengthening in VTA DA neurons of birds (Huang and Hessler, 2008) and
mice (Bariselli et al., 2018; Buffington et al., 2016; Sgritta et al., 2019), as determined

by measuring the ratio of alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
receptor (AMPAR) to N-methyl-d-aspartate receptor (NMDAR) currents. Interestingly, this
potential cellular correlate of social interaction, namely social interaction-evoked synaptic
transmission in VTA DA neurons, is impaired in ASD models exhibiting social deficits
(Buffington et al., 2016; Sgritta et al., 2019). In addition, L. reuteri treatment reverses

the synaptic deficits in different ASD mouse models in an oxytocin-dependent manner
(Buffington et al., 2016; Sgritta et al., 2019). We found that social interaction failed to
induce an increase in the AMPAR/NMDAR ratio in KO-1 VTA neurons compared to those
of control mice (Fig. 6F,H). Conversely, cocaine administration induced an increase in the
AMPAR/NMDAR ratio in VTA DA neurons, indicating that DA neurons were functional
and responsive to a rewarding, but not a social reward stimulus (Fig. 6H). More importantly,
treatment with L. reuterirescued the deficits in social interaction-induced synaptic plasticity
in VTA DA neurons from Cnitnap2™'~ (KO-I) mice (Fig. 6H), reinforcing the notion that L.
reuterienhances the salience and rewarding value of social stimuli.

To assess whether L. reuteriaffects synaptic transmission in other brain regions implicated
in social behavior (Huang et al., 2020), we measured miniature excitatory post synaptic
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currents (mMEPSCs) in the medial prefrontal cortex (MPFC) of Cntnap2~'~ (KO-1) and WT-I
mice. Consistent with previous results (Lazaro et al., 2019), the amplitude and frequency of
mMEPSCs in pyramidal neurons from mPFC were reduced in KO-1 mice compared to WT-I
mice (Fig. 61-K). Treatment with L. reuterifailed to reverse the changes in mEPSCs in
KO-I mice (Fig. 61-K). These data indicate that L. reuterimodulates changes in synaptic
transmission selectively in the VTA, but not in the mPFC.

Taken together, selective microbial intervention with L. reuteri rescues the social behavior
and social behavior related-plasticity deficits, but not the hyperactivity phenotype, in
Cntnap2™'= (KO-1) mice.

Microbially-induced restoration of select metabolites reverses social and synaptic deficits,
but not hyperactivity, in a genetic mouse model for neurodevelopmental disorders.

Metabolites produced or induced by gut microorganisms could signal beyond the
gastrointestinal tract and modulate brain functions via the gut microbiota-to-brain signaling
systems (Mayer et al., 2015; Sherwin et al., 2019). To investigate the mechanism by which
L. reuterireverses the social deficits in KO-I1 mice, we performed unbiased gut metabolomic
profiling. Unsupervised hierarchical clustering analysis revealed that the metabolomic
profile of KO-I mice is markedly different from that of WT-1 mice (Fig. 7A) and that
treatment with L. reuteridid not shift the overall metabolomic profile of the KO-I mice
back to a WT-I state (Fig. 7A). Given this, we next wondered whether there were changes
in selective metabolites that could help to differentiate the socially normal (WT-I, KO-I +

L. reuteri) from the socially deficient mice (KO-I). Random forest analysis revealed that

the top two most discriminatory metabolites between the socially normal and deficient

mice were biopterin and dihydrobiopterin (BH2), two metabolites in the tetrahydrobiopterin
(BH4) metabolism pathway (Fig. 7B). More importantly, the level of these metabolites was
significantly reduced in KO-I mice compared with WT-1 and was fully rescued by treatment
with L. reuteri (Fig. 7C,D).

BHA4 is the biologically active biopterin molecule that serves as co-factor for a number of
important enzymes that produce neuroactive molecules such as dopamine, serotonin, and
nitric oxide (Thony et al., 2000). Because L. reuteri promotes the level of metabolites in

the BH4 pathway (Fig. 7C,D) and reverses the social deficits but not the hyperactivity
phenotype in KO-I mice (Fig. 6B-E, G), and because the social deficits in KO-I mice are
mediated by the microbiome (Fig. 1-5, Fig. S1-S3), we wondered whether BH4 treatment
alone would be sufficient to selectively reverse the social deficits in KO-I1 mice. To answer
this question, KO-1 mice were treated with BH4 (or vehicle) viaoral gavage (Fig. 7E).
Remarkably, like treatment with L. reuteri, treatment with BH4 alone reversed the social
deficits (Fig. 7F,G,I) and the impaired social reward-related synaptic plasticity in VTA DA
neurons (Fig. 7H,J). In contrast, treatment with BH4 failed to reverse the hyperactivity
phenotype in KO-1 mice (Fig. 7K,L), further strengthening the notion that the social deficits
are mediated by changes in the microbiome and the hyperactivity phenotype is modulated by
host genes. Thus, L. reuterireverses social and synaptic plasticity deficits, at least, in part,
by modulating the host’s endogenous levels of tetrahydrobiopterin in the gut.
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To examine whether BH4 exerts its effect on social behavior directly or through changing
the microbiome, we next examined whether BH4 could rescue the social deficits in GF mice
(Fig. S6A). Consistent with our previous findings that mono-colonization of GF mice with
L. reuterirescued their social deficits (Sgritta et al., 2019), we found that BH4 also reversed
the social deficits in GF mice (Fig. S6B,C). As expected, BH4 had no effect on the activity
levels of GF mice (Fig. S6D,E). These findings provide another line of evidence that the
social behavior phenotype of Crtnap2~~ mice is mediated by the gut microbiome, whereas
the hyperactivity phenotype is caused by host genetics.

Having shown that BH4 is sufficient for social behavior, we next asked whether the effect

of L. reuterion social behavior depends on the biopterin pathway. To answer this question,
Cntnap2™~ (KO-I) mice treated with L. reuteriwere injected with SPRi3 (Fig. S7A), a
potent and selective inhibitor of sepiapterin reductase, the final enzyme in the BH4 synthesis
pathway (Cronin et al., 2018; Latremoliere et al., 2015). Interestingly, when BH4 synthesis
was pharmacologically blocked, L. reuterifailed to rescue the social deficits in KO-I mice
(Fig. S7B-D), indicating that L. reuterirescues the social deficits through modulating the
host’s BH4 system. It is noteworthy that SPRi3 did not affect the locomotor activity of

L. reuteritreated KO-I mice (Fig. STE,F), reinforcing the idea that social deficits and
hyperactivity have a different origin.

Finally, we examined whether BH4 is necessary for normal social behavior in WT mice
(Fig. S7G). We found that pharmacological inhibition of BH4 synthesis with SPRi3
impaired social behavior in WT mice (Fig. S7TH-J), but did not significantly alter locomotor
activity (Fig. S7K,L). Thus, the BH4 system is selectively required for normal social
behavior.

DISCUSSION

We now know that many aspects of an individual’s physiology and behavior can be

greatly influenced by variation in both the host’s genome and microbiome [reviewed in
(Lynch and Hsiao, 2019; Sharon et al., 2016; Sherwin et al., 2019; Vuong et al., 2017)].
Until now, the contribution of host genes and microbial genes on a mouse behavioral
phenotype have been considered separately. Given that we are composite of not only our
own genes but also microorganisms and their interactions (Fischbach and Segre, 2016), it
is crucial to understand whether the symptoms in a given neurological disorder are caused
by the direct impact of host genetic variation on brain function or by alterations of the
host’s gut-microbiome-brain axis. Strikingly, we found that distinct maladaptive behaviors
have different hologenomic etiologies. More specifically, using 7 independent approaches
(co-housing, separation experiments, microbiota transplantation into GF mice, selective L.
reuteri reconstitution, selective BH4-treatment, oxytocin-treatment, and SPRi3-treatment) as
well as genetic and amplicon sequencing analyses, here we provide convergent evidence
that, in a genetic mouse model for neurodevelopmental disorders, the social behavior
phenotype is determined by gut microbiome whereas the animal’s locomotor activity levels
are directly modulated by the host genetic allele.
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We also found that treatment with L. reuteriat different developmental stages is able to
selectively rescue the social deficits in Cntnap2~~ mice, indicating a wide temporal window
for microbial-based restoration of social behavior. Moreover, using unbiased metabolomics
analyses, we provide evidence that L. reuteriboosts the host’s endogenous BH4 synthesis
pathway and that direct administration of BH4 to the animal’s gut, independent of any
microbial intervention, also rescues social behavior and related changes in synaptic function
without affecting activity levels. In subsequent experiments, it will be interesting to identify
other bacterial species that either produce or induce BH4 and examine whether they are able
to promote social behavior.

Previously, we have shown that L. reuteri signals to the brain and modulates social behavior
viathe vagus nerve and the oxytocinergic system (Sgritta et al., 2019). More specifically,
either surgical cutting of the vagus nerve or inhibition of oxytocin receptors in DA neurons
prevents the prosocial effect mediated by L. reuteri (Sgritta et al., 2019). Interestingly, BH4
has been shown to increase oxytocin release in rats (Ciosek and Guzek, 1992; Ciosek et
al., 1992) and we found that BH4 failed to reverse social deficits in KO-I mice that were
treated with a selective and potent oxytocin receptor antagonist compared to vehicle treated
KO-1 mice (Fig. S6F,G). Future experiments will examine the specific action of BH4 and
whether its effect is mediated by the vagus nerve. Finally, the BH4 findings are particularly
interesting since studies in humans have shown that BH4 treatment improves some clinical
symptoms, including social behavior-related symptoms, in individuals with ASD (Klaiman
etal., 2013).

Moreover, our findings also indicate that it is extremely important to consider the role

of the microbiome in behavioral neuroscience. Undoubtedly, to control for genomic and
microbial variations the use of littermate controls should be the gold standard. However,

if microbiota are a contributing factor, some of the phenotypes can be masked due to co-
housing conditions, as we showed here for the social behavior in Cntnap2~~ mice. Indeed,
these findings raise the interesting possibility that phenotypes seen in other genetic models
of disease (e.g., diabetes, cancer, immunity, viral infection, neurological disorders) can be
mediated by host genetics, changes in the microbiome, and/or their interactions. Thus, in
future experiments, it will be essential to embrace the complexity of the hologenome in
order to fully understand the etiology of different behaviors. Taking into account previously
unconsidered variables, such as gut microbiota composition, breeding schemes, and host-
microbiome interactions, should enhance not only the reproducibility of the findings
(Stappenbeck and Virgin, 2016), but also the value of the research and its therapeutic
potential across different animal models for neurological disorders.

Finally, given the current brain-centric view of genetic neurological disorders, we believe
that our results widen our understanding of how a genetic mutation leads to behavioral
abnormalities. In addition, they suggest that both brain and gut-microbiota may need

to be targeted to fully and effectively reverse the core symptoms associated with some
neurological disorders.
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LIMITATIONS AND FUTURE DIRECTIONS

Here we show that a given symptom (or behavioral abnormality) in a genetic brain disorder
could arise through the combined interactions of host genetics and microbiome. Additional
work will be necessary to fully understand the mechanisms underlying this phenomenon.
These include a) the study of how the loss of CninapZresults in alterations in gut microbiota
composition and b) the precise mechanism by which BH4 is produced and signals to the
brain. It will be also interstesting to determine whether our findings are generalizable and
extend to other complex behaviors and/or diseases. For instance, do other genetic variants
modulate behavior and brain function via host genetics and microbiome interactions? Are
other diseases, such as obesity, cancer, metabolic disorders, and immunity also subject

to host genetic-microbiome control? If so, can we leverage this knowlwege to develop
precision medicine for specific genetic disorders based on new microbial-based therapies?

STAR Methods
RESOURCE AVAILABILITY

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

Materials Availability—This study did not generate new unique reagents. Information on
reagents used in this study is available in the Key Resources Table.

Data and Code Availability—The the sequencing data reported in this paper is available
through NCBI Sequence Read Archive: BioProject PRINA683064. All other data needed
to evaluate the conclusions in the paper are present in the paper and/or supplementary
materials.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mouse Husbandry.—WT C57BL/6J (stock #000664) and Cntnap2™~ (Cntnap2mirele
stock # 017482) (Poliak et al., 2003) were obtained from Jackson Laboratories (Bar Harbor,
ME). WT-I and KO-I mice were generated by breeding WT and Crntnap2~~ obtained

from Jackson Laboratories. WT-L and KO-L mice were generated by breeding Cntnap2*/~
mice derived by crossing Cntnap2~~and WT (C57BL/6J) mice obtained from Jackson
Laboratories. Germ-free (GF) mice (C57BL/6J) were housed in a flexible isolator fed

with HEPA-filtered air and provided with irradiated food and water at the Baylor College
of Medicine gnotobiotic facility. Subject mice were separated by sex at weaning and
housed at 2—4 mice per cage. Consistent with previous studies using the Cntnap2~~ model
(Pefiagarikano et al., 2011; Pefiagarikano et al., 2015), both male and female mice were
used in this study. Experiments in this study were performed on 7-12 week-old mice.
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 Institutes of Health.
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METHOD DETAILS

Fecal Microbiota Transplant.—Fresh fecal samples were collected from individual
donor mice and homogenized on ice in sterile phosphate buffered saline (PBS) under sterile
conditions. The resulting slurry was spun at 1,000g for 3 min at 4°C. The supernatants were
isolated and diluted to 5 x 10% CFU/ml with sterile PBS. Four-week-old GF (C57BL/6J)
recipient mice were then immediately colonized by a single gavage with 0.2 mL solution.
Fecal samples were collected from the colonized GF mice at 1 day, 7 days, 14 days, 21
days, and 28 days following colonization. Fecal samples were snap frozen and stored at
—80°C until prepared for sequencing. Behavioral experiments were initiated 4 weeks after
the transplant.

Behavior Experiments.—All behavior experiments were conducted on mice aged 8-12
weeks unless otherwise stated. Mice were habituated to the experimenter for 3 days prior
to the start of the behavioral experiment. All experiments were conducted during the light
cycle.

3-Chamber Test.: Social behavior in the 3-Chamber Test was performed as previously
described (Buffington et al., 2016; Sgritta et al., 2019; Silverman et al., 2010). Briefly,
mice were first habituated for a 10-minute period in an empty 60 x 40 x 23 cm Plexiglas
Arena divided into three equally-sized interconnected chambers (left, center, right). During
habituation, the subject’s position was continuously tracked using the automated tracking
software, AnyMaze. Distance traveled and speed were automatically scored and used for
measuring activity levels.

Sociability was evaluated during a second 10-minute period in which the subject could
interact either with an empty wire cup (Empty) or a wire cup containing a stranger mouse
(Mouse 1). Stranger mice were age- and sex-matched to the subject mouse. The interaction
time was scored by measuring the time the subject mouse spent sniffing 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 evaluated, in a third 10-minute period, by introducing

a second stranger mouse (Mouse 2) into the previously empty wire cup. The time spent
interacting with either Mouse 1 or Mouse 2 was measured as mentioned above. Interaction
time was scored using the automated AnyMaze software by trained, independent observers
who were blind to the treatment group.

Reciprocal Social Interaction Test.: Reciprocal social interaction test was performed as
previously described (Buffington et al., 2016; Sgritta et al., 2019). Mice were placed in a
25 x 25 x 25 cm Plexiglas neutral arena with a novel conspecific matched mouse according
to genotype, age, sex, and/or treatment. Trained, independent observers recorded the time

a pair of mice socially interacted, using the AnyMaze software. Interactions 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.
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16S rRNA Gene Sequencing.—16S rRNA gene sequencing was performed by the
Center for Metagenomic & Microbiome Research at Baylor College of Medicine as
previously described (Buffington et al., 2016; Sgritta et al., 2019). Methods were adapted
from protocols developed for the NIH-Human Microbiome Project (Human Microbiome
Project, 2012; Methé et al., 2012). Bacterial genomic DNA was extracted using MO

B10O PowerSoil DNA Isolation Kit (MO BIO Laboratories). The 16S rDNA V4 region

was amplified using PCR with primers 515F (5’-GTGCCAGCMGCCGCGGTAA-3’) and
806R (5’-GGACTACHVGGGTWTCTAAT-3’) (Caporaso et al., 2011) and sequenced on the
MiSeq platform (lllumina) using the 2x250 bp paired-end protocol yielding paired-end reads
that overlap almost completely. The primers used for amplification contained adapters for
MiSeq sequencing and single-end barcodes allowing pooling and direct sequencing of PCR
products.

The 16S rRNA gene read pairs were processed using QIIME2 v2020.6 (Bolyen et al., 2019).
Reads were demultiplexed based on the unique molecular barcodes, trimmed to 220 base
pairs in length for the forward reads and 140 base pairs for the reverse, denoised, merged,
and filtered for chimeric reads with the DADA2 plugin (Callahan et al., 2016). 96.6% of

the resulting amplicons were 252 or 253 base pairs in length, and amplicons less than 250
base pairs in length were discarded. Taxonomic assignments were generated for the resulting
amplicon sequence variants (ASVs) by the taxonomic classifier in the DADA2 R package
(version 1.10.0) using the SILVA database [version 138, (Quast et al., 2013)], with the
option to add species-level information via exact matching where possible. For phylogenetic
analyses, sequence variants were placed into the Greengenes 16S rRNA phylogeny using

the SEPP QIIME2 plugin (Janssen et al., 2018). The median number of reads per sample
before processing was 48,428 (minimum 9,445), and after processing, the median number of
merged reads per sample was 32,224 (minimum 6,287).

Predictions of Microbial Gene Pathways.—Prediction of microbial gene pathways
was performed using the Phylogenetic Investigation of Communities by Reconstruction

of Unobserved States 2 (PICRUSt2) pipeline version 2.3.0-b (Douglas et al., 2020) with
default parameters. In PICRUSt2, sequence variants are placed into a phylogenetic tree using
EPA-NG (Barbera et al., 2019) and gappa (Czech et al., 2020), genomic hidden states are
predicted using castor (Louca and Doebeli, 2018), and MetaCyc pathway abundances (Caspi
et al., 2020) are inferred using MinPath (Ye and Doak, 2009).

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 concentration 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 (Forward: 5’-GAAGATCAGTCGCAYTGGCCCAA-3’;
Reverse: 5’-TCCATTGTGGCCGATCAG-3’) and of general bacteria (Forward: 5’-
ACTCCTACGGGAGGCAGCAG-3’; Reverse: 5’-ATTACCGCGGCTGCTGG-3’) (Sun et
al., 2016). L. reuteri and total bacteria levels were calculated from Ct values using a standard
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curve and the ratio of L. reuteriltotal bacterial load was calculated for each mouse. All
values were normalized to the average of the WT group to set the WT average equal to 1.

Culture and Treatment with Lactobacillus reuteri.—Lactobacillus reuteri 6475 was
cultured anaerobically in MRS broth at 37°C in a 90% N, 5% CO,, 5% H, environment

as previously described (Buffington et al., 2016). Briefly, cultures were centrifuged, washed,
resuspended in PBS, and frozen at —80°C until use. PBS (vehicle) or L. reuteriwas added to
the drinking water daily to minimize dosage variability. The experimental group received
live bacteria (~1 x 108 organisms/mouse/day), while the control group received equal
volume of PBS. Mice drank the treated water ad /ibitum during the treatment period. Fecal
sample collection, behavioral assays, tissue collection and electrophysiological recordings
were initiated 4 weeks after the beginning of the treatment period.

Electrophysiological Recordings.—Recordings were performed as previously
described (Buffington et al., 2016; Sgritta et al., 2019). 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 220-250 um-thick horizontal slices were cut in ice-cold (2-3°C)
cutting-solution containing the following (in mM): 87 NaCl, 25 NaHCO3, 25 glucose, 75
sucrose, 2.5 KCI, 1.25 NaH2PO4, 0.5 CaCl2and 7 MgClI2(equilibrated with 95% 02-5%
CO2 gas mixture, pH 7.3-7.5). Slices were incubated in the same cutting solution 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
NaHCO3, 25 glucose, 2.5 KCI, 1.25 NaH2PO4, 2 CaCl2, and 1 MgCI2(equilibrated with
95% 02-5% CO2), 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 oxygenated ACSF (2 ml/min) containing the
GABAA receptor antagonist picrotoxin (100 pM; Sigma-Aldrich, USA) and maintained

at 32°C with a Peltier feedback device (TC-324B, Warner Instrument). Recordings were
performed with Multiclamp700B (Molecular Devices), sampled at 20 kHz with Digidata
511440A(Molecular Device) interface, filtered online at 3 kHz with a Bessel low-pass filter
and analyzed off-line with pClamp10 software (Molecular Devices). Patch pipettes were
pulled from borosilicate glass capillaries (World Precision Instruments, Inc., FL) and filled
with following intracellular solution (in mM): 117 CsMeS03, 0.4 EGTA, 20 HEPES, 2.8
NaCl, 2.5 Mg-ATP, and 0.25 Na-GTP; 5 TEA ClI, pH was adjusted to 7.3 and osmolarity to
290 mOsm using a vapor pressure osmometer Vapro5600 (ELITechGroupWescor, South
Logan, Utah,USA). When filled with the intracellular solution, patch pipettes had a
resistance of 2.0-3.0MQbefore seal formation. The ventral tegmental area (VTA) was
visually identified by infrared differential interference contrast video microscopy and lateral
VTA was identified considering the medial lemniscus and the medial terminal nucleus

of the accessory optic tract as anatomical landmarks. After establishing a gigaohm seal
(>2GQ) and recording stable spontaneous firing in cell-attached mode, neurons were
voltage clamped in whole cell configuration. 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
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pF and 3) the presence of an Ih current and a leak current > 150 pA, when hyperpolarized
from —40 mV to —120 mVin 10 mV steps (Bariselli et al., 2016; Huang et al., 2016; Zhang
et al., 2010). Passive electrode-cell parameters were monitored throughout the experiments,
analyzing passive current relaxations induced by 10 mV hyperpolarizing steps applied at the
beginning of every trace. Variation of series resistance (Rs) > 20% led to the rejection of the
experiment. AMPAR/NMDAR ratios were calculated as previously described (Buffington
etal., 2016; Huang et al., 2016; Sgritta et al., 2019) Briefly, neurons were slowly voltage
clamped at +40 mV until the holding current stabilized (at 200 pA). Excitatory post synaptic
currents (EPSCs) were evoked at 0.05 Hz with a bipolar stimulating electrode placed 50—
150 pm rostral to the lateral VTA. After recording the dual-component EPSCs, 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 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 intra peritoneally (I.P.) at a volume of
5 ml/kg 24 hours prior to electrophysiological recordings.

To analyze the miniature excitatory post synaptic currents (mMEPSCs) in the medial
prefrontal cortex (mPFC), coronal sections of mPFC were cut 300 um thick. Patch pipettes
were filled with a solution containing (in mM) 110 K-gluconate, 10 KCI, 10 HEPES, 10
Nay-phosphocreatine, 2 Mgs-ATP, and 0.2 Naz-GTP. When filled with the internal solution,
patch pipettes had a resistance of 3-5 mQ before seal formation. L2/3 neurons of the mPFC
were identified under visual guidance and were clamped at =70 mV. mEPSCs were recorded
with a background activity protocol, in the presence of 100 uM picrotoxin and of 1 pM TTX.
Recordings were low-pass filtered at 2 Hz and sampled at 20 kHz and analyzed off-line

with pClamp210 software. All spontaneous currents were digitally filtered at 1.5 kHz and
analyzed off-line. Automated mEPSC analysis was performed with Clampfit software. A
further visual inspection of detected signals allowed us to reject noise artifacts. A period of 5
min was used to evaluate mEPSC frequency and mEPSC amplitude.

Immunofluorescence.—Immunofluorescence was performed as previously described
(Buffington et al., 2016; Sgritta et al., 2019). Mice were deeply anesthetized by inhalation
of isoflurane and perfused transcardially with 10 mL 0.9% PBS followed by 30 mL 4%
paraformaldehyde (PFA) in 0.1M phosphate buffer (PFA). Brains were post-fixed in 4%
PFA at 4°C overnight, then cryoprotected in 30% sucrose 0.1M PB over 3 days. Coronal
slices (30 pm) thick were obtained from frozen tissue using a sliding blade microtome then
transferred to ice cold PBS. Slices were blocked with 5% normal goat serum, 0.3% Triton
X-100 0.1M PB (PBTgs) for 1 hour rocking at room temperature (RT) and then incubated
in primary antibodies [rabbit anti-oxytocin, ImmunoStar #20068 (1:2,000 dilution); mouse
anti-NeuN, Millipore, #MAB377 (1:2,000 dilution] diluted in PBTgs rocking at 4°C for
24 hr. Slices were then washed three times with 0.3% Triton X-100 0.1M PB. Primary
antibodies were visualized using secondary goat anti-rabbit Alexa Fluor 488 (ThermoFisher
Scientific, #A-11034) and goat anti-mouse Alexa Fluor 594 (ThermoFisher Scientific,
#A-11032) antibodies (1:1,000 dilution). Slices were incubated in secondary antibodies
rocking in the dark for 1 hr at RT. Five minute final washes with each of PBTgs, 0.1M
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PB, and 0.05M PB preceded mounting onto 2% gelatin (Sigma-Aldrich, #G9391)-coated
coverslips. Nuclei were visualized using Vectashield H-1200 with DAPI (Vector Labs,
#H-1200).

Fluorescent imaging and data acquisition were performed on a Zeiss Axiolmager.Z2
microscope (Carl Zeiss Microlmaging) mounted with an AxioCam digital camera (Carl
Zeiss Microlmaging). Images were captured using AxioVision acquisition software (Carl
Zeiss Microimaging). All images within a given dataset were acquired at identical exposure
times, within a given channel, to allow comparison of signal intensity. In some images,
contrast and brightness were linearly adjusted using Photoshop (Adobe). Image processing
was applied uniformly across all images within a given dataset. Fluorescence intensity was
measured in ImageJ (NIH) by selecting regions of interest (Oxytocin- and NeuN-positive
hypothalamic cell bodies). Hypothalamic oxytocin+ and NeuN+ cell number was assessed
in ImageJ using the following operational sequence: (i) open image file, (ii) subtract
background, (iii) adjust threshold, (iv) convert to mask, (v) watershed, (vi) analyze particles.
Automatic identification of cell boundaries was validated against the source image by an
experimenter blind to group allocation.

Oxytocin Administration.—Oxytocin (Tocris Bioscience) was administrated intranasally
at a dose of 200 pg/kg as previously reported (Buffington et al., 2016; Sgritta et al.,

2019). Briefly, oxytocin was dissolved in 10% dimethyl sulfoxide (DMSO)/90% PBS. 10%
DMSO/90% PBS was used as the vehicle control. 1.25 L of vehicle or oxytocin were
administrated into each nostril from a P10 pipette 30 minutes prior to social behavior testing,
since the effects of oxytocin last 2 hours with this delivery method (Pefiagarikano et al.,
2015).

Metabolomic Profiling.—Fecal samples were collected from mice in sterile
microcentrifuge tubes, frozen immediately on dry ice, and stored at —80°C until

processing. Samples were prepared using the automated MicroLab STAR system (Hamilton
Co.) and analyzed using ultrahigh performance liquid chromatography-tandem mass
spectrometry (UPLC-MS/MS) on a Waters (Milford, MA) ACQUITY ultra-performance
liquid chromatography (UPLC) and a Thermo Scientific Q-Exactive high resolution/accurate
mass spectrometer interfaced with a heated electrospray ionization (HESI-II) source and
Orbitrap mass analyzer operated at 35,000 mass resolution by Metabolon Inc. (Durham,
North Carolina). Overall, 752 known compounds were identified by comparing profiles to

a known metabolomic library using the Metabolon LIMS system. Values were normalized
in terms of raw area count and each biochemical was rescaled to set the median equal to 1
across all three groups. Missing values were imputed, being set to the lowest observed value
for each metabolite.

Tetrahydrobiopterin (BH4) Administration.—(6R)-5,6,7,8-Tetrahydrobiopterin
dihydrochloride (BH4, Sigma-Aldrich #T4425) was administered via oral gavage at a dose
of 20 mg/kg. Briefly, BH4 was dissolved (5 mg/mL) in anaerobic water under anaerobic
conditions (90% N5, 5% CO», 5% H, environment) to prevent oxidation. Aliquots were
frozen at —80°C until use. Mice were gavaged with either vehicle or BH4 daily for 2-4
weeks and 2 hours prior to behavior tests.
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Oxytocin Receptor Antagonist Administration.—L-371,257 (Tocris Bioscience) was
administrated intranasally at a dose of ~300 pg/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 interaction
test.

SPRi3 Administration.—SPRi3 (Tocris Bioscience) was administered intraperitoneally
(I.P.) at a dose of 300 mg/kg based on previous reports (Cronin et al., 2018; Latremoliere
et al., 2015). SPRi3 was dissolved in 50% w/v 2-hydroxypropyl-p-cyclodextrin (Sigma
Life Sciences) in 0.9% sterile saline and 50% w/v 2-hydroxypropyl-p-cyclodextrin in 0.9%
sterile saline was used as the vehicle control. Mice were injected every other day for 5 days
prior to behavior and 1 hour prior to behavioral tests.

QUANTIFICATION AND STATISTICAL ANALYSIS.

Data were presented as mean + SEM with individual data points also shown. Statistical
analyses performed include Mann-Whitney Utest, student t-test, one- or two-way ANOVA
with Bonferroni post hoc analysis to correct for multiple comparisons, unless otherwise
indicated. U, ¢, F, and Pvalues were presented in the figure legends. £ < 0.05 was considered
statistically significant. *£< 0.05, **£< 0.01, ***P< 0.001, ****P< 0.0001. GraphPad’s
Prism (La Jolla, CA) software was used to perform statistical analyses for behavioral and
electrophysiological experiments and to generate graphical data representations.

The analyses for metabolomics were conducted in RStudio 1.1.463 using R 3.3.3.

The hierarchical clustering of the samples was determined using pvclust (Suzuki and
Shimodaira, 2006) by generating a stable dendrogram with selective inference (SI) P-values
after bootstrapping across 1000 permutations. SI values > 95% can be considered certain and
significant. The heatmap was then constructed and visualized using the heatmap.2 function
in gplots (version 3.0.1.1). Random forest analysis was performed using the randomForest
function in the randomForest package (version 4.6-14) and visualized using the ggplot
function in the ggplot2 package (version 3.2.0).

The analyses for the 16S rRNA gene sequencing were conducted in RStudio 1.2.1335

using R 3.6.0. Beta diversity analyses were performed using two strategies. In the first,
sequence abundances were analyzed using the phylogenetic isometric log transform [PhILR,
R package version 1.10.1 (Silverman et al., 2017)] and the Euclidean distance between
transformed values for each sample. In the second, Bray-Curtis and Unifrac dissimilarities
were calculated using the R package phyloseq v1.28.0 (McMurdie and Holmes, 2013). Beta
diversity PERMANOVA hypothesis testing was performed for all dissimilarity metrics using
the adonis function in the R package vegan v2.5-6 (Oksanen et al., 2019), adjusting for

sex, cage, and/or time covariates where applicable. No significant differences in dispersion
were observed that were consistent across dissimilarity metrics as measured using the
betadisper function in the R package vegan v2.5-6 (data not shown). Alpha-diversity indices
were calculated using phyloseq, after subsampling sequence variant tables to the minimum
number of reads assigned to a sample in a given experiment. Hypothesis testing for alpha-
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diversity metrics was performed using the breakaway package v4.7.2 for richness estimates
(Willis et al., 2020), and using linear mixed models for the Shannon index. Differential
abundance analysis of sequence variants and PICRUSt2-inferred MetaCyc pathways was
performed using the aldex.glm function in the ALDEx2 package version 1.16.0 (Fernandes
et al., 2014) with default parameters, again adjusting for applicable covariates. Features with
a Benjamini-Hochberg FDR-corrected p-value less than 0.05 were considered significant
(Benjamini et al., 2001). Visualizations of microbiome data were generated using the
ggplot2 (v3.3.2) and ggtree (v1.16.6) packages.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Host genetics & microbiota differentially regulate behaviors in an ASD
mouse model

Microbe therapy (L. reuteri) rescues Cntnap2~~ social deficits but not
hyperactivity

Microbe-induced metabolite (BH4) selectively rescues Cntnap2™~ social
deficits

L. reuteri & BH4 improves Cnitnap2~~ social reward-mediated synaptic
transmission
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Fig. 1. CntnapZ‘/‘ mice generated from isolated breeding lines exhibit impaired social behavior,
hyperactivity, and a distinct microbiome composition compared to WT controls.

A, Breeding scheme for the isolated lines (Cntnap2*/*: WT-I; Cntnap2~~: KO-1). B,
Experimental design for animals from isolated lines. C-D, Social behavior in WT-1 and
KO-I mice as assessed in the 3-chamber test (r7= 17 per group; C, Sociability: WT-1: ¢=
7.508, P<0.0001; KO-I: t=1.01, P=0.6322; two-way ANOVA: F; g4 = 21.11, £<0.0001;
D, Social Novelty: WT-1: t=6.386, £< 0.0001; KO-I: = 0.2782, P> 0.9999; two-way
ANOVA, £ 64 = 18.65, < 0.0001). E, Social behavior in WT-I and KO-I mice as assessed
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in the reciprocal social interaction test (n = 15-16 per group, Mann-Whitney U= 52.50,
P=0.0065). F-G, Locomaotor activity levels in WT-I and KO-I mice as assessed in the
habituation phase of the 3-chamber test (7= 17 per group; F, Distance traveled: WT-I vs
KO-I: Mann-Whitney U= 42, £P=0.0002; G, Mean Speed: WT-I vs KO-I: Mann-Whitney
U=425, P=0.0002). H, Beta diversity of the 16S rRNA gene sequencing dataset from
feces of WT-I and KO-I mice (n = 16 per group) as determined by principal components
analysis (PCA) of PhILR-transformed Euclidean distances (PERMANOVA: /2 = 0.35732, P
=0.0002). I, Phylogenetic tree of ASVs detected in the 16S rRNA gene sequencing dataset
with tree branch colors associated with the phylum of the ASV, the inner circle representing
differences in ASV abundance between groups (sliding scale: green = higher in KO, white =
no difference, purple = higher in WT), and the outer circle representing the significance level
after Benjamini-Hochberg false discovery rate correction (white: not significant, £= 0.05;
black: significant, £< 0.05). See also Figure S1 and Table S1, S2.
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Fig 2. Cntnap2'/‘ mice generated from littermates breeding line exhibit normal social behavior
and a microbiome composition similar to WT controls, but remain hyperactive.

A, Breeding scheme for the littermate line (Cntnap2*’*: WT-L; Cntnap2~~: KO-L). B,
Experimental design for animals from littermate line. C-D, Social behavior in WT-L and
KO-L mice as assessed in the 3-chamber test (n7= 14 per group; C, Sociability: WT-L: ¢
=5.856, < 0.0001; KO-L: #=7.849, P<0.0001; two-way ANOVA: F; 55 = 1.938, P<
0.1650; D, Social Novelty: WT-L: t=2.415, P=0.0386; KO-L: = 3.145, P=0.0055;
two-way ANOVA, F; 5, = 0.266, = 0.6082). E, Social behavior in WT-L and KO-L mice

Cell. Author manuscript; available in PMC 2022 April 11.



1duosnue Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Buffington et al.

Page 27

as assessed in the reciprocal social interaction test (n = 16 per group, Mann-Whitney U=
124, P=0.897). F-G, Locomotor activity levels in WT-L and KO-L mice as assessed in the
habituation phase of the 3-chamber test (7= 14 per group; F, Distance traveled: WT-L vs
KO-L: Mann-Whitney U= 42, P=0.0091; G, Mean speed: WT-L vs KO-L: Mann-Whitney
U=425, P=0.0095). H, Beta diversity of the 16S rRNA gene sequencing dataset from
feces of WT-L and KO-L mice (n = 14 per group) as determined by principal components
analysis (PCA) of PhILR-transformed Euclidean distances (PERMANOVA: /2 = 0.04440, P
=0.26975). I, Phylogenetic tree of ASVs detected in the 16S rRNA gene sequencing dataset
with tree branch colors associated with the phylum of the ASV, the inner circle representing
differences in ASV abundance between groups (sliding scale: green = higher in KO, white =
no difference, purple = higher in WT), and the outer circle representing the significance level
after Benjamini-Hochberg false discovery rate correction (white: not significant, £= 0.05;
black: significant, < 0.05). See also Figure S1, and Table S1, S2.
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Fig. 3. Co-housing reverses the social deficits and leads to a more similar gut microbiome
composition but fails to rescue hyperactivity of KO-1 mice.

A-B, Schemes of experimental design. C-D, Social behavior in the co-housed WT-I and
co-housed KO-I mice as assessed in the 3-chamber test (7= 31-32 per group; C, Sociability:
co-housed WT-I: £=9.442, P< 0.0001; co-housed KO-I: £=9.284, P< 0.0001; two-way
ANOVA: F; 15, = 0.04696, P= 0.8288; D, Social Novelty: co-housed WT-I: #= 3.666, P
=0.0007; co-housed KO-I: £=3.066, = 0.0053; two-way ANOVA, Fq 122 = 0.2135, P=
0.6448). E, Social behavior in the co-housed WT-I and co-housed KO-1 mice as assessed in
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the reciprocal social interaction test (7= 22 per group; co-housed WT-1 vs co-housed KO-I:
Mann-Whitney U= 192, P=0.2456). F-G, Locomotor activity levels of the co-housed WT-I
and co-housed KO-I mice as assessed in the habituation phase of the 3-chamber test (7=
31-32 per group; F, Distance traveled: co-housed WT-1 vs co-housed KO-I: Mann-Whitney
U=307, P=0.0089; G, Mean speed: co-housed WT-I vs co-housed KO-I: Mann-Whitney
U=303, P=0.0074). H, Beta diversity of the 16S rRNA gene sequencing dataset from
feces of co-housed WT-1 and KO-1 mice (n = 12-13 per group) as determined by principal
components analysis (PCA) of PhILR-transformed Euclidean distances (PERMANOVA:
RZ=0.11351, P=0.04459). I, Phylogenetic tree of ASVs detected in the 16S rRNA

gene sequencing dataset with tree branch colors associated with the phylum of the ASV,

the inner circle representing differences in ASV abundance between groups (sliding scale:
green = higher in KO, white = no difference, purple = higher in WT), and the outer circle
representing the significance level after Benjamini-Hochberg false discovery rate correction
(white: not significant, 2= 0.05; black: significant, £< 0.05). See also Figure S2, and Table
S1, S2.
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Fig. 4. Transgenerational separation of littermates leads to social deficits and alterations in
microbiome composition but does not affect locomotor activity.

A-B, Schemes of the experimental design. C-D, Social behavior in WT-T and KO-T mice
as assessed in the 3-chamber test (17= 24-27 per group; C, Sociability: WT-T: £=7.182,
P<0.0001; KO-T: #=5.364, £< 0.0001; two-way ANOVA: F; g5 = 0.1254, P=0.1254,
D, Social Novelty: WT-T: = 4.398, < 0.0001; KO-T: #=0.7683, A= 0.8883; two-way
ANOVA, F; gg = 7.143, P=0.0088). E, Social behavior in WT-T and KO-T mice as
assessed in the reciprocal social interaction test, (7= 14-24 per group; WT-T vs KO-T:
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Mann-Whitney U= 30, £< 0.0001). F-G, Locomotor activity levels in WT-T and KO-T
mice as assessed in the habituation phase of the 3-chamber test (7= 24-27 per group; F,
Distance traveled: WT-T vs KO-T: Mann-Whitney /=180, P=0.0060; G, Mean speed:
WT-T vs KO-T: Mann-Whitney U= 180.5, #=0.0061). H, Beta diversity of the 16S

rRNA gene sequencing dataset from feces of WT-T and KO-T mice (n = 15 per group)

as determined by principal components analysis (PCA) of PhILR-transformed Euclidean
(PERMANOVA: R = 0.44351, P=0.0002). I, Phylogenetic tree of ASVs detected in the
16S rRNA gene sequencing dataset with tree branch colors associated with the phylum

of the ASV, the inner circle representing differences in ASV abundance between groups
(sliding scale: green = higher in KO, white = no difference, purple = higher in WT), and the
outer circle representing the significance level after Benjamini-Hochberg false discovery rate
correction (white: not significant, 2> 0.05; black: significant, < 0.05). See also Figure S2,
and Table S1, S2.
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Fig. 5. Microbiota transplantation confers the social behavior phenotype, but not activity
phenotype, of the donor lines.

A, Scheme of experimental design for the FMT experiments. B-C, Social behavior in GF
mice transplanted with microbiota from isolated and littermate lines as assessed in the
3-chamber test (7= 9-21 per group; B, Sociability: Conventionally Colonized: #=8.51, P<
0.0001; GF: £=0.572, P> 0.9999; GF:WT-1 FMT: #= 6.557, P< 0.0001; GF:KO-I FMT: ¢
=0.05714, P> 0.9999; GF:WT-L FMT: ¢=5.673, < 0.0001; GF:KO-L FMT: = 6.485, P
< 0.0001; two-way ANOVA, F5 144 = 16.61, £<0.0001; C, Social Novelty: Conventionally
Colonized: t=3.82, P=0.0012; GF: #=0.1557, P> 0.9999; GF:-WT-1 FMT: = 4.564, P
<0.0001; GF:KO-I FMT: £=0.1194, P> 0.9999; GF:WT-L FMT: ¢=4.006, A= 0.0006;
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GF:KO-L FMT: ¢=5.73, < 0.0001; two-way ANOVA, £ 144 = 7.100, P< 0.0001).

D-E, Locomotor activity levels in GF mice transplanted with microbiota from isolated and
littermate lines as assessed in the habituation phase of the 3-chamber test (7= 10-22 per
group; D, Distance traveled: Conventionally Colonized vs Non-colonized GF: ¢=2.494, P
=0.2230; GF:WT-1 vs GF:KO-I: ¢t=2.173, P=0.4942; GF:WT-L vs GF:KO-L: t = 0.3335,
P>0.9999; one-way ANOVA: f5 74 = 2.529, p = 0.0361; E, Mean speed: Conventionally
Colonized vs Non-colonized GF: = 2.501, A= 0.2190; GF:WT-I vs GF:KO-I: £=2.218, P=
0.4448; GF:WT-L vs GF:KO-L: t=0.3367, P> 0.9999; one-way ANOVA: F; 74 = 2.559, P
=0.0343). See also Figure S3, and Table S1, S2.
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Fig. 6. L. reuteri rescues deficits in social behavior and related changes in synaptic transmission
without altering locomotor activity levels in Cntnapz_/_ mice.

A, Scheme of experimental design for the treatment with L. reuteri. B-C, Social behavior
in L. reuteritreated mice as assessed in the 3-chamber test (7= 19-22 per group; B,
Sociability: WT-1 + Vehicle: £=5.329, £< 0.0001; KO-I + \ehicle: £=0.2167, P> 0.9999;
KO-I + L. reuteri. t=12.75, P< 0.0001; two-way ANOVA: 5 116 = 36.34, £< 0.0001;

C, Social Novelty: WT-I + Vehicle: = 6.228, A< 0.0001; KO-I + \ehicle: t=1.241,
P=10.6516; KO-1 + L. reuteri: t=6.934, P< 0.0001; two-way ANOVA, £, 116 = 20.02,
P<0.0001). D-E, Locomotor activity levels in L. reuteritreated mice as assessed in the
habituation phase of the 3-chamber test (7= 19-22 per group; D, Distance traveled: WT-1 +
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Vehicle vs KO-I + Vehicle: = 4.143, P=0.0003; WT-1 + Vehicle vs KO-l + L. reuteri. t=
3.935, P=0.0007; KO-I + Vehicle vs KO-I + L. reuters. t= 0.3565, P> 0.9999; one-way
ANOVA, £, 55 = 10.86, < 0.0001; E, Mean speed: WT + Vehicle vs KO-I + Vehicle:
t=3.646, P=0.0017; WT + Vehicle vs KO-l + L. reuteri. t=3.072, P=0.0097; KO-I

+ Vehicle vs KO-I + L. reuterf. t=0.6995, P> 0.9999; one-way ANOVA, F, 55 = 7.663,
P=0.0011). F, Scheme of experimental design for electrophysiological studies. G, Social
behavior in L. reuteritreated mice as assessed in the reciprocal social interaction test (n7=
16-28 pairs per group, WT-I + Vehicle vs KO-I + Vehicle: ¢=6.490, £< 0.0001; WT-1 +
Vehicle vs KO-I + L. reuteri: t=1.079, P=0.8552; KO-l + \ehicle vs KO-1 + L. reuteri. t
=7.707, P<0.0001; one-way ANOVA, F, 57 = 37.53, P< 0.0001). H, Representative traces
of AMPAR and NMDAR currents (top panel) and AMPAR/NMDAR ratio (bottom panel)

in VTA DA neurons recorded at baseline and 24 hours after reciprocal social interaction (n
= 6-14 per group; WT-I + \ehicle baseline vs WT-1 + Vehicle social interaction: = 3.462,
P=0.0203; KO-I + Vehicle baseline vs KO-I + Vehicle social interaction: £=0.4072, p

> 0.9999; KO-I + Vehicle baseline vs KO-l + L. reuteribaseline: t=0.1927, P> 0.9999;
KO-1 + Vehicle baseline vs KO-I + vehicle cocaine: ¢=3.773, P=0.0075; KO-l + L. reuteri
baseline vs KO-I + L. reuterisocial interaction: ¢= 3.467, P=0.0201; one-way ANOVA,
Fs63 = 7.119, P<0.0001). I, Representative traces of miniature excitatory post-synaptic
currents (MEPSCs). J, mEPSCs amplitude (n=7-9 per group; WT-I + vehicle vs KO-I +
vehicle: ¢=3.884, P=0.0026; KO-I + vehicle vs KO-I + L. reuteri. t=1.295, P=0.6278;
WT-I + vehicle vs KO-1 + L. reuteri. t=2.385, P=0.0797, one-way ANOVA: F »; = 7.680,
P=0.0031) in WT-1, KO-I and KO-I treated with L. reuteri. K, mEPSCs frequency (7= 7-9
per group; WT-1 + vehicle vs KO-1 + vehicle: £=3.802, = 0.0031; KO-I + vehicle vs KO-I
+ L. reuteri. t=0.9573, P> 0.9999; WT-I + vehicle vs KO-I + L. reuteri. t=2.637, P=
0.0462; one-way ANOVA: F »; = 7.597, P=0.0033) in WT-I, KO-I and KO-I treated with
L. reuteri. See also Figure S4-S5.
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Fig. 7: L. reuteri selectively increases metabolites from the tetrahydrobiopterin (BH4) synthesis
pathway and BH4 reverses the social deficits (but not locomotor activity levels) in Cntnap2™'~

mice.

A, Heatmap of hierarchical clustering analysis of fecal metabolites in WT-I + Vehicle, KO-I

+ Vehicle and KO-1 + L. reuteri-treated mice (17= 5-6 per group). Selective inference

(SI) values (blue) show the stability of each edge (grey) in the tree. B, Top 30 most
discriminatory fecal metabolites between social (WT-I + Vehicle and KO-I + L. reuteri) and
non-social (KO-I + Vehicle) groups, identified by Random Forests classification (7= 5-6
per group). C-D, Levels of metabolites in BH4 synthesis pathway (/7= 5-6 per group; C,
biopterin: WT-I + Vehicle vs KO-I + Vehicle: £=7.159, £< 0.0001; WT-I + \ehicle vs KO-I
+ L. reuteri. t=0.6152, P> 0.9999; KO-I + Vehicle vs KO-I + L. reuteri. t=6.211, P<
0.0001; one-way ANOVA, £, 14 = 30.69, P< 0.0001; D, dihydrobiopterin: WT-I + Vehicle
vs KO-1 + Vehicle: £=10.34, P<0.0001; WT-I + Vehicle vs KO-I + L. reuteri. t= 1.008,
P=0.9944; KO-I + Vehicle vs KO-l + L. reuteri. t=8.852, £< 0.0001; one-way ANOVA,
F, 14 = 63.40, P<0.0001). E, Scheme of experimental design for BH4 treatment studies.
F-G, Social behavior in BH4 treated mice as assessed in the 3-chamber test (7= 13-14 per
group; F, Sociability: WT-1 + \ehicle: £=6.488, P< 0.0001; KO-I + Vehicle: = 1.968, P
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=0.1581; KO-l + BH4: t=5.514, P< 0.0001; two-way ANOA: F, 76 = 5.205, A= 0.0076;
G, Social Novelty: WT-1 + Vehicle: ¢=6.395, P< 0.0001; KO-I + Vehicle: £=1.930, P=
0.1722; KO-1 + BH4: = 6.611, £<0.0001; two-way ANOA, /76 = 6.434, P=0.0026). H,
Scheme of experimental design for electrophysiological studies. I, Social behavior in BH4
treated mice as assessed in the reciprocal social interaction test (7= 9-10 pairs per group,
KO-I + Vehicle vs KO-I + BH4: Mann-Whitney U= 9, £=0.0021). J, Representative traces
of AMPAR and NMDAR currents (top panel) and AMPAR/NMDAR ratio (bottom panel) in
VTA DA neurons recorded at baseline and 24 hours after reciprocal social interaction (7=
6-8 per group; KO-I + Vehicle baseline vs KO-1 + Vehicle social interaction: £=0.9717, P
> 0.9999; KO-I + Vehicle baseline vs KO-l + BH4 baseline: = 0.2975, £> 0.9999; KO-I

+ Vehicle social interaction vs KO-1 + BH4 baseline: ¢=0.7109, £> 0.9999; KO-I + BH4
baseline vs KO-1 + BH4 social interaction: #= 4.322, P=0.0015; one-way ANOVA, £3 73 =
9.125, P=0.0004). K-L, Locomotor activity levels in BH4 treated mice as assessed in the
habituation phase of the 3-chamber test (7= 13-14 per group; K, Distance traveled: WT-I

+ Vehicle vs KO-I + Vehicle: £=4.763, P< 0.0001; WT-I + Vehicle vs KO-1 + BH4: ¢=
6.833, £<0.0001; KO-I + Vehicle vs KO-l + BH4: £=1.943, P=0.1784; one-way ANOVA,
F, 38 =24.66, P<0.0001; L, Mean speed: WT + Vehicle vs KO-1 + Vehicle: 1= 4.827, P
<0.0001; WT + Vehicle vs KO-1 + BH4: #=6.853, £<0.0001; KO-I + \fhicle vs KO-1 +
BH4: t=1.898, P=0.1961; one-way ANOVA, F, 35 = 24.90, £< 0.0001). See also Figure
S6-S7.
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