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During the last decade, research on germ-free mice has discovered that the gut microbiome
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(i.e. the normal bacteria colonizing the gastrointestinal tract) can programme brain function
and behaviour during early development. At the same time a growing number of clinical
studies have shown altered gut microflora in children with autism spectrum disorder (ASD),

in combination with altered bacterial metabolites and inflammatory cytokines being part of

ABBREVIATION
ASD Autism spectrum disorder

the gut-brain axis. This review covers the concept of the microbiome; how it is established
during childhood; how it is affected by malnutrition; how it can programme the development
of the brain through epigenetic mechanisms; which pathways are used from the gut to the

brain; and assesses findings that suggest the gut microbiome may be involved in ASD and
other neurodevelopmental disorders. This is a new research field with a number of exciting,
but so far fragmented, findings indicating the important role of the normal microbiome in
shaping the brain. Research also suggests that disruptions of the microbiome may be
involved in the aetiology of neurodevelopmental disorders.

The concept of a ‘superorganism’, including the genome
of all microorganisms colonizing our body in addition to
the 25 000 to 30 000 genes of the human genome, evolved
in the beginning of this millennium in parallel with the
exploration of the human genome.! The microbiome
includes genes of an estimated trillion microbes (10'%),
mainly bacteria located in the gastrointestinal tract. These
genes, their protein products, and metabolites, play an
important role in the development and homeostasis of a
number of body functions.” For example, commensal
microorganisms prevent invasion of other pathogenic
microorganisms; contribute to the fermentation of non-
digestible fibres; produce vitamins; are involved in metabo-
lism of short-chain fatty acids and carbohydrates; promote
absorption of minerals; and regulate inflammatory
responses and the immune system. The interaction
between microorganisms and their hosts has evolved dur-
ing the entire mammalian evolution, resulting in a unique
gastrointestinal microbial community in humans. It
remains rather stable over time, but diet and other envi-
ronmental factors can affect the microbial community with
some components being more stable and others more
replaceable. Failure to maintain the balance between the
commensal microbiota and the host (dysbiosis) may disturb
the complex homeostasis and cause a variety of disorders
(e.g. intestinal, metabolic, and immune disorders).?

ESTABLISHMENT OF THE MICROBIOME
The fetus has been considered sterile and well protected in
the womb, to be colonized first during delivery with the
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mother’s vaginal and faecal microbiota. Recently, bacterial
DNA was isolated in the placenta of term-born infants,’
which suggests that the fetus might be colonized before
birth. Infants born by caesarean section develop a partly
different microbiota derived from the mother’s skin and
from the hospital environment.* After birth, bacteria
adapted to extract energy from milk oligosaccharides suc-
cessively take over and become dominating in breastfed
infants. The introduction of solid food is accompanied by
the development of a more diverse community of bacteria
capable of digesting fibres, polysaccharides, and glyco-
proteins. The diversity of the microbiota continues to
expand as new food products are introduced until an adult-
like microbiome is established around 2 to 3 years of age.”
Studies of bacterial 16S ribosomal ribonucleic acid from
faecal samples collected monthly from birth through the
first 2 to 3 years have shown a pattern of age-discrimina-
tory bacteria.” These age-dependent patterns are similar in
children living in low-income countries and can be used to
estimate the maturity of the microbiome in typically devel-
oping children. The microbiome of children in high-
income countries is less diverse than in children living in
low-income countries, who have bacteria adapted to digest
a polysaccharide rich diet.® The decline in diversity in
high-income countries has occurred in parallel with the
introduction of antibiotics and sanitary processes. This has
raised the question whether stricter hygiene and extended
use of antibiotics can influence our health by affecting the
commensal microbiome.” A growing number of studies on
young children are showing that increased wuse of
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antibiotics is associated with increased risk of a variety of
diseases including asthma and other allergies, inflammatory
bowel disease, celiac disease, and diabetes.

MALNOURISHMENT AND EARLY CHILDHOOD
DEVELOPMENT

Approximately 250 million children in low- and middle-
income countries are at risk of not reaching their developmen-
tal potential because of stunting and poverty.'® Undernutrition
during the infant’s first year is associated with adverse con-
sequences later in life such as immune dysfunction and
cognitive deficits. However, although poverty is a major
cause of malnutrition, the aetiology seems to be more
complex than a simple lack of food since the introduction
of an adequate food supply has only modest effects in cor-
recting the long-term effects. This has led to the hypothe-
sis that development and growth are influenced by the gut
microbiota, and that malnourishment may disrupt this
development. Studies from Bangladesh and Malawi have
shown that the development of the age-discriminatory bac-
teria in the gut during the first years of life was disrupted
in malnourished children with kwashiorkor, that is their
gut microbial community was less diverse and lacked more
mature bacterial taxa compared with age matched typically
developing children.’

In order to study whether the composition of the gut
microbiota was causally related to childhood under-
nutrition, faecal transplants from undernourished Malawi
infants were given to germ-free mice (i.e. mice bred and
brought up in a sterile environment). The transplanted
microbiota from the undernourished infants transmitted a
reduced lean body mass gain compared to the transplanta-
tion of microbiota from well-nourished infants."" The
transplants also transmitted alterations of bone morphome-
try and metabolism in muscle, liver, and brain. Analysis of
bacterial genes of the faecal microbiota of the transplanted
mice could identify groups of bacterial taxa that were dis-
criminatory for some phenotypes. Some of these taxa were
the same as the age-discriminatory taxa developing during
the first years. These studies demonstrate that the develop-
ment of the microbiota is associated with the development
of several host functions, and that different composition of
bacterial taxa from undernourished children can result in
different phenotypes.

In another experimental study on mice, it was shown
that pregnant mothers who were fed a high-fat diet became
obese, and that the gut microbiome of their offspring was
altered. Unexpectedly, the social behaviour of the offspring
also changed in association with altered signalling in the
mesolimbic reward system.'” When these mice were given
gut microbiota from control mice with an ordinary diet,
the social behaviour reversed to the typical pattern. The
transfer of one single bacterial taxa, Lactobacillus reuteri,
was enough to restore the social behaviour. The correction
of the behaviour was further associated with oxytocin levels
in the hypothalamus and neural activity in the ventral
tegmental area. These experiments demonstrate that the

What this paper adds

® The gut microbiome shapes the brain via the gut-brain axis.
* The microbiome may play a role in neurodevelopmental disorders.

gut microbiome of the newborn mice can play an impor-
tant role by influencing the development of social beha-
viour and by altering signalling in specific neural pathways.

EPIGENETIC PROGRAMMING OF THE BRAIN

The term epigenetics has historically been used to describe
heritable traits that are not mediated by the DNA
sequences. In the era of molecular genetics, it has become
used to describe stable alterations in gene expression
caused by environmental factors."> The genome contains
two layers of information: first the DNA sequence inher-
ited by the parents and conserved throughout life, and sec-
ond, epigenetic information that can be altered by
environmental signals. Environmental signals during pre-
natal and postnatal life can thus programme brain develop-
ment resulting in life-long alteration of neural function
and behaviour. At a molecular level the epigenetic mecha-
nisms include DNA methylation, histone modification, and
small non-coding ribonucleic acids, which control which
genes are transcribed and which genes are silenced.

Barker hypothesized that early programming adapts the
organism to the prenatal or postnatal environment expect-
ing that similar conditions will persist later in life.'"* A mis-
match between the fetal environment and later life
conditions should thus result in reprogramming that
increases the risk to develop disease. Barker based his
hypothesis on associations between fetal growth retarda-
tion, and the metabolic syndrome and type 2 diabetes later
in life."* The poor nutrition early in life programmed per-
manent changes in glucose-insulin metabolism that were
harmful when there was enough with food. In addition to
the nutritional condition, adverse conditions inducing
stress in early life can programme the stress regulating
pathways in the hypothalamo-pituitary-adrenal system.'’
This may lead to long lasting alterations of stress respon-
sivity and increased vulnerability to develop mood disor-
ders and depression later in life.

Infections and immune activation in early life are other
conditions that can programme development of the brain
and other organ systems with increased risk to develop
neurodevelopmental disorders.”> Cohort studies from the
Danish Medical Birth Register have shown that maternal
viral infections during the first trimester, and bacterial
infections during the second trimester, causing hospitaliza-
tion, increased the risk of the children developing autism
spectrum disorder (ASD).'® Elevated levels of cytokines in
the amniotic fluid was associated with increased risk of
ASD,'” and the mothers of children with ASD had elevated
serum cytokine levels when analysed in retrospect.'® These
results suggest that early activation of the immune system
(e.g. in response to infections) may reprogramme the brain
circuits in an unfavourable way contributing to the devel-
opment of ASD symptoms.'”
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THE ROLE OF THE GUT MICROBIOME IN BRAIN
DEVELOPMENT

Rearing animals in sterile environments without any
microbes (e.g. germ-free mice) has been an important tool
when studying the influence of the microbiome on the
development of various body systems. Any difference com-
pared with mice reared under normal conditions exposes
functions and behaviour which are influenced by the
microbiome. Germ-free mice display a behavioural pheno-
type that in several aspects differs from mice reared during
ordinary conditions.”” They exhibit increased locomotor
activity and decreased anxiety-like behaviour in several
tasks including the open field box, light-dark box, and ele-
vated plus maze.”'** That means that a disruption of the
microbiome during development seems to modulate the
behaviour towards an attention-deficit/hyperactivity disor-
der-like phenotype. Lack of microbiota also induced higher
expression of synaptic related proteins such as synapto-
physin and PSD-95 in striatum.?’

Germ-free mice also exhibit altered social behaviour.
This has been investigated by studying the social prefer-
ence of a mouse placed in the centre of a three-chamber
box with another mouse placed in one neighbouring cham-
ber and an object placed in the third chamber. The time
germ-free mice spend with another mouse versus an object,
or with an unfamiliar mouse versus a familiar mouse, was
altered compared with ordinary mice.”>** The behavioural
changes were associated with altered expression of brain
derived nerve growth factor in the amygdala, which is a
key hub of the social brain network.”* The results suggest
that normal microbiota is crucial for the programming of
normal social behaviour. Since altered social communica-
tion is a functional hallmark of ASD, it also suggests that a
disruption of the microbiome can affect the development
of social and communication functions towards an ASD
phenotype. This is supported by the previously mentioned
study on the offspring of mothers with high-fat induced
obesity and altered gut microbiome.'? The offspring exhib-
ited changed social behaviour that was linked to altered
signalling in the mesolimbic reward system.

Although results from experimental studies in germ-free
mice are currently fragmented and sometimes conflicting,
and the germ-free phenotypes and underlying mechanisms
are far from understood, the studies suggest that the gut
microbiome can shape the brain during development by
influencing gene transmission and synaptic signalling with
life-long influence on motor and social behaviour. It seems
that this epigenetic programming is limited to early stages
of brain development, since germ-free mice that were
exposed to gut microbiota as adults maintained their phe-
notype, while germ-free mice that were exposed to normal
gut microbiota early developed similar behaviour and gene
expression in the striatum as ordinary mice.”!

THE GUT-BRAIN AXIS
The gut-brain axis is a bidirectional communication system
involving neural and humoral mechanisms utilizing the
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enteric nervous system/vagus nerve and the circulatory sys-
tem respectively.””*® Enteric and vagus nerve endings can
be activated by metabolites and neuroactive substances
produced by microbiota in the intestines and the signals
are transmitted to various parts of the brain. Oral inocula-
tion with pathogen bacteria or intraduodenal injection of
probiotic bacteria in mice can induce neural activity in the
vagus nerve and brainstem. When the vagus nerve was sec-
tioned, the probiotic effects on anxiety, memory, and
GABA receptor gene expression were reversed.”” There is
thus strong evidence from experimental studies that trans-
mission through the vagus nerve plays an important role in
modifying brain activity and behaviour. However, we do
not know if these mechanisms are involved in the early
brain programming by the gut microbiome.

The humoral gut-brain communication is dependent on
translocation of signalling molecules produced in the intesti-
nal lumen, passing the intestinal mucosal barrier to the
blood stream, and the blood brain barrier to the brain.
These semi-permeable barriers allow translocation of nutri-
ents and smaller molecules, while limiting the passage of
microorganisms, antigens, and larger molecules. The intesti-
nal mucosa is permeable in the fetus and forms tight junc-
tions reducing permeability after birth. There might thus be
an excessive leakage of substances from the intestines early
in life. Later in life the permeability of both the intestinal
barrier and the blood brain barrier can be modified by
microbiota and their products.”®?? Therefore, microbiota
seems to be able to modulate the amount and types of its
bioactive substances that are translocated from the gut to the
brain by controlling the permeability of the barriers. There
also seem to be a window early in life with increased gut-
brain translocation before the permeability of the barriers
decreases. Interestingly, increased permeability has been
reported in infants born preterm and children with ASD.*°

The humoral bioactive substances translocated via the
gut-brain axis are derived from several sources including
bacterial metabolites, and endocrine and immune cells in
the mucosa.”® Several studies have demonstrated the influ-
ence of bacterial metabolites on brain development, while
less information has been reported on the potential role of
intestinal immune and endocrine cells. Short chain fatty
acids (acetic, propionic, and butyric acid) are metabolic by-
products of bacterial fermentation of non-digestible carbo-
hydrates and proteins. They can pass the intestinal barrier,
enter the systemic circulation, pass the blood brain bar-
rier,”” and influence hypothalamic appetite regulating cir-
cuits.’’ In experiments where short chain fatty acids were
injected subcutaneously in pregnant or newborn mice, this
had long-term effects on locomotor activity, anxiety, and
startle responses depending on sex and time of injection.*?
These effects were associated with changes in lipid physiol-
ogy and mitochondrial function. Short chain fatty acids are
also known to exert epigenetic effects by histone modifica-
tion of gene expression.

Another bacterial product that has attracted interest is
peptidoglycan, which is a component of the bacterial cell



wall. It was first shown to be translocated into the circula-
tion and influence the innate immune system by program-
ming bone-marrow-derived neutrophils via  specific
pattern-recognition receptors.’” Later, it was demonstrated
that bacterial peptidoglycan could also be translocated over
the blood brain barrier, and that neurons in the brain
expressed early on the pattern recognition receptors and
peptidoglycan transporter required to sense the peptidogly-
can molecules.’* The expression of these pattern recogni-
tion receptors also turned out to be sensitive to
manipulations of the gut microbiota, that is they were
reduced in germ-free mice and in mice treated with antibi-
otics. The potential role of peptidoglycans was further
strengthened by studying the behaviour of pattern recogni-
tion receptor knockout mice (peptidoglycan recognition
protein 2), finding sex-dependent changes in social beha-
viour, similar to mice with manipulated microbiota.
Together, these findings support that activation of pattern
recognition receptors in the brain by intestinal microbial
products could be one of the signalling pathways between
the gut microbiota and the developing brain.

Recent studies suggest that the microglia may be an
important target for gut-brain communication, indirectly
affecting the development and maintenance of the neural
circuits. During brain development, microglia regulates
neural cell numbers and synaptic refinements contributing
to the development of neural circuits involved in cognitive
function and social behaviour.*> Microglial activity is reg-
ulated by cytokines, neurotransmitters, and other mole-
cules produced within the brain. Recent studies show that
the gut microbiota can affect the development of brain
microglia, and that the maturation of microglia is blocked
in germ-free mice in a sex- and time-dependent manner
from prenatal stages.””***” The presence of a more com-
plex and diverse bacterial community seems to be required
for the transition to more adult forms of microglia. The
same gut-brain pathways as previously described also
influence the microglia (e.g. short chain fatty acids and
vagal afferents).”> A special gut-microglia pathway origi-
nates from the intestinal immune cells that produce
inflammatory cytokines that via circulation are translo-
cated to the brain and induce increased activity in the
microglia expressing cytokine receptors. Interestingly,
postmortem analysis of the brains of patients with ASD
have shown disrupted microglial morphology and activity
in combination with elevated levels of inflammatory cyto-
kines.”’

Emerging studies suggest that the microbiome may
influence the myelination, but results are conflicting. In
one study on 10-week-old germ-free mice, axons in the
prefrontal cortex were hyper-myelinated and genes linked
to myelination were upregulated,”® while the opposite
effect was reported in another study measuring the
myelination with magnetic resonance imaging and myelin
staining (Luxol fast blue) in 4- and 12-week-old germ-free

mice.*’

THE ROLE OF THE GUT MICROBIOME IN ASD AND
OTHER NEURODEVELOPMENTAL DISORDERS

ASD is characterized by a wide range of cognitive and
behavioural symptoms including impaired social and com-
municative skills and repetitive behaviour. The exact causes
of ASD are unknown but family and twin studies have
shown a heritability of 50% to 83%,* with no single gene
having a major effect and many risk genes being associated
with a slightly increased risk of developing ASD. That
leaves 17% to 50% of the variation to environmental fac-
tors, and many studies have aimed to explore these risk
factors. Gastrointestinal symptoms and immune dysregula-
tion are of particular interest since numerous studies have
reported abnormalities in the enteric nervous system and
in the neuroimmune system (e.g. increased microglia acti-
vation in the brain and increased levels of proinflammatory
cytokines in the cerebrospinal fluid).*' Gastrointestinal
symptoms such as constipation or diarrhoea, and irritable
bowel syndrome are found in 23% to 70% of patients with
ASD, and the gastrointestinal symptoms correlate strongly
to the severity of the ASD symptoms.* A large number of
studies, based on bacterial culture, gene sequencing, and
metabolomics, comparing the gut microbiota composition
between children with ASD and typically developing chil-
dren show altered microbiota composition in children with
ASD along with elevated levels of some short chain fatty
acids.’>* Some studies suggest that there is a lower micro-
bial diversity in ASD, while there is no consensus on which
bacterial taxa are altered.¥ The cause of the altered micro-
biota is also unclear since children with ASD often exhibit
altered diet and eating behaviour, which would influence
the microbiota. Another gap is the lack of studies from
early life (e.g. first months) when the programming of the
brain occurs. To corroborate that a disrupted intestinal
microflora contributes to development of the ASD symp-
toms, there is a need to analyse the longitudinal develop-
ment of the composition of microbiota from birth. This is
of course difficult, since the child will be diagnosed with
ASD much later. Although we are still lacking evidence for
the role of microbiota in the early programming of the
brain in ASD, it seems that the microbiota can affect the
current symptoms. A recent open-label study suggested
that a faecal microbiota transplant that altered the gut
microbiota and overall bacterial diversity reduced both the
gastrointestinal and the behavioural ASD symptoms.**

The clinical association between early activation of the
immune system (e.g. in response to maternal infections
during pregnancy) and development of ASD symptoms has
led to the development of a ‘maternal immune activation’
mouse model exhibiting some of the ASD symptoms.'” In
recent years, a large number of studies have explored the
role of the microbiota in the development of molecular
brain mechanisms and behaviour in this model and other
environmental (valproic acid, maternal high-fat diet) and
genetic (Shank3B, BTBR) ASD models. This is a rapidly

emerging field which is not possible to summarize in this
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brief review, but the development of animal models has
laid the foundations for intervention studies that could be
translated to humans. In a recent breakthrough study,
Sgritta et al.* extended their findings that treatment with
Lactobacillus reuteri, which reversed the social deficits in
maternal high-fat diet mice,'? also rescued the social defi-
cits in several other environmental, genetic, and idiopathic
mouse models of ASD. The experimental model allowed
them to mechanically dissect that Lactobacillus reuteri was
the sole source of the impact, and that the effect was medi-
ated via the vagus nerve (the effect was abolished after
lesion of the vagus nerve), and using the oxytocinergic and
dopaminergic reward systems of the brain.

Most clinical studies have so far focused on ASD, proba-
bly because of the complex nature of ASD emerging as a
multi-system disorder also affecting gastrointestinal and
immune systems.*® However, studies on germ-free mice sug-
gest that other cognitive functions, such as anxiety and
motor activity, can be modulated by the microbiome. These

are symptoms more associated with attention-deficit/hyper-
activity disorder. There are also reasons to believe that other
functions, such as learning and memory, might be impli-
cated. There is an emerging series of studies on the micro-
biome in other neurodevelopmental disorders. Recent
intervention studies manipulating the microbiome in animal
disease models also need to be translated into clinical
research. For example, can treatment with Lactobacillus reu-
teri affect brain development in children with ASD? Based
on the mechanisms, can a similar effect be achieved by stim-
ulation of the vagus nerve, or intranasal oxytocin? We are
just at the beginning of understanding how the microbiome
can shape the brain during development, and far from evi-
dence-based interventions, but the prospect is there.
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DEVELOPMENTAL MEDICINE & CHILD NEUROLOGY INVITED REVIEW

RESUMEN

PROGRAMACIﬁN MICROBIAMA DEL DESARROLLO CEREBRAL: IMPLICACIONES PARA LOS TRASTORNOS DEL DESARROLLO
NEUROLOGICO

Durante la ultima década, la investigacion en ratones libres de gérmenes ha descubierto que el microbioma intestinal (es decir, las
bacterias normales que colonizan el tracto gastrointestinal) pueden programar la funcion y el comportamiento cerebral durante el
desarrollo temprano. Al mismo tiempo, un namero creciente de estudios clinicos ha demostrado una microflora intestinal alterada
en ninos con trastorno del espectro autista (TEA), en combinaciéon con metabolitos bacterianos alterados y citoquinas inflamato-
rias que forman parte del eje cerebro-intestino. Esta revision cubre el concepto de microbioma, incluye; como se establece durante
la infancia; cdmo se ve afectado por la desnutricion; como puede programar el desarrollo del cerebro a través de mecanismos epi-
genéticos; qué vias se utilizan desde el intestino hasta el cerebro; y evalla los hallazgos que sugieren que el microbioma intestinal
puede estar involucrado en el TEA y otros trastornos del desarrollo neuroldgico. Este es un nuevo campo de investigacion con
una serie de resultados interesantes, pero hasta ahora fragmentados, que indican el importante papel que desempena el micro-
bioma normal en la configuracién del cerebro. La investigacion también sugiere que las alteraciones del microbioma pueden estar
involucradas en la etiologia de los trastornos del desarrollo neuroldgico.

RESUMO

PROGRAMACAO DO MICROBIOMA PARA 0 DESENVOLVIMENTO CEREBRAL: IMPLICACOES PARA TRANSTORNOS
DESENVOLVIMENTAIS

Durante a ultima década, pesquisas em camundongos livres de germes descobriram que o microbioma do sistema gastrointesti-
nal (ou seja, as bactérias que normalmente colonizam o trato gastrointestinal) podem programar a fungao cerebral e o comporta-
mento no desenvolvimento preococe. Ao mesom tempo, um numero crescent de estudos clinicos tem mostrado uma microflora
gastrointestinal alterada em criangas com transtorno do espectro autista (TEA), em combinagao com metabdlitos bacterianos alte-
rados e citocinas inflamatdrias sendo parte do eixo gastrointestinal-cérebro. Esta revisao cobre o conceito de microbioma; como
ele se estabelece na infancia; como é afetado pela malnutricao; como pode programar o desenvolvimento do cérebro por meio de
mecanismos epigenéticos; quais vias sao usadas do sistema gastrointestinal para o cérebro; e avalia achados que sugerem que o
microbioma gastrointestinal pode estar envolvido no TEA e outras desordens neurodesenvolvimentais. Este € um novo campos
de pesquisas, porém até o momento, com achados fragmentados indicando o importante papel do miocrobioma normal na for-
magao do cérebro. Pesquisas também sugerem que rupturas no microbioma podem estar envolvidas na etiologia de transtornos
neurodesenvolvimentais.



