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SUMMARY

Neurodevelopmental disorders, including autism
spectrum disorder (ASD), are defined by core behav-
ioral impairments; however, subsets of individuals
display a spectrum of gastrointestinal (Gl) abnormal-
ities. We demonstrate Gl barrier defects and micro-
biota alterations in the maternal immune activation
(MIA) mouse model that is known to display features
of ASD. Oral treatment of MIA offspring with the hu-
man commensal Bacteroides fragilis corrects gut
permeability, alters microbial composition, and ame-
liorates defects in communicative, stereotypic, anxi-
ety-like and sensorimotor behaviors. MIA offspring
display an altered serum metabolomic profile, and
B. fragilis modulates levels of several metabolites.
Treating naive mice with a metabolite that is
increased by MIA and restored by B. fragilis causes
certain behavioral abnormalities, suggesting that
gut bacterial effects on the host metabolome impact
behavior. Taken together, these findings support a
gut-microbiome-brain connection in a mouse model
of ASD and identify a potential probiotic therapy for
Gl and particular behavioral symptoms in human
neurodevelopmental disorders.

INTRODUCTION

Neurodevelopmental disorders are characterized by impaired
brain development and behavioral, cognitive, and/or physical
abnormalities. Several share behavioral abnormalities in socia-
bility, communication, and/or compulsive activity. Most recog-
nized in this regard is autism spectrum disorder (ASD), a serious
neurodevelopmental condition that is diagnosed based on the
presence and severity of stereotypic behavior and deficits in lan-
guage and social interaction. The reported incidence of ASD has
rapidly increased to 1 in 88 births in the United States as of 2008

(Autism and Developmental Disabilities Monitoring Network Sur-
veillance Year 2008 Principal Investigators and CDC, 2012), rep-
resenting a significant medical and social problem. However,
therapies for treating core symptoms of autism are limited.
Much research on ASD has focused on genetic, behavioral,
and neurological aspects of disease, though the contributions
of environmental risk factors (Hallmayer et al., 2011), immune
dysregulation (Onore et al., 2012), and additional peripheral dis-
ruptions (Kohane et al., 2012) in the pathogenesis of ASD have
gained significant attention.

Among several comorbidities in ASD, gastrointestinal (Gl)
distress is of particular interest, given its reported prevalence
(Buie et al., 2010; Coury et al., 2012) and correlation with symp-
tom severity (Adams et al., 2011). While the standardized diag-
nosis of Gl symptoms in ASD is yet to be clearly defined, clinical
as well as epidemiological studies have reported abnormalities
such as altered Gl motility and increased intestinal permeability
(Boukthir et al., 2010; D’Eufemia et al., 1996; de Magistris
et al., 2010). Moreover, a recent multicenter study of over
14,000 ASD individuals reveals a higher prevalence of inflamma-
tory bowel disease (IBD) and other Gl disorders in ASD patients
compared to controls (Kohane et al., 2012). Gl abnormalities are
also reported in other neurological diseases, including Rett syn-
drome (Motil et al., 2012), cerebral palsy (Campanozzi et al.,
2007), and major depression (Graff et al., 2009). The causes of
these Gl problems remain unclear, but one possibility is that
they may be linked to gut bacteria.

Indeed, dysbiosis of the microbiota is implicated in the patho-
genesis of several human disorders, including IBD, obesity, and
cardiovascular disease (Blumberg and Powrie, 2012), and
several studies report altered composition of the intestinal mi-
crobiota in ASD (Adams et al., 2011; Finegold et al., 2010; Fine-
gold etal., 2012; Kang et al., 2013; Parracho et al., 2005; Williams
et al., 2011; Williams et al., 2012). Commensal bacteria affect a
variety of complex behaviors, including social, emotional, and
anxiety-like behaviors, and contribute to brain development
and function in mice (Collins et al., 2012; Cryan and Dinan,
2012) and humans (Tillisch et al., 2013). Long-range interactions
between the gut microbiota and brain underlie the ability of
microbe-based therapies to treat symptoms of multiple sclerosis
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and depression in mice (Bravo et al., 2011; Ochoa-Reparaz et al.,
2010), and the reported efficacy of probiotics in treating
emotional symptoms of chronic fatigue syndrome and psycho-
logical distress in humans (Messaoudi et al., 2011; Rao et al.,
2009).

Based on the emerging appreciation of a gut-microbiome-
brain connection, we asked whether modeling some of the
behavioral features of ASD in a mouse model also causes Gl
abnormalities. Several mouse models of genetic and/or environ-
mental risk factors are used to study ASD. We utilize the maternal
immune activation (MIA) model, which is based on large epide-
miological studies linking maternal infection to increased autism
risk in the offspring (Atladéttir et al., 2010; Gorrindo et al., 2012).
A number of studies link increased ASD risk to familial autoim-
mune disease (Atladoéttir et al., 2009; Comi et al., 1999) and
elevated levels of inflammatory factors in the maternal blood,
placenta, and amniotic fluid (Abdallah et al., 2013; Brown et al.,
2013; Croen et al., 2008). Modeling MIA in mice by injecting preg-
nant dams with the viral mimic poly(l:C) yields offspring that
exhibit the core communicative, social, and stereotyped impair-
ments relevant to ASD, as well as a common autism neuro-
pathology—a localized deficiency in cerebellar Purkinje cells
(Malkova et al., 2012; Shi et al., 2009). Furthermore, pregnant
monkeys exposed to poly(l:C) yield offspring with symptoms of
ASD (Bauman et al., 2013). Although several environmental
and genetic risk factors for ASD have been investigated in pre-
clinical models, Gl abnormalities have not been reported. We
show herein that offspring of MIA mice, which display behavioral
abnormalities, have defects in intestinal integrity and alterations
in the composition of the commensal microbiota that are analo-
gous to features reported in human ASD. To explore the potential
contribution of GI complications to these symptoms, we
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models of colitis (Mazmanian et al.,

2008) and to protect against neuroinflam-
mation in mouse models of multiple sclerosis (Ochoa-Reparaz
et al, 2010), impacts ASD-related Gl and/or behavioral
abnormalities in MIA offspring. Our study reflects a mechanistic
investigation of how alterations in the commensal microbiota
impact behavioral abnormalities in a mouse model of neurodeve-
lopmental disease. Our findings suggest that targeting the
microbiome may represent an approach for treating subsets of
individuals with behavioral disorders, such as ASD, and comor-
bid Gl dysfunction.

RESULTS

Offspring of Inmune-Activated Mothers Exhibit Gl
Symptoms of Human ASD

Subsets of ASD children are reported to display Gl abnormal-
ities, including increased intestinal permeability or “leaky gut”
(D’Eufemia et al., 1996; de Magistris et al., 2010; lbrahim et al.,
2009). We find that adult MIA offspring, which exhibit a number
of behavioral and neuropathological symptoms of ASD (Malkova
et al., 2012), also have a significant deficit in intestinal barrier
integrity, as reflected by increased translocation of FITC-dextran
across the intestinal epithelium, into the circulation (Figure 1A,
left). This MIA-associated increase in intestinal permeability is
similar to that of mice treated with dextran sodium sulfate
(DSS), which induces experimental colitis (Figure 1A, left). Defi-
cits in intestinal integrity are detectable in 3-week-old MIA
offspring (Figure 1A, right), indicating that the abnormality is
established during early life. Consistent with the leaky gut
phenotype, colons from adult MIA offspring contain decreased
gene expression of TJP1, TJP2, OCLN, and CLDN8 and
increased expression of CLDN15 (Figure 1B). Deficient expres-
sion of TJP1 is also observed in small intestines of adult MIA
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offspring (Figure S1A available online), demonstrating a wide-
spread defect in intestinal barrier integrity.

Gut permeability is commonly associated with an altered
immune response (Turner, 2009). Accordingly, colons from adult
MIA offspring display increased levels of interleukin-6 (IL-6)
mRNA and protein (Figures 1C and 1D) and decreased levels
of the cytokines/chemokines IL-12p40/p70 and MIP-1a. (Fig-
ure 1D). Small intestines from MIA offspring also exhibit altered
cytokine/chemokine profiles (Figure S1C). Changes in intestinal
cytokines are not accompanied by overt Gl pathology, as as-
sessed by histological examination of gross epithelial
morphology from hematoxylin- and eosin-stained sections
(data not shown). Overall, we find that adult offspring of im-
mune-activated mothers exhibit increased gut permeability
and abnormal intestinal cytokine profiles.

MIA Offspring Display Dysbiosis of the Gut Microbiota
Abnormalities related to the microbiota have been identified in
ASD individuals, including disrupted community composition
(Adams et al., 2011; Finegold et al., 2010; Finegold et al.,
2012; Parracho et al., 2005; Wiliams et al.,, 2011; Williams
et al., 2012), although it is important to note that a well-defined
ASD-associated microbial signature is lacking thus far. To eval-
uate whether MIA induces microbiota alterations, we surveyed
the fecal bacterial population by 16S rRNA gene sequencing
of samples isolated from adult MIA or control offspring. Alpha di-
versity, i.e., species richness and evenness, did not differ signif-
icantly between control and MIA offspring, as measured by
several indices (Figures S2A and S2B). In contrast, unweighted
UniFrac analysis, which measures the degree of phylogenetic
similarity between microbial communities, reveals a strong ef-
fect of MIA on the gut microbiota of adult offspring (Figure 2).
MIA samples cluster distinctly from controls by principal coordi-
nate analysis (PCoA) and differ significantly in composition (Ta-
ble S3, with ANOSIM R = 0.2829, p = 0.0030), indicating robust
differences in the membership of gut bacteria between MIA
offspring and controls (Figure 2A). The effect of MIA on altering
the gut microbiota is further evident when sequences from the
classes Clostridia and Bacteroidia, which account for approxi-
mately 90.1% of total reads, are exclusively examined by
PCoA (R = 0.2331, p = 0.0070; Figure 2B), but not when Clostri-
dia and Bacteroidia sequences are specifically excluded from
PCoA of all other bacterial classes (R = 0.1051, p = 0.0700; Fig-
ure 2C). This indicates that changes in the diversity of Clostridia
and Bacteroidia operational taxonomic units (OTUs) are the pri-
mary drivers of gut microbiota differences between MIA
offspring and controls.

Sixty-seven of the 1,474 OTUs detected across any of the
samples discriminate between treatment groups, including
those assigned to the bacterial families Lachnospiraceae,
Ruminococcaceae, Erysipelotrichaceae, Alcaligenaceae, Por-
phyromonadaceae, Prevotellaceae, Rikenellaceae, and un-
classified Bacteroidales (Figure 2D and Table S1). Of these 67
discriminatory OTUs (relative abundance: 13.3% + 1.65% con-
trol, 15.93% + 0.62% MIA), 19 are more abundant in the control
samples and 48 are more abundant in MIA samples. Consistent
with the PCoA results (Figures 2A-2C), the majority of OTUs that
discriminate MIA offspring from controls are assigned to the

classes Bacteroidia (45/67 OTUs or 67.2%; 12.02% + 1.62%
control, 13.48% + 0.75% MIA) and Clostridia (14/67 OTUs or
20.9%; 1.00% =+ 0.25% control, 1.58% =+ 0.34% MIA). Interest-
ingly, Porphyromonadaceae, Prevotellaceae, unclassified Bac-
teriodales (36/45 discriminatory Bacteroidial OTUs or 80%;
4.46% + 0.66% control, 11.58% + 0.86% MIA), and Lachnospir-
iceae (8/14 discriminatory Clostridial OTUs or 57%; 0.28% =+
0.06% control, 1.13% + 0.26% MIA) were more abundant in
MIA offspring. Conversely, Ruminococcaceae (2 OTUs), Erysipe-
lotrichaceae (2 OTUs), and the beta Proteobacteria family Alca-
ligenaceae (2 OTUs) were more abundant in control offspring
(Figure 2D and Table S1; 0.95% + 0.31% control, 0.05% =+
0.01% MIA). This suggests that specific Lachnospiraceae, along
with other Bacteroidial species, may play a role in MIA pathogen-
esis, while other taxa may be protective. Importantly, there is
no significant difference in the overall relative abundance of
Clostridia (13.63% = 2.54% versus 14.44% + 2.84%; p =
0.8340) and Bacteroidia (76.25% =+ 3.22% versus 76.22 %=+
3.46%; p = 0.9943) between MIA offspring and controls (Fig-
ure 2E, left), indicating that alterations in the membership of
Clostridial and Bacteroidial OTUs drive major changes in the
gut microbiota between experimental groups.

Overall, we find that MIA leads to dysbiosis of the gut
microbiota, driven primarily by alterations in specific OTUs of
the bacterial classes Clostridia and Bacteroidia. Changes in
OTUs classified as Lachnospiraceae and Ruminococcaceae of
the order Clostridiales parallel select reports of increased Clos-
tridium species in the feces of subjects with ASD (Finegold
et al., 2012). Altogether, modeling MIA in mice induces not only
behavioral and neuropathological features of ASD (Malkova
et al., 2012; Shi et al., 2009) but also microbiome changes as
described in subsets of ASD individuals.

Bacteroides fragilis Improves Gut Barrier Integrity in
MIA Offspring
Gut microbes play an important role in the development, mainte-
nance and repair of the intestinal epithelium (Turner, 2009). To
determine whether targeting the gut microbiota could impact
MIA-associated Gl abnormalities, we treated mice with the
human commensal B. fragilis at weaning, and tested for Gl
abnormalities at 8 weeks of age. B. fragilis has previously been
shown to ameliorate experimental colitis (Mazmanian et al,,
2008; Round and Mazmanian, 2010). Remarkably, B. fragilis
treatment corrects intestinal permeability in MIA offspring (Fig-
ure 3A). In addition, B. fragilis treatment ameliorates MIA-associ-
ated changes in expression of CLDNs 8 and 15, but not TJP1,
TJP2, or OCLN (Figure 3B). Similar changes are observed in pro-
tein levels of CLDNs 8 and 15 in the colon, with restoration by
B. fragilis treatment (Figures 3C and 3D). No effects of
B. fragilis on tight junction expression are observed in the small
intestine (Figure S1B), consistent with the fact that Bacteroides
species are predominantly found in the colon. Finally, the pres-
ence of Gl defects prior to probiotic administration (Figure 1A,
right) suggests that B. fragilis may treat, rather than prevent,
this pathology in MIA offspring.

B. fragilis treatment also restores MIA-associated increases in
colon IL-6 mRNA and protein levels (Figures 3E and 3F). Levels of
other cytokines are altered in both colons and small intestines of
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Figure 2. MIA Offspring Exhibit Dysbiosis of the Intestinal Microbiota
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(A) Unweighted UniFrac-based 3D PCoA plot based on all OTUs from feces of adult saline+vehicle (S) and poly(l:C)+vehicle (P) offspring.
(B) Unweighted UniFrac-based 3D PCoA plot based on subsampling of Clostridia and Bacteroidia OTUs (2003 reads per sample).
(C) Unweighted UniFrac-based 3D PCoA plot based on subsampling of OTUs remaining after subtraction of Clostridia and Bacteroidia OTUs (47 reads per

sample).

(D) Relative abundance of unique OTUs of the gut microbiota (bottom, x axis) for individual biological replicates (right, y axis), where red hues denote increasing

relative abundance of a unique OTU.

(E) Mean relative abundance of OTUs classified at the class level for the most (left) and least (right) abundant taxa. n = 10/group. Data were simultaneously

collected and analyzed for poly(l:C)+B. fragilis treatment group (See Figure 4).

See also Figure S2 and Table S1.

MIA offspring (Figures 1D and S1C), but these are not affected by
B. fragilis treatment, revealing specificity for IL-6. We further find
that recombinant IL-6 treatment can modulate colon levels
of both CLDN 8 and 15 in vivo and in in vitro colon organ cultures
(data not shown), suggesting that B. fragilis-mediated restora-
tion of colonic IL-6 levels could underlie its effects on gut
permeability. Collectively, these findings demonstrate that
B. fragilis treatment of MIA offspring improves defects in Gl

4 Cell 155, 1-13, December 19, 2013 ©2013 Elsevier Inc.

barrier integrity and corrects alterations in tight junction and
cytokine expression.

B. fragilis Treatment Restores Specific Microbiota
Changes in MIA Offspring

The finding that B. fragilis ameliorates Gl defects in MIA
offspring prompted us to examine its effects on the intestinal
microbiota. No significant differences are observed following
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Figure 3. B. fragilis Treatment Corrects Gl Deficits in MIA Offspring

(A) Intestinal permeability assay, measuring FITC intensity in serum after oral gavage of FITC-dextran. Data are normalized to saline controls. Data for DSS,
saline + vehicle (S) and poly(l:C) + vehicle (P) are as in Figure 1. poly(l:C)+B. fragilis (P+BF): n = 9/group.

(B) Colon expression of tight junction components relative to B-actin. Data for each gene are normalized saline controls. Data for S and P are as in Figure 1.
Asterisks directly above bars indicate significance compared to saline control (normalized to 1, as denoted by the black line), whereas asterisks at the top of the

graph denote statistical significance between P and P+BF groups. n = 8/group.
(C) Immunofluorescence staining for claudin 8. Representative images for n = 5.

(D) Colon protein levels of claudin 8 (left) and claudin 15 (right). Representative signals are depicted below. Data are normalized to signal intensity in saline

controls. n = 3/group.

(E) Colon expression of IL-6 relative to B-actin. Data are normalized to saline controls. Data for S and P are as in Figure 1. P+BF: n = 3/group.
(F) Colon protein levels of cytokines and chemokines relative to total protein content. Data are normalized to saline controls. Data for Sand P are as in Figure 1. n=

10/group.
See also Figure S1.

B. fragilis treatment of MIA offspring by PCoA (ANOSIM
R = 0.0060 p = 0.4470; Table S3), in microbiota richness (PD:
p = 0.2980, Observed Species: p = 0.5440) and evenness
(Gini: p = 0.6110, Simpson Evenness: p = 0.5600; Figures 4A,
S2A and S2B), or in relative abundance at the class level (Fig-
ure S2C). However, evaluation of key OTUs that discriminate
adult MIA offspring from controls reveals that B. fragilis treatment
significantly alters levels of 35 OTUs (Table S2). Specifically, MIA
offspring treated with B. fragilis display significant restoration in
the relative abundance of 6 out of the 67 OTUs found
to discriminate MIA from control offspring (Figure 4B and
Table S2), which are taxonomically assigned as unclassified
Bacteroidia and Clostridia of the family Lachnospiraceae
(Figure 4B and Table S2). Notably, these alterations occur in

the absence of persistent colonization of B. fragilis, which
remains undetectable in fecal and cecal samples isolated from
treated MIA offspring (Figures S2D and S2E). Phylogenetic
reconstruction of the OTUs that are altered by MIA and restored
by B. fragilis treatment reveals that the Bacteroidia OTUs cluster
together into a monophyletic group and the Lachnospiraceae
OTUs cluster into two monophyletic groups (Figure 4C). This
result suggests that, although treatment of MIA offspring with
B. fragilis may not lead to persistent colonization, this probiotic
corrects the relative abundance of specific groups of related
microbes of the Lachnospiraceae family as well as unclassified
Bacteriodales. Altogether, we demonstrate that treatment of
MIA offspring with B. fragilis ameliorates particular MIA-associ-
ated alterations in the commensal microbiota.

Cell 155, 1-13, December 19, 2013 ©2013 Elsevier Inc. 5
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Figure 4. B. fragilis Treatment Alters the Intestinal Microbiota and Corrects Species-Level Abnormalities in MIA Offspring

(A) Unweighted UniFrac-based 3D PCoA plot based on all OTUs. Data for salin

e (S) and poly(l:C) (P) are as in Figure 2.

(B) Relative abundance of key OTUs of the family Lachnospiraceae (top) and order Bacteroidales (bottom) that are significantly altered by MIA and restored by

B. fragilis treatment.

(C) Phylogenetic tree based on nearest-neighbor analysis of 16S rRNA gene sequences for key OTUs presented in (B). Red clades indicate OTUs of the family
Lachnospiraceae and green clades indicate OTUs of the order Bacteriodales. Purple taxa indicate OTUs that are significantly elevated in P and corrected by

B. fragilis (BF) treatment. n = 10/group.
See also Figure S2 and Table S2.

B. fragilis Treatment Corrects ASD-Related Behavioral
Abnormalities

Studies suggest that Gl issues can contribute to the develop-
ment, persistence, and/or severity of symptoms seen in ASD
and related neurodevelopmental disorders (Buie et al., 2010;
Coury etal., 2012). To explore the potential impact of Gl dysfunc-
tion on core ASD behavioral abnormalities, we tested whether
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B. fragilis treatment impacts anxiety-like, sensorimotor, repeti-
tive, communicative, and social behavior in MIA offspring. We
replicated previous findings that adult MIA offspring display
several core behavioral features of ASD (Malkova et al., 2012).
Open field exploration involves mapping an animal’s movement
in an open arena to measure locomotion and anxiety (Bourin
et al., 2007). MIA offspring display decreased entries and time
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Figure 5. B. fragilis Treatment Ameliorates
Autism-Related Behavioral Abnormalities in
MIA Offspring
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o 0 0- (Figures 5E and 5F). Altogether, MIA
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_\' F I;llﬁl havioral abnormalities associated with

Social Interaction: A35' ASD as well as others such as anxiety
Sociability s 2397 and deficient sensorimotor gating.

/\ 5 Séz Remarkably, oral treatment with

- -g_%’z B. fragilis ameliorates many of these be-
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Social Interaction: La, A , @ gE’ do not exhibit anxiety-like behavior in the

Social preference g — - *3 open field (Figure 5A; compare poly(l:C)

’j % g ey e [P] to poly(:C)+B. fragilis [P+BF]),

spent in the center of the arena, which is indicative of anxiety-like
behavior (Figure 5A; compare saline [S] to poly(l:C) [P]). The
prepulse inhibition (PPI) task measures the ability of an animal
to inhibit its startle in response to an acoustic tone (“pulse”)
when it is preceded by a lower-intensity stimulus (“prepulse”).
Deficiencies in PPl are a measure of impaired sensorimotor
gating and are observed in several neurodevelopmental disor-
ders, including autism (Perry et al., 2007). MIA offspring exhibit
decreased PPI in response to 5 or 15 db prepulses (Figure 5B).
The marble burying test measures the propensity of mice to
engage repetitively in a natural digging behavior that is not
confounded by anxiety (Thomas et al., 2009). MIA offspring
display increased stereotyped marble burying compared to
controls (Figure 5C). Ultrasonic vocalizations are used to mea-
sure communication by mice, wherein calls of varying types
and motifs are produced in different social paradigms (Grimsley
et al., 2011). MIA offspring exhibit deficits in communication, as
indicated by reduced number and duration of ultrasonic vocali-
zations produced in response to a social encounter (Figure 5D).
Finally, the three-chamber social test is used to measure ASD-

shown by restoration in the number of

center entries and duration of time spent

in the center of the arena. B. fragilis im-
proves sensorimotor gating in MIA offspring, as indicated by
increased combined PPI in response to 5 and 15 db prepulses
(Figure 5B), with no significant effect on the intensity of startle
to the acoustic stimulus (data not shown). B. fragilis-treated
mice also exhibit decreased levels of stereotyped marble
burying and restored communicative behavior (Figures 5C and
5D). Interestingly, B. fragilis raises the duration per call by MIA
offspring to levels exceeding those observed in saline controls
(Figure 5D), suggesting that despite normalization of the pro-
pensity to communicate (number of calls), there is a qualitative
difference in the types of calls generated with enrichment of
longer syllables.

Although B. fragilis-treated MIA offspring exhibit improved
communicative, repetitive, anxiety-like, and sensorimotor
behavior, they retain deficits in sociability and social preference
(Figure 5E). Selective amelioration of ASD-related behaviors is
also seen with risperidone treatment of CNTNAP2 knockout
mice, a genetic mouse model for ASD (Pehagarikano et al.,
2011), wherein communicative and repetitive, but not social,
behavior is corrected. These data suggest that there may be
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differences in the circuitry or circuit plasticity governing social
behavior as compared to the other behaviors and that
B. fragilis treatment may modulate specific circuits during
amelioration of at least some ASD and possibly other neurodeve-
lopmental behavioral defects.

Interestingly, behavioral improvement in response to B. fragilis
treatment of MIA offspring is not associated with changes in
systemic immunity (Figures S3A-S3D) and is not dependent on
polysaccharide A (PSA), a molecule previously identified to
confer immunomodulatory effects by B. fragilis (Figure S3E)
(Mazmanian et al., 2008; Ochoa-Reparaz et al., 2010; Round
and Mazmanian, 2010). Furthermore, amelioration of behavior
is not specific to B. fragilis, as similar treatment with Bacteroides
thetaiotaomicron also significantly improves anxiety-like, repeti-
tive, and communicative behavior in MIA offspring (Figure S4).
This is consistent with our finding that B. fragilis treatment
improves behavioral problems in the absence of evident coloni-
zation of B. fragilis in the Gl tract (Figures S2D and S2E) and thus
may be functioning through persistent shifts in the composition
of resident microbiota (Figure 4). There is, however, some degree
of specificity to bacterial treatment, as administration of Entero-
coccus faecalis has no effect on anxiety-like and repetitive
behavior in MIA offspring (data not shown).

The Serum Metabolome is Modulated by MIA and

B. fragilis Treatment

Metabolomic studies have shown that gut microbial products
are found in many extraintestinal tissues, and molecules derived
from the microbiota may influence metabolic, immunologic, and
behavioral phenotypes in mice and humans (Blumberg and
Powrie, 2012; Nicholson et al., 2012). Given that MIA offspring
display increased gut permeability, tight junction defects, and
dysbiosis, we hypothesized that gut bacteria may affect the
metabolome of mice. We utilized gas chromatography/liquid
chromatography with mass spectrometry (GC/LC-MS)-based
metabolomic profiling to identify MIA-associated changes in
serum metabolites. Three hundred and twenty-two metabolites
were detected in sera from adult mice (Table S5). Interestingly,
MIA leads to statistically significant alterations in 8% of all serum
metabolites detected (Table S4). Furthermore, postnatal
B. fragilis treatment has a significant effect on the serum metab-
olome, altering 34% of all metabolites detected (Table S5 and
Figure S5).

B. fragilis Treatment Corrects Levels of MIA-Induced
Serum Metabolites

Consistent with the notion that increased intestinal permeability
leads to leakage of gut-derived metabolites into the blood-
stream, we hypothesized that B. fragilis-mediated improvement
of intestinal barrier integrity would restore serum levels of certain
metabolites. We therefore focused on serum metabolites that
are significantly altered by MIA treatment and restored to control
levels by B. fragilis treatment. The most dramatically affected
metabolite is 4-ethylphenylsulfate (4EPS), displaying a striking
46-fold increase in serum levels of MIA offspring that is
completely restored by B. fragilis treatment (Figure 6A). This
metabolite is of particular interest because of the reported
production of 4EPS by Gl microbes and proposed role for
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4EPS in communication by mice (Lafaye et al., 2004). Moreover,
we find that compared to conventionally colonized (SPF [specific
pathogen free]) mice, germ-free (GF) mice display nearly
undetectable levels of serum 4EPS, indicating that serum
4EPS is derived from, or modulated by, the commensal micro-
biota (Figure 6B). Interestingly, 4EPS is suggested to be a uremic
toxin, as is p-cresol (4-methylphenol), a chemically related
metabolite reported to be a possible urinary biomarker for autism
(Altieri et al., 2011; Persico and Napolioni, 2013). MIA offspring
also exhibit elevated levels of serum p-cresol, although the
increase does not reach statistical significance (Table S5). The
fact that 4EPS shares close structural similarity to the toxic
sulfated form of p-cresol (4-methylphenylsulfate; 4MPS) is
intriguing as the two metabolites may exhibit functional overlap
(Figure S6A).

In addition to 4EPS, MIA offspring display significantly
increased levels of serum indolepyruvate, a key molecule of
the tryptophan metabolism pathway, which is restored to control
levels by B. fragilis treatment (Figure 6A). Indolepyruvate is
generated by tryptophan catabolism and, like 4EPS, is believed
to be produced by gut microbes (Smith and Macfarlane, 1997)
(Figure S6B). MIA offspring also exhibit increased levels of serum
serotonin (0.05 < p < 0.10; Tables S3 and S4), reflecting another
alteration in tryptophan metabolism, analogous to the well-
established hyperserotonemia endophenotype of autism. MIA
also leads to altered serum glycolate, imidazole propionate,
and N-acetylserine levels (Figure 6A), which are corrected by
B. fragilis treatment. How changes in these metabolites may
be relevant to ASD or Gl dysfunction is currently unknown but
may be an exciting area for future study. These findings demon-
strate that specific metabolites are altered in MIA offspring and
normalized by B. fragilis treatment, with at least two molecules
(4EPS and indolepyruvate) having potential relevance to ASD.

A Serum Metabolite Induces Anxiety-like Behavior

Do small molecules modulated by the commensal microbiota
play arole in behaviors relevant to ASD? To test this hypothesis,
we examined whether increasing serum 4EPS is sufficient to
cause any ASD-related behavioral abnormalities in naive mice.
Mice were treated with 4EPS potassium salt (Figures S7A-
S7C) or vehicle, daily from 3 weeks of age (when MIA offspring
display gut permeability) to 6 weeks of age (when behavior
testing begins). Remarkably, systemic administration of the
single metabolite, 4EPS, to naive wild-type mice is sufficient to
induce anxiety-like behavior similar to that observed in MIA
offspring (Figure 6C). Relative to vehicle-treated controls, mice
exposed to 4EPS travel comparable distances in the open field
but spend less time in the center arena (Figure 6C). Also, in the
PPI test, 4EPS-treated mice exhibit increased intensity of startle
in response to the unconditioned primary stimulus but no sig-
nificant alterations in PPl (Figure 6D), representing anxiety-
associated potentiation of the startle reflex (Bourin et al,
2007). Interestingly, vehicle-treated controls exhibit symptoms
of anxiety-like behavior compared to untreated saline offspring
(vehicle vs saline in Figure 6C and 5A), reflecting the well-known
effect of chronic stress (daily injection) on raising anxiety levels in
mice. Conversely, there are no significant differences between
4EPS-treated versus saline-treated mice in marble burying or
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Figure 6. B. fragilis Treatment Corrects MIA-Mediated Changes in 4-ethylphenylsulfate, a Microbe-Dependent Metabolite that Induces

Anxiety-like Behavior

(A) Relative quantification of metabolites detected by GC/LC-MS that are significantly altered by MIA and restored by B. fragilis treatment. n = 8/group.
(B) Serum concentrations of 4EPS detected by LC-MS. n = 1, where each represents pooled sera from 3-5 mice.
(C) Anxiety-like and locomotor behavior in the open field exploration assay. n = 10/group.

(D) Potentiated startle reflex in the PPI assay. n = 10/group.

S = saline+vehicle, P = poly(l:C)+vehicle, P+BF = poly(1:C)+B. fragilis, SPF = specific pathogen-free (conventionally-colonized), GF = germ-free, Veh. = vehicle
(saline), 4EPS = 4-ethylphenylsulfate. U.D. = undetectable. See also Figures S5, S6, and S7 and Tables S3 and S4.

USV behavior (Figures S7D and S7E), suggesting that elevating
serum 4EPS levels specifically promotes anxiety-like behavior.
While not a core diagnostic criterion, anxiety is a common
comorbidity that may contribute to cardinal ASD symptoms.
Furthermore, it is possible that complex behaviors may be
modulated by combinations of metabolites. In summary, these
data reveal that elevated systemic levels of a metabolite regu-
lated by gut microbes causes anxiety-like behavior, suggesting
that molecular connections between the gut and the brain may
be associated with specific symptoms relevant to ASD and other
neurodevelopmental disorders.

DISCUSSION

We demonstrate that the MIA mouse model displays behavioral
symptoms relevant to ASD and other neurodevelopmental disor-
ders (Malkova et al., 2012; Shi et al., 2009), while also exhibiting
defective Gl integrity, dysbiosis of the commensal microbiota,
and alterations in serum metabolites. At least some of these al-
terations are similar to endophenotypes observed in subsets
of ASD individuals. Increased intestinal permeability (Boukthir
et al., 2010; D’Eufemia et al., 1996; de Magistris et al., 2010)
and microbiome alterations (Adams et al., 2011; Finegold

et al., 2010; Finegold et al., 2012; Kang et al., 2013; Parracho
et al., 2005; Williams et al., 2011; Williams et al., 2012) are re-
ported in several independent studies of ASD; however, these
findings are challenged by some reports of no significant differ-
ences between cases and controls (Gondalia et al., 2012;
Robertson et al., 2008). The reported prevalence of Gl abnormal-
ities in ASD also varies considerably across studies, ranging
from 9%-91%. Many such investigations have methodological
limitations, including inappropriate experimental controls, high
sample heterogeneity, small sample size, and selection bias. In
addition, the definition and assessment of Gl symptoms can
differ across studies, contributing to variation. While a number
of studies support a role for Gl complications in ASD, additional
prospective population-based studies are needed to evaluate
the frequency of Gl symptoms in ASD and the interesting
possibility that Gl conditions are enriched in particular ASD
subtypes. The role of Gl abnormalities and their contribution to
symptoms in other neurodevelopmental disorders warrants
further investigation as well.

We find that treatment with B. fragilis corrects intestinal
permeability defects, as well as altered levels of tight junction
proteins and cytokines in mice displaying Gl and neurological
symptoms related to ASD. The ability of B. fragilis to selectively

Cell 155, 1-13, December 19, 2013 ©2013 Elsevier Inc. 9



Cell

Please cite this article in press as: Hsiao et al., Microbiota Modulate Behavioral and Physiological Abnormalities Associated with Neurodeve-
lopmental Disorders, Cell (2013), http://dx.doi.org/10.1016/j.cel.2013.11.024

ameliorate MIA-associated increases in colon IL-6 is interesting
as this cytokine is required for the development of behavioral
deficits in MIA offspring (Smith et al., 2007). Many cytokines
including IL-6 regulate tight junction expression and intestinal
barrier integrity, and further, a variety of enteric microbes are
known to regulate intestinal tight junction and cytokine levels
(Turner, 2009). Our study suggests that B. fragilis is able to
ameliorate leaky gut by directly targeting tight junction expres-
sion, cytokine production, and/or microbiome composition.
Intriguingly, a recent analysis in humans showed that among
the Bacteroidaceae family, only a single phylotype most closely
related to B. fragilis was selectively depleted in ASD children
compared to matched controls, and most dramatically in those
subjects with more severe Gl issues (D.-W. Kang and R. Krajmal-
nik-Brown, personal communication). Thus, the correlation
between B. fragilis and improved intestinal health is present in
both mice and humans.

Consistent with the role of Gl microbes in regulating intestinal
permeability and metabolic homeostasis (Nicholson et al., 2012;
Wikoff et al., 2009), we show that B. fragilis treatment corrects
MIA-associated changes in specific serum metabolites that
appear to have a gut origin, suggesting B. fragilis may prevent
leakage of harmful molecules from the Gl lumen. In a proof-of-
concept test of the this hypothesis, we reveal that the micro-
bially-modulated metabolite 4EPS, which is elevated in the
circulation by MIA and restored by B. fragilis treatment, is suffi-
cient to induce anxiety-like behavior in naive mice. These data
indicate that metabolomic changes contribute to the onset
and/or persistence of autism-related behavioral abnormalities.
Notably, we show that commensal microbes are required for
the production of serum 4EPS in mice. Several species of
Clostridium are believed to be producers of the precursor 4-
ethylphenol (Nicholson et al., 2012), consistent with our findings
that levels of the Lachnospiraceae family of Clostridia and serum
4EPS are elevated in MIA offspring, and both are corrected by
B. fragilis treatment. Moreover, the structural similarity of 4EPS
to the putative ASD biomarker p-cresol, which also derives
from Clostridium species (Persico and Napolioni, 2013), sug-
gests they may be produced through similar biosynthetic
pathways (see Figure S6A). Similarly, the elevation in serum
indolepyruvate observed in MIA offspring, which is also cor-
rected by B. fragilis treatment, is reminiscent of reported in-
creases in indolyl-3-acryloylglycine (IAG) in human ASD (Bull
et al., 2003), which is involved in Gl homeostasis and produced
by bacterial metabolism (Keszthelyi et al., 2009). Although not all
autism-like behaviors are affected by 4EPS alone, our results
warrant the examination of indolepyruvate and several other
serum metabolites, perhaps in combination, for their potential
to impact the spectrum of behaviors relevant to neurodevelop-
mental disorders.

Remarkably, B. fragilis treatment ameliorates abnormal
communicative, stereotyped, sensorimotor and anxiety-like
behaviors in MIA offspring, supporting emerging evidence for a
gut-brain link in modulating neurodevelopmental disorders. A
role for commensal bacteria in modulating behavior is supported
by studies revealing differences between GF and SPF mice in
anxiety-like (Diaz Heijtz et al., 2011), nociceptive (Amaral et al.,
2008) and social behavior (Desbonnet et al., 2013). GF mice
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also exhibit widespread microbiota-dependent changes in brain
gene expression, in pathways relevant to synaptic function and
long-term potentiation (Diaz Heijtz et al., 2011). Furthermore,
microbial treatment can ameliorate depressive (Bravo et al.,
2011) and anxiety-like behavior (Bercik et al., 2011) in SPF
mice, and probiotic treatment has been beneficial in treating
psychological distress and chronic fatigue symptoms in humans
(Messaoudi et al., 2011; Rao et al., 2009). The molecular mech-
anisms underlying how the microbiota regulates brain activity
and behavior are unclear but could be mediated by vagus nerve
innervation, immunomodulation and/or metabolic signaling.

Our findings provide a mechanism by which a human
commensal bacterium can improve ASD-related Gl deficits
and behavioral abnormalities in mice. Importantly, particular
behavioral and neuropathological symptoms seen in the MIA
model (and in human autism) are not exclusive to ASD. MIA
offspring exhibit additional endophenotypes that resemble
schizophrenia, such as enlarged ventricles, deficient latent
inhibition and deficient parvalbumin-positive interneurons (Li
et al., 2009; Smith et al., 2007), and the behavioral abnormalities
characteristic to human ASD can be individually seen in other
neurological diseases such as schizophrenia, obsessive
compulsive disorder, Angelman syndrome, and Prader-Willi
syndrome. Moreover, other nondiagnostic behaviors relevant
to ASD, including anxiety and impaired PPI, are commonly
reported in several neurological disorders. The phenotypic
overlaps across different disease diagnoses suggest that our
findings on the gut-microbiome-brain connection and microbe-
based treatments for behavior might be broadly applicable to
various disorders. We propose the transformative concept that
autism, and likely other behavioral conditions, are potentially
diseases involving the gut that ultimately impact the immune,
metabolic, and nervous systems, and that microbiome-medi-
ated therapies may be a safe and effective treatment for these
neurodevelopmental disorders.

EXPERIMENTAL PROCEDURES

See Supplemental Information for additional details and references.

Animals and MIA

Pregnant C57BL/6N mice (Charles River; Wilmington, MA) were injected i.p. on
E12.5 with saline or 20 mg/kg poly(l:C) according to methods described in
Smith et al. (2007). All animal experiments were approved by the Caltech
IACUC.

B. fragilis Treatment

Mice were selected at random for treatment with B. fragilis NCTC 9343 or
vehicle, every other day for 6 days at weaning. 10" CFU of freshly grown
B. fragilis, or vehicle, in 1.5% sodium bicarbonate was administered in
sugar-free applesauce over standard food pellets. The same procedure was
used for mutant B. fragilis PSA and B. thetaiotaomicron.

Intestinal Permeability Assay

Mice were fasted for 4 hr before gavage with 0.6 g/kg 4 kDa FITC-dextran
(Sigma Aldrich). Four hours later, serum samples were read for fluorescence
intensity at 521 nm using an xFluor4 spectrometer (Tecan). Mice were fed
3% dextran sulfate sodium salt (DSS; MP Biomedicals) in drinking water for
7 days to induce colitis.
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16S rRNA Gene Sequence Analysis

16S data were processed and its diversity was analyzed using QIIME 1.6
software package (Caporaso et al., 2010b). OTUs were assigned taxonomic
classification using the basic BLAST classifier (Altschul et al., 1990). For
tree-based alpha- and beta diversity analyses, representative sequences
for each OTU were aligned using PyNAST (Caporaso et al., 2010a) and a phylo-
genetic tree was constructed based on this alignment using FastTree (Price
et al., 2009). Beta diversity was assessed from unweighted UniFrac, using
the analysis of similarity (ANOSIM; Fierer et al., 2010), permutational multi-
variate analysis of variance (PERMANOVA; Anderson, 2008), permutational
analysis of multivariate dispersions (PERMDISP; Anderson et al., 2006), and
Moran’s .

Identification of Differences in Specific OTUs

Key OTUs were identified using: (1) Metastats comparison (White et al., 2009)
and (2) Random Forests algorithm, under QIIME (Knights et al., 2011) or
coupled with Boruta feature selection, in the Genboree microbiome toolset
(Riehle et al., 2012), and (3) Galaxy platform-based LDA Effect Size analysis
(LEfSe; Segata et al., 2011). Key OTUs were than aligned using the SINA
aligner (http://www.arb-silva.de/aligner/; Pruesse et al., 2012), compared to
the SILVA reference database release 111 (Quast et al., 2013) using Arb (Lud-
wig et al., 2004) and visualized using FigTree (http://tree.bio.ed.ac.uk/
software/figtree/). Heat maps of key OTUs were generated by extracting their
relative abundance from the OTU table and clustering data by correlation using
Cluster 3.0 (de Hoon et al., 2004). Abundance data were visualized using Java
TreeView (Saldanha, 2004) (Data Set S1).

Behavioral Testing

MIA and control offspring were behaviorally tested as in Hsiao et al. (2012) and
Malkova et al. (2012). Mice were tested beginning at 6 weeks of age for PPI,
open field exploration, marble burying, social interaction, and adult ultrasonic
vocalizations.

4EPS Sufficiency Experiments

Wild-type mice were injected i.p. with saline or 30 mg/kg 4EPS potassium salt
daily from 3 to 6 weeks of age. A dose-response curve was generated by
measuring serum 4EPS levels at various times after i.p. injection of 30 mg/kg
4EPS (Figure S7C). Mice were behaviorally tested as described above from
6 to 9 weeks of age.

Statistical Analysis

Statistical analysis was performed using Prism software (Graphpad). Data are
plotted in the figures as mean + SEM. Differences between two treatment
groups were assessed using two-tailed, unpaired Student’s t test with Welch’s
correction. Differences among three or more groups were assessed using one-
way ANOVA with Bonferroni post hoc test. Two-way repeated-measures
ANOVA with Bonferroni post hoc test was used for analysis of PPl and
CD4+ T cell stimulation data. Two-way ANOVA with contrasts was used for
analysis of the metabolite data. Significant differences are indicated in the
figures by *p < 0.05, **p < 0.01, ***p < 0.001. Notable near-significant differ-
ences (0.5 < p < 0.1) are indicated in the figures. Notable nonsignificant (and
nonnear significant) differences are indicated in the figures by “n.s.”

SUPPLEMENTAL INFORMATION

Supplemental Information includes Extended Experimental Procedures, seven
figures, five tables, and one data set and can be found with this article online at
http://dx.doi.org/10.1016/j.cell.2013.11.024.
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EXTENDED EXPERIMENTAL PROCEDURES

B. fragilis Treatment

At 3 weeks of age, saline and poly(l:C) offspring across individual litters were weaned into cages of 4 nonlittermate offspring of the
same treatment group to generate a randomized experimental design (Lazic, 2013). Cages within the poly(l:C) versus saline treatment
groups were selected at random for treatment with nonenterotoxigenic B. fragilis NCTC 9343 (Sears, 2009) or vehicle, every other day
for 6 days. To preclude any confounding effects of early life stress on neurodevelopment and behavior, suspensions were not admin-
istered by oral gavage. For B. fragilis treatment, 10A10 cfu freshly grown B. fragilis was suspended in 1 ml 1.5% sodium bicarbonate,
mixed with 4 ml sugar-free applesauce and spread over four standard food pellets. We find that ~42% of B. fragilis colony forming
units are recovered from the applesauce inoculum at 48 hr after administration, suggesting that both viable and nonviable B. fragilis is
ingested during the treatment. For vehicle treatment, saline and poly(l:C) animals were fed 1.5% sodium bicarbonate in applesauce
over food pellets. Applesauce and pellets were completely consumed by mice of each treatment group by 48 hr after administration.
The same procedure was used for treatment with mutant B. fragilis lacking PSA and B. thetaiotaomicron.

Intestinal gRT-PCR, Western Blots, and Cytokine Profiles

Gut tissue was flushed with HBSS and either (1) homogenized in Trizol for RNA isolation and reverse transcription according to Hsiao
and Patterson (2011) or (2) homogenized in Tissue Extraction Reagent | (Invitrogen) containing protease inhibitors (Roche) for protein
assays. For cytokine profiling, mouse 20-plex cytokine arrays (Invitrogen) were run on the Luminex FLEXMAP 3D platform by the
Clinical Immunobiology Correlative Studies Laboratory at the City of Hope (Duarte, CA). Western blots were conducted according
to standard methods and probed with rabbit anti-claudin 8 or rabbit anti-claudin 15 (Invitrogen) at 1:100 dilution.

Microbial DNA Extraction, 16S rRNA Gene Amplification and Pyrosequencing

For each experimental group, 10 mice (5 males, 5 females) from different litters were randomly selected for single housing at weaning
and treatment with either vehicle or B. fragilis, as described above. Bacterial genomic DNA was extracted from mouse fecal pellets
using the MoBio PowerSoil Kit following protocols benchmarked as part of the NIH Human Microbiome Project. The V3-V5 regions of
the 16S rBRNA gene were PCR amplified using individually barcoded universal primers containing linker sequences for 454-pyrose-
quencing. Sequencing was performed at the HGSC at BCM using a multiplexed 454-Titanium pyrosequencer.

16S rRNA Gene Sequence Analysis

FASTA and quality files were obtained from the Alkek Center for Metagenomics and Microbiome Research at the Baylor College of
Medicine. 16S data were processed and its diversity was analyzed using QIIME 1.6 software package (Caporaso et al., 2010b) as
follows. Sequences < 200 bp and > 1,000 bp, and sequences containing any primer mismatches, barcode mismatches, ambiguous
bases, homopolymer runs exceeding six bases, or an average quality score of below 30 were discarded and the remaining
sequences were checked for chimeras and clustered to operational taxonomic units (OTUs) using the USearch pipeline (Edgar,
2010; Edgar et al., 2011) with a sequence similarity index of 97%. OTUs were subsequently assigned taxonomic classification using
the basic local alignment search tool (BLAST) classifier (Altschul et al., 1990), based on the small subunit nonredundant reference
database release 111 (Quast et al., 2013) with 0.001 maximum e-value. These taxonomies were then used to generate taxonomic
summaries of all OTUs at different taxonomic levels. For tree-based alpha- and beta diversity analyses, representative sequences
for each OTU were aligned using PyNAST (Caporaso et al., 20102) and a phylogenetic tree was constructed based on this alignment
using FastTree (Price et al., 2009). Alpha diversity estimates (by Observed Species and Faith’s phylogenetic diversity [PD]; Faith,
1992) and evenness (by Simpson’s evenness and Gini Coefficient; Wittebolle et al., 2009) were calculated and compared between
groups using a nonparametric test based on 100 iterations using a rarefaction of 2,082 sequences from each sample. For beta
diversity, even sampling of 2,160 sequences per sample was used, and calculated using weighted and unweighted UniFrac (Lozu-
pone and Knight, 2005). Beta diversity was compared in a pairwise fashion (S versus P, P versus P+BF), from unweighted UniFrac
distance matrixes, using the analysis of similarity (ANOSIM; Fierer et al., 2010), permutational multivariate analysis of variance
(PERMANOVA; Anderson, 2008; McArdle and Anderson, 2001), permutational analysis of multivariate dispersions (PERMDISP;
Anderson et al., 2006), and Moran’s |, each with 999 permutations to determine statistical significance.

Identification of Differences in Specific OTUs

Key OTUs, that discriminate between Saline and Poly(l:C) treatment groups, and between Poly(l:C) and Poly(I:C) + B. fragilis treat-
ment groups, were identified using an unbiased method from OTU tables, generated by QIIME, using three complimentary analyses:
(1) Metastats comparison (White et al., 2009) and (2) the Random Forests algorithm, first under QIIME (Knights et al., 2011) and
subsequently coupled with Boruta feature selection, in the Genboree microbiome toolset (Riehle et al., 2012), and (3) the Galaxy
platform-based LDA Effect Size analysis (LEfSe; Segata et al., 2011). Only OTUs that differ significantly between treatment groups
were candidates for further analyses (p < 0.05 for [1] and [3], and > 0.0001 mean decrease in accuracy for Random Forests and
subsequent identification by the Boruta algorithm). Metastats analyses were done using the online interface (http://metastats.
cbcb.umd.edu) with QIIME-generated OTU tables of any two treatment groups. The Random Forests algorithm was used to identify
discriminatory OTUs in the QIIME software package (Breiman, 2001; Knights et al., 2011), comparing two treatment groups at a time,
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based on 1,000 trees and a 10-fold cross-validation, and was further validated and coupled with the Boruta feature selection algo-
rithm, as implemented in the Genboree Microbiome toolset (Kursa and Rudnicki, 2010; Riehle et al., 2012). Only those OTUs that were
confirmed by the Boruta algorithm were defined as discriminatory. The ratio between observed and calculated error rates was used
as a measure of confidence for Random Forests Analyses: this ratio was 5.0 for saline versus poly(l:C) (with an estimated error of 0.1 +
0.21) and 2.86 for poly(l:C) versus poly(l:C) + B. fragilis (with an estimated error of 0.23 + 0.22). In order to overcome any misidenti-
fication by any one of the three methods only OTUs that were identified by at least two of the three above methods were defined as
discriminatory. For the analyses in Figure 1 and Table S1, OTUs that were significantly altered by MIA were identified by comparing
the saline versus poly(l:C) groups. For the analyses in Figure 3, we compared the poly(l:C) versus poly(l:C)+B. fragilis groups, and only
report only those OTUs that have also been identified by the analyses in Figure 1 and Table S1. In addition, we compared the results
obtained by Random Forests Analysis with feature selection by Boruta to those obtained by Random Forests Analysis with a cutoff of
0.001 mean decrease in accuracy.

To generate a phylogenetic tree depecting the closest cultured type strains to key OTUs identified, key OTUs were than aligned
using the SINA aligner (http://www.arb-silva.de/aligner/; (Pruesse et al., 2012), compared to the SILVA reference database release
111 (Quast et al., 2013) using Arb (Ludwig et al., 2004) and visualized using FigTree (http://tree.bio.ed.ac.uk/software/figtree/). Heat
maps of key OTUs were generated by extracting their relative abundance from the OTU table. These data were then normalized
(so that the sum of squares of all values in a row or column equals one), first by OTU and subsequently by sample, and clustered
by correlation using Cluster 3.0 (de Hoon et al., 2004). Finally, abundance data were visualized using Java TreeView (Saldanha, 2004).

Metabolomics Screening

Sera were collected by cardiac puncture from behaviorally validated adult mice. Samples were extracted and analyzed on GC/MS,
LC/MS and LC/MS/MS platforms by Metabolon, Inc. Protein fractions were removed by serial extractions with organic aqueous
solvents, concentrated using a TurboVap system (Zymark) and vacuum dried. For LC/MS and LC/MS/MS, samples were reconsti-
tuted in acidic or basic LC-compatible solvents containing > 11 injection standards and run on a Waters ACQUITY UPLC and
Thermo-Finnigan LTQ mass spectrometer, with a linear ion-trap front-end and a Fourier transform ion cyclotron resonance mass
spectrometer back-end. For GC/MS, samples were derivatized under dried nitrogen using bistrimethyl-silyl-trifluoroacetamide
and analyzed on a Thermo-Finnigan Trace DSQ fast-scanning single-quadrupole mass spectrometer using electron impact ioniza-
tion. Chemical entities were identified by comparison to metabolomic library entries of purified standards. Following log transforma-
tion and imputation with minimum observed values for each compound, data were analyzed using two-way ANOVA with contrasts.

In Vitro Immune Assays

Methods for Treg and Gr-1 flow cytometry and CD4+ T cell in vitro stimulation are described in Hsiao et al. (2012). Briefly, cells were
harvested in complete RPMI from spleens and mesenteric lymph nodes. For subtyping of splenocytes, cells were stained with Gr-1
APC, CD11b-PE, CD4-FITC and Ter119-PerCP-Cy5.5 (Biolegend). For detection of Tregs, splenocytes were stimulated for 4 hr with
PMA/ionomycin in the presence of GolgiPLUG (BD Biosciences), blocked for Fc receptors and labeled with CD4-FITC, CD25-PE,
Foxp3-APC and Ter119-PerCP-Cy5.5. Samples were processed using the FACSCalibur cytometer (BD Biosciences) and analyzed
using FlowJo software (TreeStar). For CD4+ T cell stimulation assays, 10A6 CD4+ T cells were cultured in complete RPMI with PMA
(50 ng/ml) and ionomycin (750 ng/ml) for 3 d at 37C with 5% (vol/vol) CO2. Each day, supernatant was collected for ELISA assays to
detect IL-6 and IL-17, according to the manufacturer’s instructions (eBioscience).

B. fragilis Colonization Assay

Fecal samples were sterilely collected from MIA and control offspring at 1, 2, and 3 weeks after the start of treatment with B. fragilis or
vehicle. Germ-free mice were treated with B. fragilis as described above to serve as positive controls. DNA was isolated from fecal
samples using the QlAamp DNA Stool Mini Kit (QIAGEN). 50 ng DNA was used for gPCR with B. fragilis-specific, 5 TGATTCCG
CATGGTTTCATT 3 and 5 CGACCCATAGAGCCTTCATC 3/, and universal 16S primers 5 ACTCCTACGGGAGGCAGCAGT 3’
and 5" ATTACCGCGGCTGCTGGC 3 according to Odamaki et al. (2008).

Behavioral Testing

Mice were tested beginning at 6 weeks of age for PPI, open field exploration, marble burying, social interaction and adult ultrasonic
vocalizations, in that order, with at least 5 days between behavioral tests. Behavioral data for B. fragilis treatment and control groups
(Figure 5) represent cumulative results collected from multiple litters of 3-5 independent cohorts of mice for PPl and open field tests,
2-4 cohorts for marble burying, 2 cohorts for adult male ultrasonic vocalization and 1 cohort for social interaction. Discrepancies in
sample size across behavioral tests reflect differences in when during our experimental study a particular test was implemented.
Prepulse Inhibition

PPI tests are used as a measure of sensorimotor gating and were conducted and analyzed as in Geyer and Swerdlow (2001) and
(Smith et al., 2007). Briefly, mice were acclimated to the testing chambers of the SR-LAB startle response system (San Diego Instru-
ments) for 5 min, presented with six 120 db pulses of white noise (startle stimulus) and then subjected to 14 randomized blocks of
either no startle, startle stimulus only, 5 db prepulse with startle or 15 db prepulse with startle. The startle response was recorded by a
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pliezo-electric sensor, and the percent PPI is defined as: [((startle stimulus only — 5 or 15 db prepulse with startle)/startle stimulus
only)*100].

Open field exploration. The open field test is widely used to measure anxiety-like and locomotor behavior in rodents. Mice were
placed in 50 x 50 cm white Plexiglas boxes for 10 min. An overhead video camera recorded the session, and Ethovision software
(Noldus) was used to analyze the distance traveled, and the number of entries and duration of time spent in the center arena (central
17 cm square).

Marble Burying

Marble burying is an elicited repetitive behavior in rodents analogous to those observed in autistic individuals (Silverman et al., 2010).
This test was conducted and analyzed according to methods described in Thomas et al., (2009) and (Malkova et al., 2012). Mice were
habituated for 10 min to a novel testing cage containing a 4 cm layer of chipped cedar wood bedding and then transferred to a new
housing cage. 18 glass marbles (15 mm diameter) were aligned equidistantly 6 x 3 in the testing cage. Mice were returned to the
testing cage and the number of marbles buried in 10 min was recorded.

Sociability and Social Preference

Social interaction tests were conducted and analyzed according to methods adopted from Sankoorikal et al. (2006) and (Yang et al.,
2011). Briefly, testing mice were habituated for 10 min to a 50 x 75 cm Plexiglas three-chambered apparatus containing clear inter-
action cylinders in each of the side chambers. Sociability was tested in the following 10 min session, where the testing mouse was
given the opportunity to explore a novel same-sex, age-matched mouse in one interaction cylinder (social object) versus a novel toy
(green sticky ball) in the other interaction cylinder of the opposite chamber. Social preference was tested in the final 10 min session,
where the testing mouse was given the opportunity to explore a now familiar mouse (stimulus mouse from the previous sociability
session) versus a novel unfamiliar same-sex, age-matched mouse. In each session, the trajectory of the testing mouse was tracked
with Ethovision software (Noldus). Sociability data are presented as preference for the mouse over the toy: percent of time in the
social chamber - percent of time in the nonsocial chamber, and social preference data are presented as preference for the unfamiliar
mouse over the familiar mouse: percent of time in the unfamiliar mouse chamber—percent of time in the familiar mouse chamber.
Similar indexes were measured for chamber entries, and entries into and duration spent in the contact zone (7 X 7 cm square
surrounding the interaction cylinder).

Adult Ultrasonic Vocalizations

Male mice produce USVs in response to female mice as an important form of communication (Portfors, 2007). We measured adult
male USV production in response to novel female exposure according to methods described in Grimsley et al. (2011), Scattoni et al.
(2011), and Silverman et al. (2010). Adult males were single-housed one week before testing and exposed for 20 min to an unfamiliar
adult female mouse each day starting four days prior to testing in order to provide a standardized history of sexual experience and to
adjust for differences in social dominance. On testing day, mice were habituated to a novel cage for 10 min before exposure to a novel
age-matched female. USVs were recorded for 3 min using the UltraSoundGate microphone and audio system (Avisoft Bioacoustics).
Recordings were analyzed using Avisoft’s SASLab Pro software after fast Fourier transformation at 512 FFT-length and detection by
a threshold-based algorithm with 5 ms hold time. Data presented reflect duration and number of calls produced in the 3 min session.

4EPS Synthesis and Detection

Potassium 4-ethylphenylsulfate was prepared using a modification of a procedure reported for the synthesis of aryl sulfates in Bur-
lingham et al. (2003) and Grimes (1959) (Figure S7A). 4-ethylphenol (Sigma-Aldrich, 5.00 g, 40.9 mmol) was treated with sulfur
trioxide-pyridine complex (Sigma-Aldrich, 5.92 g, 37.2 mmol) in refluxing benzene (20 ml, dried by passing through an activated
alumina column). After 3.5 hr, the resulting solution was cooled to room temperature, at which point the product crystallized. Isolation
by filtration afforded 7.93 g of crude pyridinium 4-ethylphenylsulfate as a white crystalline solid. 1.00 g of this material was dissolved
in 10 ml of 3% triethylamine in acetonitrile and filtered through a plug of silica gel (Silicycle, partical size 32-63 um), eluting with 3%
triethylamine in acetonitrile. The filtrate was then concentrated, and the resulting residue was dissolved in 20 ml of deionized water
and eluted through a column of Dowex 50WX8 ion exchange resin (K+ form), rinsing with 20 ml of deionized water. The ion exchange
process was repeated once more, and the resulting solution concentrated under vacuum to afford 618 mg (55% overall yield) of
potassium 4-ethylphenylsulfate as a white powder (Figure S7A).

1H and 13C NMR spectra of authentic potassium 4-ethylphenylsulfate were recorded on a Varian Inova 500 spectrometer and are
reported relative to internal DMSO-d5 (1H, 8 = 2.50; 13C, & = 39.52). A high-resolution mass spectrum (HRMS) was acquired using an
Agilent 6200 Series TOF with an Agilent G1978A Multimode source in mixed ionization mode (electrospray ionization [ESI] and atmo-
spheric pressure chemical ionization [APCI]). Spectroscopic data for potassium 4-ethylphenylsulfate are as follows: 1TH NMR (DMSO-
dg, 500 MHz) 3 7.11 = 7.04 (m, 4H), 2.54 (9, J = 7.6 Hz, 2H), 1.15 (t, J = 7.6 Hz, 3H); 13C NMR (DMSO-dg, 126 MHz) 5 151.4, 138.3,
127.9, 120.6, 27.5, 16.0; HRMS (Multimode-ESI/APCI) calculated for CBH904S [M-K]- 201.0227, found 201.0225.

Authentic 4EPS and serum samples were analyzed by LC/MS using an Agilent 110 Series HPLC system equipped with a photo-
diode array detector and interfaced to a model G1946C single-quadrupole expectospray mass spectrometer. HPLC separations
were obtained at 25°C using an Agilent Zorbax XDB-C18 column (4.6 mm X 50 mm x 5 um particle size). The 4EPS ion was detected
using selected ion monitoring for ions of m/z 200.9 and dwell time of 580 ms/ion, with the electrospray capillary set at 3 kV. Authentic
potassium 4EPS was found to possess a retention time of 6.2 min when eluted in 0.05% trifluoroacetic acid and acetonitrile, using a
10 min linear gradient from 0%-50% acetonitrile. For quantification of 4EPS in mouse sera, a dose-response curve was constructed
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by plotting the total ion count peak area for known concentrations of authentic potassium 4EPS against the analyte concentration
(RA2 = 0.9998; Figure S7B). Mouse serum samples were diluted 4-fold with acetonitrile and centrifuged at 10,000 g at 4°C for
3 min. 10 ul of supernatant was injected directly into the HPLC system.
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Figure S1. B. fragilis Treatment Has Little Effect on Tight Junction Expression and Cytokine Profiles in the Small Intestine, Related to Figures
1and 3

(A) Expression of tight junction components relative to B-actin in small intestines of adult saline and poly(l:C) offspring. Data for each gene are normalized to
expression levels in saline offspring. n = 8/group.

(B) Quantification of the effect of B. fragilis treatment on expression of notable tight junction components relative to B-actin in small intestines of MIA offspring.
Data for saline and poly(l:C) are as in (A). n = 8/group.

(C) Protein levels of cytokines and chemokines relative to total protein content in small intestines of adult saline, poly(l:C) and poly(l:C)+B. fragilis offspring.
Data are normalized to expression levels in saline offspring. Asterisks directly above bars indicate significance compared to saline control (normalized to 1, as
denoted by the black line), whereas asterisks at the top of the graph denote statistical significance between poly(l:C) and poly(l:C)+B. fragilis groups. n = 8-10/
group.

Data are presented as mean + SEM. *p < 0.05, **p < 0.01, S = saline+vehicle, p = poly(l:C)+vehicle, P+BF = poly(l:C)+B. fragilis.
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Figure S2. No Evidence for Persistent Colonization of B. fragilis after Treatment of MIA Offspring, Related to Figures 2 and 4

(A) Evenness of the gut microbiota, as indicated by the Gini coefficient. n = 10/group.

(B) Richness of the gut microbiota, as illustrated by rarefaction curves plotting Faith’s Phylogenetic Diversity (PD) versus the number of sequences for each
treatment group. n = 10/group.

(C) Mean relative abundance of OTUs classified by taxonomic assignments at the class level for the most abundant taxa (left) and least abundant taxa (right) for
poly(1:C) versus poly(l:C)+B. fragilis treatment. n = 10/group.

(D) Levels of B. fragilis 16S sequence (top) and bacterial 16S sequence (bottom) in fecal samples collected at 1, 2, and 3 weeks posttreatment of adult offspring
with vehicle or B. fragilis. Germ-free mice colonized with B. fragilis were used as a positive control. Data are presented as quantitative RT-PCR cycling thresholds
[C(1)], where C(t) > 34 (hatched line) is considered negligible, and for C(t) < 34, lesser C(t) equates to stronger abundance. n = 1, where each represents pooled
sample from 3-5 independent cages.

(E) Levels of B. fragilis 16S sequence (top) and bacterial 16S sequence (bottom) in cecal samples collected at 1, 2, and 3 weeks posttreatment of adult offspring
with vehicle or B. fragilis. Germ-free mice colonized with B. fragilis were used as a positive control. Data are presented as quantitative RT-PCR cycling thresholds
[C(t)], where C(t) > 34 (hatched line) is considered negligible, and for C(t) < 34, lesser C(t) equates to stronger abundance. n = 1, where each represents pooled
sample from 3-5 independent cages.

Data are presented as mean + SEM. S = saline+vehicle, p = poly(l:C)+vehicle, P+BF = poly(I:C)+B. fragilis, GF+BF = germ-free+B. fragilis.
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Figure S3. B. fragilis Treatment Has No Effect on Systemic Immune Dysfunction in MIA Offspring, Related to Figure 5

(A) Percent frequency of Foxp3+ CD25+ T regulatory cells from a parent population of CD4+ TCRb+ cells, measured by flow cytometry of splenocytes from adult
saline, poly(l:C) and poly(1:C)+B. fragilis offspring. n = 5/group.

(B) Percent frequency of CD4+ T helper cells and CD11b+ and Gr-1+ neutrophilic and monocytic cells from a parent population of TER119- cells, measured by
flow cytometry of splenocytes from adult saline, poly(l:C) and poly(l:C)+B. fragilis offspring. n = 5/group.

(C) Production of IL-17 and IL-6 by splenic CD4+ T cells isolated from adult saline and poly(l:C) offspring, after in vitro stimulation with PMA/ionomycin. Treatment
effects were assessed by repeated-measures two-way ANOVA with Bonferroni post hoc test. n = 5/group.

(D) Production of IL-17 and IL-6 by CD4+ T cells isolated from mesenteric lymph nodes of adult saline and poly(l:C) offspring, after in vitro stimulation with PMA/
ionomycin. Treatment effects were assessed by repeated-measures two-way ANOVA with Bonferroni post hoc test. n = 5/group.

(E) Anxiety-like and locomotor behavior in the open field exploration assay for adult MIA offspring treated with mutant B. fragilis lacking production of poly-
saccharide A (PSA). Data indicate total distance traveled in the 50 x 50 cm open field (right), duration spent in the 17 x17 cm center square (middle) and number of
entries into the center square (left) over a 10 min trial. Data for saline, poly(l:C) and poly(l:C)+B. fragilis groups are as in Figure 5. poly(l:C)+B. fragilis with PSA
deletion: n = 17.

(F) Repetitive burying of marbles ina 6 x 8 array in a 10 min trial. Data for saline, poly(l:C) and poly(1:C)+B. fragilis groups are as in Figure 5. poly(1:C)+B. fragilis with
PSA deletion: n = 17.

Data are presented as mean + SEM. *p < 0.05, *p < 0.01, **p < 0.001. S = saline+vehicle, p = poly(l:C)+vehicle, P+BF = poly(l:C)+B. fragilis, P+BFAPSA =
poly(1:C)+B. fragilis with PSA deletion.
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Figure S4. Amelioration of Autism-Related Behaviors in MIA Offspring Is Not Specific to B. fragilis Treatment, Related to Figure 5
(A) Anxiety-like and locomotor behavior in the open field exploration assay, as measured by total distance traveled in the 50 x 50 cm open field (right), duration
spent in the 17 x17 cm center square (middle), and number of entries into the center of the field (left) over a 10 min trial. Poly(l:C)+B. thetaiotaomicron: n = 32.
(B) Repetitive burying of marbles in a 3 x 6 array during a 10 min trial. Poly(l:C)+B. thetaiotaomicron: n = 32.
(C) Communicative behavior, as measured by total number (left), average duration (middle) and total duration (right) of ultrasonic vocalizations produced by adult
male mice during a 10 min social encounter. Poly(1:C)+B. thetaiotaomicron: n = 10.
(D) Sensorimotor gating in the PPl assay, as measured by percent difference between the startle response to pulse only and startle response to pulse preceded by
a5db or 15 db prepulse. Treatment effects were assessed by repeated-measures two-way ANOVA with Bonferroni post hoc test. Poly(l:C)+B. thetaiotaomicron:
n=32.
For all panels, data for saline, poly(I:C) and poly(1:C)+B. fragilis are as in Figure 5. Graphs represent cumulative results obtained for 3-6 independent cohorts of
mice. Data are presented as mean + SEM. *p < 0.05, **p < 0.01, **p < 0.001. S = saline+vehicle, p = poly(l:C)+vehicle, P+BF = poly(1:C)+B. fragilis, P+BT =
Poly(1:C)+B. thetaiotaomicron.
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Figure S5. B. Fragilis Treatment Causes Statistically Significant Alterations in Serum Metabolites, with Widespread Changes in Bio-
chemicals Relevant to Fatty Acid Metabolism and Purine Salvage Pathways, Related to Figure 6
Levels of 103 metabolites that are significantly altered in sera of B. fragilis-treated MIA offspring compared to saline controls, as measured by GC/LC-MS. Colors
indicate fold change relative to metabolite concentrations detected in saline offspring, where red hues represent increased levels compared to controls and green
hues represent decreased levels compared to controls (see legend on top left). All changes indicated are p < 0.05 by two-way ANOVA with contrasts. p = poly(l:C),
P+BF = poly(l:C)+B. fragilis. n = 8/group.
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Figure S6. Synthesis of Autism-Associated Metabolites by Host-Microbe Interactions, Related to Figure 6
(A) Diagram illustrating the synthesis of 4EPS (found elevated in MIA serum and restored by B. fragilis treatment) and p-cresol (reported to be elevated in urine of

individuals with ASD) by microbial tyrosine metabolism and host sulfation.
(B) Diagram illustrating the synthesis of indolepyruvate (found elevated in MIA serum and restored by B. fragilis treatment) and indole-3-acryloylglycine (reported

to be elevated in urine of individuals with ASD) from microbial tryptophan metabolism and host glycine conjugation.
Solid arrows represent known biological conversions. Dotted arrow represents predicted biological conversions.
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Figure S7. 4-ethylphenylsulfate Synthesis, Detection and In Vivo Experiments, Related to Figure 6

(A) Diagram of 4EPS synthesis by treating 4-ethylphenol with sulfur trioxide-pyridine in refluxing benzene to generate the pyridinium salt followed by ion exchange
over K+ resin to generate the potassium salt.

(B) Dose-response curve and linear regression analysis for known concentrations of potassium 4EPS analyzed by LC/MS.

(C) Time-dependent increases in serum 4EPS after a single i.p. injection of 30 mg/kg potassium 4EPS into adult wild-type mice.

(D) Communicative behavior, as measured by total number (left), average duration (middle) and total duration (right) of ultrasonic vocalizations produced by adult
male mice during a 10 min social encounter. n = 5/group.

(E) Repetitive burying of marbles in a 3 x 6 array during a 10 min trial. n = 10/group.

Data are presented as mean + SEM. Veh. = vehicle (saline), 4EPS = 4-ethylphenylsulfate.
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