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En Francais

Titre de la these : Perturbations de la Périphérie et du Microbiote Intestinal dans
les Troubles du Spectre Autistique

Sous-titre de la thése : Le Role Spécifique du p-Crésol

Mots-clés : Autisme, comportement, p-Crésol, microbiote, dysbiose, circuit

de la récompense
Résumé

Ce travail de these porte principalement sur les anomalies périphériques associées aux
Troubles du Spectre Autistique (TSA), un groupe de pathologies du neurodéveloppement
fréquentes.

La premiére section est consacrée au travail principal de ma thése et porte sur l'influence du
microbiote et des métabolites bactériens dans les TSA. Chez les patients autistes, les déficits
d’interaction sociale et les comportements répétitifs ou stéréotypies sont fréquemment
associés a des symptomes gastro-intestinaux, des anomalies de composition de la flore
intestinale et des niveaux anormaux de métabolites produits par le microbiote. Ceci laisse
suggérer que des perturbations de I’axe microbiote-intestin-cerveau pourraient contribuer au
développement des TSA. Néanmoins, le lien de causalité entre dysbiose, métabolites
microbiens et comportements autistiques reste a démontrer. Notre hypothese de travail est que
certains métabolites microbiens sont les médiateurs des effets déléteres de la flore intestinale
sur les comportements impactés dans les TSA. Nous avons étudié le para-Crésol (p-Crésol),
un métabolite microbien anormalement élevé chez les patients TSA et notamment produit par
les Clostridies, des bactéries surabondantes chez ces patients. Nous avons exploré chez la
souris le lien de causalit¢ entre ’exposition au p-Crésol et le développement de
comportements autistiques. Nous avons ainsi montré que les souris exposées au p-Crésol
pendant 4 semaines présentent des stéréotypies et des déficits d’interaction sociale. Ces
symptdmes comportementaux propres aux TSA sont accompagnés d’une diminution de
I’excitabilité des neurones dopaminergiques dans 1’aire tegmentaire ventrale (ATV), une
région du cerveau clé pour la récompense sociale, connue pour étre dérégulée chez les
patients TSA. Nous observons ¢galement des anomalies de la composition du microbiote,
avec les abondances de certains taxa microbiens corrélées aux déficits d’interactions sociales.
Enfin, la restauration d’un microbiote sain par un transfert de microbiote de souris normales a
des souris exposées au p-Crésol nous a permis de restaurer les déficits d’interaction sociale et
l'activité dopaminergique. Cette étude démontre, d’une part, un lien de cause a effet entre
I’exposition a un métabolite microbien et le développement des comportements autistiques, et
d’autre part, que la manipulation du microbiote est une voie thérapeutique possible pour les

TSA.



La seconde section de la thése se compose de trois articles, auxquels j’ai contribué, et qui
portent sur 1’exploration des phénotypes périphériques dans le Syndrome de 1'X Fragile
(FXS), la premiere cause génétique de TSA. Le premier article porte sur 1'é¢tude de la
dérégulation du métabolisme du glucose et des lipides dans le FXS et repose sur la souris
Fmrl-KO, le modele murin du FXS, ainsi que des échantillons de patients FXS. Dans le
second article, nous avons analysé 1'impact de 1’inactivation du géne Fmr/ sur la composition
corporelle et la structure osseuse dans le modele murin du FXS. Dans le troisiéme article,
nous avons mis en €évidence des anomalies des profils de chimiokines dans le sérum de
patients FXS, laissant supposer des dysfonctions immunitaires.

Dans I’ensemble, mon travail de thése a permis de mettre en évidence une contribution
périphérique dans les TSA, et en particulier le rdle clé de métabolite microbien p-Crésol dans

le développement des comportements autistiques.



In English

Thesis title: Peripheral and Intestinal Microbiota Alterations in Autism
Spectrum Disorders

Thesis sub-title: The Specific Role of p-Cresol

Keywords: Autism, behaviour, p-Cresol, microbiota, dysbiosis, reward
circuit

Abstract

This thesis mainly focuses on the peripheral anomalies associated with Autism Spectrum
Disorders (ASD), a group of frequent neurodevelopmental pathologies.

The first section is devoted to my main thesis work and focuses on the influence of the
microbiota and bacterial metabolites in ASD. In autistic patients, deficits in social interaction
and repetitive behaviours (stercotypies) are frequently associated with gastrointestinal
symptoms, abnormal composition of the intestinal flora and abnormal levels of metabolites
produced by the microbiota. This suggests that disturbances in the microbiota-gut-brain axis
could contribute to the development of ASD. However, the causal link between dysbiosis,
microbial metabolites and autistic behaviour remains to be demonstrated. Our working
hypothesis is that certain microbial metabolites are mediators of the deleterious effects of the
intestinal flora on the behaviours impacted in ASD. We have studied the microbial metabolite
para-Cresol (p-Cresol) that is abnormally elevated in ASD patients and produced in particular
by Clostridia bacteria that are overabundant in these patients. We have explored in mice the
causal relationship between exposure to p-Cresol and the development of autistic behaviours.
We have thus shown that mice exposed to p-Cresol for 4 weeks display social interaction
deficits and stereotypies. These behavioural symptoms specific to ASD are accompanied by a
decrease in the excitability of dopaminergic neurons in the Ventral Tegmental Area (VTA), a
brain region key to social reward and known to be deregulated in ASD patients. We also
highlighted anomalies in the composition of the microbiota upon p-Cresol exposure, with the
abundances of specific microbial taxa correlated with social behaviour deficits. Finally, the
restoration of a healthy microbiota by a transfer of microbiota from normal mice to mice
exposed to p-Cresol allowed us to restore social behaviour deficits and VTA dopaminergic
activity. This study demonstrates a causal relationship between exposure to the microbial
metabolite p-Cresol and the development of ASD core behaviours and also a possible
therapeutic avenue for ASD through the manipulation of microbiota.

The second section of the thesis consists of three articles, to which I have contributed, that
explore peripheral phenotypes in Fragile X Syndrome (FXS), the leading genetic cause of
ASD. The first article addresses the deregulation of glucose and lipid metabolism in FXS

relying on the Fmrl-KO mouse, the mouse model of FXS, as well as on samples from FXS



patients. In the second article, we analysed the impact of Fmrl gene inactivation on body
composition and bone structure in the mouse model of FXS. In the third article, we
highlighted anomalies in the profiles of chemokines in the serum of FXS patients, suggesting
immune dysfunctions.

Overall, my thesis work highlighted peripheral contributions in ASD, and in particular the key

role of the microbial metabolite p-Cresol in the development of autistic behaviour.
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Chapter 1: Introduction

Neurodevelopmental Disorders

Central Nervous System (CNS) disorders with early onset are commonly termed
Neurodevelopmental Disorders (NDD). NDD include a large number of pathologies in which
abnormal neurodevelopment leads to neurological and/or behavioural impairments. These
pathologies affect four times more males than females (Rutter et al., 2003). Intellectual
Disability (ID), Autism Spectrum Disorders (ASD), Attention-Deficit/Hyperactivity Disorder
(ADHD), motor disorders and epilepsy are common NDD (Thapar et al., 2017). NDD are
frequently associated with communication and social behaviour deficits, sensory disorders,
learning disabilities, hyperactivity, anxiety, depression, mood instability, sleep problems,
stereotypies, self-injurious behaviours, etc. The prevalence and intensity of the different
symptoms will determine the diagnosis class and the specific needs for each NDD patient
(Hansen et al., 2018). The symptomatology and severity of symptoms vary greatly among
patients, even within a specific diagnosis class, and the frequent comorbidities among NDD
underline the great heterogeneity in the clinical spectrum of NDD.

The differential manifestations of NDD can be explained by complex interactions between
genetic predisposition and exposure to different environmental NDD risk factors (Jones and
Szatmari, 2002). Several environmental factors -such as nutrition, pollution, immune changes,
stress, environmental enrichment- are known to influence neurodevelopment (Hertz-Picciotto
et al., 2018). In addition, the existence of critical time-windows in neurodevelopment, as well
as the limited time-window for recovery or compensation of abnormal neurodevelopment
modulates the risk to later develop NDD (Krol and Feng, 2018). One important
neurodevelopmental time-window is the prenatal period. In utero, the foetus can be exposed
to large number of factors that can compromise neurodevelopment at various stages. NDD
environmental risk factors include in utero exposure to drugs consumed during pregnancy,
maternal immune activation, maternal obesity or pollution (Hertz-Picciotto et al., 2018).
Even the birth delivery mode can affect the child’s behavioural outcome during childhood
(Hertz-Picciotto et al., 2018).

This Thesis focuses on a specific class of NDD, ASD, and encompasses studies related to 1)
the role played by the environment, and more specifically the microbiota in the development

of ASD and ii) a genetic form of ASD, Fragile X Syndrome.
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Autism Spectrum Disorders

A. Generalities

1. Prevalence, Core Symptoms of ASD and Diagnosis

ASD are characterized by impairment in communication and social behaviour, as well as the
presence of restricted repetitive behaviours and atypical sensory processing (Green et al.,
2016; Lai et al., 2013). ASD are often accompanied by comorbidities such as ADHD, ID,
anxiety and depressive disorders (Cremone-Caira et al., 2019; Mazurek et al., 2013).
Epidemiological studies report an incidence of 1 in 68 children with ASD in 2012 in the
United States, with an estimated male: female sex ratio of 4:1 (Christensen et al., 2019). In
recent years, the prevalence of ASD has increased. This may be due to a higher exposure to
environmental factors that increase the risk of the onset of ASD (Lai et al., 2013). In fact,
recent improvements in ASD diagnosis criteria also allow reducing the diagnosis bias of ASD
in women, which used to be under-recognised based on anterior diagnostic criteria (Lai et al.,
2013).

Most of ASD cases are detected from 24 to 36 months of age (Bejarano-Martin et al., 2019).
ASD screening and diagnosis is performed when family members, paediatrician or caregivers
suggest that the infant has developmental difficulties. These infants are screened using either
of these two questionnaires: Modified Checklist for Autism in Toddlers, Revised (M-CHAT-
R) (Robins and Casagrande, 2014) or the Quantitative Checklist for Autism in Toddlers (Q-
CHAT) (Allison et al., 2008). These screening tools are designed to identify difficulties in
young children and determine whether the toddler should be referred for full ASD diagnosis
evaluation (Baird et al., 2000). ASD clinical diagnosis relies on the Diagnostic and Statistical
Manual of Mental Disorders (DSM-V) criteria (Doernberg and Hollander, 2016). DSM-V
diagnostic criteria for ASD rely on the evaluation of two behavioural domains: social
communication impairments and restricted repetitive behaviours (RRBs) (Lord and Bishop,
2015). Social and communication problems encountered in ASD include deficits in social-
emotional reciprocity and non-verbal behaviours involved in social interaction, and
maladaptative social behaviour. The restricted/repetitive behaviours associated with ASD
include repetitive movements or stereotypies, perseverative behaviours, inflexible routines,
restrictive interests and hypo- or hyper-reactivity to sensory stimuli (Lord and Bishop, 2015).

Once diagnosed with ASD, the child will be redirected to specialized mental health services.
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Professionals will inform families of the child's specific needs, highlighting the educational

needs (Bejarano-Martin et al., 2019).

2. Associated Peripheral Symptoms
a. Immune Dysfunction

In addition to behavioural symptoms, ASD patients frequently present immune dysfunction.
ASD patients are at increased risk of developing immune disorders such as asthma, food
allergies or autoimmune disorders (e.g. coeliac disease, Crohn’s disease, type 1 diabetes,
rheumatoid arthritis, psoriasis...) (Ashwood et al., 2006; Atladéttir et al., 2009). Furthermore,
peripheral alterations in cytokine levels are also observed in the blood of ASD patients.
Recent meta-analysis show that increased plasma levels of Interferon (IFN)-y, Interleukin
(IL)-1B, IL-6, Tumor Necrosis Factor (TNF)-o, Monocyte Chemoattractant Protein-1 (MCP-
1), Eotaxin-1 (CCL11), IL-8 and reduced levels of Transforming Growth Factor Beta 1 (TGF-
B1), IL-10, Interleukin-1 Receptor Antagonist (IL-1Ra) are associated with ASD (Masi et al.,
2015; Saghazadeh et al., 2019).

Furthermore, some studies suggest that some ASD patients exhibit neuroinflammation.
Neuroinflammation is an inflammatory process that occurs within the CNS (DiSabato et al.,
2016) which involves resident cells in the brain -such as astrocytes, microglia, endothelial
cells- and immune cells migrating from the periphery. Neuroinflammation is accompanied by
an increased production of cytokine, chemokines and second messengers driving the
inflammatory process (DiSabato et al., 2016). Several studies conducted on post mortem
brains of ASD patients revealed microglial and astroglial activation, which is a hallmark of
neuroinflammation. The expression of the astrocyte marker Glial Fibrillary Acidic Protein
(GFAP) was increased in the cortex of ASD patients (Laurence and Fatemi, 2005). Also, the
cortex of ASD patients exhibit an increased microglial density and signs of microglial
activation such as increases in microglial somatic volume, retraction, thickening and
extension of prolongations (Morgan et al., 2010; Tetreault et al., 2012). One study showed
increased cytokine levels including TNF-a, IL-6, Granulocyte-Macrophage Colony
Stimulating Factor (GM-CSF), IFN-y and chemokine Interleukin-8 (IL-8) in post mortem
ASD brain tissues (Li et al., 2009).
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In addition, signs of inflammation have been detected in the gastrointestinal (GI) tract of ASD
patients. Some studies have shown abnormalities in the proinflammatory cytokines levels
expressed by CD3" lymphocytes (e.g. increased level of TNF-a and INF-y, IL-4 and IL-5 with
reduction of IL-10) in intestinal biopsies from ASD children (Ashwood and Wakefield, 2006;
Jyonouchi, 2009; Luna et al., 2017).

b. Gastrointestinal Symptoms

A considerable number of studies have shown that ASD patients are more prone to GI
functional disorders (McElhanon et al., 2014). Further, ASD patients are 4.4 times more likely
to exhibit GI symptoms than neurotypical individuals (McElhanon et al., 2014). The most
common symptoms are abdominal pain, diarrhoea, constipation and abdominal bloating
(Chaidez et al., 2014). Furthermore, ASD children are 5 times more susceptible to develop
feeding problems as compared to neurotypical children (Sharp et al., 2013), and often present
anorexia and anhedonia (Mazefsky et al., 2014). In ASD patients, the GI problems are
associated with increased severity of social/affective problem, social withdrawal, repetitive
behaviours, irritability, hyperactivity, anxiety and aggressiveness (Adams et al., 2011; Buie

et al., 2010; Gorrindo et al., 2012; Mazefsky et al., 2014; Nikolov et al., 2009).

Moreover, some ASD patients also present alterations of intestinal permeability (D’Eufemia
et al., 1996; Esnafoglu et al., 2017; De Magistris et al., 2010). In physiological conditions, the
intestinal epithelium strictly controls the passage of particles, toxins and microorganism. In
pathological conditions, the intestinal epithelium can become more permeable or “leaky” and
allow passage of potentially harmful molecules and microorganisms (Camilleri et al., 2012).
This can also be accompanied by intestinal inflammation, that may eventually become
systemic (Mu et al., 2017). This inflammation can also contribute to exacerbate the intestinal
damages and allow the translocation of intestinal bacteria and other harmful substances (Mu
et al., 2017). Studies in subsets of ASD patients have highlighted a reduction in the expression
of tight junctions proteins, which regulate the permeability of the intestinal barrier (Fiorentino
etal., 2016; Luna et al., 2017).

Both GI problems and immune system dysfunction in ASD patients may be closely related to
anomalies of microbiota composition, or dysbiosis, found in ASD patients (Fung et al., 2017).
This topic will be further developed in section 3 of the Thesis, which addresses the possible

contribution of perturbations of the microbiota-gut-brain axis in ASD.
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B. ASD Causes

The causes for ASD are complex and multifactorial. As most NDD, ASD likely result from
strong interaction between genetic susceptibility and exposure to environmental factors which
perturb neurodevelopment. The genetic contribution in ASD appears to be approximately
45% for monozygotic twins and 16% for dizygotic twins (Bourgeron, 2016). Twin studies
have also revealed that genetics and environmental factors share equal influence on ASD risk

(Bourgeron, 2016).

1. Genetic Causes
a. Genes Linked to ASD

Approximately 10-25% of ASD cases can be explained by mutation in specific genetic /oci.
ASD is associated with more than 913 genes, as summarized in the SFARI database

(https://www.sfari.org/resource/sfari-gene/). We can distinguish non-syndromic and

syndromic forms of ASD.

Non-syndromic forms are generally of unknown genetic aetiology and accounts for the
majority of ASD cases. Non-syndromic forms are usually related to the presence of several
allelic variants corresponding to single nucleotide polymorphisms (SNP). These variants
usually have slight effects and can be found in the general population (Bourgeron, 2016).
Allelic variants play an important role in the susceptibility to ASD. In some individuals, a
specific genetic background will be able to buffer or compensate the impact of the rare
genetic variations. In contrast, in some individuals, the buffering capacity of the genetic
background will not be sufficient to compensate the impact of the deleterious mutations and
they will develop ASD.

Syndromic forms of ASD account for a small percentage of ASD cases and are linked to the
deletion, duplication or silencing of a specific genetic locus (Rylaarsdam and Guemez-
Gamboa, 2019). Usually, syndromic forms of ASD are accompanied with a clinically defined
pattern of somatic abnormalities (such as dysmorphic features, gastrointestinal problems) and

a neurobehavioral phenotype that include ASD and often learning and ID.
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b. Functions of the Genes Involved

The genes associated with ASD operate multiple functions. However, there is a high
incidence of genes with synaptic function or immune function.

Among the genes affecting synaptic function and plasticity lie genes encoding adhesion
proteins (e.g. neuroligin3, 4 (NLGN3/4), neurexins (NRXN), and cadherins (CDH1)), synaptic
vesicles proteins (e.g. synapsin-1 and -2 (SYNI-2)), channels (e.g. sodium, calcium and
potassium voltage-gated channel (SCN, CACN and KCN) and receptors (e.g. glutamate and
GABA receptors (GRIAI, GRINI and GABR)) that are critical for synaptic functions
(Rylaarsdam and Guemez-Gamboa, 2019). Genes involved in signal transduction such as
Tuberous sclerosis complex 2 (TSC2), and protein degradation such as Ubiquitin protein
ligase E34 (UBE3A) are also associated with ASD (Rylaarsdam and Guemez-Gamboa, 2019).
Finally, genes encoding regulators of mRNA translation -such as the Fragile X Mental
Retardation 1 gene encoding the RNA-binding protein FMRP linked to Fragile X Syndrome-
or transcription -such as the Methyl-CpG binding protein 2 encoding the transcription factor
MECP?2 linked to Rett Syndrome- are also associated with ASD (Rylaarsdam and Guemez-
Gamboa, 2019). Loss-of-function of these genes was shown to impact synaptic development
and function in animal models and these are thought to contribute to the behavioural
impairments in ASD patients.

Another class of genes associated with ASD is related to immune components such as:
Macrophage Migration Inhibitory Factor (M/F), Human Leukocyte Antigen Complex (HLA-
A2, HLA-DRBI), Major Histocompatibility Complex (MHC class I and MHC class 1II),
elements involved in complement cascade (C4B) and Interleukin 1 Receptor Accessory
Protein Like 1 (ILIRAPLI) (Estes and McAllister, 2015). In patients bearing mutations in
these genes, perturbations of immune processes could impair neurodevelopment and

contribute to behavioural alterations (Estes and McAllister, 2015).

c. One Example of a Syndromic Form of ASD: Fragile X Syndrome

Clinical features of FXS. Fragile X syndrome (FXS) is the first genetic cause of ASD
diagnosis, with up to 50% of Fragile X patients diagnosed with ASD (Penagarikano et al.,
2007). FXS 1is also the most common form of inherited ID mainly associated with mild to
strong cognitive impairments, attention deficits and hyperactivity. Besides presenting

behavioural alterations, FXS is also accompanied by physical abnormalities (Kidd et al.,
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2014). In subsets of FXS patients, morphometric studies have highlighted increased stature
and height (Butler et al., 1993) and a general overgrowth in prepubertal boys affected by FXS
(Kidd et al., 2014; De Vries et al., 1995). FXS patients present connective tissue dysplasia
(Hagerman et al., 1984), dental and mandibular anomalies (Sabbagh-Haddad et al., 2016),
orthopedic anomalies such as scoliosis (Davids et al, 1990), and abnormal
metacarpophalangeal pattern profile (Butler et al., 1988). In addition, FXS patients display
specific craniofacial abnormalities with reduced facial depth, hypoplasticity of the nasal
bone—cartilage interface and narrow mid-facial width exaggerating ear prominence (Heulens
et al., 2013). Also, subtle craniofacial anomalies with morphometric changes in the mandible

and skull are observed in FXS patients (Heulens et al., 2013).

Functions of the gene mutated in FXS. FXS is caused by the silencing of the FMRI gene,
located in a “fragile” site on the X chromosome in the 27q3 region (Harrison et al., 1983).
Given that the FMRI gene is X-linked, random inactivation of the mutated allele in females
yields a biased sex-ratio of 2 males (1:4000 males) for 1 female affected (1:8000 females),
with a global incidence rate of 1:6000 in the general population. In FXS patients, abnormal
expansions of CGG trinucleotide repeats in the 5’ untranslated region of the FMRI gene lead
to a hypermethylation of the CpG island upstream to the gene promotor. As a result, the
FMRI1 gene is silenced and the encoded protein, FMRP is absent (Penagarikano et al., 2007).
FMRP is an RNA binding protein involved in the regulation of mRNA translation, transport
and stability (Penagarikano et al., 2007). The FMRI gene is expressed in the CNS and in all
peripheral tissues, to the exception of adult skeletal and cardiac muscle (Davidovic et al.,
2006; Khandjian et al., 1998). Loss of FMRP in the brain induces anomalies in the formation
of synapses, with an increased density of immature dendritic spines thought to be at the basis
of the ID (Hinton et al., 1991).

As a reflection of the expression of FMRP in the periphery, some FXS patients exhibit
changes in metabolic or immune markers with decreased cholesterol levels, increase of
triacylglycerols levels and changes in the levels of cytokines and chemokines (Ashwood et
al., 2006; Berry-Kravis et al., 2015; Lisik et al., 2016), although these changes cannot be
considered a patient-specific trait. These findings suggest that the effect of FMRI-deficiency
generates physiological dysfunction in the CNS and in the periphery.

In the 4™ sections of this Thesis, we will present three studies carried out on Fragile X
patients and the mouse model of FXS addressing the peripheral consequences of FMRI-

deficiency.
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2. Environmental Factors

Environmental influences in combination with individual genetic susceptibility modulate the
risk of developing ASD. In recent years, the importance of environmental factors during
pregnancy has been pointed out as possible triggers for the development of ASD in the
offspring. The nature of the environmental factors and the time-window of exposure during
gestation are important elements that can modulate the genetic predisposition of an individual
to NDD (Hertz-Picciotto et al., 2018). Following the “multiple hit” model for ASD, the
repeated exposure to detrimental environmental factors can result in the appearance of ASD
in genetically predisposed individuals (Miles, 2011). Some of the factors that increase the risk

of the appearance of ASD in the offspring are summarized in Figure 1.
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Figure 1: In utero exposure to maternal environmental factors increases the risk of ASD in
offspring.
Abbreviations: TDI1, Type-1 Diabetes; RA, Rheumatoid Arthritis; CD, Coeliac Disease; PS,
Psoriasis; BMI, obesity based in Body Mass Index; GDM, Gestational Diabetes Mellitus; CS,

Caesarean Section; VD, Vaginal Delivery.

a. In utero Exposure to Drugs Consumed by the Mother

Epidemiological studies have shown that exposure to teratogens substances such as valproic

acid -an anticonvulsant drug and mood stabilizer, used to treat migraines, epilepsy and bipolar
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disorder- (Cotariu and Zaidman, 1991; Veroniki et al., 2017), thalidomine -an anti-emetic
medication- (Jones and Szatmari, 2002) or misoprostol -used to treat gastric ulcers- (Ornoy et
al., 2015) during the prenatal and early postnatal periods can alter neurodevelopment and lead

to ASD in the offspring (Dufour-Rainfray et al., 2011).

b. In utero Exposure to Maternal Immune Activation

There are three important risk factors for ASD linked to maternal immune activation (MIA).
First, diagnosis of maternal autoimmune diseases (e.g. TD1, RA, CD, PS and Crohn’s
disease...) increases the risk of developing ASD in the offspring (Atladottir et al., 2009).
Second, the presence of maternal antibodies against foetal brain proteins (IgG antibodies) also
increases the risk of ASD in the offspring (Hsiao, 2013). These antibodies would access the
foetal brain at a developmental stage at which the blood-brain barrier (BBB) is still immature.
This could contribute to generate brain abnormalities that may favour the emergence of later
neurological problems in the offspring. Third, maternal infections and notably viral infection
during the first trimester of pregnancy or unspecific infections during the second trimester are
associated with an increased ASD risk in the offspring (Atladottir et al., 2010). Frequent
episodes of fever during pregnancy, linked to an infectious state, are also associated with
increased ASD risk in the offspring (Hornig et al., 2018). Studies in mouse models have
highlighted that the gestational period of exposure, the type of MIA (viral, bacterial or
chronic) and the duration and intensity of the MIA will determine the appearance of
neurodevelopmental and behavioural problems in the progeny (Estes and McAllister, 2015). It
is hypothesised that maternal pro-inflammatory cytokines released upon MIA reach the foetal
brain and perturb neurodevelopmental processes, increasing the susceptibility to later develop

ASD (Figure 2).
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Figure 2: Maternal immune activation risk factor for ASD in offspring (Estes and McAllister,
2016)

c. Mode of Delivery

The birth delivery mode can also modulate ASD risk. Several studies suggests that delivery
by caesarean section increases the risk of the offspring to develop ASD (Curran et al., 2015;
Yip et al., 2017). Meta-analyses have also identified other environmental risk factors for
ASD such as advanced parental age, birth complications (e.g. trauma, ischemia, hypoxia),
pregnancy-related risk factors (e.g. foetal distress, multiple births), deficiencies in essential
nutrients (e.g. fatty acids, vitamin D and folate) and prenatal exposure to environmental toxins
(e.g. heavy metals, pesticides, endocrine-disrupting chemicals) (Modabbernia et al., 2017;

Wang et al., 2016).

C. Disturbed Neuronal Circuits in ASD

The connection between behavioural abnormalities and deregulation in neural circuits and
synaptic function in ASD is the subject of active research to understand the neurobiological
correlates of ASD behavioural impairments. Several brain circuits have been identified as
altered in ASD patients. Notably, the reward circuit could be involved in ASD-related social
behaviour deficits (Supekar et al., 2018).

Social interactions are pleasurable events for humans and animals, as shown notably by the
activation of the reward circuit by social stimuli — activation that is blunted in ASD patients
(Pellissier et al., 2018). The mesolimbic dopamine reward circuit controls notably the social
reward and the literature suggests that ASD patients experience a lower social reward as
compared to neurotypical subjects (Chevallier et al., 2012). The interconnection between
brain regions involved in the reward circuit have been mostly described in rodents and
encompass: the Ventral Tegmental Area (VTA), Nucleus Accumbens (NAc), Paraventricular
Nucleus (PVN) and Prefrontal Cortex (PFC) (Figure 3). To dissect out the connections

between the main brain areas involved in the reward system, animal models have been used.
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Figure 3: Brain regions involved in the Mesolimbic Reward Circuit.

Abbreviations: PFC, Prefrontal Cortex; MSNs, Medium Spiny Neurons; NAc, Nucleus
Accumbens; PVN, Paraventricular Nucleus; VTA, Ventral Tegmental Area; dRN, dorsal
Raphe Nucleus.

The VTA is a critical region for the mesolimbic reward circuit and is involved in the
modulation of responses to reward stimuli. The VTA is localised in the brainstem and is
composed mainly of GABA, dopaminergic and glutamatergic neurons (Morales and Margolis,
2017). VTA glutamate neurons are important for the socialisation of mice (Krishnan et al.,
2017). The reduction of VTA glutamatergic transmission to Medium Spiny Neurons (MSNs)
in the NAc, decreased the sniffing time in mice (Krishnan et al., 2017). On the other hand,
VTA dopamine neurons project notably towards the NAc and the PFC. VTA dopamine
neurons are regulated by oxytocinergic projection from the PVN (Hung et al., 2017).
Oxytocin enhances the excitability of VTA dopamine neurons projecting to the NAc, which
reinforces social interactions (Hung et al., 2017). In the NAc, MSNs express the D1 and D2
dopamine receptors (Ddlen et al., 2013). At the same time oxytocinergic neurons of the PVN
and serotoninergic neurons of the dRN project to the NAc and both are important for the
synaptic plasticity in the NAc that is essential for the social reward process (Dolen et al.,
2013).

Functional neuroimaging, a non-invasive technique to monitor the activity and connectivity of
brain regions in the resting state or during a task, was used to analyse the social reward
system in ASD patients. A functional magnetic resonance imaging (fMRI) study reported a
decrease in the density of the fibres which originate in the VTA and project to the NAc in
young ASD patients (Figure 4) (Supekar et al., 2018). Another study has also shown a
decreased activity in the NAc in ASD patients during reward-related motivation (Assaf et al.,

2013).
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Figure 4: Mesolimbic reward pathway: white matter tracts connecting the NAc and the VTA
(Supekar et al., 2018).

Finally, one study combined electroencephalography and high-resolution eye-tracking and
reported that ASD patients present decreased activation of the PFC and the anterior cingulate
cortex during neural processing of dynamic cartoons related to human-like social interactions
(Jan et al., 2019). Also, using positron emission tomographic scanning, one study highlighted
that ASD patients displayed a decreased dopaminergic activity in the anterior medial PFC
during a story comprehension paradigm (Ernst et al., 1997).

Altogether, these studies suggest that social behaviour deficits in ASD patients could result
from dysfunctions in the circuitry processing social reward, which modulate notably social

cognition, perception and motivation (Mundy, 2003).

D. ASD Animal Models

1. Introduction

ASD animal models have been developed to better understand the pathophysiological
processes leading to ASD in human. There are three criteria established by Willner in 1984
that an animal model must fulfil in order to be considered a good model for neuropsychiatric
disorders (Belzung and Lemoine, 2011). First, the construct validity criterion is met when the
behavioural phenotypes of the model and the symptoms and manifestation of the disease in
human are homologous (Belzung and Lemoine, 2011). Second, the face validity criterion is
reached when the biological dysfunctions observed in the animal model reflects the currently
understood disease aetiology and the identified biomarkers in humans (similarity of

mechanisms and neurobiological substrates). Third, predictive validity is achieved when there
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are similarities in the response of the animal model to therapies and notably pharmacological
interventions used in human to treat the disease.

The mouse is an adequate organism to model neuropsychiatric diseases such as ASD
(Crawley, 2012; Silverman et al., 2010). In mice, behavioural testing enables to analyse the
behavioural dimensions related to ASD core symptoms (social behaviour, repetitive
movements/stereotypies, behavioural flexibility and sensory processing) and comorbidities
(cognition, emotional processing with anxiety/depression features...). Similarly,
neurodevelopmental, neurobiological and physiological processes are very similar between
mice and human, enabling to evaluate the construct validity of the models. Finally, mice can
be treated with drugs or subjected to different interventional strategies as it is done in humans
to treat ASD, enabling to assess their predictive validity.

Along these criteria, a large number of mouse models have been validated to study ASD. The

SFARI base (https://gene.sfari.org/database/animal-models/genetic-animal-models/)

recapitulates the available models, classified along 3 categories: 1) 277 genetic models are
associated with mutation in a gene or a genetic region that is known to be associated with
ASD, 2) 45 induced environmental models are obtained by in utero exposure to
environmental factors known to increase the risk of the onset of ASD in the offspring, and 3)

8 inbred models of idiopathic ASD are described.

2. Genetic and Environmental Animal Models in ASD
a. Genetic Models

There are several genetic models in mice, that are usually generated by the deletion,
duplication, mutation or loss of function of a gene or a genetic locus that is known to be
associated with ASD in humans (Carmichael and Lockhart, 2012; Patel et al., 2018).

Hereafter, we review several commonly used models of ASD.

i. Fmrl-knockout (KO) mice

Two mouse models for FXS have been developed (Dutch Belgium consortium 1991,
(Mientjes et al., 2006)). Fmrl-KO mice recapitulate a number of the behavioural
abnormalities observed in Fragile X patients: cognitive impairments, autistic-like features,
such as social interaction deficits and stereotypies, and hyperactivity (Bakker and Oostra,

2003). On the neurobiological level, it has been observed that there is an increase in the
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number of immature dendritic spines and an abnormal increase in local protein synthesis at
the synapse (Bakker and Oostra, 2003; Nimchinsky et al., 2001). Furthermore, several studies
have described alterations of various forms of synaptic plasticity in Fmr/-KO mice, which
could explain the behavioural defects observed (Bakker and Oostra, 2003). In particular, the
Fmrl-KO mice display deficits in long-term depression (LTD) and long-term potentiation
(LTP) in the hippocampus and cortex (Bagni and Zukin, 2019; Huber et al., 2002; Li et al.,
2002). In addition, abnormalities in cortical-cerebellar circuits have also been described,
which perturb VTA dopamine release in the PFC (Rogers et al., 2013).

Fmrl gene is widely expressed not only in the CNS but also in peripheral tissues (liver,
adipose tissue, skin) (Davidovic et al., 2006; Khandjian et al., 1998). When I started my PhD,
very few studies had addressed the peripheral effects of Fmrl gene silencing. The double
Fmrl/Fxr2 KO mouse obtained by double inactivation of the Fmrl and Fxr2 gene (Fxr2
being an autosomal homolog 2 of Fmrl gene) displayed an increase in glucose tolerance and
insulin sensitivity, a reduction in adiposity and circulating glucose (Lumaban and Nelson,
2015). In addition, cranioencephalic abnormalities have been described in Fmri-KO mice,
such as an increase in the size of the mandible-skull complex similar, to what was observed in
Fragile X patients (Heulens et al., 2013).

I contributed to two studies which identified metabolic and body composition anomalies in

FmrI-KO mice. These studies are presented in the 4™ section of this Thesis.

ii. Shank3b-KO mice

Mutations in the SH3/ankyrin domain gene 3 (SHANK3) are typically associated with Phelan-
McDermid syndrome, a syndromic form of ASD (Balaan et al., 2019).

Shank3b-KO mice present social interactions impairments with reduced number of nose
contacts and an increase in self-injurious repetitive grooming (Peca et al., 2011). At the
neurobiological level, the Shank3b gene encodes the PostSynaptic Density protein of 95 kDa
(PSD95) expressed at glutamatergic synapses. This protein regulates the trafficking and
localization of glutamate receptors. The deletion of the Shank3b gene in mice alters
postsynaptic molecular composition in the striatum with consequences on the glutamatergic
system (Pega et al., 2011). Shank3b-KO mice also display anomalies in the oxytocinergic and
dopaminergic system. More specifically, Shank3bh-KO mice present a decrease of dopamine
neurons excitability in the VTA, an important region involved in the social reward circuit

(Bariselli et al.,, 2016). As a consequence, Shank3b-KO mice present social interaction
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impairments and notably deficits in the social preference for a novel congener (Bariselli et al.,
2016). These effects are accompanied by an increase in the expression of a-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid (AMPA) receptors and the consequent disturbance in
VTA synaptic plasticity (Bariselli et al., 2016, 2018). Furthermore, Shank3b-KO GABAergic
MSNs, which receive dopaminergic inputs from the VTA, present an increase in dendritic
arborisation while dendritic spines density is reduced. This is accompanied by a decrease in
the frequency and amplitude of their spontaneous activity or miniature Excitatory
Postsynaptic Currents (mEPSC). The deletion of the Shank3b gene in mice alters

glutamatergic (Peca et al., 2011) as well as dopaminergic transmission (Bariselli et al., 2016).

iiti.  BTBR T+ Itpr3tf/J (BTBR) mice

The BTBR mouse is considered as an idiopathic model of ASD. BTBR mice exhibit impaired
social interactions, increased repetitive behaviours, compulsive cleaning, alterations in
behavioural flexibility and learning deficits, compared to C57BL6/J control mice (Amodeo et
al., 2012). The BTBR model is also characterized by the complete absence of the corpus
callosum, and a significant reduction of the hippocampal commissure. A reduction in the
corpus callosum volume is also observed in some ASD patients (Pagnozzi et al., 2018).
Moreover, cerebral ventricles are reduced and this is accompanied by a decrease in
neurogenesis (Meyza and Blanchard, 2017). Alterations in the dopaminergic system are also
observed, contributing to an hypoactivation of the reward system (Squillace et al., 2014).
Finally, this model also presents an increase of proinflammatory cytokines such as IL-33, IL-
18 and IL-1P (Meyza and Blanchard, 2017) and an increase of autoantibodies (IgG) directed
against brain proteins in the cortex, hippocampus, striatum and cerebellum (Kim et al., 2016).

Finally, BTBR mice display increased intestinal permeability (Golubeva et al., 2017).

b. Environmentally-Induced ASD Models

In this section we will describe the different environmental models of ASD. All of them are

developed during the prenatal period.

i. Inutero Exposure to Valproic Acid

Valproic acid (VPA) has been associated with an increased risk of developing ASD in the
offspring (Christensen et al., 2014). An animal model has been developed in which pregnant

dams are injected intraperitoneally with VPA at embryonic day 12.5. The progeny of these
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dams, exposed in utero to VPA, display social interaction impairments, repetitive/compulsive
movements, anxiety-like behaviour and memory deficits (Kataoka et al., 2013; Wagner et al.,
2006). VPA mice also exhibit signs of neuroinflammation in the brain and the male offspring
displays decreased levels of serotonin in the PFC and amygdala (De Theije et al., 2014). In
addition, VPA mice display increased intestinal permeability and decreased serotonin

production in the gut (De Theije et al., 2014).

ii. In utero Exposure to MIA

Another risk factor for ASD in the offspring is in utero exposure to MIA (Estes and
McAllister, 2016). An animal model has been generated in which MIA is triggered by either
exposure to the Influenza virus or to pathogen-associated molecular patterns (PAMPs) via
injection of lipopolysaccharides (LPS), which mimic bacterial infection or the synthetic
double-stranded RNA polyinosinic-polycytidylic acid poly (I:C), which mimic viral infection.
The most commonly used model is obtained by intraperitoneal injection of poly (I:C) at E12.5
(Hsiao et al., 2013; Zuckerman et al., 2003). However, in this model, the dose and
developmental window targeted, i.e. the precise timing of poly (I:C) is a critical element for
the appearance of behavioural abnormalities in the offspring.

The behavioural features of MIA offspring are social behaviour impairments, decrease in
ultrasonic vocalizations, repetitive movements and deficits in sensorimotor gating,
highlighting reduced behavioural flexibility, resembling the core symptoms of ASD (Hsiao et
al., 2013; Smith et al., 2007). MIA offspring also display enhanced anxiety and short-term
memory impairment (Luchicchi et al., 2016), resembling the frequent comorbidities in ASD
of anxiety disorder and ID. At the molecular level, the MIA offspring present alterations in
the reward circuit, notably due to reduced activity of dopamine neurons in the VTA
(Luchicchi et al., 2016).

At the systemic level, this model also has GI disturbances, with an increase in intestinal
permeability (Hsiao et al, 2013). The integrity of the intestinal barrier is compromised in this
model, with a decrease in tight junction proteins expression and an increase in inflammatory

markers expression (cytokines).
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iii.  In utero Exposure to Diet-Induced Maternal Obesity (DIO)

Maternal obesity during pregnancy is a risk in the development of neurological disorders in
the offspring (Connolly et al., 2016). Thus, an animal model has been developed, where
pregnant dams are fed on a high-fat diet (Buffington et al., 2016). Mice born from DIO
mothers display social behaviour impairments, increased repetitive behaviours and anxiety
(Buffington et al., 2016). These animals also present anomalies in the reward circuit
(Buffington et al., 2016). Concretely, the DIO offspring exhibit impairments in the synaptic
plasticity of dopamine neurons (long term potentiation, LTP) in the VTA (Buffington et al.,
2016).

In conclusion, all these genetic and environmental models of ASD exhibit behavioural
abnormalities similar to those observed in ASD patients, and notably social interactions
impairments and stereotypies. This is accompanied by alterations in dopaminergic
neurotransmission, and deficits in the social reward circuit appear as one of the
neurobiological features correlates for the behavioural alterations. Finally, some ASD models
display neuroinflammation and increased intestinal permeability revealing that immune and
gut dysfunctions could also be linked to microbiota dysbiosis, as developed in the next

section.

In this Thesis, we will present a new environmental mouse model of ASD obtained by the

manipulation of its microbiota.
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The Microbiota-Gut-Brain Axis in ASD

A. The Microbiota-Gut-Brain Axis: a Bidirectional
Communication Axis

1. Introduction

The term microbiota refers to the ecological communities of commensal, symbiotic and
pathogenic microorganisms that live in symbiosis with the human body. Microbiota reside in
a number of tissues and biofluids: skin, mammary glands, placenta, saliva, oral mucosa,
vagina, uterus and GI tract (Cho and Blaser, 2012). The microbiota includes bacteria,
bacteriophages, fungi, protozoa and viruses that live inside and on the human body
(Fattorusso et al., 2019). The human gut hosts more than 100 trillion organisms.
Microorganisms outnumber by 1.3-fold the average number of somatic and germ cells of an
adult human, according to recent revised estimates (Sender et al., 2016). Strikingly, the
collective genome of the microbiota, termed the microbiome, contains 100 times more genes
than the human genome. This gene richness confers unique functional properties to the
microbiota, notably in terms of metabolic and enzymatic reactions which cannot be performed
by the host (Stilling et al., 2014).

In a way, the gut microbiota can be assimilated to a human organ that can be transplanted and
accomplishes specific functions, notably digestion and metabolism of food (David et al.,
2014), regulations of intestinal barrier functions (Hooper et al., 2001), gut immune maturation
and homeostasis (Chung et al., 2012), regulation of hormonal and neurotransmitters secretion
and of host’s brain function and behaviour (Goulet et al., 2019).

Specific alterations in microbiota composition, notably in terms of microbial abundances and
diversity or metabolic output are termed dysbiosis. Microbiota dysbiosis influences health
outcomes and when microbiota homeostasis is compromised, several pathological conditions
may arise and notably ASD. In this Section, we will review the evidence in the literature
supporting the hypothesis that dysregulation of the Microbiota-Gut-Brain axis contributes to
the development of ASD symptoms.
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2. The Microbiota-Gut-Brain-Axis

The Microbiota-Gut-Brain axis refers to the bidirectional communication between the
microbiota and the brain. The main routes of communication involve the peripheral nervous
system (mainly the enteric nervous system and parasympathetic system), the neuroendocrine
system and the immune system (Carabotti et al., 2015; Fiilling et al., 2019; Sherwin et al.,
2019; Vuong and Hsiao, 2017). All these systems are interconnected and can mutually
influence each other. Also, these systems are modulated by environmental factors and
neuroendocrine systems such as the hypothalamus-pituitary axis and the limbic system

(Carabotti et al., 2015).
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Figure 5: Communication pathways from the gut to the brain.
Abbreviations: ENS, Enteric nervous system; EC, Enterocromaftin cells; IECs, Intraepithelial

lymphocytes; ILCs, Innate lymphoid cells; DC, Dendritic cells.

a. Involvement of the Peripheral Nervous System
i. Enteric Nervous System (ENS)

The ENS is a part of the autonomous nervous system. The ENS is composed of enteric
neurons and glial cells that form two plexus (i.e. myenteric and submucosal plexus), located

between the circular and longitudinal muscle layers of the of GI tract (Nagy and Goldstein,
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2017). The ENS is mostly composed of two neuronal types: cholinergic neurons (which
account for 60% of the neurons in the GI tract), sensory and excitatory neurons and nitrinergic
inhibitory interneurons and motoneurons (Rao and Gershon, 2016). Enteric neurons express
cell-surface G-protein-coupled receptors (GPCRs) which can detect microbial metabolites,
such as GPR41-43 for SCFAs and GPR142-35 for aromatic amino acids (L-Tryptophan, L-
Phenylalanine and Kynurenic acid) (Husted et al., 2017). The ENS operates independently of
the CNS even if it connected to the spinal cord and brain (Carabotti et al., 2015). Also, the
ENS also has close connections with epithelial cells and immune cells in the intestinal barrier
and integrates their signals (Carabotti et al., 2015). The function of the ENS is to regulate the
neuroendocrine secretion and motility of the digestive tract as well as the maintenance of the

mucosa and the regulation of intestinal immunity (Rao and Gershon, 2016).

il. Vagus Nerve (Parasympathetic System)

The vagus nerve connects the ENS to the CNS. Sensory information coming from the GI tract
is relayed by vagal afferent fibres to the nucleus of the solitary tract (NTS). The NTS is an
integrative centre of sensory information in the CNS. Via efferent projections, the NTS is
connected to several regions of the brain, including the limbic system (Browning and
Travagli, 2014). The vagus nerve can detect microbial signals and relay information from the
GI tract to the CNS (Cryan and Dinan, 2012). Vagal afferent fibres do not cross the epithelial
layer and are therefore not in direct contact with the gut luminal microbiota. Therefore, these
fibres can detect signals from the microbiota either by directly sensing bacterial compounds
which have diffused through the epithelium or by integrating signals communicated by
epithelial cells (Bonaz et al., 2018). Recent studies suggest that the vagus nerve is an
important route by which the gut microbiota can send signals to the brain and induce
behavioural changes. There is some evidence on how the microbiota can use this pathway to
mediate behavioural and physiological changes in the brain (Bonaz et al., 2018). There are
three examples of how different probiotics produce changes in behaviour using the vagus
nerve as a pathway and the effects are suppressed after vagotomy, a surgical procedure in
which a sub-diaphragmatic section of the vagus nerve is performed. The first example is the
administration of Lactobacillus reuteri increases oxytocin release from the hypothalamus and
improves social behaviour (Sgritta et al., 2019). This behavioural effects are blocked in
vagotomized animals (Poutahidis et al., 2013; Sgritta et al., 2019). The second example is the

administration of Bifidobacterium longum NCC3001 which decreases anxiety levels in mice
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and whose effects are blocked in vagotomized mice (Bercik et al., 2011a). And finally, the
administration of Lactobacillus rhamnosus reduces anxiety and depressed behaviours and
these behavioural effects are abolished in vagotomized mice (Bravo et al., 2011). In addition,
some microbiota-derived metabolites, such as butyrate (Stilling et al., 2016) and indole
(Jaglin et al., 2018) can activate the vagus nerve.

Further, several articles have described the different components linking the vagus nerve and
the brain, via the NTS and the brain structures involved in the social reward circuit. Bellono
and collegues describe the capacity of enterochromaffin cells (EC) to transduce specific
intestinal signals in action potentials. EC cells are in close contact with the vagus nerve
(Bellono et al., 2017). Han and collegues explain that the information come from the right
nodose ganglia. Its projections arrive at the NTS and trigger activation of the dorsolateral
region of the parabraquial nucleus in the brainstem. From this nucleus, glutamatergic
projections activate the substantia nigra pars compacta. From this region, dopaminergic
projections release dopamine in the dorsal striatum, reinforcing the reward (Han et al., 2018).
Another alternative on the circuit is described by Sgritta and colleagues. This study suggests
that the fibers of the vagus nerve project to the PVN in the hypothalamus. Oxytocinergic
neurons of the PVN project to the VTA region, enhancing the dopamine neurons activity.
This would produce a release of dopamine in the NAc, promoting social behaviour reward

(Buffington et al., 2016; Sgritta et al., 2019).

b. Involvement of Neuroendocrine Signals
i. Involvement of the Hypothalamus-Pituitary-Adrenocortical Axis (HPA)

The HPA axis is a key system that modulates response to stress. The hypothalamus is
composed of several nuclei, but the most important one for the stress response is the PVN
(Farzi et al., 2018). The PVN presents two types of neurons, magnocellular neurons that
release oxytocin and vasopressin and parvocellular neurons that release corticotrophin-
releasing hormone (CRH) (Browning and Travagli, 2014). The PVN receives inputs from the
nucleus of the solitary tract (NTS) and other brain regions such as the PFC and amygdala
(Browning and Travagli, 2014). In response to the CRH, the anterior pituitary gland
synthesises and releases the adrenocorticotropic hormone (ACTH). The activation of ACTH
receptor in the adrenal glands activates the synthesis and secretion of glucocorticoids and they

are released into the systemic circulation.
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The HPA axis is in close connection with components of the gut-brain axis, sending
oxytocinergic projections to the Dorsal Vagal Complex (DVC) in the NTS (Llewellyn-Smith
et al.,, 2012) and limbic regions of the brain (e.g. VTA and amygdala) (Browning and
Travagli, 2014; Hung et al., 2017). These connections modulate the information exchanged

between the gut and the CNS (Browning and Travagli, 2014).

ii.  Involvement of Intestinal Epithelial Cells

The GI system is made up of a layer of epithelial cells that are completely renewed every

week (Pastuta et al., 2015). This layer is formed by a great variety of cells with different

functions:

CELL TYPE FUNCTION REFERENCES

Goblet cell  Mucus secretion (Knoop and Newberry, 2018)
Mediator of epithelial-immune (Ting and von Moltke, 2019)

Tuft cells

signalling (cytokine release)

Antimicrobial peptides secretion (Clevers and Bevins, 2013)

Paneth cells Modulate factors secretion to

epithelial stem and progenitor cells

Sampling and presentation of antigens  (Mabbott et al., 2013)

M cells
to the immune cells
Chemosensory cells to bacterial (Bellono et al., 2017; Lund et
metabolites (e.g. SCFA) al., 2018; Sharkey et al.,

EC 2018)

90% of serotonin production
Electrical properties

Table 1: Epithelial cells of the GI system.
Abbreviations: M cells, Microfold epithelial cells; EC, Enteroendocrine cells; SCFA, short

chain fatty acid.

Epithelial cells are in close contact with bacteria located in the gut lumen and they integrate
environmental luminal signals to maintain gut homeostasis (Sharkey et al., 2018; Viggiano et
al., 2015). The gut microbiota can regulate EC functions, impacting notably serotonin

synthesis (Yano et al., 2015). EC cells also display electrical properties. They are located in
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the vicinity of nerve terminals and have an important function in the signals transmission
from the intestinal lumen to the nervous system (Bellono et al., 2017). Some studies have
shown the existence of receptors to bacterial metabolites in EC cells. Similarly to enteric
neurons, EC cells express receptors for SCFA (i.e. FFAR1-2, HCA2, OLFR78, GPR41,
GPR43) and aromatic amino acids such as L-Tryptophan, L-Phenylalanine and Kynurenic

acid (i.e. GPR142, GPR35) among others (Lund et al., 2018).

c. Involvement of Immune Signals

In the GI tract, there are three main components involved in intestinal immune response: the
gut epithelial layer, the /lamina propria and the gut-associated lymphoid tissue (GALT). These
components constitute the largest lymphatic organ of the body and their main function is to
protect the organism against potential pathogens while providing tolerance to commensal
bacteria (Ahluwalia et al., 2017). Immune cells (i.e. intraepithelial lymphocytes and innate
lymphoid cells) in the GI tract interact with the intestinal microbiota and provide a protective
or tolerant response depending on the microorganism (Montalban-Arques et al., 2018). This
phenomenon is very important for the maintenance of homeostasis in the gut. Tolerance
prevents the activation of an inappropriate immune response against food antigens or
beneficial symbiotic bacteria (da Silva Menezes et al., 2003). Alterations in immune tolerance
processes can lead to the development of food allergies or inflammatory diseases.

Both protective and tolerant responses involve the secretion of cytokines by immune cells.
Disruption of the balance between circulating pro-inflammatory and anti-inflammatory
cytokines can directly impact CNS functions (Cryan and Dinan, 2012). Cytokines have the
ability to influence behavioural responses via their action on neuronal circuits and
neurotransmitter pathways such as monoaminergic, glutamatergic and BDNF signalling

pathways (Felger and Lotrich, 2013).

d. Involvement of Microbial Metabolites

Small molecules with a molecular weight < 10kDa are commonly termed metabolites. They
are usually produced by enzymatic reactions performed by the host and by the intestinal
bacteria or both. Microbial-derived metabolites have received considerable attention in the
recent years given their ability to modulate many physiological processes of the host.
Microbial metabolites are produced from the diet by intestinal bacteria using enzymes of

which the host is deprived. One study show that at least 10% of the detected serum
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metabolites vary in concentration of at least 50% between conventionally colonized and
germ-free (GF) mice (Wikoff et al., 2009). GF animals are usually obtained by caesarean
section and maintained in sterile isolators enabling to raise them in an environment free from
detectable viruses, bacteria and other organisms (Luczynski et al., 2016). Importantly, several
microbial metabolites are either largely reduced or absent in the serum of GF mice: indoles
derivatives (indoxylsulfate, indolepropionate), phenyl derivatives (phenylsulfate, p-
cresolsulfate, phenylpropionylglycine, cinnamoylglycine, hippurate, phenylacetylglycine) or
flavones (equol sulfate, methyl equol sulfate). This demonstrates that the presence of the
microbiota is required for their synthesis. SCFA are another class of metabolites essentially
produced by the gut microbiota (Sherwin et al., 2019; Wikoff et al., 2009).

Several bacterial metabolites have been identified in rodent models as mediators of the
microbiota’s effects on the host. Indoles, SFCAs and secondary bile acids notably regulate
the development and function of DCs, IECs and ILCs in the GI tract (Wang et al., 2019).
SCFA can affect the development and gene expression of intestinal epithelial cells
(Willemsen et al., 2003). Bacteria can also release neuroactive metabolites such as GABA,
serotonin, dopamine and influence the ENS or peripheral nerve terminals (Sarkar et al., 2016).
Metabolites exclusively synthetized by the microbiota are involved in different biological

processes in the host, as listed in Table 2.

METABOLITES BIOLOGICAL IMPACT REFERENCE
*Impaired in vitro development of (Gacias etal., 2016)
p-Cresol
oligodendrocyte
*Controls hormone secretion in EC (Bonaz et al., 2018)
SCFA cells
*Activates vagal afferent fibers (Reigstad et al., 2015)
*Increase levels of Tphl mRNA in EC
cells and intestinal 5-HT levels
Butyrate *Modulate energy metabolism in IECs (Donohoe et al., 2011;
*Modulate cytokine production in Liuetal., 2012)
DCs
Secondary bile acids *Promotes epithelial barrier function  (Inagaki et al., 2006;
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Indole
Indoxyl-3-sulfate
Indole-3-propionic acid

Indole-3-aldehyde

Indole-3-lactic acid

Polyamines

*Regulates the response of DCs Wang et al., 2019)
*Inhibition of NF-kB activity

*Reinforces tight junctions (Thaiss et al., 2016)
*Suppression of CNS inflammation (Rothhammer et al.,

via astrocytes 2016)

*Inhibits mouse polarization of TH17 (Wilck et al., 2017)
cells in vitro

*Increases  production of tight (Chen etal., 2007)
junctions proteins

*Favour maturation of T lymphocytes (Wang et al., 2019)

Table 2: Effects of bacterial metabolites on the host’s immune and GI function.

Abbreviations: SCFAs, short chain fatty acids; Tphl, tryptophan hydroxylase 1; 5-HT
,serotonin; EC, enterocromaftin cells; IECs, intraepithelial lymphocytes; DCs, Dendritic cells;

CNS, Central nervous system.

Importantly, a recent study has shown that bacterial metabolites, including indoles, amines
and phenolic compounds can be detected in the brain and their levels change at various
postnatal ages in the mice's brains (Swann et al., 2020). This suggests that at least bacterial
metabolites synthetized in the intestine by the microbiota can cross the BBB and could
possibly influence the neurodevelopment in the offspring. Finally, microbial metabolites, such
as 4-EPS, indoles and propionate, can modulate anxiety, cognitive and social abilities when

administered to wild-type rodents (Hsiao et al., 2013; Jaglin et al., 2018; MacFabe et al.,

2011).

3. Microbiota Can Impact Brain Function and Behaviour

a. GF Animals Exhibit Neurobiological and Behavioural Impairments

Behavioural studies in GF-free rodents strongly support that gut microbiota influences the

host’s nervous system and behaviour. Table 3 summarizes some of the neurobiological and

behavioural characteristics of GF rodents.
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BIOLOGICAL DYSFUNCTIONS IN GF RODENTS REFERENCE

Reduced anxiety behaviours (Neufeld et al., 2011)

Increased locomotor activity (Heijtz et al., 2011)
(Crumeyrolle-Arias et al., 2014;
Desbonnet et al., 2014)

Social interaction deficits

Functional abnormalities of the ENS
(De Vadder et al., 2018)
Slowed intestinal transit
Decreased peripheral serotonin levels (Wikoff et al., 2009)
Decrease of 5-HT synthesis and 7Tphl expression (De Vadder et al., 2018)
(rate-limiting enzyme for S-HT synthesis)
Enhanced level and turn-over rate of brain (Clarke et al., 2013)
serotonin (Crumeyrolle-Arias et al., 2014)
Increased monoamine turnover in striatum .
(Heijtz et al., 2011)
Altered synaptic plasticity
Reduced BDNF expression in cortex and
(Sudo et al., 2004)
hippocampus
Decreased kynurenin/tryptophan plasma ratio (Clarke et al., 2013)
(Clarke et al., 2013;
Crumeyrolle-Arias et al., 2014;
Huo et al., 2017; Sudo et al.,

2004)

Exacerbated reactivity of the HPA axis

Table 3: Behavioural phenotypes and biological processes in GF rodents.
Abbreviations: 5-HT, serotonin; Tphl, tryptophan hydroxylase 1; ENS, enteric nervous
system; BDNF, brain-derived neurotrophic factor; HPA, hypothalamo-pituitary-

adrenocortical axis.

b. Developmental Windows for the Brain and the Microbiota

The prenatal period is an important time window for neurodevelopment. It is characterized by
fast changes at the neuronal level and birth is marked by early colonization of the gut

microbiota. This period is highly sensitive to environmental changes.
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Figure 6: Microbiota and neurodevelopmental windows: implications for brain disorders by
(Borre et al., 2014) .

The microbiota can influence neurodevelopment during the early postnatal period. GF mice
exhibit an increase in hippocampal neurogenesis and microbiota recolonization does not
prevent abnormal neurogenesis in adults (Ogbonnaya et al.,, 2015). Microbiota also
participates in the development and maturation of the microglia, the brain-resident immune
cells. GF mice have a greater number of immature microglia (increase in the number of
branches and terminal points), which do not respond adequately to infection (Erny et al.,
2015). In contrast, the recolonization with a normal microbiota partially restores the microglia
defects (Erny et al., 2015). Another study showed that the microbiota influences the
permeability of the BBB. In GF animals, the BBB is more permeable, allowing the passage of
a greater number of substances, which can affect the neurological level by reducing the
neuron viability (Braniste et al., 2014). In the same manner, microbiota colonization of GF
mice restores BBB permeability, notably by increasing the expression of tight junction
proteins (Braniste et al., 2014).

All these findings demonstrate that the microbiota could influence numerous

neurodevelopmental and neurobiological processes with final consequences on behaviour.
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B. Evidences for a Disruption of the Microbiota-Gut-
Brain Axis in ASD

1. Microbiota Dysbiosis in ASD
a. ASD Risk Factors Can Target the Microbiota

As previously discussed in the ASD risk factors section, several environmental factors
increase the risk of ASD, such as in utero exposure to MIA, drug exposure (VPA) or maternal
obesity (DIO), nutritional deficiencies and delivery mode. Exposure to these environmental
factors occurs during the prenatal period contributes to influence future development of the
offspring microbiota (Figure 7) (Tamburini et al., 2016). There are also other factors that can
modify the microbiota in the offspring such as: breastfeeding and antibiotic exposure

(Tamburini et al., 2016).
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Figure 7: Factors shaping the neonatal microbiome (Tamburini et al., 2016)

Breast-feeding contributes to the establishment of the new bacteria flora in the infant’s
intestine. Breast milk present millions of live cells including immune cells and bacteria such
as Bifidobacterium and Lactobacillus species accompanied with proteins, amino acids,
oligosaccharides (with possible prebiotic activity), enzymes, growth factors, hormones,
vitamins, minerals and antibodies (Goulet et al., 2019). All of these components can influence
the composition of the infant gut microbiome. Caesarean delivery is associated with increased
risk of breast-feeding problems like delay in breast-feeding, short duration of breast-feeding

and reduced milk consumption by the newborn (Dewey et al., 2003; Evans et al., 2003).
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Antibiotic exposure of newborn and infants is another important factor which can influence
the establishment of the intestinal flora. Antibiotics are powerful medicines to treat or prevent
bacterial infections. After delivery, it is common to administer an intrapartum antimicrobial
prophylaxis cocktail of antibiotics to the mother to avoid possible infections. This treatment
induces a microbiota dysbiosis in the newborn and significant decreases in the SCFAs
productions in early life (Nogacka et al., 2017). These perturbations can have a negative
influence on later health outcome such as increased susceptibility to allergies, increased risk
of colic and diarrhoea in the newborn (Stinson et al., 2018). Yet, whether these factors

modulate ASD risk remain to be demonstrated by adequate epidemiological studies.

b. Microbiota Dysbiosis in ASD Patients and ASD Models

Clinical studies. Several studies suggest that ASD patients present anomalies in microbiota

composition (known as dysbiosis), characterized by an imbalance of intestinal microbial
community. Notably, some studies have shown a reduction of bacterial diversity in the faecal
microbiota of ASD patients (De Angelis et al.,, 2013; Kang et al., 2018). Some report
increased abundances and diversity of Clostridioides species, (Parracho et al., 2005; Srikantha
and Mohajeri, 2019) from the Firmicutes phylum and others report a decreased abundance of
the Bacteroidetes phylum (Williams et al., 2011). Moreover, the relative abundance of
Bifidobacterium are reduced (Adams et al., 2011; De Angelis et al., 2013) and Lactobacillus
are increased (Adams et al., 2011) in children with ASD. In contrast, there are discrepancies
in the findings regarding certain bacterial taxa. For example, Akkermansia abundances can be
higher (De Angelis et al., 2013) or lower (Wang et al., 2011) according to two independent
studies in ASD patients. Due to inconsistent results regarding microbial dysbiosis in ASD
patients, we still lack a specific microbiota signature for ASD. The discrepancies among
studies can be due to differences in study design (choice of controls: unrelated neutorypical
individuals or siblings), sample size, the methods for quantification of bacterial abundances
(quantitative RT-PCR vs. 16S rRNA sequencing), statistical handling of the data and
variables which are sometimes not accounted for such as ASD symptoms heterogeneity,
geographical localization, lifestyle or diet.

In an attempt to identify common microbiota variations in ASD patients, three meta-analyses
were performed. The first study analysed 16 studies that include a total of 381 ASD patients
and 283 neurotypical individuals of which 107 were healthy siblings (Liu et al., 2019). The

result obtained were a decrease in Bifidobacterium, Blautia, Dialister, Prevotella, Veillonella,
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and Turicibacter, with an increase in Lactobacillus, Bacteroides, Desulfovibrio, and
Clostridioides in ASD patients compared to controls (Liu et al., 2019). The second study
analysed 9 studies that included a total of 254 ASD patients and 167 age-matched
neurotypical individuals (Xu et al., 2019). The results obtained were a decrease in the
abundance of Akkermansia, Bacteroides, Bifidobacterium, E. coli, and Enterococcus, with an
increase in the abundance of Faecalibacterium and Lactobacillus, and a moderate increase in
the abundance of Ruminococcus and Clostridioides (Xu et al., 2019). The third study analysed
18 studies that included a total of 500 ASD children and 400 neurotypical individuals
(Iglesias—vazquez et al., 2020). The results obtained were an increase in the abundance of
Bacteroidetes (Bacteroides and Parabacteroides) and some Firmicutes genera (specifically
Clostridioides, Faecalibacterium and Phascolarctobacterium). They also observed a decrease
in the abundance of Coprococcus and Bifidobacteria (Iglesias—vazquez et al., 2020).

These 3 meta-analyses converge towards a decreased bacterial B-diversity associated with an
increase in the abundance of Clostridioides genus and a decrease in Bifidobacterium genus in
ASD patients, supporting the existence of microbiota dysbiosis in at least subsets of ASD

patients.

Studies in ASD models. As described previously in the Section on ASD models, some of them

display compromised intestinal permeability and intestinal inflammation which could
possibly due to microbiota dysbiosis in genetic (e.g. Shank3b-KO), idiopathic (e.g. BTBR)
and environmental (e.g. VPA, MIA and DIO) mouse models.

Shank3b-KO mice display microbiota dysbiosis, with a decrease in the abundance of the
commensal bacteria Lactobacillus reuteri (L. reuteri) (Sgritta et al., 2019). BTBR mice
exhibit reduced bacterial diversity, with increased and decreased abundances of the
Bacteroidetes and Firmicutes phyla, respectively (Coretti et al., 2017; Golubeva et al., 2017),
similar to what is observed in ASD patients. Moreover, BTBR mice have a decrease of L.
reuteri abundance (Sgritta et al., 2019). The VPA model displays microbiota dysbiosis (De
Theije et al., 2014), including a decrease in L. reuteri abundance (Sgritta et al., 2019). The
MIA model displays microbiota dysbiosis mainly affecting Bacteroidetes and Firmicutes
phyla, with increased abundances of Clostridioides and reduced abundances of Bacteroidia
species (Hsiao et al., 2013). And finally, DIO offspring present microbiota dysbiosis with

reduced bacterial diversity and lower abundances of L. reuteri (Buffington et al., 2016).
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c. Manipulations of the Microbiota Can Improve ASD Symptoms

i. Faecal Microbiota Transplantation (FMT)

Clinical studies. A recent clinical pilot study assessed the beneficial effects of FMT of a
healthy microbiota to 18 ASD children presenting GI symptoms. FMT promoted microbial
diversity, increasing the levels of Bifidobacterium, Prevotella, and Desulfovibrio. This was
accompanied by an improvement in GI symptoms, with a reduction of constipation, diarrhoea,
abdominal pain and indigestion symptoms. It also improved behavioural abnormalities, with
notable decreases in the severity of ASD symptoms and self-injurious behaviours and
improvements in social and cognitive skills (Kang et al., 2017). In addition, the beneficial
effects of the microbial transfer persisted up to 2 years after the initial FMT (Kang et al.,
2019).

Studies in ASD models. Recolonization of GF mice with microbiota restored social behaviour

deficits (Desbonnet et al., 2014). The abnormalities in social behaviour of the DIO mouse
model were also restored after a transfer of normal microbiota from control animals
(Buffington et al., 2016).

Another study performed faecal microbiota transplantation using stool from ASD and
neurotypical patient to recipient GF mice (r-mice). Then, the offspring of these recipient mice
(o-mice) were analysed (Sharon et al., 2019). ASD o-mice presented a microbiota profile
similar to human ASD donors and the differences of microbiota composition between ASD
and neurotypical controls were maintained between ASD o-mice and control-o-mice. ASD o-
mice exhibited decreased microbial B-diversity, with decreased abundances of Bacteroidetes,
Bacteroides, and Parabacteroides and increased abundances of Akkermansia, Sutterella, and
Lachnospiraceae. ASD o-mice displayed behavioural abnormalities, with social interaction
impairments, an increase in stereotypies and a decrease in locomotor activity. These
behavioural outcomes were correlated with the abundances of several bacterial taxa.

These studies clearly show that FMT can influence ASD-related behaviours in ASD models.

ii. Probiotic

Clinical studies. A meta-analysis using 5 articles analysed the gastrointestinal and behavioural

effects of probiotic supplements in ASD patients. A total of 117 ASD children were
supplemented with probiotic therapy (Patusco and Ziegler, 2018). The administration of
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probiotics such as Lactobacillus casei and Bifidobacterium longum normalized the
Bacteroidetes/Firmicutes ratio and reduced the levels of TNF-a in the stool of ASD children
(Tomova et al., 2015). Probiotic treatment with Lactobacillus acidophilus, Lactobacillus
rhamnosus and Bifidobacterium longum improved some of gastrointestinal problems such as
flatulence, abdominal pain, constipation and stool consistency in ASD children. In the same
way the severity of the ASD symptoms were also reduced, with improvements in
communication and sociability abilities (Shaaban et al., 2018). Probiotic treatment with
Lactobacillus delbruecki, L. acidophilus, L. casei, Bifidobacterium longum, and B. bifidum
improves the constipation and diarrhoea in ASD children. Similarly, ASD symptoms were
reduced, with improvements in communication, sociability and cognition (Patusco and
Ziegler, 2018).

Despite these studies, the results on whether probiotics improve GI or behavioural symptoms

in autistic patients deserve further investigation.

Studies in ASD models. The abundance of L. reuteri is reduced in several ASD models. As a

consequence, probiotic supplementation of L. reuteri has been tested. In the Shank3bh-KO
model, L. reuteri treatment restores social behaviour deficits, oxytocin secretion and VTA
dopamine neurones excitability (Sgritta et al., 2019). In the BTBR and VPA models, L.
reuteri improves social interaction deficits (Sgritta et al., 2019). In the DIO model, L. reuteri
restores the activity of dopamine neurons in the VTA (Buffington et al., 2016). This
phenomenon is due to the fact that L. reuteri increases the activity of oxytocinergic neurons
located in PVN that project to the VTA and corrects synaptic plasticity anomalies in
dopamine neurons (Buffington et al., 2016). Finally, in the MIA model, probiotic treatment
with Bacteroides fragilis restores specific behavioural abnormalities such as repetitive
movements and anxiety. In contrast, social interaction impairments, such as sociability and

social preference, are not restored (Hsiao et al., 2013).

2. Abnormal Microbial Metabolites Patterns in ASD Patients and
ASD Models

a. SCFAs Altered in ASD

Clinical studies. SCFA are produced by bacterial fermentation of dietary fibre or

carbohydrates in the gut (Dalile et al., 2019). SCFA mainly include acetic acid (AA),
propionic acid (PPA), butyrate (BTA) and valeric acid (VA). The role of SCFA in ASD is
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controversial. One study has reported an increase in the total production of SCFA in the stool
of ASD patients (Wang et al., 2012), while another has shown that ASD patients treated with
probiotics present a decrease in the total production of SCFA (Adams et al., 2011). SCFA can
cross the BBB and influence early brain development by modulating the production of
neurotransmitters, such as serotonin and dopamine (Dalile et al., 2019). SCFA levels were
positively correlated with the abundances of the Faecalibacterium, Ruminococcus and
Bifidobacterium genera, while the abundances of Bacteroides species were correlated with
PPA levels in ASD individuals (De Angelis et al., 2013). Poor digestion of carbohydrates has
been observed in ASD patients, that is possibly due to a decrease in the Bacteroidetes phylum

(Williams et al., 2011).

Studies in ASD models. The BTBR model displays altered levels of microbial metabolites and

notably a decrease in SCFA (Golubeva et al., 2017). Behavioural effects produced by the
administration of SCFA have been described in rodent models. Adult rats injected
intracerebroventricularly with PPA exhibited social interaction deficits, stereotypies,
perseverative behaviours, deficits in spatial memory, and elevated anxiety (Macfabe, 2012;
MacFabe et al., 2011; Mepham et al., 2019). The effects of PPA are reversible, since
behavioural abnormalities are normalized when treatment is discontinued (Mepham et al.,
2019). In addition, PPA has broad effects affecting the release and synthesis of
neurotransmitters, mitochondrial metabolism and gene expression (MacFabe et al., 2011).

In another model obtained by studying the offspring of mice colonized by microbiota
transplantation from stool of ASD (ASD o-mice) and neurotypical patient (Sharon et al.,
2019). In the ASD o-mice, microbiota compositions changes were accompanied by changes in
the levels of 27 metabolites in the colonic content and 21 metabolites levels in the serum of
ASD o-mice. One metabolite, the SCFA 5-aminovaleric acid (5AV) whose synthesis is
microbiota-dependent was notably decreased in ASD o-mice. To study the potential beneficial
effect of 5AV supplementation on the offspring, BTBR mice were treated with 5AV
dispensed in drinking water from conception until weaning and the behaviour of the progeny
was analysed. SAV supplementation improved the stereotypies, locomotor activity and
sociability of BTBR mice (Sharon et al., 2019). They further show that the prenatal and
weaning period are critical windows for SAV administration, since the administration of SAV

after these periods no longer rescues the behavioural abnormalities in BTBR mice.
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b. Tryptophan-Derived Microbial Metabolites Altered in ASD

Clinical studies. Tryptophan is an essential amino acid involved in two metabolic pathways.

On one hand, tryptophan will give rise to serotonin, melatonin and Nicotinamide Adenine
Dinucleotide (NAD+). On the other hand, an alternative oxidative pathway has been
described, known as the kynurenine pathway (Bender, 2003). Tryptophan availability is
influenced by the microbiota and affected in ASD patients presenting intestinal dysbiosis (De
Theije et al., 2011). Kynurenic acid has an important role in the balance for immune tolerance
and the maintenance of commensal intestinal bacteria. As a consequence, low levels of
kynurenic acid are associated with GI problems (Ormstad et al., 2018).

In addition, tryptophan can be used by intestinal bacteria to produce indoles and their
derivatives. The levels of indole and 3-methylindole are increased in the stool of ASD
patients (De Angelis et al., 2013). Similarly, the levels of indoxyl sulfate, indole-3-acetate and
indole-3-lactate are elevated in the urine of ASD patients (Gevi et al., 2016). Another study
has shown that the levels of indole-3-acetate were decreased in urine of ASD patients (Emond
et al., 2013). Indoles are important precursor for the synthesis of tryptophane which in turn is
a precursor for serotonin and melatonin, all these compounds are disturbed in ASD patients

(De Angelis et al., 2013).

Studies in ASD models. The BTBR model display impaired intestinal serotonin production,

possibly due to microbiota dysbiosis (Golubeva et al., 2017). In the MIA model, a significant
increase in the levels of indole-3-pyruvate was observed in the serum (Hsiao et al., 2013).

Behavioural effects produced by the administration of indoles have been described in rodent
models. Acute intraperitoneal injection of the indole derivatives isatin and oxindole in control
rats produces a decrease in locomotor activity and rearings frequency (Jaglin et al., 2018).
The intra-caecal administrations of indole in control rats increase the levels of isatin and
oxindole in the brain. Further, it increases in the eye blinking frequency, a proxy for vagal
activation and c-Fos reactivity in the DVC located in the NTS, the entry point of vagal
afferences in the CNS. This suggests that exposure to indoles induces vagus nerve activation
(Jaglin et al., 2018). These findings result from acute treatment with indoles and it is unknown
if the effects can persist over longer times of exposure. In addition, GF rats were
monocolonized either with a bacterial strain of Escherichia coli (E.coli) producing (i) or not-
producing (i) indoles. When compared to rats colonized by E.coli-i” non-producer of indole,

rats colonized with E.coli -i" displayed increased social interaction time and anxiety levels,
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decreased latency to explore novel object, increased level of helplessness (immobility) (Jaglin

etal., 2018).

c. Phenylalanine-Tyrosine-Derived Metabolites Altered in ASD

Clinical studies. ASD patients display a perturbation of the phenylalanine metabolism, which

has been related to an overabundance of Clostridioides species (Li and Zhou, 2016; Xiong et
al., 2016). Some studies show an increase in the levels of dimethylamine (Yap et al., 2010),
para-cresol, para-cresylsulfate (Altieri et al., 2011; Gabriele et al., 2014), and a decrease in
the levels of hippurate, phenylacetylglutamine (Yap et al., 2010), 3-hydroxyphenylacetate, 3-
hydroxy-hippurate (Emond et al., 2013) in the urine of ASD patients. Another study have
shown an increase in the levels of phenolic compounds (e.g., phenol, 4-(1,1-dimethylethyl)-
phenol, 3,7-dimethyl-2,6-octadien-1-o0l, phenol, 4-(1,1,3,3- tetramethylbutyl)-phenol) in the
stool of ASD patients (De Angelis et al., 2013).

The next section will detail the evidence supporting the link between the tyrosine-derived

microbial metabolite para-cresol and ASD, which has been the focus of my Thesis.

Studies in ASD models. The MIA presents altered serum profiles of bacterial metabolites.

Notably, the microbial metabolite 4-EPS displayed a 40-fold increase in its serum levels in
the MIA offspring (Hsiao et al., 2013). Wild-type animals were treated with the 4-EPS
metabolite, and after 3 weeks of administration, the animals showed an increase in anxiety
levels compared to control mice (Hsiao et al., 2013), however social behaviour was
unaffected. This result suggests that this 4-EPS may be contributing to anxiety behaviours,

which are ASD comorbid symptoms.

3. The Specific Case of p-Cresol in ASD

Among the different microbial metabolites which are more abundant in ASD patients
compared to sex- and age-matched neurotypical controls, the small aromatic metabolite p-
Cresol is one of those for which the results are the more consistent across studies. This section

will detail the connections between p-Cresol and ASD.
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a. General Introduction

The metabolite p-Cresol is an aromatic organic compound [CH3;C¢H4(OH)] -also known as
para-Cresol, 4-methylphenol or 4-Cresol- that can be found in nature as a result of the photo-
oxidation of toluene. This compound can also be produced by the gut microbiota. Some
bacteria have specific enzymes such as p-hydroxyphenylacetate decarboxylase and thiazole
synthase enabling them to synthesize p-Cresol using L-tyrosine as a precursor following two

pathways (Persico and Napolioni, 2013; Saito et al., 2018).
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Figure 8: Direct (A) and Indirect (B) pathway for p-Cresol synthesis using tyrosine as a
precursor by gut bacteria (Saito et al., 2018).

Abbreviations: ThiH, Thiazole synthase H; TyrB, Tyrosine aminotransferase B; FIdH,
phenyllactate dehydrogenase; FIdBC, phenyllactate dehydratase; AcdA, acyl-CoA
dehydrogenase; PorA, pyruvate:ferredoxin oxidoreductase A; Hpd, hydroxyphenylacetate

decarboxylase.

Approximately, 51 bacterial strains present in the human microbiota have been identified as
capable of producing p-Cresol (Persico and Napolioni, 2013; Saito et al., 2018). Among p-
Cresol bacterial producers, four species are classified as major producers : Blautia
hydrogenotrophica, Clostridioides difficile, Olsenella uli, and Romboutsia lituseburensis
(Saito et al., 2018). p-Cresol was shown to have bacteriostatic properties and to inhibit the
growth of some bacterial species, affecting more drastically Gram-negative bacteria
(Passmore et al., 2018). Further, it confers a selective advantage to strains tolerant to a p-

Cresol-rich environment, such as Clostridioides difficile (Passmore et al., 2018).

b. p-Cresol Metabolism in the Host

p-Cresol can be detected in plasma, urine and stool. A very small percentage (0.5% - 1%) of
free p-Cresol binds to albumin and can be detected in plasma (Persico and Napolioni, 2013).
Free p-Cresol is metabolized by the host into p-cresylsulfate and p-cresylglucuronide, by

means of sulfation (95% of total p-Cresol) or glucuronidation (3%-4% of total p-Cresol)
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(Persico and Napolioni, 2013). These processes improve the solubility of phenolic compounds
to facilitate their detoxification (Shangari et al., 2005), filtration by renal glomeruli and
elimination in urine (Persico and Napolioni, 2013). Several studies have shown that p-
cresylsulfate is the most abundant p-Cresol derivative circulating in the organism (Gabriele et

al., 2014).

c. Clinical Evidence Connecting p-Cresol to ASD
i. Increased Excretion of p-Cresol in ASD

Several studies have pointed out the increased urinary (Altieri et al., 2011; De Angelis et al.,
2013; Gabriele et al., 2014, 2015; Persico and Napolioni, 2013) and faecal excretion of p-
Cresol (De Angelis et al.,, 2013; Kang et al., 2018) in ASD patients as compared to
neurotypical age- and sex-matched controls.

Two independent cohorts were conducted with ASD children from France and Italy. One
initial study included 59 ASD patients with 59 sex- and age-matched neurotypical individuals
(Altieri et al., 2011). ASD children under 7 years of age exhibited a 2.5-fold increase in
urinary levels of p-Cresol. A replication study conducted on 33 ASD patients and 33 sex- and
age-matched neurotypical individuals showed a similar increase in the urinary levels of p-
Cresol in ASD children (Gabriele et al., 2014). Increased levels of p-Cresol were also
observed in the stool of ASD patients when compared to neurotypical individuals in two
independent studies. However, their sample size was relatively small as one study enrolled 21
ASD children and 23 neurotypical children between 4-17 years of age and with mixed sex
(Kang et al., 2018) and the other 10 ASD children and 10 neurotypical children between 4-10
years of age and with mixed sex (De Angelis et al., 2013).

ii.  Correlation with ASD GI Symptoms and ASD Core Behaviours

Urinary p-Cresol levels correlated with the intensity of ASD behavioural impairments, in
particular stereotypies and compulsive-repetitive behaviours (Altieri et al., 2011; Gabriele et
al., 2014). The ASD behavioural were assessed using the Autism Diagnostic Observation
Schedule (ADOS), the Autism Diagnostic Interview — Revised (ADI-R), the Children Autism
Rating Scales (CARS) and the Vineland Adaptive Behavior Scales (VABS). Urinary p-Cresol
levels are also correlated with slow intestinal transit and chronic constipation in young ASD

children (Gabriele et al., 2015).
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iii.  Increased Abundances of Bacterial Taxa Synthetizing p-Cresol in ASD

Importantly, p-Cresol is the product of tyrosine degradation by the intestinal microbiota and
mainly by Clostridioides difficile and other species from the Clostridioides genus (Passmore
et al., 2018; Saito et al., 2018). Some studies show increased of Clostridioides species in ASD
such as C. perfringens (Srikantha and Mohajeri, 2019; Tomova et al., 2015), C. histolyticum
and C. boltae (Adams et al., 2011; Jyonouchi, 2009). Finally, three meta-analyses (Iglesias—
vazquez et al., 2020; Liu et al., 2019; Xu et al., 2019) converge on consistent increased
abundance of the Clostridioides genus in ASD patients. Therefore, increased abundances of
the Clostridioides genus could explain increased urinary excretion of p-Cresol in ASD
patients.

d. p-Cresol and Behaviour in Mice

Two recent studies have linked p-Cresol to behavioural alterations in mouse models.

In the first study, nonobese diabetic (NOD) mice which exhibit social behaviour deficits were
used (Gacias et al., 2016). The authors performed an FMT from NOD donor mice to recipient
wild-type mice. Post FMT, recipient mice exhibited social impairments and increased
intestinal levels of microbial metabolites, and notably of p-Cresol. They performed in vitro
experiments and showed that p-Cresol treatment of oligodendrocyte cultures affected the
differentiation of oligodendrocytes and decreased myelin gene expression. They concluded
that the gut microbiota of NOD mice influences social behaviour and that p-Cresol could be
responsible for the behavioural changes by impacting the myelin expression in prefrontal
cortex. However, this study did not investigate the causal link between the p-Cresol and social
behaviour impairments.

The second study focussed on the effect of an acute intravenous injection of p-Cresol in the
BTBR ASD model (cf. D. Animal model section). Fifteen minutes after injection, BTBR
mice treated with p-Cresol exhibited an increase in anxiety, hyperactivity, accompanied with
an increase in the time spent in self-grooming and a loss of social preference (Pascucci et al.,
2020). Further, the levels of dopamine and DOPAC, a catabolite of dopamine were increased
in the amygdala, caudate putamen and NAc of p-Cresol-treated mice. The intravenous
injection and the fact that the behavioural tests were performed 15 min post injection suggest
that the observed effect could result from acute activity of p-Cresol.

The metabolite p-Cresol appears consistently upregulated in ASD patients as compared to
neurotypical controls. However, the causal relationship between elevated p-Cresol and ASD

behaviours remained to be elucidated. This was the main focus of this Thesis.
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Chapter 2: Role of the Microbial
Metabolite p-Cresol in ASD

I. Context

The intestine hosts to billions of intestinal bacteria and is in constant communication with the
brain. As noted in the Introduction, perturbations of this axis have been observed in ASD. The
main symptoms of ASDs are social communication and interaction deficits, as well as the
presence of repetitive movements (stereotypies), perseverative behaviours and restricted
interests (Vuong and Hsiao, 2017). Brain imaging studies of ASD patients have also shown
decreased connections between the VTA and the NAc, which are important regions for the
social reward circuit (Supekar et al., 2018). In addition, ASD are also associated with
gastrointestinal symptoms (abdominal pain, diarrhoea, constipation) (Vuong and Hsiao,
2017). Several studies have shown an association between gastrointestinal problems and
behavioural symptoms in patients with ASD (Adams et al., 2011). The stools of patients with
ASD show a lower bacterial diversity and an increase in bacterial species belonging to the
Clostridioides genus (Iglesias—vazquez et al., 2020; Liu et al., 2019; Xu et al., 2019), among
which some are producers of the microbial metabolite p-Cresol (Saito et al., 2018). In
addition, several studies have shown that ASD patients have increased urinary excretion of p-
Cresol (Altieri et al., 2011; Gabriele et al., 2014). Finally, a recent study has shown that
transplanting a healthy microbiota to ASD patients improves their gastrointestinal and
behavioural symptoms, including social interactions deficits (Kang et al., 2017). These
findings suggest that the microbiota may play a key role in ASD and that targeting the
microbiota could be a therapeutic avenue for the future.

Studies in animal models support this hypothesis. Indeed, mice lacking a microbiota show
deficits in social interaction, which are restored by colonization with a healthy microbiota
(Desbonnet et al., 2014). Also, in some genetic or environmental models of ASD, social
interaction deficits are associated with alterations in the composition of the microbiota and the
levels of microbial metabolites (Buffington et al., 2016; Golubeva et al., 2017; Hsiao et al.,
2013; Sgritta et al., 2019; Sharon et al., 2019; De Theije et al., 2014).

Yet, the causal relationship between microbiota dysbiosis, altered levels of microbial

metabolites and behavioural impairments in ASD remains to be demonstrated.
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[I. Research Hypothesis and Objectives of the
Study

Our working hypothesis is that p-Cresol synthesised by the microbiota is involved in the
development or the maintenance of behavioural symptoms of ASD.
To test this hypothesis, I used wild-type mice and my objectives were:

1. To elucidate whether p-Cresol treatment in mice induced ASD-like symptoms

2. To elucidate whether p-Cresol effects were mediated by gut microbiota remodelling

To achieve my first objective, I used 4-week old wild-type male C57/BL6J mice that were
treated chronically for 4 weeks with p-Cresol in drinking water. We reasoned that this mode
of administration would mimic intestinal exposure to p-Cresol through the microbiota. Then, I
subjected p-Cresol-treated and control mice to a battery of behavioural tests to assess
behaviours related to core ASD  symptoms (social behaviour  deficits,
stereotypic/perseverative behaviours) and ASD common comorbidities (hyperactivity, anxiety
and cognitive deficits). Our collaborators Jérome Becker and Julie Le Merrer (INRAe, PRC,
Nouzilly, France), specialised in ethology and behavioural characterization of ASD models
trained us to behavioural phenotyping and I was able to implement these tests in our animal
facility. I also collected serum and urine samples in which p-Cresol levels were measured by
our collaborators, Dr. M.-E. Dumas and colleagues (Imperial College, London, UK). Finally,
I generated p-Cresol and control animals and our collaborators, Dr. J. Barik and colleagues
(IPMC, Valbonne, France) performed ex vivo electrophysiological recording of VTA

dopamine neurons in brain sections of these animals.

To achieve my second objective, I collected faecal pellets samples from p-Cresol-treated and
control mice to evaluate the effects of p-Cresol on the microbiota composition. Our
collaborators, Dr. Philippe Langella and colleagues (Institut Micalis, Jouy-en-Josas, France)
performed microbial 16S rDNA sequencing in these samples to determine changes in
bacterial diversity and the relative abundances of bacterial taxa induced by p-Cresol exposure.
We then correlated the relative abundances of dysregulated bacterial taxa with behavioural
scores related to social behaviour and stereotypies. Finally, I performed faecal microbiota
transplantations to study whether manipulation of the gut microbiota of wild-type mice or

mice previously exposed to p-Cresol could respectively induce or normalise behavioural
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impairments induced by p-Cresol exposure. Three weeks after FMT, both the behaviour and

the activity VT A dopamine neurons were assessed.

III. Results

The results are presented in the following manuscript (Manuscript #1)

Manuscript #1:

The microbial metabolite p-Cresol induces autistic-like behaviours in mice by remodelling the
gut microbiota

P. Bermudez-Martin, J. A. J. Becker, S. P. Fernandez, R. Costa-Campos, S. Barbosa, L.
Martinez-Gili, A. Myridakis, M.-E. Dumas, A. Bruneau, C. Cherbuy, P. Langella, J. Chabry,
J. Barik, J. Le Merrer, N. Glaichenhaus, L. Davidovic

doi: https://doi.org/10.1101/2020.05.18.101147

deposited on the BioRxiv server

(https://www.biorxiv.org/content/10.1101/2020.05.18.101147v2)

To summarise, in this study, we show that chronic intestinal exposure to p-Cresol in mice
induces the core symptoms of ASD: stereotypies and social interaction deficits, without
impacting anxiety, locomotor activity and cognition. These behavioural symptoms specific to
ASD are accompanied by a decrease in the excitability of dopamine neurons in the VTA, a
key brain region for social reward, known to be deregulated in ASD patients. We have also
shown that p-Cresol exposure induced changes in microbiota composition. Furthermore, the
abundances of the deregulated taxa correlated with deficits in social interaction in p-Cresol
mice. Also, we induced social interaction deficits in mice that received a microbiota from p-
Cresol-treated mice. Finally, the restoration of a healthy microbiota by transferring microbiota
from normal mice to p-Cresol-exposed mice normalised social interaction deficits and
dopamine neurones excitability in the VTA.

Our data support the construct, face and predictive validity of the p-Cresol-induced
environmental ASD model. Also, we demonstrate a causal link between a deregulated
microbial metabolite in ASD and ASD core behavioural symptoms. Also, we show that p-
Cresol effects on social behaviour are mediated by a remodelling of the microbiota. Finally,
our data suggest that microbiota manipulation is a therapeutic target to be explored for the

treatment of ASD.
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ABSTRACT

Brain development and behavioral responses are influenced by gut microbiota. Perturbations
of the microbiota-gut-brain axis have been identified in autism spectrum disorders (ASD),
suggesting that the microbiota could be involved in abnormal social and stereotyped
behaviors in ASD patients. Notably, changes in microbiota composition and fecal, serum or
urine levels of microbial metabolites are associated with ASD. Yet, a causal relationship
between abnormal microbiota composition, altered microbial metabolite production, and ASD
remains to be demonstrated. We hypothesized that p-Cresol (also known as 4-Cresol), a
microbial metabolite that was described as more abundant in ASD patients, contributes to
ASD core behavioral symptoms. Here we show that mice exposed to p-Cresol for 4 weeks in
drinking water presented social behavior deficits, stereotypies, and perseverative behaviors,
but no changes in anxiety, locomotion, or cognition. Abnormal social behavior induced by p-
Cresol was associated with decreased activity of central dopamine neurons involved in the
social reward circuit. Further, p-Cresol modified the relative abundance of specific bacterial
taxa which correlated with social behavior. In addition, social behavior deficits were
transferrable from p-Cresol-treated mice to control mice by fecal matter transplantation. In
contrast, the microbiota from control mice restored both social interactions and dopamine
neurons excitability when transplanted to p-Cresol-treated mice. Altogether, our results
suggest that microbial metabolites p-Cresol could be involved in the development of core
autistic behaviors via a gut microbiota-dependent mechanism. Further, this study paves the
way for therapeutic interventions targeting the production of p-Cresol by gut bacteria to treat

patients with ASD.
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INTRODUCTION

Autism spectrum disorders (ASD) are frequent (1:100) neurodevelopmental pathologies
characterized by social interaction and communication deficits, perseverative/stereotyped
behaviors and restricted interests, as well as abnormal sensory processing’. Also, ASD often
co-occur with anxiety, hyperactivity and intellectual disability'. ASD is also associated with
gastrointestinal (GI) dysfunction and increased intestinal permeability?>. Children with ASD
and concurrent Gl symptoms exhibit more pronounced social impairments, sensory over-
responsivity and anxiety compared to ASD peers without Gl symptoms®>. In addition, ASD
patients exhibit gut microbiota dysbiosis characterized by reduced bacterial -diversity and
changes in the relative abundances of several bacterial taxa®®. Dysbiosis in ASD patients is
associated with altered urinary, plasmatic or fecal levels of microbial metabolites such as
short-chain fatty acids (SCFA), indoles and tyrosine-derived metabolites®'®. In a pilot study,
fecal microbiota transplantation (FMT) from healthy individuals to ASD patients durably

1822 and altered levels of

alleviated both Gl symptoms and ASD core symptoms'’. Dysbiosis
microbial metabolites'® ?" ?* have also been observed in rodent models of ASD : the maternal
immune activation (MIA), the diet-induced obesity (DIO) and the valproate environmental
models, the BTBR T+tf/J idiopathic model, and the Shank3b-KO genetic model. Furthermore,
changes in microbiota composition induced by FMT or probiotic treatment alleviated
behavioral alterations in several of these ASD models'®?. Finally, mice born from mothers
transplanted with feces from ASD patients exhibited social behavior deficits, dysbiosis and
abnormal patterns of microbial metabolites?*.

The link between altered levels of microbial metabolites and behavioral impairments in ASD
remains mostly unknown. However, several microbial metabolites can induce behavioral
changes when administered to rodents. Treatment with the SCFA propionate induced social

interaction deficits, stereotypies, cognitive deficits and anxiety in rats™. The tyrosine

derivative 4-ethylphenylsulfate (4-EPS) induced anxiety in mice'®. Finally, indoles impacted
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socioemotional behavior in rats®*. Altogether, these data suggested that dysbiosis could
contribute to ASD core and associated symptoms via the production of microbial metabolites.
Among the microbial metabolites linked to ASD, the small aromatic metabolite p-Cresol
(para-Cresol, 4-Cresol, 4-methylphenol) is one of those for which the results are the more

1, 12

consistent across studies. Urinary and fecal™ '® levels of p-Cresol were found to be

increased ASD patients in four independent studies. Also, p-Cresol urinary levels correlated

1, 12

with the severity of ASD behavioral alterations . p-Cresol is the product of tyrosine

degradation by the intestinal microbiota and mainly by Clostridioides difficile and other

252 which is more abundant in ASD patients®®.

species from the Clostridioides genus
Based on these findings, we hypothesized that increased p-Cresol levels contribute to the
induction or maintenance of ASD core symptoms. To test this hypothesis, we investigated in

mice the impact of p-Cresol exposure on behavior, dopamine neurons electrophysiology and

microbiota composition.
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METHODS AND MATERIALS

Extended methods and materials are available in Supplementary Information.

Ethics. Animal housing and experimentation were conducted in facilities certified by local
authorities (Direction Départementale de Protection des Populations des Alpes-Maritimes,
accreditation #EC-06-152-5) and performed according to policies on the care and use of
laboratory animals of European Communities Council Directive (2010/63EU) and under the

agreement from the French Ministry of Research.

Animals treatment. Weaned C57BL/6J mice (21 to 28 day-old) were ordered to Charles
Rivers (France). This developmental stage was chosen to avoid confounding effects of
maternal exposure to p-Cresol, while still being in the time window for late neurodevelopment
during which the microbiota-gut-brain axis can intervene?. Since the sex ratio for ASD is
biased towards 3 males diagnosed for 1 female suggesting a higher susceptibility of males?®,
only males were considered in this study. Mice were randomly assigned to experimental
groups. After 6 days of acclimation to the animal facility, mice were treated for at least 4
weeks with p-Cresol (Sigma-Aldrich) dispensed in drinking water at a concentration of 0.25g/I
for a target dose of 50 mg/Kg/24 h. This dose per day corresponded to 7 times less the
reported LD50 dose of 350 mg/Kg for acute oral administration of p-Cresol by gavage in

mice, based on available toxicity data®®.

Quantification of p-Cresol in urine and serum. Urine (20 pL) and serum (100 yL) samples
were spiked with 10 pL internal standard solution (myristic acid-d,; in isopropanol, 750
mg/mL), subjected to methanol extraction and analyzed using gas chromatography-mass

spectrometry (GC-MS)*.

58



Behavioral testing. Standard behavioral tests that have extensively been used to

characterize genetic and environmental models of ASD*'3*

were implemented to assess:
social behavior (three-chamber sociability test, dyadic social interactions), repetitive
behaviors (motor stereotypies, marble burying test, Y-maze exploration), locomotor activity

(actimetry), anxiety (open-field, novelty suppressed feeding) and cognition (novel object

recognition test).

Ex vivo patch-clamp electrophysiological recordings. Spontaneous excitatory post-
synaptic currents (SEPSCs) or excitability were measured in 250 pm brain sections
encompassing the ventral tegmented area (VTA) using visualized whole-cell voltage-clamp
and current-clamp recordings, respectively, as described®. Depolarizing (0-300 pA) or
hyperpolarizing (0- 450 pA) 800 ms current steps were used to assess excitability and
membrane properties of VTA dopamine neurons. sEPSCs were assessed in voltage-clamp
mode at a voltage of -65mV in the presence of picrotoxin (50 uM) using the same internal

solution. Offline analyzes were performed using Clampfit 10.2 (Axon Instruments, USA).

Fecal microbiota analysis by 16S rRNA gene sequencing. Genomic DNA was obtained
from fecal samples using the QlAamp power fecal DNA kit (Qiagen). The V3-V4
hypervariable region of the 16S rRNA gene were amplified by PCR and sequenced (lllumina
Miseq technology). High-quality filtered reads were assembled and processed using FROGS
pipeline to obtain operational taxonomic units (OTU) and their respective taxonomic
assignment®, yielding 591 final clusters. Clusters were then affiliated to OTU by using a
Silva123 16S reference database and the RDP (Ribosomal Database Project) classifier
taxonomic assignment procedure. Richness and diversity indexes of bacterial community
were computed using the Phyloseq package (v 1.19.1) in RStudio software®. Statistical
differences in the microbial communities between groups were evaluated using constrained

analysis of principal coordinates and permutational multivariate ANOVA. To identify
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discriminating taxa and OTU associated with the control or p-Cresol class and estimate their

effect size, we used the linear discriminant analysis (LDA) effect size (LEfSe) method®.

Fecal microbiota transplantation (FMT). Mice were gavaged with omeprazole
(50mg/Kg/24 h, Day 1-3) each morning. On Day 4, mice received 5 consecutive gavages of
200uL of Moviprep (Norgine) at 90 min intervals. On Day 5, recipient mice received 1
omeprazole gavage and 3 consecutive gavages of 200 uL of a fecal slurry at 2 h intervals.
The fecal slurry consisted of pools of individual fecal pellets from donor mice homogenized in
ice-cold ddH,O (w:v=1:50). Behavioral phenotyping or electrophysiological recordings were

performed three weeks post FMT.

Statistics. Two-group comparisons were performed using 2-tailed Mann-Whitney’s U-test.
Multiple group comparisons were performed using two-way ANOVA. Post hoc comparisons
were performed using Sidak’s correction for multiple comparison. For comparison analysis of
frequency distributions, Kolmogorov-Smirnov’s test was used. Statistical analysis was
performed using GraphPad Prism version 6.00 for iOS (GraphPad Software, USA). Principal
Component Analysis (PCA) of behavioral data was performed for each dataset consisting of
scores from the dyadic social interaction test and scores from the direct monitoring of motor
stereotypies. Correlations were performed using Spearman’s p correlation coefficient rank
test with Benjamini-Hochberg’'s multiple testing correction. Statistical significance was set at
an adjusted p-value below 0.05. Only significant differences are displayed.

RESULTS

p-Cresol induces ASD core symptoms in mice
To mimic exposure to p-Cresol through the Gl tract, we treated C57BL/6J male mice with p-
Cresol in drinking water starting at 4.5 weeks of age (Supplementary Figure 1A). A 4-week

treatment with p-Cresol did not induce changes in body weight, drink or food intake
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(Supplementary Figure 1B-D), suggesting that it did not have overt toxicity effects. Compared
to control animals, p-Cresol-treated mice exhibited a 4-fold increase in levels of p-Cresol in
urine, but not in serum (Supplementary Figure 1E, F).

We then analyzed p-Cresol-treated mice for social interaction deficits and
repetitive/perseverative behaviors (as proxies for ASD core symptoms) as well as anxiety,
hyperactivity and cognitive deficits (as proxies of ASD comorbidities). In the 3-chamber test,
p-Cresol-treated mice presented reduced sociability (Figure 1B) and no preference for the
mouse interactor towards the toy mouse (Figure 1C) compared to control mice. Although the
number of close contacts with the mouse interactor was higher than with the toy mouse
(Supplementary Figure 2G), their mean duration was reduced (Figure 1D). During dyadic
social interactions, p-Cresol-treated mice displayed a decrease in time spent in social contact
compared to control mice (Figure 1E). The time, number and mean duration of both nose
and paw contacts as well as the number of followings were also reduced (Figure 1F-J,
Supplementary Figure 2H, ). This indicates that p-Cresol treatment reduces social
interactions and deteriorates the quality of social contacts.

As for repetitive/perseverative behaviors, p-Cresol-treated mice displayed more frequent
head shakes and circling events (Figure 1K, L), but similar numbers of rearing episodes and
time spent in digging or self-grooming as compared to control mice (Supplementary Figure
2J-L). Thus, the occurrence of stereotyped behaviors was increased in p-Cresol-treated
mice, as confirmed in the marble burying test (Figure 1M). Consistently, p-Cresol treatment
increased the frequency of perseverative same arm returns in the Y-maze spontaneous
alternation task (Figure 1N). Finally, p-Cresol-treated mice were clearly separated from
control mice along the PC1 axis in a PCA analysis of scores recorded in the dyadic social
interaction and stereotypies tests (Figure 10).

As for other behaviors, p-Cresol-treated and control mice displayed similar nocturnal and
diurnal locomotor activity as assessed in actimetry chambers, and travelled the same
distance in the open-field (Supplementary Figure 2M-O). This indicated that p-Cresol did not

induce hyperactivity. Also, the number of entries and time spent in the open-field center, as
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well as the latency to feed in the novelty-suppressed feeding test were not impacted
(Supplementary Figure 2P-R), suggesting that p-Cresol did not alter anxiety levels. Finally, p-
Cresol-treated mice explored objects similarly to control mice and displayed a similar
recognition index for the novel object in the novel object recognition task, indicating that their
exploratory behavior and cognitive ability were preserved (Supplementary Figure 2S, T).

We then investigated whether p-Cresol-induced behaviors were abolished when treatment
was discontinued (Supplementary Figure 3A). We observed that the effect of p-Cresol on
social interactions and stereotyped/perseverative behaviors persisted and were of similar
magnitude, even after a 4-week washout (Supplementary Figure 3B-O). Control and p-
Cresol-treated mice were clearly separated along the PC1 axis, and before and after
washout along the PC2 axis in a PCA analysis of social behavior and stereotypies scores
(Supplementary Figure 3P).

Altogether, these results suggest that p-Cresol selectively induces ASD core symptoms
which persist in the absence of p-Cresol, but does not impact the other behavioral

dimensions investigated here.

p-Cresol impairs dopamine neurons excitability in the VTA and induces long-lasting
autistic-like behaviors that persist after washout

We then sought to identify the neuronal circuits that were impacted by p-Cresol. We focused
on dopamine neurons from the VTA that are part of a ‘socially engaged reward circuit™®®.
Altered VTA connectivity and impaired VTA dopamine neurons activity were demonstrated in
ASD patients*® and in ASD models'® %> *"* respectively. We used whole-cell patch-clamp to
record VTA dopamine neurons in acute brain slices from control and p-Cresol-treated
animals (Figure 1P-W). First, p-Cresol-treated animals displayed reduced excitability of VTA
dopamine neurons, with a reduction in the number of evoked action potentials (Figure 1P-R).

Second, both the amplitude and frequencies of miniature spontaneous excitatory

postsynaptic currents (SEPSC) were reduced in VTA dopamine neurons of p-Cresol-treated
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animals compared to controls (Figure 1S-W). Therefore, p-Cresol treatment results in a

decreased activity of dopamine neurons in the VTA.

p-Cresol induces microbiota dysbiosis

Previous studies suggested that p-Cresol could have bacteriostatic properties®®. We
reasoned that irreversible changes in microbiota composition could explain the persistence of
p-Cresol behavioral effects after a 4-week washout. We therefore analyzed the bacterial
composition and community structure of the fecal microbiota from p-Cresol-treated and
control mice using bacterial 16S ribosomal RNA sequencing. Bacteroidia and Clostridia were
the dominant classes in both groups (Supplementary Figure 4A). Bacterial a-diversity
indices did not reveal differences in richness or evenness between groups (Supplementary
Figure 4B-E). However, the p-diversity index based on Jaccard’s distances revealed
changes in microbial taxonomic abundance profiles upon p-Cresol treatment (Supplementary
Figure 4F). We then sought to identify the bacterial taxa and OTU that discriminated p-
Cresol-treated and control mice. Among the 91 OTU identified, 70 were discriminant
([Log1oLDA score|>2; p<0.05) and the largest effect sizes (|JLogiLDA score|>3) were
observed for OTU related to the Bacteroidales and Clostridiales orders (Supplementary
Table 1). We identified 29 OTU associated with p-Cresol exposure, mostly from the
Lachnospiraceae and Muribaculaceae families. We also identified 41 OTUs associated with
the control group, mostly from the Lachnospiraceae, Ruminococcaceae and Muribaculaceae
families.

We then analyzed the association between the relative abundance of the 70 discriminant
bacterial OTU (Supplementary Table 1) and social behavior and stereotypies scores
impacted by p-Cresol (Figure 1E-L). Correlation analyzes revealed moderate to strong
associations (0.38 < |p| < 0.74) between bacterial abundances and behavior, in particular
social behavior (Table 1, Supplementary Table 2). Among the OTU that were associated with

p-Cresol treatment, the abundance of 4 OTU from the Bacteroidales and the Clostridiales
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orders correlated with social interaction deficits. Among the OTU that were associated with
the control group, the abundance of 20 OTU from the Clostridiales order (Ruminococaceae
and Lachnospiraceae families) correlated with higher sociability. The abundance of two OTU
correlated with reduced numbers of head shakes. All these OTU were differentially impacted
by p-Cresol treatment, either downregulated if they correlated positively with behavioral
outcome or upregulated if they were correlated with the severity of behavioral impairments
(Figure 2A-C). This supports a tight link between microbiota dysbiosis induced by p-Cresol

and behavioral impairments relative to core ASD symptoms.

The microbiota from p-Cresol-treated mice induces social behavior deficits when
transplanted to normal recipients

Having shown that p-Cresol remodeled the intestinal microbiota, we investigated whether
these changes were responsible for p-Cresol-induced behavioral alterations. To this aim, we
transplanted the fecal microbiota from p-Cresol-treated mice to normal recipients (Figure 3A).
Compared to control mice transplanted with a normal microbiota, mice transplanted with
microbiota of p-Cresol-treated mice spent less time in social contact, exhibited decreased
time, number and mean duration of nose and paw contacts (Figure 3B-F, Supplementary
Figure 5A, B). In contrast, the number of followings was not impacted (Figure 3G). Social
behavior deficits were accompanied by stereotypies with increased number of head shakes
(Figure 3H), while circling episodes, grooming and digging time were not impacted (Figure 3l,
Supplementary Figure 5C, D). Mice transplanted with the microbiota from p-Cresol-treated
and control mice were clearly separated along the PC1 axis using PCA analysis of social
interaction and stereotypies scores (Figure 3J). In conclusion, the microbiota from p-Cresol-
treated mice transfers social behavior deficits and to some extent stereotypies when

transplanted to recipient mice.

Transfer of a normal microbiota to p-Cresol-treated recipient mice restores social

behavior deficits and VTA dopamine neurons excitability
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Having shown that the microbiota from p-Cresol-treated mice induced social behavior deficits
when transplanted into normal recipients, we investigated whether p-Cresol-induced
behavioral alterations could be restored by a normal microbiota. We therefore transplanted a
normal microbiota to either control mice or mice that had been treated for 4 weeks with p-
Cresol (Figure 4A). Before FMT, p-Cresol-treated mice displayed social behavior deficits and
stereotypies (Figure 4B-K) consistent with our previous results (Figures 1, 2). Recolonization
of p-Cresol-treated mice with a normal microbiota restored all parameters to control levels in
the dyadic social interaction test (Figure 4B, C, E, G, Supplementary Figure 6l, J). The
quality of social contacts was also restored as the mean duration of both nose and paw
contacts were rescued (Figure 4D, F). In the three-chamber test, the sociability index was
also normalized (Figure 4H, Supplementary Figure 6F), as well as the preference for the
interactor mouse (Supplementary Figure 6G, H). The quality of social interactions was also
rescued as assessed by normalization of contact mean duration (Figure 4l). In contrast,
reversal of stereotyped behaviors was incomplete, since head shakes were only modestly
reduced and circling episodes were still present after FMT in recipient mice that had been
treated with p-Cresol (Figure 4J, K). Normalization of p-Cresol-induced behaviors by the
microbiota of untreated mice was confirmed by PCA analysis which showed that control mice
prior FMT and control and p-Cresol-treated mice transplanted with a normal microbiota
clustered on the right side of the PC1 axis, while p-Cresol-treated mice prior FMT stood
alone on the left side (Figure 4L). Importantly, besides normalizing p-Cresol-induced social
behavior deficits, transplantation of a normal microbiota also restored the excitability of

dopamine neurons in the VTA (Figure 4M, N).
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DISCUSSION

p-Cresol induces ASD core behavioral deficits

ASD result from interactions between genes and environment. While 10-25% of ASD cases
are explained by mutations in specific genetic loci, twin studies have revealed that genetic
and environmental factors share equal influence on ASD risk®*. The identification of
environmental factors, including microbiota-linked factors, contributing to ASD is therefore
critical to better understand the etiology of these multi-factorial pathologies.

Here we show that p-Cresol-treated mice exhibit social behavior deficits and stereotypies,
demonstrating a possible causal relationship between elevated p-Cresol levels and ASD core
symptoms. Like p-Cresol, other microbial metabolites are possibly linked to ASD. While
several of these metabolites were demonstrated to modify behavior when administered to
rodents, none of them selectively induced ASD core symptoms. For example, the microbial
SCFA propionate did not only induce social interaction deficits and stereotypies, but also
anxiety and hyperlocomotion™. Indoles increased social contact and anxiety but reduced
locomotor activity in rats?*. Lastly, 4-EPS increased anxiety and startle reflex in mice but had
no impact on social behavior or stereotypies'®. Therefore, in contrast to mice treated with
other microbial metabolites, p-Cresol has selective effects on ASD core behaviors by
inducing social behavior deficits and repetitive/perseverative behaviors, while not impacting
behaviors related to frequent ASD comorbidities (stress, anxiety, hyperactivity, cognition).
Mice displaying social avoidance exhibited an increase in p-Cresol levels measured in gut
tissue*®. However, the causal relationship between social behavior and p-Cresol levels was
not investigated. Also, a recent study showed that a single acute intravenous injection of p-
Cresol exacerbated anxiety and reduced social preference in the BTBR idiopathic model of
ASD*. Nonetheless, the intravenous administration of p-Cresol did not recapitulate chronic
intestinal exposure and the broad observed effects may have resulted from acute activity of
the compound. The specific induction of ASD core symptoms upon p-Cresol intestinal

exposure supports the face validity of our environmental ASD model.
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p-Cresol-induced dysbiosis modulates the social behavior of the host

How microbial metabolites linked to ASD such as propionate, indoles or 4-EPS impact the
brain remains unknown. Some of these metabolites are ligands to the host’s receptors: 3-
indoxylsulfate and indole-3-propionate are ligands to the aryl-hydrocarbon receptor®® and the
xenobiotic sensor pregnane X receptor*® respectively, while propionate binds to GPR41 and
GPR43%. Yet, their signaling role has been mostly investigated in the context of metabolic,

Gl or autoimmune disorders*®®°

, and not in the context of neuropsychiatric disorders. It
appears unlikely that p-Cresol exerts per se a direct systemic or even central effect on a
receptor in our experimental paradigm. In support of this, its circulating serum levels are not
increased in p-Cresol-treated mice, making it unlikely to reach bioactive levels in the brain.
Also, p-Cresol effects on behavior persist even in its absence after a 4-week washout period.
Rather, we propose that Gl exposure to p-Cresol triggers ASD behaviors by inducing a
selective microbiota dysbiosis, which is sufficient to fully induce social behavior deficits and
partially stereotypies upon transplantation to control mice. We indeed show that a p-Cresol-
rich environment reduces bacterial B-diversity, as described in ASD patients®®, and provides
a selective growth advantage for several taxa, in line with a previous in vitro study®®. The
correlation between the abundances of 26 OTU and social behavior argues for a clear link
between certain bacterial taxa and social abilities. Notably, members of the Blautia genus are
reduced both in ASD patients® and in p-Cresol-treated animals and their abundances
correlate positively with social abilities in our model. Conversely, OTU from the
Muribaculaceae and Peptococcaceae families are overabundant in p-Cresol-treated animals
and their abundances correlate negatively with social behavior abilities. We anticipate that
the selective overgrowth of vyet-to-be-identified bacterial species in a p-Cresol rich
environment could contribute to social behavior deficits in our model. Finally, our model
displays a 4-fold increase in p-Cresol urinary excretion, within the 2.5-fold increase range
identified in ASD patients'" '?. Elevated urinary p-Cresol'" '? and dysbiosis®® are observed

both in ASD patients and in our model, underpinning its construct validity. Furthermore, its
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predictive validity is supported by our findings that FMT of a normal microbiota normalizes

behavior in p-Cresol-treated mice, as already shown in a pilot study in ASD patients"”.

p-Cresol-induced dysbiosis dysregulates central dopamine pathways and the social
reward system

Social interactions are pleasurable events for humans and animals, as shown by the
activation of the reward circuit by social stimuli — activation that is blunted in ASD patients®".
The VTA is a key subcortical node of the mesolimbic reward pathway®* and ASD patients
display defects in VTA connectivity’®. Moreover, blocking VTA dopamine neurons that are
part of a ‘socially engaged reward circuit’ is sufficient to diminish social interactions in
rodents®” *%. Further, impaired dopamine neurons activity in the VTA has been previously
described in models targeting the ASD genes Shank3b, Nign3 and Ube3a® *"** and in the
MIA and DIO environmental models of ASD'®**. The disruption of the social reward pathway
both in ASD patients and in our model also argues for its construct validity. Dopaminergic
circuits are sensitive to changes in gut microbiota composition® and gut-innervating vagal
sensory neurons control striatal dopamine release®. Further, normalization of microbiota
composition by FMT abolished social interaction deficits and restored VTA dopamine
neurons excitability in p-Cresol-treated mice. Taken together, these results support a model
in which p-Cresol-induced dysbiosis results in impaired VTA dopamine neurons activity

which eventually disrupts the social reward pathway and causes social behavior deficits.

Conclusions and perspectives

We found that p-Cresol-treated mice exhibited social interaction deficits and stereotypies
reminiscent of ASD core symptoms in humans. These behaviors were dependent on
changes in microbiota composition and were associated with a reduced activity of dopamine
neurons in the VTA. This environmental model of ASD exhibited face, construct and
predictive validity. Because p-Cresol levels are elevated in ASD patients, our study suggests

that increased p-Cresol levels could contribute to ASD core symptoms in humans. Further,
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the ability of a normal microbiota to normalize social interaction deficits when transplanted
into p-Cresol-treated mice supports the rationale for the ongoing clinical trials aiming at
ascertaining the beneficial impact of FMT in ASD, as highlighted in a pilot study'’. Finally,
prebiotic treatment with oligofructose-enriched inulin or probiotic treatment with Lactobacillus
casei decreased p-Cresol urinary excretion in healthy volunteers®. Future clinical studies
could evaluate the benefits of such interventions to reduce the microbial production of p-

Cresol and alleviate the core symptoms of ASD.
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Figure 1. p-Cresol treatment induces autistic-like behaviors and alters VTA dopamine neurons excitability
(A) Timeline of the experiments

(B-D) Three-chamber test (n=14/group):

(B) Sociability index (ratio of the time spent in close contact with the mouse interactor normalized to the sum of

the time in close contact with both mouse interactor and toy mouse); Mann-Whitney U-test: ***p<0.001.
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(C) Time spent in close contact with the mouse interactor or the toy mouse; 2-way ANOVA: p(Treatment)=0.2601,
p(Preference)=p<0.0001, p(Treatment x Mouse-Toy)=p<0.0001; Sidak’s post hoc tests for treatment effect:
****p<0.0001.

(D) Mean duration of each close contact with the mouse interactor or the toy mouse; 2-way ANOVA:
p(Treatment)=0.9416, p(Preference)=p<0.0001, p(Treatment x Mouse-Toy)=p<0.0001, Sidak’s post hoc tests for
treatment effect: ****p<0.0001.

(E-J) Dyadic social interaction test (n=14 Control, n=15 p-Cresol): (E) total time spent, (F) number of events and
(G) mean duration of nose contacts, (H) number of events and () mean duration of paw contacts, (J) number of
following events; Mann-Whitney U-test: ****p<0.0001, ***p<0001.

(K-L) Motor stereotypies (n=14 Control, n=15 p-Cresol): (K) number of head shakes and (L) circling events; Mann-
Whitney U-test: *p<0.05.

(M) Marble burying test (n=11 Control, n=12 p-Cresol): percentage of buried marbles; Mann-Whitney U-test:
*p<0.05.

(N) Y-maze spontaneous alternations (n=15/group): % of same arm returns; n=15/group; Mann-Whitney U-test:
*p<0.05.

(O) PCA plot of behavioral scores recorded in the dyadic social interaction and direct monitoring of motor
stereotypies (Figure 1 E-L and Supplementary Figure 2H-L); ellipses of the 95% confidence intervals are
indicated for each group (n=14 Control, n=15 p-Cresol); PC, principal component.

(P-W) Electrophysiological recordings of dopamine neurons activity in the VTA:

(P) Representative traces of dopamine neuron activity in patch-clamp experiments after a 200pA current injection

(Q) Number of action potentials evoked by current injection in current-clamp experiments; n=5 animals/group, 19
cells recorded for Control, 23 cells recorded for p-Cresol; 2-way ANOVA: p(Treatment)=0.0066,
p(Current)<0.0001, p(Treatment x Current)=0.0006; Sidak’s post hoc tests for treatment effect, *p<0.05,**p<0.01,
***p<0.001.

(R) Rheobase, minimal electric current required to evoke an action potential; n=5 animals/group, 19 cells
recorded for Control, n=23 cells recorded for p-Cresol; Mann-Whitney U-test: *p<0.05,

(S) Representative traces of spontaneous miniature excitatory postsynaptic currents (SEPSC)

(T) Cumulative frequencies of sEPSC absolute amplitude; n=5 animals/group, >2500 events/group; Kolmogorov-
Smirnov test: ****p<0.0001.

(U) Mean absolute amplitude of SEPSC; Mann-Whitney U-test: ****p<0.0001.

(V) Cumulative frequencies of sEPSC frequency; n=5 animals/group, >2500 events/group; Kolmogorov-Smirnov
test: ****p<0.0001.

(W) Mean frequency of sEPSC; Mann-Whitney U-test: ****p<0.0001.

(B-N, R) Data are shown as means * SD. (Q, U, W) Data are shown as means + SEM.
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Figure 2
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Figure 2. The abundances of microbial OTU correlating with social behavior are impacted by p-Cresol
(A, B) OTU associated with the p-Cresol class in LEfSE analysis and negatively correlated with social behavior
abilities (n=15/group): abundances for members of the Muribaculaceae (A) and Peptococcaceae family (B) from
the Bacteroidales and Clostridiales orders respectively; Mann-Whitney U-test: *p<0.05, **p<0.01, ***p<0.001.
(C) OTU associated with the Control class in LEfSE analysis and positively correlated with social behavior abilities

(n=15/group): abundances for members of the Ruminococcaceae and Lachnospiraceae families from the

Clostridiales order; Mann-Whitney U-test: **p<0.01, ***p<0.001, ****p<0.0001.

Data are presented as dot-plots featuring means + SD.
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Figure 3
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Figure 3. Microbiota remodeling following p-Cresol treatment induces social behavior deficits

(A) Timeline of the fecal microbiota transplant (FMT) experiment of fecal slurry from control or p-Cresol-treated
donor animals to recipient wildtype mice.

(B-G) Dyadic social interaction test (n=15 Control, n=13 p-Cresol):

(B) Total time spent in social contact; Mann-Whitney U-test: ****p<0.0001.

(C) Number of nose contacts; Mann-Whitney U-test: ***p<0.001.

(D) Mean duration of nose contact; Mann-Whitney U-test: ****p<0.0001.

(E) Number of paw contacts; Mann-Whitney U-test: ****p<0.0001.
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(F) Mean duration of each paw contact; Mann-Whitney U-test: ****p<0.0001.

(G) Number of followings; Mann-Whitney U-test: p=0.1563.

(H, 1) Motor stereotypies: (n=14 Control, n=13 p-Cresol):

(H) Number of head shakes; Mann-Whitney U-test: **p<0.001.

(1) Number of circling events; Mann-Whitney U-test: p=0.1762.

(J) PCA plots of behavioral scores recorded in the dyadic social interaction and direct monitoring of motor
stereotypies (Figure 3B-I, Supplementary Figure 5A-D); ellipses of the 95% confidence intervals are indicated for
each group (n=15 Control, n=13 p-Cresol).

(B-1) Data are presented as dot-plots featuring means + SD.
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Figure 4

A 0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
Age (wks) | I DL P A I LN AR LN 2 LU TR T R B T
p-Cresol chronic treatment I {
Fecal microbiota transplant (FMT Control vs FMT p-Cresol) i
Microbiota colonization P
Behavioral phenotyping f—— F—
Pre Post
= Control = p-Cresol * Control = p-Cresol .
W = [ € z,
b — = i
8100 . a W 10 &
7 § L § g 1.
75 hed & =l
= g 8 ¢
g 50 z E
£ 8 S 4 8
g g 2 g
o = 0 o
Control pre-FMT Control pre-FMT Control pre-FMT Control pre-FMT Control pre-FMT Control pre-FMT
m Control post-FMT Control ® Control post-FMT Control ® Control post-FMT Control m Control post-FMT Control m Control post-FMT Contral m Control post-FMT Control
p-Cresol pre-FMT p-Cresol pre-FMT p-Cresol pre-FMT p-Cresol pre-FMT p-Cresol pre-FMT p-Cresol pre-FMT
m p-Cresol postFMT Control ® p-Cresol post-FMT Control w p-Cresol post-FMT Control m p-Cresol post-FMT Conirol m p-Cresol post-FMT Control ® p-Cresol post-FMT Control
% 12
s @
5 15 B % 9 %
10 r g 6 g
8 . -
o 05 *x 3
8
‘ © 00 0
Ty @ Gontrol pre-FMT Mousehny Mouse oy Control pre-FMT Control pre-FMT
®m Control post-FMT Control = Control post-FMT Control ® Contral post-FMT Control ® Control post-FMT Control
p-Cresol pre-FMT m p-Cresol post-FMT Control p-Cresol pre-FMT p-Cresol pre-FMT
® p-Cresol post-FMT Control m p-Cresol post-FMT Control m p-Cresol post-FMT Control
5F h g 200 pA
i 1 Control 3
25 1 post-FMT Control M 2
L g 5
g, 2 %,° pCresol 2
S 0 e R postFMT Control __
= E .
o © o 0 50 100 150 200 250 300
& 4 &L
o -25 05s Current (pA)
L = o
5 Control p-Cresol g
Pre Os o :
[ Post "Ce Oe : ]
-6 4 -2 0 2 4
PC1(32.0%)

Figure 4. Transfer of microbiota from control mice to p-Cresol-treated mice restores social behavior
deficits and VTA dopamine neurons excitability

(A) Timeline of the fecal microbiota transplant (FMT) experiment of fecal slurry from control donor mice to control
or p-Cresol-treated recipient mice.

(B-G) Dyadic social interaction test (n=15/group pre-FMT, n=14/group post-FMT)

(B) Total time spent in social contact; 2-way ANOVA: p(Treatment)<0.0001, p(FMT Control)<0.0001, p(Treatment
x FMT Control)<0.0001; Sidak’s post-hoc tests for treatment effect: ****p<0.0001 for pre-FMT Control groups,
p>0.05 for post-FMT Control groups

(C) Number of nose contacts; 2-way ANOVA: p(Treatment)<0.0001, p(FMT Control)= 0.0022, p(Treatment x FMT
Control)<0.0001; Sidak’s post-hoc tests for treatment effect: ****p<0.0001 for pre-FMT Control groups, p>0.05 for

post-FMT Control groups
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(D) Mean duration of each nose contact; 2-way ANOVA: p(Treatment)<0.0001, p(FMT Control)<0.0001,
p(Treatment x FMT Control)<0.0001; Sidak’s post-hoc tests for treatment effect: ****p<0.0001 for pre-FMT Control
groups, p>0.05 for post-FMT Control groups

(E) Number of paw contacts; 2-way ANOVA: p(Treatment)<0.0001, p(FMT Control)=0.0221, p(Treatment x FMT
Control)<0.0001; Sidak’s post-hoc tests for treatment effect: ****p<0.0001 for pre-FMT Control groups, p>0.05 for
post-FMT Control groups

(F) Mean duration of each paw contact; 2-way ANOVA: p(Treatment)<0.0001, p(FMT Control)<0.0001,
p(Treatment x FMT Control)<0.0001; Sidak’s post-hoc tests for treatment effect: ****p<0.0001 for pre-FMT Control
groups, p>0.05 for post-FMT Control groups

(G) Number of followings; 2-way ANOVA: p(Treatment)=0.0020, p(FMT Control)=0.0516, p(Treatment x FMT
Control)=0.0002; Sidak’s post-hoc tests for treatment effect: ****p<0.0001 for pre-FMT Control groups, p>0.05 for
post-FMT Control groups

(H, 1) 3-chamber test (n=15/group pre-FMT, n=14/group post-FMT):

(H) Sociability index; 2-way ANOVA: p(Treatment)=0.0004, p(FMT Control)<0.0001, p(Treatment x FMT
Control)=0.0032; Sidak’s post-hoc tests for treatment effect: ****p<0.0001 for pre-FMT Control groups, p>0.05 for
post-FMT Control groups

() Mean duration of each nose contact with the mouse interactor or toy mouse; 2-way ANOVA: p(FMT
Control)=0.9067, p(Mouse-Toy)<0.0001, p(FMT Control x Mouse-Toy)=0.8713; Sidak’s post-hoc tests for Mouse
vs. Toy preference: ****p<0.0001.

(J, K) Motor stereotypies (n=15/group pre-FMT, n=15/group post-FMT).

(J) Number of head shakes; 2-way ANOVA: p(Treatment)=0.0021, p(FMT Control)=0.0715, p(Treatment x FMT
Control)=0.2334; Sidak’s post-hoc tests for treatment effect: **p<0.01 for pre-FMT Control groups, p>0.05 for
post-FMT Control groups.

(K) Number of circling events; 2-way ANOVA: p(Treatment)<0.0001, p(FMT Control)=0.1133, p(Treatment x FMT
Control)=0.5555; Sidak’s post-hoc tests: *p<0.05 for pre-FMT Control groups, ***p<0.001 for post-FMT Control
groups.

(L) PCA plots of behavioral scores recorded in the dyadic social interaction and direct monitoring of motor
stereotypies (Figure 4B-G, J, K, Supplementary Figure 6l-L); ellipses of the 95% confidence intervals are
indicated for each group (n=15/group pre-FMT, n=14/group post-FMT).

(M, N) Electrophysiological recordings of dopamine neurons activity in the VTA post-FMT Control:

(M) Representative traces of dopamine neurons activity in patch-clamp experiments performed post-FMT Control

after a 200pA current injection
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(N) Number of action potentials evoked by different current injection steps (n=3 animals/group, 10 cells
recorded/group); 2-way ANOVA: p(Treatment)=0.5474, p(Current)<0.0001, p(Treatment x Current)=0.3640;
Sidak’s post hoc tests for treatment effect: p>0.05.

(B-K) Data are presented as dot-plots featuring means + SD. (N) Data are presented as means + SD.
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Table 1. The abundance of bacterial OTU discriminating p-Cresol-treated mice from control mice correlate with social behavior/stereotypies scores. Spearman's rank p correlation coefficients
are annotated and color-coded: positive correlations (red), negative (blue). LEfSE score and associated p-value are also reported for each OTU. Only significant correlations are displayed (FDR-adjusted p-
value < 0.05). *, p<0.05; **, p<0.01; ***, p<0.001; ****, p<0.0001 (n=30 animals: n=15 Control, n=15 p-Cresol). See also Supplementary Table 1 for complete LefSE analysis and Supplementary Table 2 for
complete correlation analysis.

p coefficients: OTU abundance-behavioral score |
LEfSE
Taxonomy metrics Social interaction Stereotypies
O o)
g % 2 % % % n
o 8 Q - ] k] ) $
3 & 8 S S 8 > S | o
3 8 | s | £ S| 5|5 |3 |8
3 - ° S © S 3 - =
2 | = 8 H © ] @ = 1] S
S| 8| 5 | & |z || 8| 8|2 |3
Phylum Class Order Family Genus Species o1 ~ °- «*» = Q = = I = =+
__ | Bacteroidetes | Bacteroidia Bacteroidales Muribaculaceae Unknown Unknown 13 3.69 | =+ -0.53
2 Unknown Unknown 33 326 | *
%3- Unknown Unknown 809 | 280 | * -0.53 -0.508
Firmicutes Clostridia Clostridiales Peptococcaceae Unknown Unknown 710 | 242 | * -049 | -0.38 -0.41
Bacteroidetes | Bacteroidia Bacteroidales Muribaculaceae Unknown Unknown 838 | 260 | * 0.58
Firmicutes Clostridia Clostridiales Clostridiales vadinBB60 | Unknown Unknown 45 -2.68 | * 0.53
Lachnospiraceae Blautia Unknown 827 | 241 | ™ 0.61 ﬁ
Unknown 123 |3145| * 0.58 0.55
Lachnospiraceae NK4A136 | Unknown 497 | 222| * 0.53
Unknown | 28 |2884] ~ | 053 0.52
Lachnospiraceae UCG006 | Unknown 635 |-218 | * 0.54
Marvinbryantia Unknown 1039 | -248 | * 0.57 0.55
Unknown Unknown 409 | -241 | *** 0.63 0.65 0.64 0.64 0.55 0.62
_ Unknown Unknown 1909 | 244 | * 0.58 0.52 0.59 0.60
I Unknown Unknown 311 | -250| * 0.53 0.59
3 Unknown Unknown [ 375 | -251| * | 051 051 | 051
Unknown Unknown 364 |-268 | ** 0.57 0.60 0.65
Unknown Unknown |39 |=366| * | 053 0.53
Ruminococcaceae Ruminiclostridium Unknown 570 | 241 | * 0.57 0.507 0.56
Unknown 1354 | 242 | ** 0.58 055 | 0.57 0.61
Ruminococcaceae UCG014 | Unknown 332 | 240 | * 0.56
Unknown 341 [ -258 | ™| 054 058 | 0.59 0.58
UBA1819 Multiaffiliation | 268 | -2.80 | **** | 0.69 054 | 054 | 0.60 0.68
Unknown Unknown 452 | 240 | * 0.51 0.55 0.55
Unknown Unknown | 317 | 249 | =~ | 064 | 063 | 074 0.72 ﬁ
Proteobacteria | Gammaproteobacteria | Betaproteobacteriales | Burkholderiaceae Parasutterella Unknown 321 | 243 | * 0.53 0.51
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Supplementary Materials and Methods

Ethical considerations. Animal housing and experimentation were conducted in
facilities certified by regional authorities (Direction Départementale de Protection des
Populations des Alpes-Maritimes, accreditation #EC-06-152-5). The procedures
involved in this study were approved by the local ethics committee for animal
experimentation (Ciepal-Azur) and the Ministére de 'Enseignement Supérieur et de la
Recherche, in agreement with the European Communities Council Directive

(2010/63EU) for animal experiments.

Animals treatment. Weaned C57BL/6J mice (21 to 28 day-old) were ordered to
Charles Rivers (France). This developmental stage was chosen to avoid confounding
effects of maternal exposure to p-Cresol, while still being in the time window for late
neurodevelopment during which the microbiota-gut-brain axis can intervene’. Since the
sex ratio for ASD is biased towards 3 males diagnosed for 1 female suggesting a

higher susceptibility of males® *

, only were considered in this study. Animals were
randomly assigned to experimental groups and housed in medium-size (up to 5
animals) open cages filled with wooden bedding, one plastic house and nesting
material for enrichment, in a temperature-(22-24°C) and hygrometry- (70-80%)
controlled room, under 12 hours light—dark cycle (8:00 a.m.- 8:00 p.m.). Mice had ad
libitum access to water and standard chow (reference 4RF25, Mucedola). Mice were
habituated for 6 days to our animal facility before starting treatment with p-Cresol
(reference W233706-SAMPLE-K, Sigma-Aldrich) dispensed in sterile drinking water at
a concentration of 0.25 g/L. Bottles were renewed twice weekly. This amounts in adult
mice to a dose of 50mg/Kg/24 h based on a mean body mass of 25 g and a mean

drinking water consumption of 5mL/24 h. This dose per day corresponded to 7 times

less the reported LD50 dose of 350mg/Kg for acute oral administration of p-Cresol by
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gavage in mice, based on available toxicity data*. Body weight, consumption of water

and chow were monitored weekly.

Quantification of p-Cresol in urine and serum by gas chromatography coupled to
mass spectrometry (GC-MS). Mice were individually placed in a clean empty plastic
cage and urine was collected over 10 min and centrifuged (12 000 g, 5 min). The
supernatant was snapped-frozen in liquid nitrogen and stored at -80°C. Blood was
collected by cardiac puncture, transferred in Eppendorf tubes and allowed to clot on
bench RT for 30 min. After centrifugation (12000g, 10 min, RT), serum was collected,
snapped-frozen in liquid nitrogen and stored at -80°C. Prior to gas chromatography-
mass spectrometry (GC-MS), urine (20 pyL) and serum (100 uL) samples were
prepared as follows: i) samples were spiked with 10 uL internal standard solution
(myristic acid-d,; in isopropanol, 750 mg/mL), ii) 850 uL of ice cold methanol were
added, followed by centrifugation for 20 min (4°C, 16000 g), iii) 750 uL of supernatants
were transferred to silanized dark 2mL autosampler vials and evaporated to dryness in
a rotational vacuum concentrator (45°C, 20 mbar, 2 h), iv) 50 pL of methoxyamine
solution (2% in pyridine) were added and the samples were incubated overnight at R,
and V) 100 ML of N-methyl-trimethylsilyl-trifluoroacetamide
(MSTFA)+1%,trimethylchlorosilane (TMCS) solution were added, the samples were
incubated at 60°C for 1 h and transferred to dark autosampler vials with 250 pL
silanized inserts. The detailed instrumental conditions for GC-MS analysis were based
on a previous study®, with minor modifications to quantify p-Cresol. Briefly, the samples
were analyzed in an Agilent 7890B-5977B Inert Plus GC-MS system. Two pL of each
sample were injected in a split inlet (1:10 ratio). The chromatographic column was an
Agilent ZORBAX DB5- MS (30 m X 250 ym X 0.25 ym + 10m, Duraguard). The
temperature gradient was 37.5 min long and the mass analyzer was operated in full

scan mode between 50-600 m/z. Blank and pooled quality control (QC) samples in
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several dilutions were included in the analysis to ensure that the measurements were
reproducible. There was no external contaminations and the monitored analytes were

responding linearly to the detector.
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Behavioral testing

Behavioral phenotyping started after a 4-week treatment with p-Cresol and lasted for 1-
2 weeks during which treatment was continued. All behavioral experiments were
performed during the day. The animals followed multiple behavioral tests respecting
their resting hours, with a minimum of 2 days between tests. Standard behavioral tests
that have extensively been used to characterize genetic and environmental models of

ASD®"® were implemented to assess the behavioral dimensions impacted in ASD.

Social abilities

Three-chamber sociability test. The stimulus mouse was habituated to the cylindrical
cages (20 min sessions, repeated 3 days before the testing day). The apparatus
consisted in a rectangular non-transparent plexiglass box (60x30cm), divided in three
compartments (object chamber, empty chamber and unfamiliar mouse chamber)
connected by open doors (4 cm width) to allow the mouse to move freely between the
different compartments. The unfamiliar mouse or the toy mouse were placed in wired
cylindrical cages. The test consisted in a habituation phase to the empty apparatus
only in the presence of empty cylindrical cages during 5 min and a sociability phase
where the unfamiliar mouse or the toy mouse is introduced in the cylindrical cages.
Time spent in the 2 chambers were video-tracked over 10 min and analyzed a
posteriori during the habituation and sociability phase using the ANY-maze software.
The number and the time spent in close contact with each of the empty cylindrical cage
(during the habituation phase) as well as with the stimulus mouse or with the toy
mouse contained in wired cylindrical cage (during the sociability phase) were manually
scored by an experienced experimenter blind to the experimental group. The mean
duration of close contacts was calculated from these data” ""'*. The relative position of

stimulus unknown mouse (versus mouse toy) was counterbalanced between groups.
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There was no bias in chamber preference, empty cylindrical cages preference or
interaction ratio during the habituation phase (Supplementary Figure 2A-E,

Supplementary Figure 6A-E).

Dyadic social interactions. Direct social interactions were recorded in open-field arena
with a low light intensity (15 Lux). After a 3 min. habituation period, the subject mouse
was put in presence with un unfamiliar sex- and age-matched interactor and their
interaction was recorded for 10 min. Manual scoring by an experienced experimenter
blind to the experimental group was performed a posteriori by recording time spent in
social contact events, number of nose and paw contacts, time spent in nose and paw
contact, number and time spent in self-grooming, number of self-grooming events after
social contact, number of rearing and grooming events, number of circling episodes
and head shakes. The mean duration of nose and paw contacts was calculated from

these data” """,

Stereotypic/perseverative behaviors

Motor stereotypies. The subject mouse was placed in a clean standard home cage
(21x11x17 cm) covered with a thick layer of fresh sawdust (4 cm) and recorded for 10
min with light intensity set at 40 Lux. Manual scoring by an experienced experimenter
blind to the experimental group was performed a posteriori by computing the number of
events of head shake, rearing, digging, grooming, circling episodes and total time spent
digging and grooming®.

Marble burying test. Marble burying was used as a measure of perseverative
behavior'®. The subject mouse was placed in a clean standard home cage (21x11x17
cm) filled with 4 cm of fresh sawdust on which 20 glass marbles (diameter 1,5 cm)

were disposed with light intensity set at 40 Lux. The number of marbles buried (more
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than half of its surface outside of sawdust) during a 30 min session was monitored by
an experienced experimenter blind to the experimental group®.

Y maze spontaneous alternation task. Spontaneous alternation behavior was used to
assess behavioral flexibility and perseveration'"’. The apparatus consisted in three
arms made of plexiglass (40x9x16cm) containing different symbols to be differentiated.
We placed the mice in the centre and allowed it to explore the arms for 5 min with a low
light intensity of 15 Lux. We measured the willingness of mice to explore new
environments and we scored different patterns as spontaneous alternation (SPA),
alternate arm returns (AAR) and same arm return (SAR). We then calculated the

percentage of SPA, AAR and SAR® 8.

Locomotor activity

Actimetry. The measurement of individual spontaneous activity was performed in
actimetry chambers (Imetronic) consisting of cages equipped with infrared beams able
to detect in real time horizontal and vertical movements (rearing events). Animals were
individually placed in actimetry chambers under a 12-hr light/dark cycle, with free
access to food and drinking water. To avoid biases in measurements due to stress
possibly inducing hyperlocomotion in a novel environment, a habituation period (Day O:
11:00 p.m. - Day 1: 8:00 a.m.) preceded the 24 h-recording of horizontal activity (Day

1: 8:00 a.m. — Day 2: 8:00 a.m.)®.

Anxiety

Open field test. Mice were individually placed in the corner of a white and opaque
quadratic arena (40x40cm) and allowed to explore for 10 min under low illumination (40
Lux). Total distance travelled, time spent in center and number center entries were

analyzed by videotracking using the ANY-Maze software® °.
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Novelty suppressed feeding test. Mice were food-deprived for 16 h, with unlimited
access to drinking water. A pellet of food was positioned in the centre of an open-field
covered with 1 cm of sawdust with light intensity set at 60 Lux. The subject mouse was
then introduced in a corner of the arena and the latency (s) for the first bite in the pellet
recorded. Immediately after the test, the animal was placed in a clean cage with ad

libitum access to food and water® 8,

Cognition

Novel object recognition test. The novel object recognition test was performed in a
rectangular arena (20cmx40cm). The test consisted of three sessions under constant
light intensity (15 Lux). During the habituation session, the mice explored freely the
empty arena for 5 min. F or the training session, two identical objects were placed on
each side of the arena and the mouse allowed to explore for 10 min. For the test
session, one of the objects was replaced by a novel object and the mouse allowed to
explore the objects for 10 min. The time spent exploring the familiar and novel objects
by the subject animal were manually scored a posteriori on videorecordings of the
sessions. A recognition index was calculated as the percentage of the time spent

exploring the novel object over the total time spent exploring both objects®.

Ex vivo patch-clamp electrophysiological recordings

Electrophysiological recordings were performed on sub-groups of control or p-Cresol-
treated which had not been subjected to behavioral tests but nevertheless belonged to
larger cohorts in which behavioral impairments in the p-Cresol group were observed.
Mice were anesthetized (Ketamine (150 mg/kg)/ Xylazine (10 mg/kg), transcardially
perfused with artificial cerebrospinal fluid (aCSF solution: NaCl 119 mM, KCI 2.5 mM,
NaH,PO, 1.25 mM, MgS0O, 1.3 mM, CaCl, 2.5 mM, NaHCO; 26 mM, glucose 11 mM).

Brains were removed from skull and sliced sagittally in 250 ym sections using a
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HMG650V vibratome (Microm, France). Sections encompassing VTA were placed un
ice-cold cutting solution (KCI 2.5 mM, NaH,PO, 1.25 mM, MgSO, 10 mM, CaCl, 0.5
mM, glucose 11 mM, sucrose 234 mM, NaHCO; 26 mM) bubbled with 95% 0,/5%
CO,. Slices were then incubated in aCSF at 37°C for 1 h, and then kept at room
temperature. For recordings, sections were transferred in a thermo-controlled (32-
34°C) recording chamber superfused with aCSF (2.5 ml/min). Spontaneous excitatory
post-synaptic currents (SEPSCs) or excitability were measured using visualized whole-
cell voltage-clamp and current-clamp recordings, respectively, using an upright
microscope (Olympus France). Putative dopamine neurons were identified as
previously described®. Current-clamp recordings were performed using a Multiclamp
700B device (Molecular Devices, Sunnyvale, CA). Signals were collected and stored
using a Digidata 1440A converter and pCLAMP 10.2 software (Molecular Devices, CA).
In all cases, access resistance was monitored by a step at -10 mV (0.1 Hz) and
experiments were discarded if the access resistance increased more than 20%.
Internal solution (K-D-gluconate 135 mM, NaCl 5 mM, MgCl, 2 mM, HEPES 10 mM,
EGTA 0.5 mM, MgATP 2 mM, NaGTP 0.4 mM). Depolarizing (0-300 pA) or
hyperpolarizing (0- 450 pA) 800 ms current steps were used to assess excitability and
membrane properties of VTA dopamine neurons. sEPSCs were assessed in voltage-
clamp mode at a voltage of -65mV in the presence of picrotoxin (50 pM) using the
same internal solution. Off-line analyzes were performed using Clampfit 10.2 (Axon

Instruments, USA).

Fecal microbiota analysis by 16S rRNA gene sequencing

Fecal DNA sample preparation. Mice were individually placed for 10 min. in a sterile
empty plastic cage, and feces were collected in Eppendorf tubes in the morning (10-11
a.m.), snapped-frozen in liquid nitrogen and stored at -80°C until further use. Genomic

DNA was obtained from fecal samples using the QlAamp power fecal DNA kit
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(Qiagen), and DNA quantity was determined using a TECAN Fluorometer (Qubit®
dsDNA HS Assay Kit, Molecular Probes).

16S sequencing. The V3-V4 hypervariable region of the 16S rRNA gene was amplified
by PCR using the following primers: a forward primer 5-CTT TCC CTA CAC GAC
GCT CTT CCG ATC TAC GGR AGG CAG CAG-3 (28-nt illumina adapter (in bold)
followed the 14 nt broad range bacterial primer 343F) and a reverse primer 5'-GGA
GTT CAG ACG TGT GCT CTT CCG ATC TTA CCA GGG TAT CTA ATC CT-3' (28-nt
illumina adapter (in bold) followed by the 19 nt broad range bacterial primer 784R). The
PCR reaction used 10 ng of fecal DNA as template, 0.5 uyM primers, 0.2 mM dNTP,
and 0.5 U of the DNA-free Tag-polymerase (MolTaqg 16S, Molzym, Bremen, Germany).
The amplifications were carried out using the following profile: 1 cycle at 94°C for 60 s,
followed by 30 cycles at 94°C for 60 s, 65°C for 60 s, 72°C for 60 s, and finishing with a
step at 72°C for 10 min. The PCR reactions were sent to the @Bridge platform (INRAe,
Jouy-en-Josas, france) for sequencing (lllumina Miseq technology). Single multiplexing
was performed using home-made 6 bp index, which were added to R784 during a
second PCR with 12 cycles using forward primer (AAT GAT ACG GCG ACC ACC
GAG ATC TAC ACT CTT TCC CTA CAC GAC) and reverse primer (CAA GCA GAA
GAC GGC ATA CGA GAT-index-GTG ACT GGA GTT CAG ACG TGT). The resulting
PCR products were purified and loaded onto the lllumina MiSeq cartridge according to
the manufacturer instructions. Run quality was checked internally using PhiX, and
sequences assigned to the corresponding based on the 6 pb index.

Sequence analysis. High-quality filtered reads were assembled and processed using
FROGS pipeline (Find Rapidly OTU with Galaxy Solution) to obtain OTUs and their
respective taxonomic assignment thanks to Galaxy instance
(https://migale.inra.frigalaxy)?'. Paired-end sequences were merged using Flash

software using at least a 10 bp overlap between the forward and reverse sequences.

Then, merged sequence were pre-filtered on the following criteria (amplicons size,
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presence of the 2 primers sequences, ambiguous base), yielding < 4,106 reads. The
following successive steps involved de-noising and clustering of the sequences into
OTUs using SWARM, chimera removal using VSEARCh yielding 21,616 clusters (<
3,106 reads). Then, cluster abundances were filtered at 0.005%, yielding 591 final
clusters. Clusters were then affiliated to OTU by using a Silva123 16S reference
database and the RDP (Ribosomal Database Project) classifier taxonomic assignment
procedure. Taxa abundance table obtained for the dataset shows the sum of OTU
abundances in each sample.

Statistical analysis. Richness and diversity indexes of bacterial community, as well as
clustering and ordinations, were computed using the Phyloseq package (v 1.19.1) in
RStudio software®. Within sample community composition (a-diversity) was assessed
by observed diversity (i.e. sum of unique OTUs per sample), Chao1 and Shannon
index, as well as evenness-based Simpson’s richness index. Divergence in community
composition between samples was quantitatively assessed by calculating B-diversity
index using Jaccard’s distances matrix. Statistical difference in the microbial
communities between groups were evaluated using constrained analysis of principal
coordinates (PCoA) and permutational multivariate ANOVA (PERMANOVA). To
identify discriminating taxa and OTU associated with the Control or p-Cresol class and
estimate their effect size, we used the linear discriminant analysis (LDA) effect size

(LEfSe) method implemented in Galaxy?*.
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Fecal matter transplantation (FMT)

Since antibiotic treatment impacts the behavior of rodents®*, we opted for an FMT
procedure which did not include an antibiotic treatment step to deplete endogenous
microbiota. Instead, we used a laxative treatment that was previously shown to
efficiently deplete endogenous microbiota and favor the engraftment of the
transplanted microbiota®.

For induction experiments (Figure 4), recipient C57BL/6J mice were received at 3
weeks of age and habituated for 5 days to our facility. From Day 1 to 3, mice were
gavaged with omeprazole (Esomeprazole, Biogaran, 50mg/Kg/24 h) each morning to
lower gastric acidity and favor survival of the inoculum. In the evening of Day 3, food
was removed, but mice had ad libitum access to water. On Day 4, mice received 5
consecutive gavages of 200uL of Moviprep reconstituted as recommended by the
manufacturer (Norgine SAS, Rueil-Malmaison, France) at 1 hr 30 min intervals. On Day
5, mice were gavaged with omeprazole. The FMT inoculum was prepared by pooling
individual fecal pellets from n=15 control or n=15 p-Cresol treated and behaviorally
phenotyped donor mice. Fecal pools were then weighted and homogenized in ice-cold
ddH,O (weight:volume=1:50). Fecal slurry was filtered over a 70 um mesh to remove
fibers and clogs. Recipient mice received 3 consecutive gavages of 200 uL of the
filtered fecal slurry at 2 h intervals. After the last gavage, mice were returned to clean
cages with ad libitum access to food and water. Body weight was monitored on Day 4,
5 and 7 to verify that the mice recovered from the FMT procedure. Three weeks post
FMT, mice were subjected to behavioral tests two days apart in the following order:
dyadic social interactions and motor stereotypies.

For rescue experiments (Figure 5), mice were treated with p-Cresol for 4 wks as
described in the animal treatment section, subjected to behavioral tests two days apart
in the following order: direct social interactions, motor stereotypies and three-chamber

test. Control and p-Cresol-treated mice were then subjected to the FMT procedure
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described above. The FMT inoculum was prepared by pooling individual fecal pellets
from n=15 control donor untreated mice of the same age and sex. Three weeks post
FMT, mice were subjected to behavioral tests two days apart in the following order:
direct social interactions, motor stereotypies and three-chamber test. The ex vivo
electrophysiological recordings were also performed three weeks post FMT on parallel

sub-groups of mice which were not subjected to behavioral testing.

Statistics

Comparisons between two groups were performed using 2-tailed unpaired Mann-
Whitney’s non-parametric U-test. Multiple group comparisons were performed using
two-way ANOVA with factors stated in legends and text. Prior to ANOVA, normality of
data was assessed using Kolmogorov-Smirnov’s test. Post hoc comparisons were
performed using Sidak’s correction for multiple comparison. Detailed ANOVA statistics
for each panel are provided in Supplementary Table 3. For comparison analysis of
frequency distributions, Kolmogorov-Smirnov’s test was used. Principal Component
Analysis (PCA) of behavioral data was performed for each dataset consisting of scores
from the dyadic social interaction test and scores from the direct monitoring of motor
stereotypies using the webtool Clustvis?®®. Correlations between microbial OTU
abundances and behavioral scores were performed using Spearman’s p correlation
coefficient rank test with Benjamini-Hochberg’s multiple testing correction. Statistical
significance was set according to a two-tailed p-value or adjusted (if relevant) p-

value(p)<0.05. Only significant differences are displayed on the graphs.
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Supplementary figures and supplemental figures legends (6)
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Supplementary Figure 1. p-Cresol treatment does not impact general physiological parameters,
increases urinary p-Cresol excretion but not its circulating levels

(A) Timeline of the experiment

(B) Body weight follow-up (n=24/group); 2-way ANOVA: p(Treatment)=0.8884, p(Time)<0.0001,
p(Treatment x Time)=0.9971; Sidak’s post hoc tests for treatment effect: p>0.99.

(C) Drink intake (n=6/group, each point representing the mean consumption per animal in one cage of 5
animals); Mann-Whitney U-test: p=0.0931.

(D) Food intake (n=6/group, each point representing the mean consumption per animal in one cage of 5
animals); Mann-Whitney U-test: p=0.3939.

(E) Urinary levels of p-Cresol after 4 weeks treatment (n=10 Control, n=11 p-Cresol); Mann-Whitney U-
test: ****, p<0.0001.

(F) Serum levels of p-Cresol after 4 weeks treatment (n=12 Control, n=16 p-Cresol); Mann-Whitney U-test:

p=0.3238.
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assessing locomotor activity, anxiety or cognition (relative to Figure 1)

x Chamber)=0.3599; Sidak’s post hoc tests for chamber effect: p>0.05.

(A-E) Additional parameters during the habituation phase in the 3-chamber test (n=14/group):

Supplementary Figure 2. p-Cresol treatment-induced behavioral alterations: additional parameters

in the 3-chamber, dyadic social interactions and stereotypies tests and results from tests

(A) Time spent in each chamber; 2-way ANOVA: p(Treatment)=0.9498, p(Chamber)=0.3018, p(Treatment

(B) Number of close contacts to the empty box in each chamber; 2-way ANOVA: p(Treatment)=0.6839,

p(Chamber)=0.4390, p(Treatment x Chamber)=0.2648; Sidak’s post hoc tests for chamber effect: p>0.05.

(C) Time close contacts to the empty box in each chamber; 2-way ANOVA: p(Treatment)=0.7265,

p(Chamber)=0.6260, p(Treatment x Chamber)=0.3188; Sidak’s post hoc tests for chamber effect: p>0.05.
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(D) Mean duration of each close contacts to the empty box in each chamber; 2-way ANOVA:
p(Treatment)=0.8330, p(Chamber)=0.4995, p(Treatment x Chamber)=0.3378; Sidak’s post hoc tests for
chamber effect: p>0.05.

(E) Interaction ratio; Mann-Whitney U-test: p=0.265.

(F, G) Additional parameters during the test phase in the 3-chamber test:

(F) Time spent in each chamber containing the mouse interactor or the toy mouse; 2-way ANOVA:
p(Treatment)=0.0061, p(Mouse-Toy)=0.0019, p(Treatment x Mouse-Toy)=0.4797; Sidak’s post hoc tests
for Mouse vs. Toy preference effect: p>0.05 for Control group, * p<0.05 for p-Cresol group.

(G) Number of close contacts with the mouse interactor or the toy mouse; 2-way ANOVA:
p(Treatment)=0.0035, p(Mouse-Toy)<0.0001, p(Treatment x Mouse-Toy)=0.0257; Sidak’s post hoc tests
for Mouse vs. Toy preference effect: *p<0.05, ****p<0.0001.

(H, 1) Additional parameters in the dyadic social interaction test (n = 14 Control, n=15 p-Cresol):

(H) Total time spent in nose and (l) paw contact; Mann-Whitney U-test: ****p<0.0001.

(J-L) Additional parameters in the motor stereotypies test (n=11 Control, n=12 p-Cresol):

(J) Number of rearings; Mann-Whitney U-test: p=0.3400.

(K) Time spent in grooming; Mann-Whitney U-test: p=0.4613.

(L) Time spent in digging; Mann-Whitney U-test: p=0.1366.

(M, N) Locomotor activity in actimetry chambers (n=15/group):

(M) Horizontal activity follow-up over 24 h; 2-way ANOVA: p(Treatment)=0.1057, p(Time)<0.0001,
p(Treatment x Phase)=0.3610; Sidak’s post hoc tests for treatment effect: p>0.05.

(N) Cumulative activity in the dark or light phase; 2-way ANOVA: p(Treatment)=0.0909, p(Phase)<0.0001,
p(Treatment x Phase)=0.7513; Sidak’s post hoc tests for treatment effect: p>0.05.

(O-Q) Open-field test (n=13/group);

(O) Total distance travelled; Mann-Whitney U-test: p=0.3107.

(P) Number of centre entries; Mann-Whitney U-test: p=0.6047.

(Q) Time spent in the center of the area; Mann-Whitney U-test: p=0.3292.

(R) Novelty suppressed feeding (NSF) test (n=12 Control, n=10 p-Cresol): latency to first bite; Mann-
Whitney U-test: p=0.5707

(S, T) Novel object recognition (NOR) (n=12/group):

(S) Total time spent exploring the objects during the test phase; Mann-Whitney U-test: p=0.1978.

(T) % of time spent exploring the old vs. the new object; Mann-Whitney U-test: p=0.1135.

(A-L, N-T) Data are presented as dot-plots featuring means + SD.

(M) Data are shown as means + SD.
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Supplementary Figure 3. Autistic-like behaviors induced by p-Cresol persist after a 4-week

washout period

(A) Timeline of the experiment

(B-G) Dyadic social interaction test (n=14 Control, n=15 p-Cresol):

(B) Total time spent in social contact; 2-way ANOVA: p(Treatment)<0.0001, p(Washout)=0.4194,

p(Treatment x Washout)=0.5883; Sidak’s post hoc tests for treatment effect: ****p<0.0001.

(C) Time spent in nose contact; 2-way ANOVA: p(Treatment)<0.0001, p(Washout)=0.4525, p(Treatment x

Washout)=0.6450; Sidak’s post hoc tests for treatment effect: ****p<0.0001.

(D) Number of nose contacts; 2-way ANOVA: p(Treatment)<0.0001, p(Washout)=0.3237, p(Treatment x

Washout)=0.8660; Sidak’s post hoc tests for treatment effect: ****p<0.0001.
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(E) Mean duration of each nose contact; 2-way ANOVA: p(Treatment)<0.0001, p(Washout)=0.9807,
p(Treatment x Washout)=0.8922; Sidak’s post hoc tests for treatment effect: ****p<0.0001.

(F) Time spent in paw contact; 2-way ANOVA: p(Treatment)<0.0001, p(Washout)=0.1638, p(Treatment x
Washout)=0.1465; Sidak’s post hoc tests for treatment effect: ****p<0.0001.

(G) Number of paw contacts; 2-way ANOVA: p(Treatment)<0.0001, p(Washout)=0.1793, p(Treatment x
Washout)=0.2109; Sidak’s post hoc tests for treatment effect: ****p<0.0001.

(H) Mean duration of each paw contact; 2-way ANOVA: p(Treatment)<0.0001, p(Washout)=0.7906,
p(Treatment x Washout)=0.6926; Sidak’s post hoc tests for treatment effect: ****p<0.0001.

() Number of followings, 2-way ANOVA: p(Treatment)<0.0001, p(Washout)=0.7697, p(Treatment x
Washout)=0.2517; Sidak’s post hoc tests for treatment effect: ***p<0.001, *p<0.05.

(J-M) Motor stereotypies (n=14 Control; n=15 p-Cresol):

(J) Number of head shakes; 2-way ANOVA: p(Treatment)<0.0001, p(Washout)=0.2185, p(Treatment x
Washout)>0.9999; Sidak’s post hoc tests for treatment effect: **p<0.01.

(K) Number of circling events; 2-way ANOVA: p(Treatment)=0.0051, p(Washout)=0.2605, p(Treatment x
Washout)=0.5796; Sidak’s post hoc tests for treatment effect: *p<0.05 for Control, p>0.05 for p-Cresol.

(L) Number of rearings; 2-way ANOVA: p(Treatment)=0.8820, p(Washout)=0.0188, p(Treatment x
Washout)=0.7823; Sidak’s post hoc tests for treatment effect: p>0.05.

(M) Time spent in grooming; 2-way ANOVA: p(Treatment)=0.2308, p(Washout)<0.0001, p(Treatment x
Washout)=0.5929; Sidak’s post hoc tests for treatment effect: p>0.05.

(N) Time spent in digging; 2-way ANOVA: p(Treatment)=0.9763, p(Washout) = 0.8304, p(Treatment x
Washout)= 0.5579; Sidak’s post hoc tests for treatment effect: p>0.05.

(N) Y-maze spontaneous alternations: percentage of same arm returns (n=15 Control, n=14 p-Cresol): 2-
way ANOVA: p(Treatment) = 0.0007, p(Washout) = 0.0120, p(Interaction) = 0.8179; Sidak’s post hoc tests
for treatment effect: *p<0.05.

(P) PCA plots of behavioral scores recorded in the dyadic social interaction and direct monitoring of motor
stereotypies (Supplementary Figure 3B-N); ellipses of the 95% confidence intervals are indicated for each
group (n=14 Control; n=15 p-Cresol).

(B-O) Data are presented as dot-plots featuring means + SD.
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Supplementary Figure 4. Microbiota analysis in p-Cresol-treated and control mice using 16S rRNA

sequencing: a- and B-diversity indexes

(A) Distribution of bacterial classes abundance (n=15 Control, n=15 p-Cresol).

(B-E) a-diversity indexes (n=15 Control, n=15 p-Cresol): Observed (B), Chao1 (C), Shannon (D) Inverse
Simpson (E) diversity indexes; Mann-Whitney U-test: p>0.05.

(F) B-diversity index (n=15 Control, n=15 p-Cresol), PCoA of Jaccard’s distances; PERMANOVA: *p<0.05.
(A) Data are presented as mean abundances for each group.

(B-E) Data are presented as dot-plots featuring means + SD.
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Supplementary Figure 5. FMT experiments from control or p-Cresol-treated mice to recipient wild-
type mice: additional behavioral parameters for dyadic social interactions and stereotypies tests
(relative to Figure 3)

(A, B) Dyadic social interaction test (n=15 animals/group):

(A) Total time spent in nose contact; Mann-Whitney U-test: ****p<0.0001

(B) Total time spent in paw contact; Mann-Whitney U-test: ****p<0.0001

(C, D) Motor stereotypies (n= 14 Control, n=13 p-Cresol):

(C) Time spent in grooming; Mann-Whitney U-test: p=0.3358.

(D) Time spent in digging; Mann-Whitney U-test: p=0.5502.

Data are presented as dot-plots featuring means + SD.
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Supplementary Figure 6. FMT experiments from control donors to control or p-Cresol treated
recipient mice: additional behavioral parameters in the three-chamber, dyadic social interactions
and stereotypies tests (relative to Figure 4)

(A-E) Additional parameters during the habituation phase in the 3-chamber test post-FMT control
(n=13/group):

(A) Time spent in each chamber; 2-way ANOVA: p(Treatment)=0.8296, p(Chamber)=0.9514, p(Treatment
x Chamber)=0.4749; Sidak’s post hoc tests for chamber effect: p>0.05.

(B) Number of close contacts with the empty box in each chamber; 2-way ANOVA: p(Treatment)=0.6456,
p(Chamber)=0.2947, p(Treatment x Chamber)=0.6878; Sidak’s post hoc tests for chamber effect: p>0.05.
(C) Time in close contact with the empty box in each chamber; 2-way ANOVA: p(Treatment)=0.6728,
p(Chamber)=0.1662, p(Treatment x Chamber)=0.7417; Sidak’s post hoc tests for chamber effect: p>0.05.
(D) Mean duration of each close contact to the empty box in each chamber; 2-way ANOVA:
p(Treatment)=0.9252, p(Chamber)=0.2163, p(Treatment x Chamber)=0.7061; Sidak’s post hoc tests for
chamber effect: p>0.05.

(E) Interaction ratio for Chamber 1 over Chamber 2; Mann-Whitney U-test: p=0.755.

(F-H) Additional parameters during the test phase in the 3-chamber test post-FMT (n=13/group)
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(F) Time spent in each chamber containing the mouse interactor or the toy mouse; 2-way ANOVA:
p(Treatment)=0.7588, p(Mouse-Toy) <0.0001, p(Treatment x Mouse-Toy)=0.8356; Sidak’s post hoc tests
for Mouse vs. Toy preference: ***p<0.001.

(G) Number of close contacts with the mouse interactor or the toy mouse; 2-way ANOVA:
p(Treatment)=0.3399, p(Mouse-Toy)<0.0001, p(Treatment x Mouse-Toy)=0.4225; Sidak’s post hoc tests
for Mouse vs. Toy preference: ****p<0.0001.

(H) Time in close contact with the mouse interactor or the toy mouse; 2-way ANOVA:
p(Treatment)=0.8480, p(Mouse-Toy)<0.0001, p(Treatment x Mouse-Toy)=0.6498; Sidak’s post hoc tests
for Mouse vs. Toy preference: ****p<0.0001.

(1, J) Additional parameters in the dyadic social interaction test pre- and post-FMT (n=15/group pre-FMT,
n=14/group post-FMT):

(I) Time spent in nose contact; 2-way ANOVA: p(Treatment)<0.0001, p(FMT Control)<0.0001, p(Treatment
x FMT Control) <0.0001; Sidak’s post hoc tests for treatment effect: ****p<0.0001 for pre-FMT Control
groups, p>0.05 post-FMT Control groups.

(J) Time spent in paw contact; 2-way ANOVA: p(Treatment)<0.0001, p(FMT Control)=0.0002, p(Treatment
x FMT Control)<0.0001; Sidak’s post hoc tests for treatment effect: ****p<0.0001 pre-FMT Control, groups
p>0.05 post-FMT Control groups.

(K, L) Additional parameters in the motor stereotypies test pre- and post-FMT (n=14/group pre-FMT,
n=14/group post-FMT):

(K) Time spent in grooming; 2-way ANOVA: p(Treatment)=0.7605, p(FMT Control)=0.2801, p(Treatment x
FMT Control)=0.9682; Sidak’s post hoc tests for treatment effect: p>0.05.

(L) Time spent in digging; 2-way ANOVA: p(Treatment)=0.0295, p(FMT Control)=0.274, p(Treatment x

FMT Control)=0.5058; Sidak’s post hoc tests for treatment effect: p>0.05.
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Supplementary tables legends (3)

Supplementary Table 1. Association of bacterial taxa and OTU with Control or p-Cresol group
(relative to Table 1)

Taxonomic information regarding the identified bacterial taxa, linear discriminant analysis score and
corresponding p-values as determined by LefSE analysis of bacterial taxa abundances based on 16S
rRNA sequencing are indicated. OTU, operational taxonomic unit (n=15 Control, n=15 p-Cresol).

Available as Excel file

Supplementary Table 2. Correlations between the abundance of discriminant microbial OTU
identified by LEfSE analysis and social behavior/stereotypies scores impacted by p-Cresol
treatment (relative to Table 1)

Table displays taxonomic information regarding the identified OTU, Spearman's rank p correlation
coefficients between OTU abundances and behavioral scores significantly impacted by p-Cresol treatment
in the dyadic social interactions and motor stereotypies tests (n=30 animals: n=15 Control, n=15 p-Cresol).
The corresponding p-values and adjusted p-values are indicated, significant p<0.05 are shaded in grey.

Available as Excel file
Supplementary Table 3. Compilation of ANOVA statistics for behavioral data analyses and

PERMANOVA statistics for Jaccard’s distances analyses

Available as Excel file
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T: | LEFSE metrics
Phylum Class Order Family Genus Species Log 1o (LDA score)  p-val.
Taxa associated|Actinobacteria | Coriobacteria Coriob. ial Eggerthell Enterorhabdus Unknown
with p- Cresol  |Bacteroidetes |Bacteroidia Bacteroidales Bacteroidaceae Bacteroides Unknown
class Muribaculaceae Unknown Unknown
Unknown Unknown
Unknown Unknown
Unknown Unknown 52 3,131 0,0238
Unknown Unknown 40 2,884 0,0265
Unknown Unknown 809 2,798 0,0261
Unknown Unknown 96 2,553 0,0488
Unknown Unknown 443 2431 0,001
Firmicutes Clostridia Clostridiales Lachnospiraceae Blautia Unknown 306 2,390 0,0345
Lachnc NK4A136  |Unknown 38 3,378 0,0020
Unknown 1051 2475 0,0166
Unknown 290 2,367 0,0139
Unknown 417 2,212 0,0423
Lachnc UCG006 |Unknown 147 2,557 0,0171
Roseburia Unknown 766 2,371 0,0081
Unknown Unknown 57 | 8518 | 00377 |
Unknown Unknown 31 3,368 0,0294
Unknown Unknown 865 2,756 0,0052
Unknown Unknown 221 2,704 0,0401
Unknown Unknown 667 2497 0,0199
Unknown Unknown 997 2410 0,0084
Unknown Unknown 310 2,249 0,0152
Peptoc Unknown 2425 0,0443
Unknown Unknown 2425 0,0443
Unknown Unknown 710 2425 0,0443
Ruminococcaceae Unknown Unknown 726 2,568 0,0127
Ruminiclostridium Unknown 157 2,394 0,0294
Ruminiclostridium Unknown 227 2,214 0,0488
Proteobacteria proteobacteric  |Betaproteob. Burkholderiaceae Parasutterella Burkholderiales bacterium YL4& 2,825 0,0075
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Conclusions and Perspectives

A. Conclusions

Our study has demonstrated the impact of the bacterial metabolite p-Cresol on social
and repetitive behaviour, the core symptoms of ASD by remodelling of microbiota
community. This reveals the possible role of bacterial metabolites on the alteration of
behaviour, impacting the reward circuit. Our study has allowed the development of
environmental mouse model (mice treated with p-Cresol) that allows studying how the
intestinal microbiota communicates with the brain and impacts the behaviour.
Furthermore, we have been able to recover behavioural alterations thanks to the transfer
of faecal material that allows the normalization of the microbial community and which

could be a safe therapeutic strategy for ASD patients.

B. Perspectives in the p-Cresol Mouse Model

1. Understanding the Cellular and Molecular Pathways
Impacted by p-Cresol

Our study has demonstrated a causal relationship between dysbiosis, p-Cresol and ASD-
like behaviours. However, the mechanisms underlying the action of p-Cresol on social
behaviour remain to be elucidated; in particular the cellular and molecular changes
induced by p-Cresol, both centrally and peripherally, as well as the route of

communication involved remain to be identified.

In the short term, we will therefore:

¢ Determine if mice exposed to p-Cresol display abnormalities in the ENS, intestinal
epithelial and immune cells

Given that the microbiota influences the ENS and intestinal epithelium physiology, we

wish to explore possible dysfunctions in these systems. To do this, we will perform a

structural exploration of the ENS on whole-mount colonic tissue where we will label

different population of enteric neurons (cholinergic with anti-ChAT and nitrinergic with

anti-nNOS) and analyse the organization of the ENS network (Aubert et al., 2019).
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We will also carry out histological staining to study the distribution and morphology of
different epithelial cell types. Cell nuclei will be labelled with haematoxylin, cytoplasm
with eosin and mucin-secreting goblet cells with alcyan blue. Finally, enterochromaffin
cells will be labelled with anti-Chromogranin A antibodies and their density will be
determined.

Finally, we will perform immunofluorescence analysis of fixed intestinal tissue to
monitor signs of inflammation. We will study the density of macrophages (labelled with
anti-F4/80 antibodies) and T cells (labelled with anti-CD3 antibodies) in the

submucosa/mucosa and the muscle/myenteric plexus layers.

¢ Determine the molecular changes induced by p-Cresol treatment in brain areas
related to the social reward circuit

To this aim, we will perform real-time quantitative PCR (RT-QPCR) analyses to

identify variations in the levels of transcripts related to ASD genes. Notably mRNA

relative to neurotransmitter transport and biosynthesis, the GABAergic, glutamatergic,

oxytocinergic and dopaminergic systems known to be associated with ASD (Becker et

al., 2014) will be quantified in punches of brain regions related to the social reward

circuit such as VTA, PFC, NAc and amygdala.

In the longer term, we will:

¢ Determine whether the alterations identified above can be induced or alleviated by
microbiota manipulation.

We will focus on the cellular and molecular abnormalities identified in the previous
experiments. First, we will assess whether these abnormalities are transmitted along
with social behaviour deficits in recipient wild-type mice transplanted with faeces from
p-Cresol-treated mice. Second, we will investigate whether the restoration of a healthy
microbiota in p-Cresol-treated mice, which we know normalises social behaviour is
accompanied by a normalisation of these abnormalities.

These experiments should allow to understand better the molecular and cellular changes
induced by p-Cresol both peripherally and centrally and contributing to social behaviour

deficits.
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¢ Explore the role of vagus nerve in p-Cresol-induced behavioural effects

To further explore the route of communication involved in p-Cresol effects on
behaviour, we will primarily investigate the contribution of the vagus nerve. We have
shown that p-Cresol treatment produces a decrease in dopamine neurons excitability in
the VTA, an important region in the reward circuit. This structure is connected to
several brain regions that form the mesolimbic circuit. Our goal is to find out how
signals from the gut microbiota reach the brain. An important candidate for this signal
transmission is the vagus nerve. Wild-type mice will be vagotomised mice and
subjected to chronic treatment with p-Cresol. After 4 weeks, social behaviour and
stereotypic/perseverative behaviours will be evaluated. If vagotomy abolishes p-Cresol
effects on behaviour, it would demonstrate that the vagus mediates the effects of p-
Cresol on behaviour. In the same way, we will assess if vagotomy blocks the
development of abnormal behaviours in recipient wild-type mice transplanted with feces
from p-Cresol-treated mice. While these experiments should allow to validate the
possible contribution of vagus nerve signalling, it remains possible that the p-Cresol-
induced dysbiotic microbiota signals through other pathways (neuroendocrine, immune)
to communicate with the brain. For example, a study showed that microbiota depletion
induced by the administration of antibiotics increased anxious behaviours, and these
effects were also induced in vagotomised mice (Bercik et al., 2011b). Therefore,
microbiota effects on behaviour can use pathways not involving the vagus nerve. If this
is the case, we will explore neuroendrocrine and immune pathways if anomalies in these

pathways were determined in the short-term experiments.

2. Possible Therapeutic Strategies to Explore in the p-Cresol
Model

¢ Pharmacological interventions

First, we will test pharmacological interventions to restore social behaviour deficits in
p-Cresol-treated mice. Candidate pharmacological targets will derive from the analysis
of brain transcripts in brain areas related to the social reward circuit. We will
manipulate the most relevant neuronal population and brain region using
pharmacological interventions targeting the identified cell populations to restore social

behaviour deficits in p-Cresol treated mice.
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¢ [nterventions targeting the microbiota

Two strategies will be tested involving probiotic or prebiotic treatment of p-Cresol
mice. One interesting candidate probiotic is L. reuteri which restores both social
interaction deficits and VTA dopamine neurons excitability in genetic and
environmental ASD models (Buffington et al., 2016, Sgritta et al., 2019). This probiotic
unlikely acts by normalising the gut microbiota; rather L. reuteri enhances the synaptic
plasticity of dopaminergic neurons in the VTA region (Sgritta et al., 2019), which is
altered in p-Cresol mice. Other probiotics derived from human studies could be used. p-
Cresol is produced exclusively by bacterial metabolism, therefore, p-Cresol urinary
levels reflect the production of this metabolite by the bacteria. Therefore, the
administration of probiotics could help to modify the populations of p-Cresol-producer
bacteria, restore the bacterial balance and recover some of the behavioural abnormalities
observed in p-Cresol mice. Two probiotics, Lactobacillus casei and Bifidobacterium
breve, were shown to decrease p-Cresol urinary levels in healthy volunteers, and could
be tested in p-Cresol-treated mice (De Preter et al., 2004, 2007).

Another interesting candidate is the prebiotic oligofructose-enriched inulin (Synergy 1
mix, Orafti®) that reduces the urinary excretion of p-Cresol in healthy volunteers (De
Preter et al., 2007). We will test the behavioural effect in p-Cresol-treated mice to see if
we improve or restore the behavioural abnormalities. In this case, we will treat the mice
with p-Cresol and then we will administer the prebiotic in the drinking water. Then, we

will analyse the social behaviours and stereotypies.

3. Possible Therapeutic Intervention Strategies Targeting the
Microbiota in ASD

In this section, we will detail the therapeutic avenues derived from our preclinical data
that could be explored to treat core ASD symptoms by targeting the microbiota and p-
Cresol production in ASD patients.

a. FMT

In our study, we have shown that FMT from normal mice normalises social behaviour
deficits in p-Cresol-treated mice. This was also shown in the DIO model of ASD

(Buffington et al., 2016). Also, recolonization of GF mice with a conventional
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microbiota normalised their social behaviour deficits (Desbonnet et al., 2014). These
findings demonstrate that restoring a normal microbiota via FMT can alleviate ASD-
like behavioural symptoms in rodents. Evaluating the potential of FMT is currently the
subject of active clinical research in the ASD field. FMT appears as the most effective
microbial therapy and its effects are sustained over time. FMT involves collecting stools
from neurotypical patients and preparing these stools for transplantation to ASD
patients. Until now, FMT has mainly been used in patients with recurrent infections
with Clostridioides difficile and antibiotic resistance (e.g. vancomycin) (Davidovics et
al., 2019; Van Nood et al., 2013). Since microbiota dysbiosis is prevalent in a large
proportion of ASD patients, a pilot study has evaluated its safety and efficacy to treat
ASD GI and core behavioural symptoms. Kang and colleagues conducted a clinical trial
on 18 ASD patients and have shown that this microbial therapy is safe and well
tolerated by young ASD patients. They observed significant improvements of both GI
symptoms and behavioural problems, notably clear improvements in social skills and
reduction of stereotypies/repetitive behaviours) after FMT (Kang et al.,, 2017). In
addition, they showed that these beneficial effects were maintained over time, up to two
years after FMT (Kang et al., 2019). One limitation of this study is its small sample
size. Nevertheless, microbial therapy via FMT appears to be safe and have long-lasting
beneficial effects on GI and behavioural ASD symptom:s.

In future studies, the cohorts should be of larger sample size, with an established age
range and with similar severity in terms of gastrointestinal and behavioural symptoms.
Several clinical trials are being conducted around the world to test on larger sample of
patients  the  safety and efficacy of FMT for ASD  patients

(https://clinicaltrials.gov/ct2/results?cond=Autism+Spectrum+Disorder&term=fecal+m

atter&centry=&state=&city=&dist=).

b. Probiotic and Prebiotic Treatment

Another strategy targeting the microbiota could be through the use of specific probiotics
and prebiotics to help reduce endogenous production of p-Cresol by the dysbiotic
microbiota of ASD patients. Some clinical trials have already investigated the effects of
probiotics in ASD patients with mixed results. The administration of probiotics such as

Lactobacillus casei and Bifidobacterium longum improves gastrointestinal symptoms in
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ASD children, reducing inflammation and normalising intestinal microbiota (Tomova et
al., 2015), however, their effect on behavioural impairments appear limited.

The administration of the probiotic L. casei decreases p-Cresol urinary levels in healthy
volunteers (De Preter et al.,, 2004). Another probiotic that could be used is
Bifidobacterium breve Yakult, which decreases the urinary levels of p-Cresol in healthy
volunteers (De Preter et al., 2007). Further, another study conducted on healthy
volunteers have shown that the administration of the Lactobacillus casei Shirota strain
produces positive effects on mood and cognition (Benton et al., 2007). Therefore L.
casei would be an interesting candidate probiotic to test in ASD patients presenting high
levels of p-Cresol.

The effect of prebiotics on p-Cresol excretion has also been studied. One study has
shown that the -galactosido-fructose administration reduces the urinary excretion of p-
Cresol in healthy volunteers (De Preter et al., 2004). Similarly, short- and long-term
administration of oligofructose-enriched inulin reduces the urinary excretion of p-Cresol
in healthy volunteers (De Preter et al., 2007)

These findings suggest that the use of pre- and probiotics in ASD patients may help
reduce p-Cresol levels, improve gastrointestinal and maybe even behavioural
symptoms. For this, more clinical trials are required to test the efficacy of pre- and

probiotic treatment in ASD.
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Chapter 3: Peripheral Phenotypes
in Fragile X Syndrome

I. Context

This section is dedicated to my PhD work related to Fragile X Syndrome. The absence
of the RNA-binding protein FMRP induces deregulations in the CNS which are thought
to be at the basis of the behavioural impairment in FXS patients. However, FMRP is
widely expressed, including in peripheral organs, FXS patients display somatic
symptoms and a few studies in animal models have shown that the absence of FMRP
could also have consequences outside the CNS and in particular on metabolic
homeostasis, whole body composition and on the immune system. Based on this, we
hypothesised that loss of FMRP could impact each of these peripheral systems. During
my PhD, I contributed to three publications related to the identification of peripheral
phenotypes in Fragile X Syndrome.

Metabolic Anomalies in FXS:
Publication #1

A. Research Hypothesis and Objectives of the
Study

Several studies suggested that FMRI-deficiency in human impacted the levels of
circulating lipids (Berry-Kravis et al., 2015; Lisik et al., 2016), suggesting possible
metabolic anomalies. In this study, our hypothesis was that FMRI-deficiency, could
impact metabolic homeostasis both in FXS patients and in the FXS mouse model. Our
objectives were:

1. To uncover global changes in metabolic homeostasis in the Fmr/-KO mouse

model and in FXS patients
2. To characterise the dysregulations of metabolic homeostasis in the Fmri-KO

mouse model
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3. To understand the role of translation dysregulation in the metabolic changes

induced by the loss of the translational repressor FMRP

To meet these objectives, we investigated the metabolic consequences of Fmrli-
deficiency notably on glucose and lipid metabolism in FXS mouse model in vivo, ex
vivo in adipose tissue explants and in in vitro models. To assess the translationality of
the findings, we also measured metabolic markers in the serum of FXS patients.

My contribution to this article was to assist Laetitia Davidovic and Antoine Leboucher,
the postdoctoral researcher in charge of the project, for in vivo experiments, and notably
insulin and glucose tolerance tests. I also performed semi-quantitative western-blotting
analysis of proteins and phospho-proteins involved in the insulin receptor pathway and

quantitative RT-PCR to measure transcripts related to adipose tissue markers.

B. Results

The results are presented in the following publication.

Publication #1:

Leboucher A, Pisani DF, Martinez-Gili L, Chilloux J, Bermudez-Martin P, Van Dijck
A, Ganief T, Macek B, Becker JA, Le Merrer J, Kooy RF, Amri EZ, Khandjian EW,
Dumas ME, Davidovic L (2019). The translational regulator FMRP controls lipid and

glucose metabolism in mice and humans. Molecular Metabolism. 21:22-35.

To summarise, in this study, we have shown that Fmr/-KO mice display an increase in
glucose tolerance and insulin sensitivity, as well as a reduction in adiposity due to an
increase in lipid utilization as energetic substrate. Further, FXS patients have similar
metabolic deregulation with reduced circulating glucose and insulin and increased levels
of free fatty acids. This study contributed to a better understanding of the consequences
of FMRI gene inactivation in the periphery and its importance in metabolic

homeostasis.
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The translational regulator FMRP controls lipid
and glucose metabolism in mice and humans

Antoine Leboucher »°, Didier F. Pisani, Laura Martinez-Gili >, Julien Chilloux 3, Patricia Bermudez-Martin ',
Anke Van Dijck %, Tariq Ganief°, Boris Macek °, Jérome A.J. Becker °, Julie Le Merrer ®, R. Frank Kooy *,
Ez-Zoubir Amri %, Edouard W. Khandjian "¢, Marc-Emmanuel Dumas >, Laetitia Davidovic

ABSTRACT

Objectives: The Fragile X Mental Retardation Protein (FMRP) is a widely expressed RNA-binding protein involved in translation regulation. Since
the absence of FMRP leads to Fragile X Syndrome (FXS) and autism, FMRP has been extensively studied in brain. The functions of FMRP in
peripheral organs and on metabolic homeostasis remain elusive; therefore, we sought to investigate the systemic consequences of its absence.
Methods: Using metabolomics, in vivo metabolic phenotyping of the Fmr7-KO FXS mouse model and in vitro approaches, we show that the
absence of FMRP induced a metabolic shift towards enhanced glucose tolerance and insulin sensitivity, reduced adiposity, and increased B-
adrenergic-driven lipolysis and lipid utilization.

Results: Combining proteomics and cellular assays, we highlight that FMRP loss increased hepatic protein synthesis and impacted pathways
notably linked to lipid metabolism. Mapping metabolomic and proteomic phenotypes onto a signaling and metabolic network, we predicted that
the coordinated metabolic response to FMRP loss was mediated by dysregulation in the abundances of specific hepatic proteins. We experi-
mentally validated these predictions, demonstrating that the translational regulator FMRP associates with a subset of mRNAs involved in lipid
metabolism. Finally, we highlight that FXS patients mirror metabolic variations observed in Fmr7-KO mice with reduced circulating glucose and
insulin and increased free fatty acids.

Conclusions: Loss of FMRP results in a widespread coordinated systemic response that notably involves upregulation of protein translation in
the liver, increased utilization of lipids, and significant changes in metabolic homeostasis. Our study unravels metabolic phenotypes in FXS and

further supports the importance of translational regulation in the homeostatic control of systemic metabolism.
Crown Copyright © 2019 Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Keywords Fragile X mental retardation protein; RNA-binding protein; Translation; Metabolism; Glucose; Lipids

1. INTRODUCTION models [9,10] to show that loss of FMRP expression affects the

translation of a wide range of mRNA, compromising brain translation

The Fragile X Mental Retardation Protein (FMRP) is an RNA-binding
protein, which associates with polyribosomes to regulate mRNA
translation together with its homologues FXR1P and FXR2P [1—4]. A
current model states that FMRP exerts repressive activity on translation
by reversibly stalling ribosomes on its target mRNA [5,6]. So far, FMRP
functions and the mRNAs it targets have been mostly explored in the
context of the central nervous system (CNS). Indeed, inactivation of the
X-linked FMR1 gene, which encodes FMRP, is associated with neu-
rodevelopmental defects, intellectual disability, and autism spectrum
disorders in Fragile X Syndrome (FXS), a syndrome affecting 1:6,000
new-borns [7,8]. Numerous studies have used the Fmr7-KO mouse

homeostasis with deleterious consequences on synaptic plasticity and
thus on behavior [4,11].

Despite the wide expression of FMRP in peripheral tissues [12,13],
thus far, the consequences of its absence outside the CNS are only
starting to be elucidated. In dfmri1-KO Drosophila, the loss of FMRP
was shown to elevate insulin signaling in the brain and intestine,
inducing developmental defects in those organs [14—16]. Another
study in the Drosophila model of FXS, highlighted reduced whole-
body carbohydrate and lipid stores, hypersensitivity to starvation,
and altered mitochondrial functions [17]. Although no overt meta-
bolic alterations was reported in the first generation FXS mouse
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model (Fmr1-K01) [9], the Fmri1/Fxr2 double KO mouse displayed
increased glucose tolerance and insulin sensitivity, reduced
adiposity, and reduced circulating glucose [18]. Finally, independent
clinical studies reported reduced levels of lipids, including choles-
terol, in FXS patients compared to healthy controls [19—21]. These
data supported possible functions for FMRP in the control of glucose
and lipid metabolism, but mechanisms by which FMRP could impact
metabolism and its mRNA targets in peripheral organs remain mostly
unknown.

Here, we demonstrated that loss of FMRP in mice markedly
impacted glucose and lipid metabolism. We further showed that loss
of FMRP elevates hepatic protein synthesis and that FMRP likely
controls the translation of key hepatic proteins involved in lipid
metabolism. Finally, we provided clinical evidence that circulating
metabolic markers were altered in FXS patients as compared to
healthy controls.

2. MATERIALS AND METHODS

Detailed experimental procedures are available in the Supplemental
Information Appendix.

2.1. Animal procedures

Fmr1-KO2 mice described in [10] were housed in a temperature (22—
24 °C) and hygrometry (70—80%)-controlled room with a 12-h light—
dark cycle (lights on at 07:00) and fed on standard chow (reference
4RF25, Mucedola). All the described experiments were performed on
male littermates at 4-months of age, with the exception of initial blood
sampling of fed animals for metabolic profiling (presented in Figure 1)
that was performed on 4 to 6 months-old animals.

2.2. Clinical samples

25 fragile X patients and 29 sex- and age-matched healthy subjects
were enrolled at the University of Antwerp (Antwerp, Belgium). Written
informed consent was obtained from each participant or his legal
guardian before research participation. The absence/presence of the
Fragile X full mutation in the 5’ UTR of FMR7 gene was confirmed in
FXS patients by an accredited laboratory, using a CGG-repeat PCR and
Southern Blotting on DNA isolated from blood. All patients had a
number of CGG repeats above 200, yielding FMRT gene inactivation
(Pieretti et al., 1991). To avoid stress induced by fasting to Fragile X
patients, individuals involved in the study were not advised to fast prior
to venous blood sampling.

2.3. Metabolic profiling

For metabolome studies in mice, blood was sampled between 9 and
11a.m., either in nonfasted animals, i.e. fed ad libitum, or after an
overnight fast. For FXS controls and patients, sera were obtained from
nonfasted individuals. NMR experiments were carried out using a
Bruker Avance spectrometer (Bruker GmbH, Rheinstetten, Germany)
operating at 600 MHz as described previously [22]. Structural
assignment was performed using data from literature, HMDB (http://
www.hmdb.ca/), S-Base (Bruker GmbH, Rheinstetten, Germany) and
in-house databases [23]. 'H NMR spectra were pre-processed and
exported into Matlab for multivariate statistical analyses using
orthogonal partial least square discriminant analysis (0-PLS-DA) as
previously reported [24].

2.4. Blood chemistry and hormones measurements
Glucose was measured using a glucometer (AccuCheck Mobile,
Roche). The determination of circulating TG, FFA, and total cholesterol

was subcontracted to the Genotoul Anexplo Platform (Toulouse,
France). Leptin and insulin were measured using dedicated ELISA kits
(MesoScaleDiscovery). TG determination in liver was performed using
a dedicated kit (Sigma Aldrich).

2.5. Insulin (ITT) and glucose tolerance tests (GTT)

These experiments were conducted according to the IMPReSS qui-
delines (International Mouse Phenotyping Resource of Standardized
Screens). Mice were respectively fasted overnight (GTT) or 6 h (ITT)
prior to i.p. injection of glucose (2 g/Kg, Sigma—Aldrich) or insulin
(0.75 U/Kg, Humalog, Lilly) as per recommended procedures [25].
Glucose was measured in freely moving unrestrained animals using a
glucometer (AccuCheck Mobile, Roche) in a drop of blood obtained
after incision of the tip of the tail.

2.6. In vivo tissue insulin response measurement

Mice were fasted overnight then injected with insulin (0.75 U/Kg,
Humalog, Lilly) or saline. Five minutes after injection, mice were
sacrificed by cervical dislocation, and tissues were rapidly dissected
and stored at —80 °C until further analyses. The western-blotting
procedure and a list of antibodies and dilutions used are provided in
Appendix.

2.7. Quantitative RT-PCR
Real-time PCR reactions procedures are detailed in Appendix. Primers
used are available in Table S6.

2.8. Microcomputed tomography analysis and adipose tissue
histology

Anesthetized animals were introduced in a SkyScan-1178 X-ray
tomograph and analyzed as previously described [26]. Epididymal
adipose tissue was fixed in 4% paraformaldehyde, paraffin-embedded,
and stained with hematoxylin and eosin.

2.9. Lipolysis assays

For in vivo lipolysis experiments, 6 hrs-fasted Fmr7-KO and WT were
injected intraperitoneally either with saline or isoproterenol at 1 mg/kg
and blood sampled 15 min post injection. For ex vivo lipolysis exper-
iments, 6 hrs-fasted Fmr7-KO and WT mice were sacrificed, and intra-
abdominal white epididymal fat depots were cut in explants then
treated with 1 pM isoproterenol or vehicle. Preparation of stromal
vascular fraction (SVF) of epididymal adipose tissue was performed as
described in [27]. Adipocytes derived from hMADS cells were obtained
as described in [28,29] and transfected with anti-FMR7 or control
SiRNA (Invitrogen) detailed in Appendix. Lipolysis experiments of SVF-
derived adipocytes and hMADS adipocytes were performed as
described in [27].

2.10. Indirect calorimetry

Indirect calorimetry experiments were performed using indirect calo-
rimetry chambers (Phenomaster System, TSE) at the Anexplo Genotoul
metabolic phenotyping platform (Toulouse, France).

2.11. Liver proteome analysis

Livers from 4 months-old overnight fasted animals were quickly
collected after cervical dislocation, snapped frozen in liquid nitrogen
and kept at —80 °C until further analysis. Proteins were digested by in-
solution digestion and measured on an EASY-nLC 1200 coupled to an
Orbitrap Elite mass spectrometer (Thermo Fisher Scientific). All ac-
quired MS data were processed with the MaxQuant software suite
[30,31] version 1.5.2.8 against the complete mouse UniProt database
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Figure 1: Fmri-deficiency modifies metabolic profiles in the fed and fasting state. (A) Orthogonal Partial Least Square Discriminant Analysis (OPLS-DA) of plasma "H NMR
spectra from fed Fmr7-KO and WT mice. PLS components (TPred1 & TYosc1) corresponding to a combination of the initial NMR spectral variables were computed for each
individual. n = 18 WT, n = 19 KO. (B) Permutation testing to assess significance of the OPLS-DA model (n = 10,000 random iterations, p = 0.01). (C) Pseudo-spectrum
representation of OPLS-DA model to highlight spectral regions discriminating Fmr7-KO from -WT samples. s. Positive and negative model coefficients respectively correspond
to significantly higher or lower metabolite concentrations in Fmr7-KO animals as compared to WT. 'H NMR signals corresponding to glucose, aspartate, phosphocholine, the
branched amino acids (BCAA) valine (1), isoleucine (2) and leucine (3), and broad resonances from CHs methyl groups present in lipids are highlighted. (D) Fasting plasmatic levels
of glucose in Fmr1-K0O and WT animals. Data are means + SEM; n = 11 WT, n = 12 KO; 2-tailed Student’s T-test: ns. (E) Fasting plasmatic levels of triglycerides (TG) in Fmr1-KO
and WT animals. Data are means + SEM; n = 28 WT, n = 28 KO; 2-tailed Student’s T-test: *, p < 0.05. (F) Fasting plasmatic levels of total cholesterol in Fmr7-KO and WT
animals. Data are means &+ SEM; n = 27 WT, n = 28 KO; 2-tailed Student’s T-test: *, p < 0.05. (G) Fasting plasmatic levels of carnitine in Fmr7-KO and WT animals. Data are
means + SEM; n = 13 WT, n = 9 KO; 2-tailed Student’s T-test: *, p < 0.05. (H) Fasting plasmatic levels of free fatty acids (FFA) in Fmr7-KO and WT animals. Data are
means + SEM; n = 26 WT, n = 25 KO; 2-tailed Student’s T-test: *, p < 0.05. () Relative quantification of 'H NMR signal from acetone (2.22 ppm) in fasting Fmr7-K0 and WT
animals. Data are means + SEM; n = 12 WT, n = 13 KO; 2-tailed Student’s T-test: *, p < 0.05. (J) Relative quantification of 'H NMR signal from acetoacetate (2.27 ppm) in
fasting Fmr1-KO and WT animals. Data are means & SEM; n = 12 WT, n = 13 KO; 2-tailed Student’s T-test: *, p < 0.05. (K) Fasting leptin in Fmr7-KO and WT animals. Data are
means + SEM; n = 21 WT, n = 18 KO; 2-tailed Student’s T-test: *, p < 0.05. (L) Fasting insulin in Fmr7-KO and WT animals. Data are means + SEM; n = 11 WT, n = 12 KO; 2-

tailed Student’s T-test: *, p < 0.05.

(taxonomy ID10090). Comparison analysis for individual protein levels
between genotype was run on normal rank-based inverse log-
transformed label-free quantification (LFQ) values and individual FDR
were calculated. GO analysis was performed using String (v10.5) [32]
and Panther (v12.0) expression analysis tools [33,34].

2.12. Puromycin-labeling of neosynthetized peptides

The hepatic cell line FL83B was transduced with a lentivirus
expressing shFmri or shControl and FACS-sorted based on eGFP
expression, as described in [35]. FMRP was tested using the m1C3
monoclonal antibody against FMRP in western-blotting [36] or the
avian IgY#C10 polyclonal antibodies by immunofluorescence staining
[6,37,38]. The puromycin-labeling assay was performed according to
[39]. Puromycin (10 pg/mL) incorporation was performed in the
presence or absence of cycloheximide (50 pg/mL) for 15 or 30 min.
Proteins were visualized after protein transfer to nitrocellulose mem-
branes by Ponceau staining and puromycin-labeled neosynthesized
peptides were visualized by immunoblotting with anti-puromycin
12D10 antibody (Millipore) followed by HRP-coupled secondary anti-
bodies and electroluminescence detection using a Fusion VX-Imager
(Vilber). Puromycin signals were quantified in each lane by densito-
metric analysis using the ImageJ software, normalized to Ponceau
signal in the corresponding lane and then adjusted to average signal in
control cells at 15 min.

2.13. Metabolic network analysis

MetaboSignal R package [40,41] was used to build the shortest paths
network from FMRP to the metabolites of interest (Table S5), integrating
the proteins dysregulated in the liver as extra nodes to the network
(Table S6). Pivotal betweenness was then computed (Table S7).

2.14. Immunoaffinity (IA) capture of FMRP complexes in FL83B
cells or liver extracts

FL83B cells or Fmr1-WT and -KO liver were homogenized in 1A buffer
(10 mM Tris pH 7.4, 150 mM NaCl, 1.25 mM MgCl2, 0.5% NP40,
1 mM DTT, 5 U/mL RNasin (Invitrogen)). The lysates were centrifuged
at 10,000 g for 15 min at 4 °C. The collected supernatant was then
raised to 400 mM NaCl and 30 mM EDTA [37]. For each IA assay,
500 pg of proteins from FL83B cells or liver extract was incubated in
the presence of 60 pg of anti-FMRP IgY#C10 antibodies or non-
immune IgY immobilized on 15 pL of anti-chicken IgY agarose
beads (Gallus Immunotech Inc.). Samples were incubated overnight
under rotation at 4 °C and washed 4 times with buffer containing
10 mM Tris pH 7.4, 400 mM NaCl, 10 mM EDTA, 0.5% NP40. 1/5th of
each assay was used for immunoblot analyses using anti-FMRP
mAb1C3 antibody [36] IA-captured mRNA were then phenol-
extracted, precipitated with sodium acetate, and resuspended in wa-
ter and subjected to reverse transcription (RT) using the SuperScript lll
system (Invitrogen). RT products were subjected to polymerase chain
reaction (PCR), using a PCR Master Kit (Promega) and primers detailed
in Table S8. PCR products were visualized on a 2.5% TAE agarose gel
and amplicon size was verified using the BenchTop DNA ladder
(Promega).

2.15. Statistics

Normality of data was assessed using Kolmogorov—Smirnov’s test. To
compare 2 groups, 2-tailed unpaired Student’s T-test was used. For
non-normal data, raw data were log-transformed to meet normality
criteria prior to Student’s T-test. If sample size n < 8 or if normality
was not reached after log-transformation, data were analyzed using
Mann & Whitney’s non-parametrical U-test. Multiple group
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comparisons were performed ANOVAs and detailed statistics appear in
Table S9. Post hoc comparisons were performed either using Sidak’s
correction for multiple comparison or Fisher’s Least Significance Dif-
ference test (if less than 6 comparisons were performed), as stated in
the legends. Statistical significance was set according to a two-tailed
p-value (p) < 0.05. Statistical analysis was performed using GraphPad
Prism version 6.00 for i0OS (GraphPad Software, USA).

2.16. Study approvals

All animal studies were conducted in facilities accredited by legal
authorities (Direction Départementale de Protection des Populations
des Alpes-Maritimes, accreditation #C-06-152-5) using procedures
approved by the Ministére de I'Enseignement Supérieur et de la
Recherche (agreement #00788.01 and #05224.01). Samples and data
collection from Fragile X patients and controls were approved by the
medical ethics committee of the University of Antwerp in Belgium
(agreement #B300201523589). The study was conducted in accor-
dance with statutes and regulations regarding the protection of the
right and welfare of human subjects’ participation in biomedical
research (World Declaration of Helsinki).

3. RESULTS

3.1.
model
To study the potential impact of Fmr7-deficiency on general metabolic
homeostasis, we used proton nuclear magnetic resonance (‘H NMR)
spectroscopy to profile the plasma metabolome of 4-months old Fmri-
WT and -KO male littermates fed ad libitum. Supervised multivariate
statistical modelling of "H NMR data indicated that Fmr7-KO animals
displayed a characteristic plasmatic metabolic signature, significantly
distinct from controls (Figure 1A,B). In Fmr7-KO plasma, we identified
a significant decrease in signals from glucose, paralleled by an in-
crease in signals from branched chain amino acids, aspartate, and
phosphocholine (Figure 1C). -CH3 resonances from fatty acid (FA)
methyl groups at ~ 0.9 ppm [42] were also significantly increased in
Fmr1-KO animals compared to WT (Figure 1C). These results suggest
that Fmri1-deficiency induces possible dysregulations of glucose and
lipid metabolism observable in the fed state.

We then examined the levels of a number of metabolic markers after
an overnight fast. Fasting glycemia appeared unaffected by Fmri7-
deficiency as glycemia from Fmr1-WT and KO animals were both
reached standard fasting glucose levels of 100 mg/dL (Figure 1D). In
contrast, we observed reduced circulating levels of triglycerides (TG)
and total cholesterol in fasted Fmr7-KO animals, accompanied by a
reduction in plasma carnitine, a quaternary amine involved in lipid
metabolism (Figure 1E—G). Conversely, we observed significant in-
creases in free FA (FFA) and "H NMR signals from the ketone bodies
(KB) acetone and acetoacetate (Figure 1TH—J). Finally, we highlighted
that Fmri-deficiency reduced the fasting circulating levels of the
metabolic hormones leptin and insulin (Figure 1K,L). Collectively, these
variations in metabolic markers both in the fasted and fed state pointed
towards dysregulations in glucose and lipid homeostasis in Fmr1-KO
mice.

Fmr1-deficiency alters plasmatic metabolites in FXS mouse

3.2. Fmr1-deficiency enhances glucose tolerance and insulin
response

To further explore these dysregulations, we challenged energy ho-
meostasis in Fmr1-WT and -KO littermates by performing glucose and
insulin tolerance tests (GTT and ITT, respectively). After an overnight or
a 6 h fast, fasting glycemia was comparable for both genotypes (TO,

Figure 2A,B). During the course of the GTT, there was a significant
effect of genotype on glycemia over time (Figure 2A). Post injection of
glucose, glycemia was significantly lower in Fmr1-KO animals at 30,
45 and 60 min, when compared to WT animals (Figure 2A). During ITT,
there was also a significant effect of genotype on glycemia over time
after insulin injection. At 90 and 120 min, glycemia of Fmr7-KO ani-
mals were significantly lower than in Fmr71-WT controls (Figure 2B).
Cumulative glycemia calculated over the course of the GTT and ITT
were also significantly decreased in Fmr1-KO animals (Figure 2C,D).
We further investigated the insulin response at the molecular level in
Fmr1-KO and WT liver. Injection of a bolus of insulin triggered acti-
vation and autophosphorylation of the insulin receptor (InsR) in the
liver, leading to an increased phosphorylation at Tyr''*6 and Tyr'"5%
51 in both groups. In Fmr7-KO animals, the phosphorylation of InsR
was increased both in basal conditions and upon insulin injection when
compared to Fmr1-WT liver (Figure 2E). We then monitored the
phosphorylation status of Akt at Ser*”3. Following insulin injection, the
increase in Akt phosphosphorylation was significantly steeper in the
Fmr1-KO liver (Figure 2E). These data suggested that loss of FMRP in
the liver was accompanied by an increased response to insulin
stimulation.

3.3. Fmr1-deficiency reduces adiposity and shifts metabolism
towards a higher use of lipid as energy substrates

As several classes of circulating lipids were impacted in Fmr7-KO mice
(Figure 1C,E—K) and leptin was reduced, we then sought to investigate
the impact of Fmr1-deficiency on adipose tissue, the main tissue for
lipid storage, as well as a site of expression for FMRP (Figure S1). We
used pCT X-ray tomography and showed that Fmr7-deficiency
differentially affected intra-abdominal adipose tissue (IAAT) and sub-
cutaneous adipose tissue (SCAT). The volume of IAAT was significantly
reduced by 53.4% in Fmr1-KO animals, whilst SCAT was not affected
(Figure 3A). Further, fat pads of Fmr1-KO mice displayed smaller
adipocytes, with a reduced average surface as compared to control
animals (Figure 3B,C). Considering that adipocytes had a spherical
shape, we extrapolated their volume from the adipocyte area measures
and estimated that the mean adipocyte volume was decreased by
401% in  Fmr1-KO  animals (mean WT  adipocyte
volume = 1.76 £ 0.05 x 10* pm® vs. mean KO adipocyte
volume = 1.052 + 0.17 x 10* um®). This was within the range of the
total WAT volume ratio (53.4%, Figure 3A) and suggests that the total
number of adipocytes is likely preserved in the absence of FMRP.

In parallel, we showed that Fmr7-KO and WT WAT express similar
mRNA levels for the adipocyte precursor marker Pdgfra [43], sug-
gesting that the adipocyte precursor pool is not impacted in WAT
(Figure S2A). Also, FMRP expression increased upon differentiation of
adipocytes derived from the stromal vascular fraction (SVF) of WAT
(Figure S2B). However, analysis of SVF-derived Fmr1-KO adipocytes
did not reveal clear adipogenesis defects when compared to Fmr7-WT
adipocytes (Figure S2C). In addition, human multipotent adipose-
derived stem (hMADS) cells repressing FMR7 did not display alter-
ations in the course of differentiation or expression of the mature
adipocyte markers PLINT and FABP4 (Figure S3A,B). Thus, the
reduction in fat mass observed in Fmr7-KO animals appeared unlikely
to be due to impaired adipogenesis but rather to reduced fat storage in
adipocytes in vivo. We also observed a reduction in hepatic tri-
glycerides storage in Fmri-KO animals as compared to controls
(Figure S4).

Reduced fat storage both in liver and WAT could reflect a higher
consumption of lipids as energetic substrate in Fmri-deficient
animals. We therefore used indirect calorimetry chambers to
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Figure 2: Fmr1-deficiency improves glucose tolerance and insulin sensitivity in
liver. (A) Glucose tolerance test (GTT) in Fmr7-KO and WT animals. Data are
means + SEM; n = 9 WT, n = 9 KO; 2-way ANOVA: p(Genotype) = 0.0034,
p(Time) < 0.0001, p(Interaction) < 0.0001; Sidak’s post hoc tests for genotype-wise
comparisons: *, p < 0.05, ****, p < 0.0001. (B) Insulin tolerance test (ITT) in Fmr7-KO
and WT animals. Data are means + SEM; n = 8 WT, n = 8 KO; 2-way ANOVA:
p(Genotype) = 0.0117, p(Time) < 0.0001, p(Interaction) = 0.0134; Sidak’s post hoc
tests for genotype-wise comparisons: **, p < 0.01. (C) Cumulative glycemia over the
3 h course of GTT. Data are means + SEM; n = 9 WT, n = 9 KO; 2-tailed Student’s T-
test: **, p < 0.01. (D) Cumulative glycemia over the 3 h course of ITT. Data are
means = SEM; n = 8 WT, n = 8 KO; 2-tailed Student’s T-test: *, p < 0.05. (E)
Western-blot and densitometric analysis of insulin receptor (InsR) and Akt phosphor-
ylation status in liver from Fmr7-KO and WT animals injected with saline or insulin.
Densitometric analysis is presented as means + SEM of phosphoproteins signals ratios
relative to total protein, all signals being normalized to B-actin. InsR-Saline: n = 6
animals/group, InsR-Insulin.  n = 5 animals/group; 2-way ANOVA:
p(Genotype) = 0.0027, p(Treatment) < 0.0001, p(Interaction) = 0.7424; Fisher’s LSD
post hoc tests for genotype-wise comparisons: *, p < 0.05. Akt: n = 5 animals/group;
2-way  ANOVA:  p(Genotype) =  0.0215, p(Treatment) <  0.0001,
p(Interaction) = 0.0924; Fisher’s LSD post hoc tests for genotype-wise comparisons:
** p < 0.01.

measure circadian ingestive behavior, activity, 0, consumption,
and CO, production. No significant variations in drinking water
intake, food consumption, or total cumulative activity were
detected in Fmr7-KO animals over the course of indirect calo-
rimetry recordings (Figure S5A—D). Furthermore, Fmri1-deficiency
did not affect the energetic expenditure (EE) and its average over
24 h (Figure S5E,F). The respiratory exchange rate (RER), which
provides information about metabolic substrate utilization (lipid or
carbohydrate), was calculated by dividing the volume of CO,
produced (VCO2) over the volume of oxygen consumed (VO,) [44].
The RER profile of Fmr1-KO animals over 24 h appeared shifted
towards lower RER values (Figure 3D). Furthermore, its average
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was significantly decreased in Fmr1-KO animals as compared to
controls (Figure 3E), indicating that Fmr7-deficiency contributes to
shift metabolism towards an enhanced utilization of lipid substrates
as energetic substrate.

3.4. Fmri-deficiency increases lipolysis in adipocytes

In white adipose tissue (WAT), fat accumulation is regulated by acti-
vation of B-adrenergic receptors, which elicits intracellular TG hydro-
lysis and release of glycerol and FFA to the general circulation. We
monitored lipolysis in vivo in Fmri-KO and WT littermates in basal
conditions and upon systemic injection of isoproterenol, a pan [-
adrenergic receptor agonist. Isoproterenol treatment induced an in-
crease in peripheral plasma glycerol release in both Fmr7-WT and -KO
mice. Independently of isoproterenol treatment, glycerol release was
significantly increased in Fmri-deficient animals (Figure 4A). We
mirrored those results in WAT explants from Fmr1-KO and WT animals
(Figure 4B). This suggests a constitutive overactivation of lipolysis in
the absence of FMRP. Also, in Fmr1-KO SVF-derived adipocytes, there
was a significant increase in glycerol release when isoproterenol was
applied, suggestive of a higher sensitivity to f-adrenergic receptor
agonists (Figure 4C). Finally, we performed time-course experiments of
isoproterenol-induced lipolysis in hMADs transiently transfected with a
SIRNA that efficiently repressed FMR7 mRNA (Figure S3B). As a
readout of lipolysis, in addition to glycerol release, we monitored
intracellular TG and FFA release in the medium (Figure 4D). In both
SiFMR1 and siCtli-transfected cells, isoproterenol treatment impacted
intracellular TG levels (Figure 4D). After an initial phase of intracellular
TG depletion, de novo TG synthesis took over and likely accounted for
the progressive recovery in TG levels, hindering the identification of a
significant effect of FMR7-knockdown over the course of the experi-
ment (Figure 4D). In contrast, when considering FFA and glycerol
release induced by isoproterenol treatment, there was a significant
impact of FMR7-knockdown (Figure 4D). By 120 min, siFMR1-trans-
fected adipocytes had released significantly more glycerol and FFA
than siCt/-transfected adipocytes. These data collectively suggest that
loss of FMRP overactivates the f-adrenergic response and increases
lipolysis, both in mouse and human adipocytes.

3.5. The absence of FMRP leads to profound changes in the
hepatic proteome and increases hepatic protein synthesis

Since FMRP is expressed in the liver (Figure S1), a key organ for the
regulation of both glucose and lipid homeostasis, we reasoned that
molecular changes in the hepatic proteome could help refine the
molecular events underlying the broad metabolic effects driven by
FMRP loss. We used quantitative Mass Spectrometry (MS) to char-
acterize the liver proteome of Fmr7-K0 and WT littermates (Table S1).
The Volcano plot representing statistical significance against fold-of-
change (FC KO vs WT) for the 2,087 detected proteins appeared
dissymmetric (Figure 5A). Among the 307 proteins with a false dis-
covery rate (FDR) < 0.01 whose abundance was increased or
decreased by at least 1.5-fold (absFC > 1.5; Figure 5A), there was a
shift towards higher FC with strongest changes in terms of abundance
observed for upregulated proteins in the absence of FMRP. Further
clustering analysis on these 307 proteins revealed that protein abun-
dance patterns were consistent genotype-wise (Figure 5B).

GO analysis of the 307 dysregulated proteins clearly pointed to se-
lective enrichment in pathways linked to lipid metabolism, with the
Fmr1-KO liver notably displaying increased levels of enzymes or
transporters involved in the main routes of FA catabolism (Figure 5C,
Table S2—S4). Consistent with this, there was a reduced abundance in
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Figure 3: Fmri1-deficiency reduces adiposity, enhances lipolysis, and shifts metabolism towards a better utilization of lipids. (A) X-ray computerized tomography 3D
reconstruction of intra-abdominal (IAAT) and subcutaneous (SCAT) adipose tissues and calculated volumes of IAAT and SCAT in Fmr7-WT and KO animals. Data are presented as
means + SEM; n = 14 WT, n = 14 KO; 2-way ANOVA: p(Genotype) < 0.0001; p(AT type) < 0.0001; p(Interaction) = 0.0004; LSD post hoc tests for genotype-wise comparisons:
*** p < 0.0001. (B) Representative sections of Fmr7-WT and KO IAAT stained with hematoxylin and eosin, black bars represent 100 um. (C) Average adipocyte area in Fmr1-WT
and KO IAAT. Data are presented as means & SEM; n = 6 WT, n = 6 KO; 2-tailed Mann & Whitney U-test: *, p < 0.05. (D) Respiratory exchange rate (RER) follow-up over 24 h in
4 months-old Fmr1-KO and WT mice. Data are means + SEM every 10 min; n = 8 WT, n = 10 KO. (E) Average RER over 24 h in Fmr71-KO and WT mice. Data are means + SEM;

n = 8 WT, n = 10 KO; 2-tailed Student’s T-test: *, p < 0.05.

proteins involved in lipid storage and formation of lipoprotein particles
in the absence of FMRP (Figure 5C, Table S2—S4), in agreement with
the significant reduction in hepatic TG content in Fmri-KO liver
(Figure S4). This supported that molecular changes in the liver in the
absence of FMRP could participate to metabolic phenotypes linked to
lipids in Fmr1-KO animals. In contrast to the numerous pathways
linked to lipid metabolism highlighted with the GO analysis, only one
pathway related to glucose was significantly enriched “starch and
glucose metabolism” (Figure 5C, Table S3).

Besides clear overrepresentation of pathways involved in lipid meta-
bolism, the primary enriched pathways involved ribosome, RNA
translation, RNA-binding proteins, and amino-acyl-tRNA biosynthesis
(Figure 5C, Table S2—S4). Notably, core ribosomal proteins and
translation elongation factors were markedly upregulated in the

absence of FMRP (Table S2—S4). We reasoned these changes could
reflect a possible increase in hepatic translation in the absence of
FMRP. We therefore monitored protein synthesis in the FL83B murine
hepatocyte cell line by labeling neosynthesized polypeptides with
puromycin [39]. We inactivated FMRP expression by lentiviral trans-
duction of an shRNA directed against Fmri. Transduced cells
expressing the shFmr1 or control shCt/ were selected based on their
co-expression of eGFP. Immunofluorescence staining using the avian
IgY#C10 antibodies revealed a strong reduction of FMRP expression in
shFmr1 cells as compared to shCtl cells, while the signal from the
ribosomal protein S6 remained unaffected (Figure 5D). Western blot
analysis of FMRP expression confirmed that this repression is stable
over passages in shFmri-transduced cells (Figure S6A). Puromycin
labeling of neosynthesized peptides was strongly decreased when the
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Figure 4: Fmri-deficiency increases lipolysis in murine and human adipocytes. (A) Glycerol release in serum as readout of lipolysis in Fmr1-KO and WT animals before and
15 min after injection of isoproterenol (Iso). Data are presented as means 4+ SEM; n = 13 WT, n = 12 KO; 2-way ANOVA: p(Genotype) = 0.0327; p(Treatment) < 0.0001;
p(Interaction) = 0.4161; LSD post hoc tests for genotype-wise comparisons: *, p < 0.05. (B) Glycerol release as readout of lipolysis following treatment with Iso in ex-vivo culture
supernatant of epididymal white adipose tissue (WAT) explants. Data were normalized to individual WAT explant weight and presented as means + SEM; n = 8/condition; 3-way
ANOVA: p(Genotype) < 0.0001, p(Treatment) < 0.0001, p(Time) < 0.0001, p(Genotype x Treatment) = 0.4884, p(Genotype x Time) < 0.0001,
p(Treatment x Time) < 0.0001, p(Genotype x Treatment x Time) = 0.5818; Sidak’s post hoc tests for genotype-wise comparisons: **, p < 0.01; p****, <0.0001. (C) Glycerol release
as readout of lipolysis following treatment with Iso in vitroin SVF-derived adipocytes from Fmr1-WT and KO animals. Data were normalized to protein content and presented as means
ratios relative to control WT — Iso &= SEM; n = 6 WT, n = 6 KO; 2-way ANOVA: p(Genotype) < 0.0205; p(Treatment) < 0.0001; p(Interaction) = 0.0102; LSD post hoc tests for
genotype-wise comparisons: **, p < 0.01. (D) Intracellular TG and release of glycerol and FFA following isoproterenol-induced lipolysis in human hMADS cells differentiated into
adipocytes, transiently transfected with anti-FIVR7 (siFMRT) or control siRNA (siCt). Data were normalized to protein content and presented as means ratios relative to siCtl —
Iso + SEM; n = 4/condition; 2-way ANOVA: p(siRNArg) = 0.7478, p(Timerg)0.0049, p(nteractionrg) = 0.9339; p(siRNAgycera) = 0.0102, p(Timegycera) < 0.0001,
p(Interactiongyycerol) = 0.0048; p(SiRNAr) = 0.0008, p(Timerra) < 0.0001, p(Interactionra) = 0.0081; LSD post hoc tests for siRNA-wise comparisons: **, p < 0.01;**, p < 0.001.

translation inhibitor cycloheximide was applied, showing the specificity
of the labeling (Figure S6B). After both 15 min and 30 min of treatment,
we observed a significant increase in puromycin incorporation in the
FL83B-shFmr1 cell line as compared to the FL83B-shCtl cell line
(Figure 5E,F). These data supported that FMRP loss exaggerated
protein synthesis in hepatocytes, in line with the shift towards higher
protein abundances in the Fmr7-KO liver and the significant enrich-
ment in GO terms related to “Translation” or “Ribosome” highlighted in
the study of the Fmr1-KO liver proteome (Figure 5A,C, Table S3, S4).

3.6. FMRP targets hepatic mRNAs linked to lipid homeostasis

To functionally connect FMRP to the observed metabolic phenotypes
and identify the molecular pathways involved, we used a network-
based approach integrating directed metabolic and signaling net-
works [40,41]. We first compiled an extended list of metabolites
deriving from the metabolic biomarkers identified in our initial
metabolomics and biochemical measurements (Figure 1, Table S5)
and imputed a number of interactions (Table S6). Notably, the network
displays in the inner circle close around FMRP the putative interactions
with the 307 proteins significantly dysregulated by at least 1.5-fold in
the liver in its absence (Table S2). Then, to identify metabolic nodes
forming functional paths between FMRP and its associated metabo-
lites, we analyzed the topology of the resulting network (Figure 6A) and
derived the relative importance of each node within the network using

a measure of centrality (pivotal betweenness (PB) described in [45],
Table S7). Among the 307 dysregulated proteins in the Fmr7-KO liver,
175 displayed PB distinct from 0 (Table S7), indicating that they are
likely to contribute to the observed metabolic signature. The resulting
network (Figure 6A) highlights a number of protein nodes dysregulated
in the Fmr1-KO liver and connecting FMRP to the metabolites with
single-step paths (Figure 6A,B).

To further validate in vivo the network predictions and ascertain that
FMRP could directly regulate the translation of some pivotal proteins,
we tested whether FMRP interacted in hepatocyte with a series of
mRNAs encoding proteins appearing in the network with PB distinct
from zero and with functions directly involved in lipid and glucose
metabolism (Figure 6A,B). FMRP-associated messenger ribonucleo-
particles (mRNPs) from FL83B hepatocytes were efficiently trapped by
immune-affinity (IA) capture, as shown by the enrichment in FMRP in
the IA preparations and the concomitant strong depletion in FMRP
signal in the post-IA supernatant (Figure 6C). Cpt1a, Slc16ai, Aldh3aZ,
Abcd3, and Tecr mRNA, as well as Fmr1 mRNA, itself an extensively
validated mRNA target of FMRP [46], were detected by RT-PCR in IA-
captured FMRP complexes and not recovered in the control fraction
(Figure 6D). In contrast, the unrelated mRNA Actb, Ckdn1a, Hprt, and
Gapdh or mRNAs encoding proteins with a null PB such as Plin3 were
not detected (Figure 6D, Figure S6C). Also, the mRNAs encoding the
pivotal proteins Agl, Gys2, or Apoa2 were not recovered in FMRP mRNP
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Figure 5: Loss of FMRP provokes profound changes in the hepatic proteome and enhances translation. (A) Volcano plot of statistical significance presented as -Log-10
transformed false-discovery rate (FDR) against fold-of-change for each quantified protein in Fmr7-KO and WT liver. n = 5 WT, n = 5 KO. Significantly upregulated proteins and
downregulated proteins (FDR<0.01) appear respectively in red and blue. (B) Heatmap visualization and clustering analysis of significantly affected proteins whose abundance was
increased or decreased by at least 1.5-fold (see list in S| Appendix, Table S2). n = 5 WT, n = 5 KO. Color code refers to the calculated z-score, missing values appear in black. (C)
Selection of GO terms significantly enriched in the list of proteins presented in b and Table S2 (see SI Appendix) and associated adjusted p-value (Table S3, S4). (D) Immu-
nofluorescence analysis of FMRP expression in the FL83B hepatic cell line transduced with a virus driving the expression of a control shRNA (shCth or an shRNA targeting Fmr1
(shFmr1) coupled to eGFP (green). FMRP was detected with IgY#C10 anti-FMRP antibodies (red) and the ribosomal protein S6 with anti-S6 antibodies (purple). Nuclei were
counterstained with DAPI (blue) and merge images are shown in the last panel. The same exposure time was used for image captures of shFmr1- and shCtl transduced cells. (E)
Translation monitoring assay using puromycin-labeled proteins in the shFmr1- or shControl (shCt)- inactivated cells. Cells were labeled with puromycin for 15 and 30 min. Cell
homogenates were analyzed by SDS-PAGE and proteins transferred to nitrocellulose membranes. Separated proteins were stained with Red Ponceau followed by immuno-blotting
with an anti-puromycin antibody (2-Puro) that labels neosynthesized peptides. (F) Densitometric analysis of puromycin signal in (E). Data were normalized to total protein Ponceau

8 MOLECULAR METABOLISM xxx (xooxx) xxx  Crown Copyright © 2019 Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (hitp://creativecommons.org/licenses/by-nc-nd/4.0/).
www.molecularmetabolism.com



complexes, suggesting selectivity in FMRP mRNA recognition
(Figure S6C). To further validate that the identified associations also
occurred in vivo, we performed IA-capture experiments in liver ho-
mogenates obtained from Fmr7-WT and -KO mice and confirmed the
presence of Cptia, Slc16al, Aldh3a2, Abcd3 and Tecr mRNA in FMRP-
containing mRNPs (Figure S7). These experiments suggest that FMRP
associates with mRNA encoding pivotal enzymes and transporters in
the network and likely controls their translation in the liver. This could
contribute to the lipid-related metabotypes observed in Fmri-KO
animals.

3.7. FXS patients display reduced glycemia, insulinemia and
increased circulating FFA

To further assess the clinical relevance of the identified metabolic
effects induced by loss of FMRP in FXS mouse model, we collected
sera samples in a cohort of 25 FXS patients, bearing FMR7 full-
mutation (above 200 CGG repeats in the 5°UTR of the gene) which
leads to FMRT1 gene inactivation and loss of FMRP [47], and 29 sex and
age-matched controls (Figure S8A,B). Distributions of body mass in-
dexes were not different between patients and controls (Figure S8C).
Sera of patients and controls were collected randomly during the day,
but the distribution of sample collection time was not differing between
control and patient groups (Figure S8D). We then used "H-NMR to
profile the serum metabolome of controls and FXS patients. 0-PLS-DA
modelling of "H-NMR data showed that FXS patients display a char-
acteristic serum metabolic signature that is significantly different from
controls (Figure 7A,B). Serum from FXS patients displayed a significant
decrease in signals from glucose (Figure 7C,D), similarly to Fmr7-KO
animals in the nonfasted state (Figure 1C). In FXS patients, there was
also a significant decrease in signals from glutamine and alanine,
paralleled by an increase in creatine signals (Figure 7C). Finally, FXS
patients displayed a significant reduction in insulin levels and a sig-
nificant increase in circulating FFA as compared to controls
(Figure 7E,F).

4. DISCUSSION

Here, we provide an in-depth metabolic phenotyping of the FXS mouse
model and highlight the consequences of the loss of the translational
regulator FMRP on metabolic homeostasis in mice and humans. We
further highlighted the contributing molecular mechanisms, as we
show that loss of FMRP increased hepatic synthesis of proteins notably
involved in lipid metabolism.

4.1. The absence of the translational regulator FMRP dysregulates
hepatic protein synthesis with consequences on systemic
metabolism

In this study, we demonstrate that the absence of FMRP leads to an
increase in protein synthesis, as supported by our proteomics data in
the Fmr1-KO liver in combination with quantification of protein syn-
thesis in Fmri-deficient hepatocytes. This depicts FMRP as a regulator
of hepatic translation, in agreement with its presence on poly-
ribosomes from mouse liver [2]. Biological network integration of
metabolomics and proteomics data enabled us to identify key mRNA
targets of FMRP linked to the metabolic phenotypes observed in Fmr1-
KO animals: Cptia, Sic16al, Aldh3a2, Abcd3, and Tecr. Importantly,
these mRNA were previously identified as putative FMRP targets in
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large-scale screenings [5,48] and we have experimentally validated
their association with FMRP and the overabundance of the corre-
sponding proteins in the Fmr1-KO liver. These data support the fact
that FMRP functions as a translational repressor in the liver for this
subset of mRNAs and directly controls translation of the cognate
protein. Our work indicates that loss of FMRP determines increased
abundances of key enzymes or transporters cooperating in FA hepatic
metabolism either through direct translational regulation, or indirectly
possibly through compensatory or adaptive mechanisms. Although we
cannot exclude the fact that the activity of these enzymes and trans-
porters could be downregulated to compensate for their over-
abundance, dysregulated hepatic expression of these proteins could
explain the variations in the circulating levels of a number of metab-
olites and contribute to the global metabolic changes observed in
Fmr1-KO animals. Notably, in the absence of FMRP, overabundance of
Cpt1a, the rate limiting enzyme of FA mitochondrial B-oxidation which
transfers the acyl group of LCFA-CoA conjugates onto carnitine [49],
could directly improve the mitochondrial uptake of long-chain fatty
acids and their subsequent mitochondrial [-oxidation. This is in
agreement with previous work showing that increase in CPT1A activity
enhanced [-oxidation rates both in vitro and in vivo, reduced hepa-
tocyte TG accumulation and secretion and increased KB formation
[50,51], in agreement with our findings in Fmr7-KO mice. In the
absence of FMRP, the increased synthesis of the monocarboxylate
transporter Slc16al [52] could also favour hepatic export of KB, the
terminal breakdown products of mitochondrial [B-oxidation, contrib-
uting to elevate the circulating levels of the KB acetone and acetoa-
cetate in Fmr1-KO mice. Furthermore, overabundance of the FA
transporter Abcd3 and of the aldehyde dehydrogenase Aldh3a2 could
also be indicative of increased peroxisomal -oxidation of lipids [53].
All these data suggest a direct link between loss of the translational
regulator FMRP in liver and lipid homeostasis. FMRP is expressed in all
peripheral tissues, except in adult muscle [13,54]. Further studies are
now required to understand the impact on translation of FMRP loss in
extra-hepatic peripheral tissues with metabolic roles, and how it could
disrupt their metabolic interplay.

4.2. The absence of FMRP perturbs key metabolic pathways

In the absence of FMRP, we also show that key metabolic signaling
pathways are over-activated: the insulin-mediated control of glucose
homeostasis and the B-adrenergic control of lipolysis. Excessive in-
sulin signaling in the brain [14,15] and in the intestine [16] was pre-
viously described in the dfmri FXS drosophila model and also
associated with excessive Akt phosphorylation. Our work further ex-
tends these findings to the liver in the Fmr1-KO mouse model and
suggests that FMRP is generally required for the fine-tuning of the
response to insulin. Increased sensitivity to insulin in the liver could
explain the improved glucose tolerance in Fmr1-KO animals, while the
reduced circulating levels of insulin might result from a physiological
adaptation to counteract excessive insulin signaling. Defective insulin
signaling in other peripheral organs might participate to the glucose-
related phenotypes we describe in the present study. In mice, intes-
tinal gluconeogenesis is essential to maintain glycemia in the absence
of hepatic glucose production [55]. Furthermore, bone is also a tissue
exerting some control on metabolism, and notably on the insulin
system [56]. Given the fact that FMRP is not expressed in adult muscle
[13,54], we anticipate that the consequences of FMRP loss in muscle

signal, adjusted to average signal in shCt/ cells at 15 min and presented as means + cSEM; n = 6 independent measures/group, except for WT 30 min, n = 5; 2-way ANOVA:
p(shRNA) < 0.0001, p(Time) < 0.0001, p(Interaction) = 0.4288; LSD post hoc tests for shRNA-wise comparisons: ***, p < 0.001; ***, p < 0.0001.
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Figure 6: Metabolic network mapping links FMRP to metabolic dysregulations via specific mRNA targets involved in lipid catabolism. (A) Classes of circulating me-
tabolites and hepatic proteins significantly dysregulated in Fmr7-KO animals were mapped onto the interactome. The resulting network allows connecting the causal protein FMRP
to the downstream metabolic consequences of its absence. (B) Pivotal proteins of the network, Log2 fold-of-change (FC) in the Fmr7-KO vs WT liver, associated adjusted p-value
(FDR) and normalized pivotal betweenness scores (PB). (C) Cell homogenates from FL83B hepatocytes (Input), immuno-affinity (IA) purified complexes, captured with control IgY (IA
Ctl) or anti-FMRP IgY#C10 (IA C10) antibodies and corresponding post-IA flowthrough (FT) supernatants were separated by SDS-PAGE, transferred onto a nitrocellulose membrane
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Figure 7: FMR1-deficiency in Fragile X Syndrome patients reduces glucose and insulin and increases circulating FFA. (A) OPLS-DA of "H NMR spectra from sera of FXS
patients and sex-, aged-, BMI-matched controls and computation of PLS scores maximizing the segregation of the groups (TPred1 & TYosc1). Sera were collected in the fed state.
(B) Permutation testing to assess significance of the 0-PLS-DA model presented in (A) (n = 10,000 random iterations, p = 0.026). (C) Pseudo-spectrum representation of OPLS-DA
model coefficients to highlight spectral regions responsible for discrimination between FXS and control samples. Positive and negative model coefficients respectively correspond to
significantly higher or lower metabolite concentrations in FXS patients as compared to controls. "H NMR signals corresponding to glucose, glutamine, alanine and creatine are
highlighted. (D) Relative quantification of the 'H NMR signal corresponding to glucose peak at 5.25 ppm in sera from controls and FXS patients. Data are means + SEM; n = 28
controls, n = 24 FXS patients; 2-tailed Student’s T-test on log-transformed data: *, p < 0.05. (E) Circulating levels of insulin in controls and FXS patients. Data are means + SEM;
n = 29 controls, n = 25 FXS patients; 2-tailed Student’s T-test on log-transformed data: *, p < 0.05. (F) Circulating levels of FFA in controls and FXS patients. Data are
means + SEM; n = 28 controls, n = 25 FXS patients; 2-tailed Student’s T-test on log-transformed data: *, p < 0.05.

tissue would only be indirect or secondary to the alterations we Fmr7-KO animals. Further, the increased release of FFA from WAT
describe in the liver. could enhance the bioavailability of lipid substrates for hepatic f—
We also highlight that Fmr7-deficient experimental models display and w—oxidation and contribute to the shift towards a higher utili-
an enhancement of the [—adrenergic agonist-driven lipolytic  zation of lipids substrates observed in Fmr7-KO mice using indirect
response in WAT, which could underpin the reduced adiposity in  calorimetry.

and stained with Ponceau (upper panel). IgY heavy chains and light chains are indicated by an asterisk. Immunoblotting with anti-FMRP mAb1C3 antibody (lower panel). Note the
depletion in FMRP load in the post-IA C10 flowthrough with IgY#C10 (FT C10), as compared to input and control IgY IA (FT Ctl). (D) RT-PCR analysis of mRNA associated with FMRP.
Total RNA was extracted from the input cell lysate and IA preparations described in (C), and used as a template for RT-PCR. PCR products obtained from input, control IgY (IA Ctl) or
IgY#C10 (IA C10) IA complexes as well as control blank PCR (Bk) performed in the absence of matrix were separated and visualized by agarose gel electrophoresis. The molecular
weights (MW) of PCR amplicons are specified on the right side.
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4.3. The Fragile X family of proteins and RNA-binding proteins
have possible conserved roles in the control of metabolic
homeostasis

We show that the absence of FMRP provokes profound changes in
glucose and lipid metabolism in the Fmr7-K02 mouse model, while no
overt metabolic alterations were previously reported in the Fmr1-KO1
mouse model of FXS [18]. Besides differences in the breeding, housing
or diet used for the Fmr71-KO1 and KO2 models, possible explanation
for this could be the age of the animals studied and different experi-
mental design for in vivo metabolic phenotyping. However, Lumaban &
Nelson showed that the Fmri/Fxr2 double knock out mouse exhibits
metabolic abnormalities overlapping with our observations: enhanced
glucose tolerance and insulin response, hypoglycemia, and reduced
adiposity [18]. This suggests a conserved role for the Fragile X Related
family of genes in the regulation of metabolic homeostasis. In keeping
with this notion, a recent study indicates that the Drosophila FXS model
displays anomalies in energy metabolism, with decreased whole-body
glucose and lipid stores and impaired mitochondrial functions [17]. In
addition, we show both in mouse and human that FMR7-deficiency
impacts the circulating metabolome and notably reduces glucose and
insulin levels. This suggests that FXS may also be accompanied by yet
under reported modifications in insulin sensitivity and glucose ho-
meostasis in humans, similar to that seen in our FXS mouse model and
in FXS fly model [17]. We highlighted reduced levels of FFA in FXS
patients; lower blood cholesterol was previously reported in FXS pa-
tients [19—21], and we now report it in the Fmr7-KO2 mouse model,
suggesting that lipid homeostasis is generally impacted by FMR1-
deficiency. Other translational regulators such as the translation initi-
ation factors EIF6 [57] and EIF4BP1 [58] or the ribosomal protein S6
kinase p70S6K [59] have previously been described as modulators of
metabolic phenotypes and notably of lipid homeostasis. In particular,
similarly to Fmr1-KO mice, S6k1-KO and Eif4bp1-KO mice have
reduced body fat mass, increased lipolysis, and decreased adipocyte
size. Our study therefore strengthens the importance of RNA-binding
proteins and translation regulators in the general control of meta-
bolic homeostasis.

4.4. Clinical relevance of findings

Regarding the clinical relevance of our findings of reduced adiposity in
FXS mouse model, there is a lack of large-scale epidemiological
studies on adiposity in the general FXS population. Although severe
obesity is reported in less than 10% of FXS patients, known as Prader
Willi-like (PWL) [60,61], obesity is not described in typical FXS patients
[7,62], such as the patients enrolled in our study. On one hand, obese
FXS patients are likely to benefit at the behavioral and metabolic level
from treatment with the anti-diabetic drug metformin, as recently
shown in seven FXS cases [63]. On the other hand, we show that
typical FXS patients are likely to present metabolic phenotypes distinct
from type 2 diabetes (T2D) with reduced glycemia and insulinemia.
One study even mentioned a lower incidence of T2D in FXS population
[63]. In the same line, earlier studies have reported that FXS patients
are not prone to hyperlipidemia since they display reduced cholesterol
and TG [19—21], in agreement with our findings in FXS mouse model.
Treatment with the cholesterol-lowering agent lovastatin improved
behavioral outcome in FXS patients [64], but the authors also observed
an unexpectedly strong diminution in TG and cholesterol levels after 3
months of treatment [20,64]. This raises the issue that the possible
untoward effects of metabolic drugs should be considered in clinical
trials involving FXS patients not harbouring T2D features or
hyperlipidemia.

4.5. Conclusions

Our study identifies metabolic phenotypes in FXS and supports a role
for FMRP-mediated translation in the homeostatic control of systemic
metabolism. Furthermore, this work underlines the importance to
further investigate the metabolic roles of translational regulators, both
in fundamental biology and from a clinical standpoint.
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Supplemental material and methods

Animal procedures. C57BI6/J Fmr1-KO2 mice used in this study are described in
[1]. Animals were housed in an SPF facility in medium-size (up to 5
animals/cage) or large cages (up to 10 animals/cage) filled with wooden bedding,
one plastic house and nesting material for enrichment. All Fmr1-WT and Fmr1-
KO male used in this study were littermates born to heterozygous females. Pups
were weaned at 28 days of age, identified by ear tags, and genotyped by PCR as
described [1]. Pups from various litters were then randomly grouped according to
their genotype in cages and had ad libitum access to water and standard chow
(reference 4RF25, Mucedola) composed of cereals (53.7%), animal proteins
(4.7%), vegetal proteins (30.5%), lipids (soy oil, 1.4%), vitamins and minerals
(4.1%), amino acids (0.1%). Animals were housed in a temperature (22-24°C)
and hygrometry (70-80%)- controlled room with a 12 hrs light-dark cycle (lights
on at 07:00). All the described experiments were performed on male animals at
exactly 4-months (16 weeks) of age, to the exception of initial blood sampling of
fed animals for metabolic profiling presented in Figure 1 that was performed on
fed Fmr1-KO and WT animals between 4 and 6 months of age. Blood was
withdrawn in the morning between 9 and 10 a.m. in heparinated tubes (Terumo)
from Fmr1-KO and WT animals in nonfasting or fasting conditions as stated. In
nonfasting conditions, animals were fed ad libitum and in fasting conditions

animals were fasted overnight for 16 hr. Plasma was collected from tubes after



centrifugation at 1200g for 10 min. For experiments involving treatment, animals

from the same genotype were randomly assigned to experimental groups.

Metabolic profiling. NMR experiments were carried out using a Bruker Avance
spectrometer (Bruker GmbH, Rheinstetten, Germany) operating at 600 MHz.
Briefly, 15 uL of plasma or serum was mixed with 335 pL of water and 350 pL of
buffer (0.075M NaH;PO,, 0.8% TSP, 0.04% NaNs;, 20% DO, pH 7.4),
centrifuged (12000g, 4 °C, 5 min). Six hundred pL of the resulting supernatant
was transferred into a SampleJet NMR tube for '"H NMR analysis using a
spectrometer (Bruker) operating at 600.22 MHz as described previously [2].
Structural assignment was performed using data from literature, HMDB

(http://www.hmdb.ca/), S-Base (Bruker GmbH, Rheinstetten, Germany) and in-

house databases [3]. 'H NMR spectra were pre-processed and exported in to
Matlab for multivariate statistical analyses using orthogonal partial least square

discriminant analysis (O-PLS-DA) as previously reported [4].

Blood chemistry and hormones measurements. The determination of circulating
TG, FFA and total cholesterol was subcontracted to the Genotoul Anexplo
Platform (Toulouse, France) and performed on 16 hr fasted Fmr1-WT and KO
plasma samples. The determination of triglyceride content in liver was made
using an enzymatic test (ETGA-200, Bioassay Systems) on tissue homogenates
from 16 hr fasted animals. Briefly, tissues of Fmr1 WT and KO mice were

homogenized in proportion to their mass using a water-based buffer containing



isopropanol and Triton X100. The resulting homogenate was then centrifuged
and the supernatant submitted to enzymatic hydrolysis of TG, followed by a
chemical determination of glycerol, proportional to the amount of TG in the
original sample, using a biochemical colorimetric kit (Sigma Aldrich). Leptin and
insulin were measured on murine plasma sampled after a 16 hr fast using an
Electro-Chemo-Luminescence (ECL)-based assay (v-plex®,
MesoScaleDiscovery). The same platform was used to measure insulin in sera

from FXS patients and controls.

Insulin (ITT), glucose tolerance tests (GTT). These experiments were conducted
according to the IMPReSS guidelines (International Mouse Phenotyping
Resource of Standardized Screens) and in agreement with [5] and [6]. Mice were
respectively fasted 16 hr (GTT) or 6 hr (ITT) prior to i.p. injection of glucose (2
g/Kg, Sigma-Aldrich) or insulin (0.75 U/Kg, Humalog, Lilly) as per recommended
procedures [6]. Glycemia was then measured by tail blood sampling at 0, 15, 30,
60, 90, 120 and 180 min post injection using a glucometer (AccuCheck Mobile,
Roche) and a drop of blood collected after an incision at the tip of the tail. During
the course of the experiment, mice were freely moving and unrestrained
(including during blood sampling for glycemia measure) and had continuous

access to water.

In vivo tissue insulin sensitivity measurement. Mice were fasted 16 hours, then

injected with insulin (0.75 U/Kg, Humalog, Lilly) or saline. Five minutes after



injection, mice were sacrificed by cervical dislocation and tissues were rapidly
dissected, snapped frozen in liquid nitrogen and stored at -80°C until further

analyses.

Western-blotting. Samples were homogenized by sonication in a buffer
containing 50 mM Tris pH 7.4, NaCl 150 mM, MgCl, 1.25 mM, Triton 0.5 % and
containing protease and phosphatase inhibitors (Pierce, Thermo-Scientific).
17,000 g supernatants were dosed using the Bradford method (Biorad). 30 ug of
proteins were diluted in Laemmli buffer, separated on 11% acrylamide gels and
transferred to nitrocellulose membranes (Amersham). Membranes were probed
with Anti-Akt (#9272; 1:2000), anti-pSer*’-Akt (#9271; 1:500), anti-Insulin
receptor (#3025; 1:1000), anti-pTyr' """ |nsulin  receptor/pTyr''**>"1%|gf
receptor (#3024; 1:250) polyclonal antibodies from Cell Signalling Technologies,
monoclonal anti-B-Actin (#A2228) or anti-GAPDH (#G8795) antibodies (1:30,000;
Sigma-Aldrich) and HRP-coupled secondary antibodies (1:1000; Jackson
Laboratories). Signal was visualized using ECL kits (Perkin) and a Fusion VX-
Imager (Vilber). Protein and phospho-proteins signals were quantified by
densitometric analysis using the ImagedJ software. For each tissue, two gels were
run in parallel. One membrane was used for total proteins quantification and the
other for phosphoproteins. p-actin signals were used to control for variability in
loading/transfer. Total protein and phospho-protein signal intensities were

normalized to the respective B-actin signals. The ratio between normalized

phospho-epitopes signals and the corresponding normalized total protein signal



was then calculated. Scans of the fully uncut Ponceau-stained membranes as

well as western-blots are available upon request.

Quantitative RT-PCR. Total RNA was extracted from tissues using the RNeasy
kit (Qiagen, Hilden, Germany) and digested with DNAase | (Turbo DNAse,
Ambion). Reverse transcription (RT) reaction was performed using the
Superscript || RT-PCR system (Invitrogen, Carlsbad, California, USA) according
to the manufacturers’ protocol. Real-time PCR reactions were carried out using
the Syber Green | gPCR core Kit (Eurogentec, Liege, Belgium) in a LightCycler
system (Roche, USA). The comparative threshold cycle (C;) for the amplicons of
each sample was determined by the LightCycler software and normalised to the
corresponding C; of TATA Box Binding Protein (Tbp) mRNA for murine samples
and Glyceraldhyde phosphate dehydrogenase (GAPDH) for human samples.
Finally, the 2-AAC; method [7] was used to analyse the relative changes in the
various studied mRNAs. The following primers were wused: Tbp
(AGGCCAGACCCCACAACTCG; GGGTGGTGCCTGGCAA), Pdgfra
(ACTACATCTCCAAAGGCAGCACCT, TGTAGAACTGGTCGTTCATGGGC A),
human GAPDH (CCACATCGCTCAGACACCAT; GACCAGGCGCCCAAT),
human FMR1 (CATGCACTTTCGGAGTCTG; GAAATCTCGAGGCAAGCTG).

Primers for human PERILIPIN1 and FABP4 are described in [8].

Microcomputed tomography analysis. Anesthetised animals were introduced in a

SkyScan-1178 X-ray tomograph and analysed as previously described [9]. In



brief, mice were scanned using the following parameters: 104 ym voxel size, 49
kV, 0.5 mm thick aluminum filter and a rotation step of 0.9°. Subcutaneous and
intra-abdominal adipose tissue volumes were determined in 250 slides of a 20.5
mm segment in the abdominal cavity between the lumbar vertebra 3 (L3) and the
caudal vertebra 1 (C1) using NRecon and CTAn softwares (Bruker, Kontich,

Belgium).

Adipose tissue histology. Epididymal adipose tissue was collected, fixed for 24
hours in 4% paraformaldehyde, paraffin-embedded and serially cut in 4 ym
sections using a microtome HM340E (Leica). Slices were then deparaffinated
and stained with hematoxylin and eosin. Micrographs were obtained with a
DMD108 digital microscope and automated analysis of adipocytes surface was

performed using an in-house ImagedJ software macro.

Cell culture. Preparation of stromal vascular fraction (SVF) of epididymal adipose
tissue was performed as described in [10]. Briefly, intra-abdominal white
epididymal fat depots were collected, washed in PBS, minced then digested for
30 min at 37°C in DMEM supplemented with 2 mg/ml collagenase A (Roche) and
20 mg/ml bovine serum albumin (Sigma-Aldrich). The lysate was successively
filtered through 250, 100, and 27 ym nylon meshes and centrifuged for 5 min at
500 g. The pellet containing SVF cells were plated and maintained in DMEM
containing 10% FBS until confluence. Differentiation was induced in the same

medium  supplemented  with 1 UM dexamethasone, 0.5 mM



isobutylmethylxanthine, and 340 nM insulin for 2 days. Cells were then
maintained for 10 days in the presence of 340 nM insulin for the induction of
adipogenesis. hMADS cells were described in [8, 11], transfected with anti-FMR1
SiRNA (Invitrogen): CCCACCUCCUGUAGGUUAUAAUAAA/UUUAUUAUAACCU
ACAGGAGGUGG) or control siRNA (Stealth, Invitrogen), using HiPerFect
Transfection Reagent (Qiagen) and differentiated into adipocytes as described in

8, 11].

Lipolysis assays. For in vivo lipolysis experiments, 6 hours-fasted Fmr1-KO and
WT were injected intraperitoneally with either saline or isoproterenol at 1 mg/Kg.
Fifteen minutes after injection, blood was sampled for glycerol determination in
serum. For ex vivo lipolysis experiments, 6 hours-fasted Fmr1-KO and WT mice
were sacrificed, and intra-abdominal white epididymal fat depots were sampled,
washed in PBS, then cut in explants of 15-20 mg each, and weighed. Explants
were then incubated for 1 hr in DMEM low glucose (1 g/L) supplemented with 15
mM Hepes, 0.5 % bovine serum albumin (Sigma-Aldrich) and then treated with 1
MM isoproterenol or vehicle. A sample of medium was taken for determination of
glycerol content at 0, 60, 90, 120, 150 and 180 min after treatment. Glycerol
release was then normalized to initial explant mass. Glycerol concentration in
serum or medium was determined using Glycerol Free reagent kit (Sigma-
Aldrich), according to the manufacturer’s instructions. Lipolysis experiments of
SVF-derived adipocytes were performed as described in [10], using 1 pM of

isoproterenol for 1 hr 30 min. Lipolysis of human hMAD-derived adipocytes was



performed after 10 days of differentiation. Cells were over-night insulin deprived
and then submitted to 1uM isoproterenol treatment in fresh media. At indicated
times, sampled media were used to measure glycerol and free fatty acid release
using Free Glycerol Reagent and Free Fatty Acid Quantification Assay Kit
(Abcam) according to the manufacturer’s instructions. Concomitantly, cells were
lysed with NaOH 0.2N and neutralized with HCI 0.2N. Lysates were used to
evaluate triglyceride content using Triglyceride and Free Glycerol reagents
(Sigma-Aldrich) and protein content using BCA kit (Sigma-Aldrich) according to
the manufacturer’s instructions. TG, glycerol and FFA levels were then

normalized to protein content in the corresponding well.

Indirect calorimetry. Indirect calorimetry experiments were performed at the
Anexplo Genotoul metabolic phenotyping platform (Toulouse, France). 4-mths
old male Fmr1-KO and WT animals were habituated for 24 hr in indirect
calorimetry chambers (Phenomaster System, TSE). Over the following 24 hr, the
automated device recorded drink and food consumption, activity monitored by
the number of infrared beam breaks, O, consumption (VO. in mL/h/kg®"®) and
CO; production (VCO; in mL/h/kg®"®). Energetic expenditure (Hz in kcal/h/kg®’®)

and Respiratory Exchange Ratio (RER) were then calculated as described [12].

Proteome analysis. Livers from 4 months-old overnight fasted animals were
quickly collected after cervical dislocation, snapped frozen in liquid nitrogen and

kept at -80°C until further analysis. Livers were lysed in lysis buffer (25 mM Tris-



HCI pH 7.6, 150 mM NaCl, 1% NP-40, 1% sodium deoxycholate, 0.1% SDS),
disrupted with ceramic beads using the FastPrep apparatus (MP Biomedicals)
set at Power 6 for 40 s. Lysates were centrifuged at 12,000g, 20 min at 4°C. 100
uL of supernatant were precipitated overnight at -20°C with 900 uL of an
acetone:methanol solution (8:1), centrifuged at 2,200g, 20 min at 4°C. Pellet was
further rinsed with 80% acetone, then air-dried. The dried protein pellets were
resuspended in denaturation buffer (6 M urea, 2 M thiourea in 10 mM Tris, pH
8.5) and quantified using the Bradford assay (Bio-Rad, Munich, Germany).
Proteins were digested by in-solution digestion. Briefly, proteins were reduced
with 3 mM dithiothreitol, alkylated with 9 mM iodoacetamide, predigested for
three hours with 1:100 (w/w) Lys-C (Wako, Germany) and digested with 1:100
(w/w) trypsin (Promega, USA) for 14 hours shaking at room temperature. Before
trypsin digestion, samples were diluted with 6 volumes of 50 mM ammonium
bicarbonate. Following digestion, samples were acidified with formic acid (FA) to
a final concentration of 0.5 % (v/v). Samples were measured on an EASY-nLC
1200 (Thermo Fisher Scientific) coupled to an Orbitrap Elite mass spectrometer
(Thermo Fisher Scientific). Peptides were chromatographically separated using
75 uym (ID), 15 cm columns packed in-house with reversed-phase ReproSil-Pur
120 C18-AQ 1.9 ym resin (Dr. Maisch GmbH). Peptides were then eluted using a
169 min non-linear gradient of solvent B (80% ACN, 0.1% formic acid) in the
increments; 8 % - 27 % over 142 min, 27 % — 35 % over 24 min and 35 % — 50
% over 3 min. Full-scans were recorded between 300-2000 Thompson at a

resolution of 120,000 with a target value of 1E6. The top 15 most intense ions
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from each full scan were selected for fragmentation (MS/MS) by higher-energy
collisional dissociation (HCD) using a collision energy of 35% at a target value of
5000 charges. Both MS and MS/MS scans were recorded in the orbitrap. All
acquired MS data were processed with the MaxQuant software suite [13] version
1.5.2.8 against the complete mouse UniProt database (taxonomy ID 10090)
containing 54,506 sequences and a database of 248 frequently observed
contaminants. Precursor mass tolerance was set to 6 ppm and 0.5 Da for MS/MS
fragment ions. A maximum of two missed cleavages resulting in a minimal length
of seven amino acids and full tryptic enzyme specificity were required. Oxidation
of methionine and protein N-terminal acetylation were defined as variable
modifications and carbamidomethylation of cysteines was used as fixed
modification. False discovery rate was set to 1% for peptide and protein
identifications. For label-free quantification (LFQ), runs with a 0.7 min matching
window were selected. MS proteomics data have been deposited to the
ProteomeXchange Consortium via the PRIDE partner repository[14] with the

dataset identifier PXD007241 (Username: reviewer52669@ebi.ac.uk; Password:

dc4JzXam). Comparison analysis for individual protein levels between genotype
was run on normal rank-based inverse log-transformed label-free quantification
(LFQ) values and individual FDR were calculated. GO analysis on significantly
affected proteins was performed on the subset of proteins with FDR < 0.01 and
absolute FC = 1.5 using String (v10.5) [15] and Panther (v12.0) expression

analysis tools [16, 17].
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Generation of the FL83B cell lines. The FL83B embryonic hepatocytic cell line
was ordered to ATCC (CRL-2390) and cultured according to the guidelines in
F12K complete medium containing 10% fetal bovine serum. FL83B cells were
transduced as described in [18], using a lentivirus expressing either an anti-Fmr1
shRNA targeting Fmr1 constitutive exon 1 (shFmr1) or a control shRNA
(shControl). Co-expression of the shRNA is coupled to eGFP expression to
enable sorting of transduced cells using a FACS Aria Il (BD) based on eGFP

fluorescence as described in [18].

Immunofluorescence. FL83B cells were grown subconfluent, fixed in 4%
paraformaldehyde and subjected to immunofluorescence labeling using anti-S6
polyclonal rabbit antibodies (Cell signalling) and anti-FMRP Y#C10 polyclonal
avian antibodies [19] and secondary antibodies coupled either to AlexA594 or
AlexA647, as described in [20]. After counterstaining with DAPI, coverslips were
mounted on slides with anti-fading reagent and observed using a Zeiss Axioplan2
epifluorescence microscope equipped with a CoolSNAP HQ CCD cooled camera

(Roper Scientific). Micrographs were then analysed with ImageJ software.

Puromycin labeling of neosynthetized peptides. The assay was performed as
described in [21]. In brief, FL83B cells were seeded at a density of 100,000
cells/well in 12 well plates. 48 hr post seeding, complete medium was changed
for fresh F12K medium. After 5 hr, puromycin was added to the wells at a final

concentration of 10 ug/mL. After 15 and 30 min, incorporation of puromycin was
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stopped by washing the cells 3 times in ice-cold PBS. Control experiments were
perfomed by preincubating cells for 30 min with the translation blocker
cycloheximide (50 pug/mL). Cell were scraped in lysis buffer (10 mM Tris pH 7.4,
150mM NaCl, 1.25 mM MgClI2, 0.5% NP40) containing a complete antiprotease
cocktail (Pierce). 20 ug of proteins were loaded on a 11% SDS-PAGE and
transferred on a nitrocellulose membrane. Ponceau staining was performed to
quantify the total protein load in each lane, as described [21, 22]. Puromycin-
labeled neosynthetized peptides were visualized by western-blotting using the
anti-puromycin 12D10 antibody (Millipore). Signal was visualized using ECL kits
(Perkin) and a Fusion VX-Imager (Vilber). Puromycin signal was normalized to
total protein Ponceau signal, with both signals quantified in each lane by
densitometric analysis using the ImagedJ software. Scans of the fully uncut
Ponceau-stained membranes as well as anti-puromycin western-blots are

available upon request.

Metabolic  network  reconstruction. The  MetaboSignal R  package

(https://bioconductor.org/packages/release/bioc/html/MetaboSignal.html) was

used to build the shortest paths network of relevant proteins and metabolites [23,
24]. An extended list of metabolites (Table S5) was built to recapitulate the
classes of metabolites of interest identified using metabolomics or biochemical
measurements of circulating markers presented in Figure 1. A network of human
pathways was then built merging KEGG, OmniPath and TRRUST databases. A

number of interactions were manually implemented (Table S6): interactions for
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acetone, L-carnitine, GYS2, AGL, ABCD3, and SLC16A1 were manually curated
from the literature [25-30] and proteins significantly dysregulated in the Fmr1-KO
liver were mapped in the first network of interaction with FMRP. Since human
pathways are more complete in those databases, we used human Entrez ID, at
the expense of 22 significant mouse proteins with no human homolog that were
not considered in the network analysis: Cyp2a12, Cyp3a25, Cyp2c37, Cyp2c50,
Cyp2c67, Cyp2c54, Cyp2j5, Hsd3bb, Sicolal, Rdh7, Ugt2b7, Chil3, Ugtia9,
Ngp, Cyp2d22, Cyp2ab, Cyp2d26, Gulo, Cyp2c23, Cyp2d10, Cyp2d9, Ighv1-31.
Shortest paths network from FMRP to the metabolites of interest were then
computed and visualised in Cytoscape [31]. Finally, the network metric of pivotal
betweenness (PB, [32]) was computed for each protein mapped onto the network

(Table S7).

Immunoaffinity (IA) capture of FMRP complexes in FL83B cells or liver extracts.
Either FL83B cells or Fmr1-WT and —KO liver were homogenized in IA buffer (10
mM Tris pH 7.4, 150mM NacCl, 1.25 mM MgCI2, 0.5% NP40, 1mM DTT, 5U/mL
RNasin (Invitrogen)). Homogenates were centrifuged at 10,000g for 15 min at
4°C. The supernatant was then raised to 400mM NaCl and 30 mM EDTA and
pre-cleared for 1 hr with 60 uL of agarose beads recognizing avian IgY (Gallus)
(pre-blocked with 0.1 mg/ml yeast tRNA, and glycogen (Invitrogen)) and with 120
uL of untreated agarose beads (Gallus). Per IA assay, 500 pug of supernatant
was incubated in the presence of 60 ug of anti-FMRP Y#C10 antibodies or

unrelated 1gY (Gallus) immobilized on 15 pL of agarose beads. Samples were
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incubated overnight rotating at 4°C and washed 4 times with |A wash buffer (10
mM Tris pH 7.4, 400mM NaCl, 10 mM EDTA, 0.5% NP40). 1/5th of each assay
was used for protein analysis using anti-FMRP mAb1C3 antibody [33] and the
remaining was subjected to DNAase | treatment (Ambion) for 15 min on ice
followed by proteinase K treatment (Roche) for 15 min at RT. |A-captured
mRNAs were then phenol-extracted, precipitated with sodium acetate and
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