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During childhood, our brain is exposed to a variety of environmental inputs that
can sculpt synaptic connections and neuronal circuits, with subsequent influence on
behavior and learning processes. Critical periods of neurodevelopment are windows
of opportunity in which the neuronal circuits are extremely plastic and can be easily
subjected to remodeling in response to experience. However, the brain is also more
susceptible to aberrant stimuli that might lead to altered developmental trajectories.
Intriguingly, postnatal brain development is paralleled by the maturation of the gut
microbiota: the ecosystem of symbionts populating our gastro-intestinal tract. Recent
discoveries have started to unveil an unexpected link between the gut microbiome
and neurophysiological processes. Indeed, the commensal bacteria seem to be able
to influence host behavioral outcome and neurochemistry through mechanisms which
remain poorly understood. Remarkably, the efficacy of the gut flora action appears
to be dependent on the timing during postnatal life at which the host gut microbes’
signals reaches the brain, suggesting the fascinating possibility of critical periods for
this microbiota-driven shaping of host neuronal functions and behavior. Therefore, to
understand the importance of the intestinal ecosystem’s impact on neuronal circuits
functions and plasticity during development and the discovery of the involved molecular
mechanisms, will pave the way to identify new and, hopefully, powerful microbiota-
based therapeutic interventions for the treatment of neurodevelopmental and psychiatric
diseases.
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INTRODUCTION

The development of our brain is a complicated process starting during the third week of gestation
and protracting after birth, through late adolescence. Part of this process is genetically encoded,
however experience and environmental stimuli play a fundamental role in refining neuronal
circuits (Stiles and Jernigan, 2010). Indeed, during the postnatal period there is a remarkable
remodeling of cortical and subcortical structures. In particular, the neuronal circuits belonging to
sensory systems encounter an important experience-dependent reshaping.

The brain circuitry is particularly plastic to environmental inputs during preferred windows of
opportunity called sensitive periods (Berardi et al., 2000). Furthermore, critical periods are special
sensory periods, in which the influence of experience results in irreversible brain changes (Knudsen,
2004). Critical periods have been demonstrated for many species, from Drosophila to rodents and
humans and for different functions. Interestingly, the opening of some specific critical periods
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in mice coincides with weaning. For example, the critical period
for ocular dominance plasticity opens at around P21-23 in
mice that perfectly matches with the passage from breast milk
to a solid diet. Remarkably, it has been demonstrated that in
humans the cessation of breast-feeding is one of the major
determinants for the assembly of an adult microbiome (Béckhed
et al, 2015) and that diet can rapidly alter the composition
of commensal bacteria (David et al., 2014). In the last decade,
the gut microflora has raised the interest of the scientific
community and many studies have begun to investigate its role
on different aspects of host physiology. The gut microbiota has
been implicated in the development of the host immune system
and in shaping its responses during infectious diseases (Round
and Mazmanian, 2009; Brestoff and Artis, 2013). Moreover,
commensal bacteria are instrumental in the control of host
energy metabolism and metabolic homeostasis (Tremaroli and
Backhed, 2012).

Recently the gut microbiota has been involved in behavioral
modulation in both rodents and humans (Foster and McVey
Neufeld, 2013), suggesting the intriguing possibility of the
microbiota’s influence on brain development and function. So
far, the majority of studies have focused on the impact of
microbes on the adult central nervous system (CNS). However,
some evidence seems to indicate that the microbiota might also
be involved in the development of neuronal circuits, and that a
healthy microbiome early in life might play a key role for a correct
neurodevelopment (Borre et al., 2014). As stated, breast-feeding
cessation is important for microbiome maturity, while during the
same period the brain faces a dramatic remodeling at circuit and
synaptic levels. Therefore, the microbiota may somehow affect
and contribute to the process of neuronal circuitry refinement
during postnatal development.

This review article will focus principally on studies
investigating the crosstalk between the brain and gut
microbiome, and how the microbiota seems to affect
neuronal function and consequently, the behaviors of the
host. Finally, recent findings linking the commensal bacteria to
neurodevelopmental disorders will be discussed.

GUT MICROBIOTA MATURATION

Our body has a longstanding partnership with a myriad of
microorganisms, such as bacteria, viruses, protozoa, archaea,
fungi, that constitute the so-called microbiota (Sekirov et al.,
2010). These symbionts colonize all the body surfaces that
are in contact with the external environment from birth and
arguably in utero, establishing a lifelong relationship with
their host. Bacteria are the best studied and they seem to
be particularly enriched in the gastrointestinal (GI) tract. The
gut microbiota comprises trillions of bacteria, characterized by
approximately 1000 species and outnumber the genes present in
the human genome (Ley et al., 2006; Qin et al., 2010). Indeed the
intestinal microbiome has been defined as a “forgotten organ”
(O’Hara and Shanahan, 2006). The gut ecosystem is dominated
by two bacterial phylotypes: Firmicutes and Bacteriodites,
and as established by metagenomic sequencing, besides inter-
individual variability, the core gut microbiota and microbiome

are shared in humans (Qin et al., 2010). The intestinal bacteria
behave like a factory and produce fundamental molecules for
many host biological processes, such as vitamins, short chain
fatty acids (SCFA: propionate, acetate and butyrate), amino
acids and their derivatives and, interestingly, neurotransmitters.
Moreover, they participate in the metabolism of choline,
bile acids, polyamine and various lipids (Nicholson et al.,
2012).

Colonization of the human GI tract begins at birth. In fact,
the fetus was thought to be completely sterile until few years
ago when provocative studies demonstrated the presence of
bacteria in the placenta and amniotic fluid (Jiménez et al.,
2008; Aagaard et al., 2014; Collado et al., 2016). During vaginal
delivery, the baby is exposed to microbes mainly belonging
to the mother’s vaginal tract and feces; although the bacteria
present in the external milieu, such as the hospital in developed
countries, also contribute to the initial colonization of the
babies’ intestine. C-section strongly influences the neonates’
microbiota that resembles predominantly the one of the mother’s
skin (Matamoros et al., 2013). Thus, the mode of delivery, the
type of feeding (breast or formula milk), the mother’s diet,
the environment and the use of antibiotics significantly impact
the composition of the neonatal gut microbiota and affects its
maturation later in life.

The passage from a milk-based diet to solid food is
extremely important in the maturation of the gut flora
(Jiménez et al., 2008; Aagaard et al., 2014; Collado et al.,
2016) and in humans, the first 3 years of life seems to be
critical for the assembly of the commensals ecosystem. At
the same time, intense synaptogenesis occurs in the brain
(Tau and Peterson, 2010). Notably, the refinement of neuronal
circuits protracts during adolescence, in which a dramatic
synaptic pruning takes place, and during adulthood, when,
although not at the same extent, some synaptic rewiring is
still present (Petanjek et al., 2011). In parallel, the microbiota
evolves from childhood/adolescence, characterized by less
diversity between species (Agans et al., 2011), to adult age. In
adulthood, the gut microbial ecosystem reaches its maturity,
becomes more diverse and stable overtime and more resistant
to perturbation (ie., antibiotic use, dietary changes, stress;
Rajilic-Stojanovic et al., 2013). It is important to note that
postnatal neurodevelopment and gut microbiota evolution
co-occur, suggesting the intriguing possibility of a bidirectional
influence between brain and commensal bacteria on each other’s
maturation.

THE GUT MICROBIOTA SCULPTS BRAIN
FUNCTION AND BEHAVIOR

Can postnatal microbioal colonization act and have a long-lasting
effect on host brain physiology and plasticity? A ground-
breaking study from 2004 paved the way to the new concept
of gut microbiota impact on brain function and behavior.
Sudo et al. (2004) demonstrated that germ free (GF) mice
(completely sterile animals that have never had contact with any
microorganism) displayed an exaggerated stress response with
respect to specific pathogen free (SPF) mice, animals raised with
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a normal gut flora. The behavioral phenotype was accompanied
by decreased expression of cortical and hippocampal brain
derived neurotrophic factor (BDNF), a neurotrophin involved in
neuronal survival, differentiation, growth, and synaptic plasticity
(Park and Poo, 2013). The oral administration to GF mice of
a single strain of bacterium, Bifidobacterium infantis, rescued
the HPA stress response. Intriguingly, the fecal transplant of
SPF mice microbiome to GF mice at an early developmental
stage successfully restored the stress response to basal levels,
although the same procedure was not efficacious at later age
(Sudo et al., 2004). Similarly, reduced anxiety-like behavior and
increased locomotor activity in GF mice could be reverted by
conventionalization with SPF microbiota only in young but
not in adult mice, suggesting the presence of a period of
opportunity for the action of the gut microbes on neuronal
circuits function and plasticity. Remarkably, the hippocampus,
frontal cortex and striatum of GF mice had dramatic differences
in gene expression with respect to SPF. Moreover, synaptophysin,
a protein important for synaptic vesicles endocytosis and
synaptogenesis (Tarsa and Goda, 2002; Kwon and Chapman,
2011), and PSD95, involved in excitatory synaptic maturation
and plasticity (El-Husseini et al., 2000; Béique and Andrade,
2003), were reduced in the striatum of GF mice (Diaz Heijtz
et al, 2011), indicating that alteration in synaptic plasticity
could be linked to the absence of the intestinal commensals.
Clarke et al, found that the gut microbiome influences the
development of the hippocampal serotonergic system. Indeed,
serotonin levels in the hippocampus of GF mice were increased
and correlated with reduced anxiety, although no direct link
was demonstrated between the neurotransmitter change and
the behavioral phenotype. Post-weaning colonization was not
able to restore the hippocampal neurochemical differences with
respect to the conventionalized mice, however, it could revert the
altered anxiety-like behavior (Clarke et al., 2013). Modifications
in plasticity related genes were also noticed in the amygdala
of GF mice, in which a significant down-regulation of the
NR2B subunit of the NMDA receptor, important for synaptic
plasticity and memory process, was observed and paralleled by
reduced anxiety-like behavior (Neufeld et al., 2011). Remarkably,
the total absence of microbes in GF mice was accompanied
by an enlargement in the amygdala and hippocampal volume,
notwithstanding the whole brain volume was the same.
Furthermore, area-specific alteration in dendritic spines density
and morphology, and dendrites’ length were reported. The
structural modifications might correlate with the behavioral
profile of GF animals, however no causal evidence has been
demonstrated (Luczynski et al., 2016). Moreover, the analysis
was performed only in adult mice leaving an open interrogative
about when early in life these morphological changes occur
and how they could affect developmental trajectories. Antibiotic
treatment of SPF rodents from weaning, in order to ablate the
intestinal commensals, had a strong impact on brain chemistry
and behavioral outcomes resulting in anxiolytic effects, memory
impairments and deficit in the social transmission of food
preference test (Desbonnet et al., 2015). This study emphasizes
the importance of the microbial ecosystem influence on neuronal
physiology during crucial periods of development such as the

post-weaning, which is comparable to adolescence in humans.
Even in adult mice, a short-term broad-spectrum antibiotic
administration could decrease anxiety and up-regulate BDNF
expression in the hippocampus (Bercik et al, 2011). It is
worth noting that the depletion of the gut microbiota, either
through antimicrobial treatment or GF conditions, results in
anxiolytic outcomes apparently in conflict with the increase
in stress reactivity of GF mice (Sudo et al, 2004; Clarke
et al., 2013). It is difficult to explain the discrepancy, especially
considering the complexity of the experimental designs in the
different studies; however this discordance features the possible
intricate and not yet unveiled effects of the microbial community
or individual bacteria on the host brain physiology during
development and adulthood, opening challenging questions for
the future.

As highlighted, neuroplasticity is a complicated phenomenon,
highly prominent in juvenile ages. Nevertheless, the adult brain
can, at some extent, dynamically reorganize its structure by
modulating synaptic connection between neurons. Fascinating,
newly born neurons are produced in specific area of the
adult CNS, and they have been involved in learning and
memory processes. Adult neurogenesis is sensitive to a
variety of environmental stimuli such as stress (Mirescu
and Gould, 2006) and, intriguingly, the gut microbiota has
been shown to be one of them. Indeed, dorsal hippocampal
neurogenesis was higher in adult GF mice compared to
control animals. Colonization of young GF mice at weaning
could not normalize the phenotype (Ogbonnaya et al., 2015),
underscoring the possibility that different neurophysiological
processes could be fine-tuned by the signals from the
intestinal microbes during specific sensitive periods, and
that adult neurogenesis could be primed by microbiome
cues early after birth. Furthermore, long-term antibiotic
administration in adult SPF mice significantly decreased
hippocampal neurogenesis, although it could be completely
restored by probiotics or voluntary exercise. An interesting
mechanistic explanation for the reduced neurogenesis upon
antimicrobial treatment is the decreased infiltration of specific
immune cells: Ly6C" monocytes. Ly6C" population was rescued
by probiotics and exercise and strikingly, the adoptive transfer
of Ly6C™ monocytes in animals treated with antibiotics fully
rescued hippocampal neurogenesis (Mohle et al., 2016). This
discovery sheds light on the link between immune cells,
brain plasticity and gut microbiome pointing to the immune
system as a route to transduce the commensal bacteria action
on the CNS.

The discussed evidence suggests that the intestinal microbiota
could contribute to the shaping of neural networks during
development, affecting behavior and neuronal physiology later
in life. Indeed, we might speculate that together with inborn
genetic factors and novel experience inputs, the bacteria
derived signals could act on an immature and plastic postnatal
brain substrate to fine-tune further remodeling of synaptic
connections and neuronal circuitry. However, so far no direct
evidence of an action of the gut microbiome on specific
neuronal populations function, or on the physiology of
brain circuits especially during neurodevelopment has been
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demonstrated. The bacterial ecosystem and its perturbation
are associated with certain neurochemical, structural changes
and/or behavioral outcomes, mainly analyzed in adult animals.
It is unclear if the presence, absence, or perturbation of
the microbiome community is causative and promotes the
molecular and phenotype alterations, or if the modifications are
a consequence of secondary effects. The lack of mechanistic
insights resides, at least in part, on the complexity of the
communication routes between the intestinal ecosystem and the
CNS, which integrates neuronal, hormonal and immunological
signaling. In the next section an overview of the possible
dual cross-talk pathways connecting brain and intestine will be
examined.

Gl TRACT-BRAIN CROSSTALK PATHWAYS
AND THEIR RELEVANCE IN CNS
FUNCTION

Enteric Nervous System and Vagus Nerve
A well-known path is represented by the vagus nerve. The
gut microbes could directly activate the enteric nervous system
(ENS) that innervate the entire length of the microvilli (Furness,
2012), and through the vagus nerve transmit inputs to the brain.
Indeed, vagotomy prevented the anxiolytic and antidepressant
effect of a probiotic treatment (Lactobacillus Rhamnosus (JB-1))
in conventionally raised BALB/c mice, and completely inhibited
the modifications in GABA, receptor gene expression in
hippocampus and amygdala (Bravo et al.,, 2011). However, no
functional changes in neuronal circuits of these specific areas
were investigated, opening further questions on how the stimulus
from the probiotic administration through the vagus nerve
could be translated in the behavioral phenotype. Notably, some
of the behavioral traits affected by the intestinal commensals
are not dependent on the vagus nerve and the autonomic
nervous system. In fact, the administration of an antibiotic
cocktail was able to perturb the microbiome composition,
increase exploratory phenotype and expression of BDNF in the
hippocampus of SPF mice, and strikingly, these effects did not
rely on an intact vagal connection (Bercik et al., 2011). These
findings underlie the intricate crosstalk between intestinal flora
and CNS, suggesting multiple and mostly unexplained lines
of actions of the gut symbionts on complex behaviors and
neurophysiology.

Circulation

The intestinal epithelium regulates the passage of nutrients and
other substances into the blood stream. A variety of metabolites
and neurotransmitters are produced by the gut microorganisms,
enabling a complicate exchange of sensory information with the
host (Sharon et al., 2014). The microbes secrete vitamins, SCFA,
serotonin, GABA, acethylcoline, dopamine and noradrenaline
etc. into the gut lumen. After absorption and via the
circulatory system, some of these molecules can eventually
cross the blood-brain barrier (BBB) and reach the brain in
which they could play active functions. How these substances
can influence the physiology of neuronal circuits is still

unknown. Among the various metabolites, SCFA, the end
products of complex-polysaccharide fermentation, have been
involved in metabolic homeostasis, infection and inflammation,
host-microbiota interactions etc. (Rios-Covidn et al., 2016). They
are up-taken by glial cells and neurons in the CNS and exploited
as an energy source, especially in the developing brain (Rafiki
etal., 2003). Interestingly, butyrate and propionate act as histone
deacetylase (HDAC) inhibitor (Waldecker et al., 2008) and
they might influence gene expression and the host epigenome
through chromatin remodeling in various tissues, including the
brain.

Interaction through the Immune System

The intestinal symbionts are fundamental for the development
of the host immune system and this seems to be a key indirect
communication route between the gut microbiota and the
CNS. The gut flora produces microbial-associated molecular
patterns (MAMPS) and metabolites that can stimulate immune
cells’ function and eventually influence neurophysiology and
behavior (Mu et al, 2016). Remarkably, the gut microbiome
is crucial for the maturation of microglial cells, the tissue
resident macrophage of the brain. Depletion of the intestinal
commensal dramatically jeopardized microglia development
and function in adult mice, that maintained a more juvenile
state and decreased its responses to MMPA and pathogen
encounter. Strikingly, the administration of SCFA was able
to completely revert the impairment, indicating that signals
from the gut flora play an essential role in microglia function
maintenance (Erny et al, 2015). It is worth noting that
microglia are emerging as a key players in synaptic pruning
in the developing brain, consisting in the elimination of select
synapses to ensure a correct wiring of the neuronal network
(Paolicelli et al., 2011). Furthermore, even in absence of an
inflammatory process, microglial cells release immune-related
signaling molecules, which can impact neuronal transmission
and synaptic plasticity (Wu et al., 2015). Based on this
evidence, we could hypothesize that during neurodevelopment
the intestinal microbiota might fine-tune neuronal circuits
function and plasticity via the modulation of microglial cell
action.

Different types of signals generated by the GI tract
microbiota might directly reach the host brain or be translated
to the CNS in an indirect fashion soon after birth and
during sensitive periods for neurodevelopment. Thus, aberrant
alteration in the commensal composition (e.g., antibiotics,
mode of delivery, stress, diet) could deteriorate gut-brain
communication pathways and be partially responsible for an
abnormal shaping of host neuronal circuits and, consequently,
for the behavioral impairment occurring in neurological diseases.

CONTRIBUTION OF THE INTESTINAL
MICROBIOTA TO ALTERED
NEURODEVELOPMENTAL TRAJECTORY

shown
tract

evidence has
illness and GI

New epidemiological and clinical
comorbidity between neurological
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disturbances. For instance, a subset of autism-spectrum
disorders (ASD) patients exhibit GI symptoms, abdominal
pain, increased intestinal permeability (Valicenti-McDermott
et al., 2006; Boukthir et al, 2010; de Magistris et al., 2010;
Coury et al.,, 2012; Hsiao, 2014) and, intriguingly, an altered
composition of their gut microbiome (Kohane et al, 2012;
Kang et al, 2013; Wang et al,, 2013), implying a possible
link between dysbiosis (an aberrant shift in microbial
ecology) and neurodevelopmental diseases. Autism is an
extremely  heterogeneous  neurodevelopmental  disorder
and its onset can vary, with some children showing signs
from early infancy while others exhibit symptoms of
regression at the age of 2-3 years. Notably, during the
second and third year of life the microbiome is subjected
to an important evolution, becoming more similar to the
adult ecosystem (Yatsunenko et al, 2012), indicating a
further link between commensal bacteria and ASD. Autism
is characterized by stereotypical behaviors, and deficit in social
interactions and communication (Wang and Doering, 2015).
Intriguingly, GF mice displayed social skills impairment
and excessive self-grooming, considered equivalent to
repetitive behaviors in humans. Post-weaning colonization
partially reversed the phenotype, ameliorating self-grooming,
social avoidance but not social cognition (Desbonnet et al.,
2014), indicating that the window of opportunity for the
microbiota to impact brain circuits might be different for
distinct emotional/social behaviors and, eventually, sensory
modalities.

Antibiotic use during pregnancy is a common practice (Broe
et al., 2014), although little is known about their effect on the
fetus development. Perinatal antibiotic treatment in pregnant
mice disrupted the microbiome population of both mother
and offspring. Remarkably, alteration in the offspring behavior
characterized by decreased locomotor and explorative activity
was observed at 4 weeks of age, a phenotype that was completely
reverted by fostering the pups by control dams (Tochitani
et al,, 2016). Similarly, periconceptional succynilsulfathiazole (a
non-absorbable antibiotic) exposure in rat dams significantly
modified the progeny’s performance in several tests. Indeed,
the offspring exhibited low social interactions, higher anxiety, a
deficit in prepulse inhibition, which are behavioral abnormalities
associated with ASD, schizophrenia and other human mental
disorders (Degroote et al., 2016). Despite the lack of mechanistic
insights, these works highlight the importance of a healthy
mother microbiota to circumvent potential abnormal behavioral
trajectories in the offspring.

As already mentioned, the dietary regimen of the mother
is an important element in the establishment of the neonates’
intestinal ecosystem. Maternal obesity has been connected to
an increase in the risk of neurodevelopmental illness and ASD
incidence in children (Krakowiak et al., 2012; Sullivan et al., 2014;
Connolly et al,, 2016). A very new and insightful study in rodents
has revealed a possible mechanism. The offspring of high fat
diet fed mice displayed social deficits driven by gut microbiome
dysbiosis. In fact, the co-housing and subsequent microbiota
sharing with the offspring of lean mothers, restored the social
impairments. Notably, a single probiotic species, Lactobacillus

reuteri, could ameliorate the social skills and rescue impaired
long-term potentiation in the ventral tegmental area (Buffington
et al., 2016). Another probiotic, Bacteriodes fragilis, has been
demonstrated to be beneficial in mice showing ASD-related
symptoms and dysbiosis. In particular, B. Fragilis was able to
remodel the gut microbiome and to improve communication,
repetitive and anxiety-like behaviors in mice, however it could
not correct social abilities (Hsiao et al., 2013).

Increasing evidence supports the possibility that other
neuropsychiatric disorders of potential neurodevelopmental
origins, such as schizophrenia (Dinan et al., 2014; Sherwin
et al, 2016), bipolar disorder (Dickerson et al., 2016),
depression (Hagan et al., 2015; Mangiola et al., 2016), might
be dependent on the microbiome composition early in life.
Focusing on schizophrenia, premature birth, that is associated
with microbiota changes (Groer et al., 2014; Gibson et al., 2016),
positively correlates with schizophrenia incidence (Johnson and
Marlow, 2011; Nosarti et al., 2012). Furthermore, alteration of
the immune system (Dickerson et al., 2016) and impaired GI
functions are frequently present in psychotic patients (Severance
et al, 2016). Unfortunately, no information is available on
the fecal microbiota composition in individuals affected by
schizophrenia; nonetheless the oropharyngeal microbiome in
adult schizophrenic subjects exhibited significant differences at
the phylum and species levels with respect to non-psychiatric
controls (Castro-Nallar et al.,, 2015). In rodents, there are no
systematic studies investigating the role of the intestinal microbes
in schizophrenia. However, an interesting work demonstrated
that the microbiota contributes to the myelinization process
specifically in the prefrontal cortex (PFC): a brain region
involved in attention, memory, emotional learning, and critically
connected to neuronal disorders such as ASD and schizophrenia.
GF mice displayed an upregulation in the gene program
linked to myelinization, and hypermylinated axons in the PFC.
Importantly, post-weaning bacteria colonization was not able to
normalize myelin oligodendrocyte glycoprotein (MOG) levels
(Hoban et al, 2016), again pointing toward the existence
of specific critical periods for the microbiota actions on the
brain. These results reveal new avenues to better understand
the possible relationship between gut microbiome and myelin
maturation, and subsequently its impact on the onset of
psychiatric diseases linked to myelinization abnormalities.

Although the link between dysbiosis, feeding habits,
periconceptional/perinatal ~antibiotic use and behavioral
abnormalities in neurodevelopmental disorders has still to be
clarified, based on these studies and clinical reports (Critchfield
et al., 2011; Fond et al.,, 2015), probiotics, prebiotics and dietary
manipulations in early childhood may represent promising
interventions for ameliorating some autistic features and,
eventually, for preventing an increase in the incidence of ASD or
other neuropsychiatric illnesses.

FUTURE OUTLOOKS

The last two decades have been characterized by exciting
discoveries unveiling an unexpected link between intestinal
flora and brain function. PFC myelinization (Gacias et al,
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2016; Hoban et al., 2016), behavioral responses to drugs of
abuse (ie., cocaine; Kiraly et al, 2016), integrity of BBB
(Braniste et al., 2014), ischemic brain injury (Benakis et al,
2016) are just few of the phenomena (see also previous
sections) that have been demonstrated to be affected by
commensal bacteria. Furthermore, the gut microbes seem
to be an environmental factor impacting brain development
possibly through metabolites or other microbiota-derived
dependent molecules, subsequently influencing behavior later
in life. The fascinating observation of a critical period in
which the microbiota could affect neurodevelopment and
the existence of sensitive periods for experience-dependent
refinement of sensory modalities (i.e., vision, hearing etc.),
language acquisition, fear extinction and many others processes,
suggests the appealing possibility of microbiome-driven stimuli
involvement in fine-tuning neuronal circuits remodeling during
early age. Although some studies have shown microbiota-
dependent modifications in brain chemistry and behaviors,
there are no specific molecular mechanisms explaining how
neurophysiology can be altered by the microbiome and how
changes in the gut commensals during critical periods of
postnatal neurodevelopment might impact neurodevelopmental

REFERENCES

Aagaard, K., Ma, J., Antony, K. M., Ganu, R., Petrosino, J., and Versalovic, J.
(2014). The placenta harbors a unique microbiome. Sci. Transl. Med. 6:237ra65.
doi: 10.1126/scitranslmed.3008599

Agans, R,, Rigsbee, L., Kenche, H., Michail, S., Khamis, H. J., and Paliy, O.
(2011). Distal gut microbiota of adolescent children is different from that
of adults. FEMS Microbiol. Ecol. 77, 404-412. doi: 10.1111/j.1574-6941.2011.
01120.x

Bickhed, F., Roswall, J., Peng, Y., Feng, Q., Jia, H., Kovatcheva-Datchary, P., et al.
(2015). Dynamics and stabilization of the human gut microbiome during the
first year of life. Cell Host Microbe 17, 690-703. doi: 10.1016/j.chom.2015.04.
004

Béique, J. C., and Andrade, R. (2003). PSD-95 regulates synaptic transmission and
plasticity in rat cerebral cortex. J. Physiol. 546, 859-867. doi: 10.1113/jphysiol.
2002.031369

Benakis, C., Brea, D., Caballero, S., Faraco, G., Moore, J., Murphy, M., et al.
(2016). Commensal microbiota affects ischemic stroke outcome by regulating
intestinal y3 T cells. Nat. Med. 22, 516-523. doi: 10.1038/nm.4068

Berardi, N., Pizzorusso, T., and Maffei, L. (2000). Critical periods during
sensory development. Curr. Opin. Neurobiol. 10, 138-145. doi: 10.1016/s0959-
4388(99)00047-1

Bercik, P., Denou, E., Collins, J., Jackson, W, Lu, J., Jury, J., et al. (2011). The
intestinal microbiota affect central levels of brain-derived neurotropic factor
and behavior in mice. Gastroenterology 141, 599. e1-609.e3. doi: 10.1053/j.
gastro.2011.04.052

Borre, Y. E., O’Keeffe, G. W., Clarke, G., Stanton, C., Dinan, T. G., and Cryan, J. F.
(2014). Microbiota and neurodevelopmental windows: implications for brain
disorders. Trends Mol. Med. 20, 509-518. doi: 10.1016/j.molmed.2014.05.002

Boukthir, S., Matoussi, N., Belhadj, A., Mammou, S., Dlala, S. B., Helayem, M.,
et al. (2010). Abnormal intestinal permeability in children with autism. Tunis.
Med. 88, 685-686.

Braniste, V., Al-Asmakh, M., Kowal, C., Anuar, F., Abbaspour, A., T6th, M., et al.
(2014). The gut microbiota influences blood-brain barrier permeability in mice.
Sci. Transl. Med. 6:263ral158. doi: 10.1126/scitranslmed.3009759

Bravo, J. A., Forsythe, P., Chew, M. V., Escaravage, E., Savignac, H. M,
Dinan, T. G, et al. (2011). Ingestion of Lactobacillus strain regulates emotional
behavior and central GABA receptor expression in a mouse via the vagus
nerve. Proc. Natl. Acad. Sci. U S A 108, 16050-16055. doi: 10.1073/pnas.1102
999108

trajectories, eventually resulting in ASD and/or in other
neurological diseases. Indeed, to dissect the mechanisms
underlying the gut microbiome actions on the brain during
sensitive periods and, on the other hand, how signals
from the CNS can shape the microbiome ecosystem, will
reveal new avenues of future directions to apply microbiota-
based therapeutics for the treatment of neurodevelopmental,
psychiatric and in general neurological disorders, highly
pervasive illness in the modern society.

AUTHOR CONTRIBUTIONS

PT conceived and wrote the review article.

ACKNOWLEDGMENTS

The author thanks Dr. Karen Lindsay (University of California,
Irvine, CA, USA) for critical reading and editing of the
manuscript and the two anonymous reviewers for their help. The
author apologizes to colleagues whose work could not be cited
in this review article. This work has been supported by Human
Frontier Science Program LT-000576/2013.

Brestoff, J. R., and Artis, D. (2013). Commensal bacteria at the interface of
host metabolism and the immune system. Nat. Immunol. 14, 676-684.
doi: 10.1038/ni.2640

Broe, A., Pottegard, A., Lamont, R. F., Jorgensen, J. S., and Damkier, P.
(2014). Increasing use of antibiotics in pregnancy during the period
2000-2010: prevalence, timing, category, and demographics. BJOG 121,
988-996. doi: 10.1111/1471-0528.12806

Buffington, S. A., Di Prisco, G. V., Auchtung, T. A., Ajami, N. J., Petrosino, J. F.,
and Costa-Mattioli, M. (2016). Microbial reconstitution reverses maternal
diet-induced social and synaptic deficits in offspring. Cell 165, 1762-1775.
doi: 10.1016/j.cell.2016.06.001

Castro-Nallar, E., Bendall, M. L., Pérez-Losada, M., Sabuncyan, S., Severance, E. G.,
Dickerson, F. B, et al. (2015). Composition, taxonomy and functional diversity
of the oropharynx microbiome in individuals with schizophrenia and controls.
Peer] 3:e1140. doi: 10.7717/peerj.1140

Clarke, G., Grenham, S., Scully, P., Fitzgerald, P., Moloney, R. D., Shanahan, F.,
et al. (2013). The microbiome-gut-brain axis during early life regulates the
hippocampal serotonergic system in a sex-dependent manner. Mol. Psychiatry
18, 666-673. doi: 10.1038/mp.2012.77

Collado, M. C., Rautava, S., Aakko, J., Isolauri, E., and Salminen, S. (2016). Human
gut colonisation may be initiated in utero by distinct microbial communities in
the placenta and amniotic fluid. Sci. Rep. 6:23129. doi: 10.1038/srep23129

Connolly, N., Anixt, J., Manning, P., Ping-I Lin, D., Marsolo, K. A., and Bowers, K.
(2016). Maternal metabolic risk factors for autism spectrum disorder—an
analysis of electronic medical records and linked birth data. Autism Res. 9,
829-837. doi: 10.1002/aur.1586

Coury, D. L., Ashwood, P., Fasano, A., Fuchs, G., Geraghty, M., Kaul, A,, et al.
(2012). Gastrointestinal conditions in children with autism spectrum disorder:
developing a research agenda. Pediatrics 130, S160-S168. doi: 10.1542/peds.
2012-0900N

Critchfield, J. W., van Hemert, S., Ash, M., Mulder, L., and Ashwood, P.
(2011). The potential role of probiotics in the management of childhood
autism spectrum disorders. Gastroenterol. Res. Pract. 2011:161358.
doi: 10.1155/2011/161358

David, L. A., Maurice, C. F., Carmody, R. N., Gootenberg, D. B., Button, J. E.,
Wolfe, B. E., et al. (2014). Diet rapidly and reproducibly alters the human gut
microbiome. Nature 505, 559-563. doi: 10.1038/nature12820

Degroote, S., Hunting, D. J., Baccarelli, A. A., and Takser, L. (2016). Maternal gut
and fetal brain connection: increased anxiety and reduced social interactions
in Wistar rat offspring following peri-conceptional antibiotic exposure. Prog.

Frontiers in Cellular Neuroscience | www.frontiersin.org

February 2017 | Volume 11 | Article 25


https://doi.org/10.1126/scitranslmed.3008599
https://doi.org/10.1111/j.1574-6941.2011.01120.x
https://doi.org/10.1111/j.1574-6941.2011.01120.x
https://doi.org/10.1016/j.chom.2015.04.004
https://doi.org/10.1016/j.chom.2015.04.004
https://doi.org/10.1113/jphysiol.2002.031369
https://doi.org/10.1113/jphysiol.2002.031369
https://doi.org/10.1038/nm.4068
https://doi.org/10.1016/s0959-4388(99)00047-1
https://doi.org/10.1016/s0959-4388(99)00047-1
https://doi.org/10.1053/j.gastro.2011.04.052
https://doi.org/10.1053/j.gastro.2011.04.052
https://doi.org/10.1016/j.molmed.2014.05.002
https://doi.org/10.1126/scitranslmed.3009759
https://doi.org/10.1073/pnas.1102999108
https://doi.org/10.1073/pnas.1102999108
https://doi.org/10.1038/ni.2640
https://doi.org/10.1111/1471-0528.12806
https://doi.org/10.1016/j.cell.2016.06.001
https://doi.org/10.7717/peerj.1140
https://doi.org/10.1038/mp.2012.77
https://doi.org/10.1038/srep23129
https://doi.org/10.1002/aur.1586
https://doi.org/10.1542/peds.2012-0900N
https://doi.org/10.1542/peds.2012-0900N
https://doi.org/10.1155/2011/161358
https://doi.org/10.1038/nature12820
http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Cellular_Neuroscience/archive

Tognini

Gut Microbiota and Postnatal Neurodevelopment

Neuropsychopharmacol. Biol. Psychiatry 71, 76-82. doi: 10.1016/j.pnpbp.2016.
06.010

Desbonnet, L., Clarke, G., Shanahan, F., Dinan, T. G., and Cryan, J. F. (2014).
Microbiota is essential for social development in the mouse. Mol. Psychiatry
19, 146-148. doi: 10.1038/mp.2013.65

Desbonnet, L., Clarke, G., Traplin, A., O’Sullivan, O., Crispie, F., Moloney, R. D.,
et al. (2015). Gut microbiota depletion from early adolescence in mice:
implications for brain and behaviour. Brain Behav. Immun. 48, 165-173.
doi: 10.1016/j.bbi.2015.04.004

Diaz Heijtz, R., Wang, S., Anuar, F., Qian, Y., Bjérkholm, B., Samuelsson, A., et al.
(2011). Normal gut microbiota modulates brain development and behavior.
Proc. Natl. Acad. Sci. U S A 108, 3047-3052. doi: 10.1073/pnas.1010529108

Dickerson, F., Severance, E., and Yolken, R. (2016). The microbiome, immunity,
and schizophrenia and bipolar disorder. Brain Behav. Immun. doi: 10.1016/j.
bbi.2016.12.010 [Epub ahead of print].

Dinan, T. G., Borre, Y. E,, and Cryan, J. F. (2014). Genomics of schizophrenia:
time to consider the gut microbiome? Mol. Psychiatry 19, 1252-1257.
doi: 10.1038/mp.2014.93

El-Husseini, A. E., Schnell, E., Chetkovich, D. M., Nicoll, R. A., and Bredt, D. S.
(2000). PSD-95 involvement in maturation of excitatory synapses. Science 290,
1364-1368. doi: 10.1126/science.290.5495.1364

Erny, D., Hrabe de Angelis, A. L., Jaitin, D., Wieghofer, P., Staszewski, O.,
David, E., et al. (2015). Host microbiota constantly control maturation and
function of microglia in the CNS. Nat. Neurosci. 18, 965-977. doi: 10.1038/nn.
4030

Fond, G., Boukouaci, W., Chevalier, G., Regnault, A., Eber], G., Hamdani, N., et al.
(2015). The “psychomicrobiotic”: targeting microbiota in major psychiatric
disorders: a systematic review. Pathol. Biol. 63, 35-42. doi: 10.1016/j.patbio.
2014.10.003

Foster, J. A.,, and McVey Neufeld, K. A. (2013). Gut-brain axis: how the
microbiome influences anxiety and depression. Trends Neurosci. 36, 305-312.
doi: 10.1016/j.tins.2013.01.005

Furness, J. B. (2012). The enteric nervous system and neurogastroenterology. Nat.
Rev. Gastroenterol. Hepatol. 9, 286-294. doi: 10.1038/nrgastro.2012.32

Gacias, M., Gaspari, S., Santos, P. M., Tamburini, S., Andrade, M., Zhang, F., et al.
(2016). Microbiota-driven transcriptional changes in prefrontal cortex override
genetic differences in social behavior. Elife 5:e13442. doi: 10.7554/eLife.
13442

Gibson, M. K., Wang, B., Ahmadi, S., Burnham, C. A, Tarr, P. I, Warner, B. B,,
et al. (2016). Developmental dynamics of the preterm infant gut microbiota
and antibiotic resistome. Nat. Microbiol. 1:16024. doi: 10.1038/nmicrobiol.
2016.24

Groer, M. W., Luciano, A. A., Dishaw, L. J., Ashmeade, T. L., Miller, E., and
Gilbert, J. A. (2014). Development of the preterm infant gut microbiome: a
research priority. Microbiome 2:38. doi: 10.1186/2049-2618-2-38

Hagan, C. C., Graham, J. M., Wilkinson, P. O., Midgley, N., Suckling, J.,
Sahakian, B. J., et al. (2015). Neurodevelopment and ages of onset in depressive
disorders. Lancet. Psychiatry 2, 1112-1116. doi: 10.1016/S2215-0366(15)
00362-4

Hoban, A. E,, Stilling, R. M., Ryan, F. ]., Shanahan, F., Dinan, T. G., Claesson, M. J.,
et al. (2016). Regulation of prefrontal cortex myelination by the microbiota.
Transl. Psychiatry 6:¢774. doi: 10.1038/tp.2016.42

Hsiao, E. Y. (2014). Gastrointestinal issues in autism spectrum disorder. Harv. Rev.
Psychiatry 22, 104-111. doi: 10.1097/HRP.0000000000000029

Hsiao, E. Y., McBride, S. W., Hsien, S., Sharon, G., Hyde, E. R., McCue, T, et al.
(2013). Microbiota modulate behavioral and physiological abnormalities
associated with neurodevelopmental disorders. Cell 155, 1451-1463.
doi: 10.1016/j.cell.2013.11.024

Jiménez, E., Marin, M. L., Martin, R., Odriozola, J. M., Olivares, M., Xaus, ., et al.
(2008). Is meconium from healthy newborns actually sterile? Res. Microbiol.
159, 187-193. doi: 10.1016/j.resmic.2007.12.007

Johnson, S., and Marlow, N. (2011). Preterm birth and childhood psychiatric
disorders. Pediatr. Res. 69, 11R-18R. doi: 10.1203/PDR.0b013e318
212faa0

Kang, D. W,, Park, J. G,, Tlhan, Z. E., Wallstrom, G., Labaer, J., Adams, J. B.,
etal. (2013). Reduced incidence of Prevotella and other fermenters in intestinal
microflora of autistic children. PLoS One 8:68322. doi: 10.1371/journal.pone.
0068322

Kiraly, D. D., Walker, D. M., Calipari, E. S., Labonte, B., Issler, O., Pena, C. J.,
et al. (2016). Alterations of the host microbiome affect behavioral responses to
cocaine. Sci. Rep. 6:35455. doi: 10.1038/srep35455

Knudsen, E. I. (2004). Sensitive periods in the development of the brain and
behavior. J. Cogn. Neurosci. 16, 1412-1425. doi: 10.1162/0898929042304796

Kohane, I. S., McMurry, A., Weber, G., MacFadden, D., Rappaport, L., Kunkel, L.,
et al. (2012). The co-morbidity burden of children and young adults with
autism spectrum disorders. PLoS One 7:€33224. doi: 10.1371/journal.pone.
0033224

Krakowiak, P., Walker, C. K. Bremer, A. A, Baker, A. S, Ozonoff, S,
Hansen, R. L., et al. (2012). Maternal metabolic conditions and risk for
autism and other neurodevelopmental disorders. Pediatrics 129, e1121-e1128.
doi: 10.1542/peds.2011-2583

Kwon, S. E., and Chapman, E. R. (2011). Synaptophysin regulates the kinetics
of synaptic vesicle endocytosis in central neurons. Neuron 70, 847-854.
doi: 10.1016/j.neuron.2011.04.001

Ley, R. E., Peterson, D. A., and Gordon, J. I. (2006). Ecological and evolutionary
forces shaping microbial diversity in the human intestine. Cell 124, 837-848.
doi: 10.1016/j.cell.2006.02.017

Luczynski, P., Whelan, S. O., O’Sullivan, C., Clarke, G., Shanahan, F,
Dinan, T. G., et al. (2016). Adult microbiota-deficient mice have distinct
dendritic morphological changes: differential effects in the amygdala and
hippocampus. Eur. J. Neurosci. 44, 2654-2666. doi: 10.1111/ejn.13291

de Magistris, L., Familiari, V., Pascotto, A., Sapone, A., Frolli, A., Iardino, P., et al.
(2010). Alterations of the intestinal barrier in patients with autism spectrum
disorders and in their first-degree relatives. J. Pediatr. Gastroenterol. Nutr. 51,
418-424. doi: 10.1097/MPG.0b013e3181dcc4a5

Mangiola, F., Ianiro, G., Franceschi, F., Fagiuoli, S., Gasbarrini, G., and
Gasbarrini, A. (2016). Gut microbiota in autism and mood disorders. World
J. Gastroenterol. 22, 361-368. doi: 10.3748/wjg.v22.i1.361

Matamoros, S., Gras-Leguen, C., Le Vacon, F., Potel, G., and de La
Cochetiere, M. F. (2013). Development of intestinal microbiota in infants and
its impact on health. Trends Microbiol. 21, 167-173. doi: 10.1016/j.tim.2012.
12.001

Mirescu, C., and Gould, E. (2006). Stress and adult neurogenesis. Hippocampus 16,
233-238. doi: 10.1002/hip0.20155

Mohle, L., Mattei, D., Heimesaat, M. M., Bereswill, S. Fischer, A.,
Alutis, M., et al. (2016). Ly6CM monocytes provide a link between
antibiotic-induced changes in gut microbiota and adult hippocampal
neurogenesis. Cell Rep. 15, 1945-1956. doi: 10.1016/j.celrep.2016.
04.074

Mu, C, Yang, Y., and Zhu, W. (2016). Gut microbiota: the brain peacekeeper.
Front. Microbiol. 7:345. doi: 10.3389/fmicb.2016.00345

Neufeld, K. M., Kang, N., Bienenstock, J., and Foster, J. A. (2011). Reduced
anxiety-like behavior and central neurochemical change in germ-free mice.
Neurogastroenterol. Motil. 23, 255-264, el19. doi: 10.1111/j.1365-2982.2010.
01620.x

Nicholson, J. K., Holmes, E., Kinross, J., Burcelin, R., Gibson, G., Jia, W., et al.
(2012). Host-gut microbiota metabolic interactions. Science 336, 1262-1267.
doi: 10.1126/science.1223813

Nosarti, C., Reichenberg, A., Murray, R. M., Cnattingius, S., Lambe, M. P., Yin, L.,
et al. (2012). Preterm birth and psychiatric disorders in young adult life. Arch.
Gen. Psychiatry 69, E1-E8. doi: 10.1001/archgenpsychiatry.2011.1374

Ogbonnaya, E. S., Clarke, G., Shanahan, F., Dinan, T. G., Cryan, J. F., and
O’Leary, O. F. (2015). Adult hippocampal neurogenesis is regulated by the
microbiome. Biol. Psychiatry 78, e7-€9. doi: 10.1016/j.biopsych.2014.12.023

O’Hara, A. M., and Shanahan, F. (2006). The gut flora as a forgotten organ. EMBO
Rep. 7, 688-693. doi: 10.1038/sj.embor.7400731

Paolicelli, R. C., Bolasco, G., Pagani, F., Maggi, L., Scianni, M., Panzanelli, P.,
et al. (2011). Synaptic pruning by microglia is necessary for normal brain
development. Science 333, 1456-1458. doi: 10.1126/science.1202529

Park, H., and Poo, M. M. (2013). Neurotrophin regulation of neural circuit
development and function. Nat. Rev. Neurosci. 14, 7-23. doi: 10.1038/
nrn3379

Petanjek, Z., Judas, M., Simic, G., Rasin, M. R, Uylings, H. B., Rakic, P., et al.
(2011). Extraordinary neoteny of synaptic spines in the human prefrontal
cortex. Proc. Natl. Acad. Sci. U S A 108, 13281-13286. doi: 10.1073/pnas.
1105108108

Frontiers in Cellular Neuroscience | www.frontiersin.org

February 2017 | Volume 11 | Article 25


https://doi.org/10.1016/j.pnpbp.2016.06.010
https://doi.org/10.1016/j.pnpbp.2016.06.010
https://doi.org/10.1038/mp.2013.65
https://doi.org/10.1016/j.bbi.2015.04.004
https://doi.org/ 10.1073/pnas.1010529108
https://doi.org/10.1016/j.bbi.2016.12.010
https://doi.org/10.1016/j.bbi.2016.12.010
https://doi.org/10.1038/mp.2014.93
https://doi.org/10.1126/science.290.5495.1364
https://doi.org/10.1038/nn.4030
https://doi.org/10.1038/nn.4030
https://doi.org/10.1016/j.patbio.2014.10.003
https://doi.org/10.1016/j.patbio.2014.10.003
https://doi.org/10.1016/j.tins.2013.01.005
https://doi.org/10.1038/nrgastro.2012.32
https://doi.org/10.7554/eLife.13442
https://doi.org/10.7554/eLife.13442
https://doi.org/10.1038/nmicrobiol.2016.24
https://doi.org/10.1038/nmicrobiol.2016.24
https://doi.org/10.1186/2049-2618-2-38
https://doi.org/10.1016/S2215-0366(15)00362-4
https://doi.org/10.1016/S2215-0366(15)00362-4
https://doi.org/10.1038/tp.2016.42
https://doi.org/10.1097/HRP.0000000000000029
https://doi.org/10.1016/j.cell.2013.11.024
https://doi.org/10.1016/j.resmic.2007.12.007
https://doi.org/10.1203/PDR.0b013e318212faa0
https://doi.org/10.1203/PDR.0b013e318212faa0
https://doi.org/10.1371/journal.pone.0068322
https://doi.org/10.1371/journal.pone.0068322
https://doi.org/10.1038/srep35455
https://doi.org/10.1162/0898929042304796
https://doi.org/10.1371/journal.pone.0033224
https://doi.org/10.1371/journal.pone.0033224
https://doi.org/10.1542/peds.2011-2583
https://doi.org/10.1016/j.neuron.2011.04.001
https://doi.org/10.1016/j.cell.2006.02.017
https://doi.org/10.1111/ejn.13291
https://doi.org/10.1097/MPG.0b013e3181dcc4a5
https://doi.org/10.3748/wjg.v22.i1.361
https://doi.org/10.1016/j.tim.2012.12.001
https://doi.org/10.1016/j.tim.2012.12.001
https://doi.org/10.1002/hipo.20155
https://doi.org/10.1016/j.celrep.2016.04.074
https://doi.org/10.1016/j.celrep.2016.04.074
https://doi.org/10.3389/fmicb.2016.00345
https://doi.org/10.1111/j.1365-2982.2010.01620.x
https://doi.org/10.1111/j.1365-2982.2010.01620.x
https://doi.org/10.1126/science.1223813
https://doi.org/10.1001/archgenpsychiatry.2011.1374
https://doi.org/10.1016/j.biopsych.2014.12.023
https://doi.org/10.1038/sj.embor.7400731
https://doi.org/10.1126/science.1202529
https://doi.org/10.1038/nrn3379
https://doi.org/10.1038/nrn3379
https://doi.org/10.1073/pnas.1105108108
https://doi.org/10.1073/pnas.1105108108
http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Cellular_Neuroscience/archive

Tognini

Gut Microbiota and Postnatal Neurodevelopment

Qin, J., Li, R, Raes, J., Arumugam, M., Burgdorf, K. S., Manichanh, C., et al.
(2010). A human gut microbial gene catalogue established by metagenomic
sequencing. Nature 464, 59-65. doi: 10.1038/nature08821

Rafiki, A., Boulland, J. L., Halestrap, A. P., Ottersen, O. P., and Bergersen, L. (2003).
Highly differential expression of the monocarboxylate transporters MCT2 and
MCT4 in the developing rat brain. Neuroscience 122, 677-688. doi: 10.1016/j.
neuroscience.2003.08.040

Rajili¢-Stojanovi¢, M., Heilig, H. G., Tims, S., Zoetendal, E. G., and de
Vos, W. M. (2013). Long-term monitoring of the human intestinal microbiota
composition. Environ. Microbiol. 15, 1146-1159. doi: 10.1111/1462-2920.12023

Rios-Covian, D., Ruas-Madiedo, P., Margolles, A., Gueimonde, M., de Los Reyes-
Gavilan, C. G., and Salazar, N. (2016). Intestinal short chain fatty acids and their
link with diet and human health. Front. Microbiol. 7:185. doi: 10.3389/fmicb.
2016.00185

Round, J. L., and Mazmanian, S. K. (2009). The gut microbiota shapes intestinal
immune responses during health and disease. Nat. Rev. Immunol. 9, 313-323.
doi: 10.1038/nri2515

Sekirov, I, Russell, S. L., Antunes, L. C., and Finlay, B. B. (2010). Gut microbiota in
health and disease. Physiol. Rev. 90, 859-904. doi: 10.1152/physrev.00045.2009

Severance, E. G., Yolken, R. H., and Eaton, W. W. (2016). Autoimmune diseases,
gastrointestinal disorders and the microbiome in schizophrenia: more than a
gut feeling. Schizophr. Res. 176, 23-35. doi: 10.1016/j.schres.2014.06.027

Sharon, G., Garg, N., Debelius, J., Knight, R., Dorrestein, P. C., and
Mazmanian, S. K. (2014). Specialized metabolites from the microbiome in
health and disease. Cell Metab. 20, 719-730. doi: 10.1016/j.cmet.2014.10.016

Sherwin, E., Sandhu, K. V., Dinan, T. G., and Cryan, J. F. (2016). May the
force be with you: the light and dark sides of the microbiota-gut-brain
axis in neuropsychiatry. CNS Drugs 30, 1019-1041. doi: 10.1007/s40263-016-
0370-3

Stiles, J., and Jernigan, T. L. (2010). The basics of brain development. Neuropsychol.
Rev. 20, 327-348. doi: 10.1007/s11065-010-9148-4

Sudo, N., Chida, Y., Aiba, Y., Sonoda, J., Oyama, N., Yu, X. N, et al
(2004). Postnatal microbial colonization programs the hypothalamic-pituitary-
adrenal system for stress response in mice. J. Physiol. 558, 263-275.
doi: 10.1113/jphysiol.2004.063388

Sullivan, E. L., Nousen, E. K., and Chamlou, K. A. (2014). Maternal high fat diet
consumption during the perinatal period programs offspring behavior. Physiol.
Behav. 123, 236-242. doi: 10.1016/j.physbeh.2012.07.014

Tarsa, L., and Goda, Y. (2002). Synaptophysin regulates activity-dependent
synapse formation in cultured hippocampal neurons. Proc. Natl. Acad. Sci.
USA99,1012-1016. doi: 10.1073/pnas.022575999

Tau, G. Z., and Peterson, B. S. (2010). Normal development of brain circuits.
Neuropsychopharmacology 35, 147-168. doi: 10.1038/npp.2009.115

Tochitani, S., Ikeno, T., Ito, T., Sakurai, A., Yamauchi, T., and Matsuzaki, H.
(2016). Administration of non-absorbable antibiotics to pregnant mice to
perturb the maternal gut microbiota is associated with alterations in offspring
behavior. PLoS One 11:e0138293. doi: 10.1371/journal.pone.0138293

Tremaroli, V., and Bickhed, F. (2012). Functional interactions between
the gut microbiota and host metabolism. Nature 489, 242-249.
doi: 10.1038/nature11552

Valicenti-McDermott, M., McVicar, K., Rapin, I., Wershil, B. K., Cohen, H., and
Shinnar, S. (2006). Frequency of gastrointestinal symptoms in children with
autistic spectrum disorders and association with family history of autoimmune
disease. J. Dev. Behav. Pediat. 27, S128-S136. doi: 10.1097/00004703-
200604002-00011

Waldecker, M., Kautenburger, T., Daumann, H., Busch, C., and Schrenk, D.
(2008). Inhibition of histone-deacetylase activity by short-chain fatty acids
and some polyphenol metabolites formed in the colon. J. Nutr. Biochem. 19,
587-593. doi: 10.1016/j.jnutbio.2007.08.002

Wang, L., Christophersen, C. T., Sorich, M. J., Gerber, J. P., Angley, M. T., and
Conlon, M. A. (2013). Increased abundance of Sutterella spp. Mol. Autism 4:42.
doi: 10.1186/2040-2392-4-42

Wang, H., and Doering, L. C. (2015). Autism spectrum disorders: emerging
mechanisms and mechanism-based treatment. Front. Cell. Neurosci. 9:183.
doi: 10.3389/fncel.2015.00183

Wu, Y., Dissing-Olesen, L., MacVicar, B. A., and Stevens, B. (2015). Microglia:
dynamic mediators of synapse development and plasticity. Trends Immunol.
36, 605-613. doi: 10.1016/j.it.2015.08.008

Yatsunenko, T., Rey, F. E., Manary, M. ], Trehan, 1., Dominguez-Bello, M. G.,
Contreras, M., et al. (2012). Human gut microbiome viewed across age and
geography. Nature 486, 222-227. doi: 10.1038/nature11053

Conflict of Interest Statement: The author declares that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2017 Tognini. This is an open-access article distributed under the terms
of the Creative Commons Attribution License (CC BY). The use, distribution and
reproduction in other forums is permitted, provided the original author(s) or licensor
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Cellular Neuroscience | www.frontiersin.org

February 2017 | Volume 11 | Article 25


https://doi.org/10.1038/nature08821
https://doi.org/10.1016/j.neuroscience.2003.08.040
https://doi.org/10.1016/j.neuroscience.2003.08.040
https://doi.org/10.1111/1462-2920.12023
https://doi.org/10.3389/fmicb.2016.00185
https://doi.org/10.3389/fmicb.2016.00185
https://doi.org/10.1038/nri2515
https://doi.org/10.1152/physrev.00045.2009
https://doi.org/10.1016/j.schres.2014.06.027
https://doi.org/10.1016/j.cmet.2014.10.016
https://doi.org/10.1007/s40263-016-0370-3
https://doi.org/10.1007/s40263-016-0370-3
https://doi.org/10.1007/s11065-010-9148-4
https://doi.org/10.1113/jphysiol.2004.063388
https://doi.org/10.1016/j.physbeh.2012.07.014
https://doi.org/10.1073/pnas.022575999 
https://doi.org/10.1038/npp.2009.115
https://doi.org/10.1371/journal.pone.0138293
https://doi.org/10.1038/nature11552
https://doi.org/10.1097/00004703-200604002-00011
https://doi.org/10.1097/00004703-200604002-00011
https://doi.org/10.1016/j.jnutbio.2007.08.002
https://doi.org/10.1186/2040-2392-4-42
https://doi.org/10.3389/fncel.2015.00183
https://doi.org/10.1016/j.it.2015.08.008
https://doi.org/10.1038/nature11053
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/Cellular_Neuroscience
http://www.frontiersin.org
http://www.frontiersin.org/Cellular_Neuroscience/archive

	Gut Microbiota: A Potential Regulator of Neurodevelopment
	INTRODUCTION
	GUT MICROBIOTA MATURATION
	THE GUT MICROBIOTA SCULPTS BRAIN FUNCTION AND BEHAVIOR
	GI TRACT-BRAIN CROSSTALK PATHWAYS AND THEIR RELEVANCE IN CNS FUNCTION
	Enteric Nervous System and Vagus Nerve
	Circulation
	Interaction through the Immune System

	CONTRIBUTION OF THE INTESTINAL MICROBIOTA TO ALTERED NEURODEVELOPMENTAL TRAJECTORY
	FUTURE OUTLOOKS
	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGMENTS
	REFERENCES


