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The microbiota plays important roles in host metabolism and immunity, and its disruption
affects adult brain physiology and behavior. Although such findings have been attributed
to altered neurodevelopment, few studies have actually examined microbiota effects
on the developing brain. This review focuses on developmental effects of the earliest
exposure to microbes. At birth, the mammalian fetus enters a world teeming with
microbes which colonize all body sites in contact with the environment. Bacteria reach
the gut within a few hours of birth and cause a measurable response in the intestinal
epithelium. In adults, the gut microbiota signals to the brain via the vagus nerve,
bacterial metabolites, hormones, and immune signaling, and work in perinatal rodents is
beginning to elucidate which of these signaling pathways herald the very first encounter
with gut microbes in the neonate. Neural effects of the microbiota during the first few
days of life include changes in neuronal cell death, microglia, and brain cytokine levels. In
addition to these effects of direct exposure of the newborn to microbes, accumulating
evidence points to a role for the maternal microbiota in affecting brain development
via bacterial molecules and metabolites while the offspring is still in utero. Hence,
perturbations to microbial exposure perinatally, such as through C-section delivery
or antibiotic treatment, alter microbiota colonization and may have long-term neural
consequences. The perinatal period is critical for brain development and a close look at
microbiota effects during this time promises to reveal the earliest, most primary effects
of the microbiota on neurodevelopment.
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INTRODUCTION

The womb has long been assumed to be sterile, with the first direct exposure to microbes occurring
at birth. Recently, this concept has been questioned, with reports of a microbial signature in the
placenta, amniotic fluid, and fetal gut (e.g., Rackaityte et al., 2020). However, other studies do
not see offspring-associated microbiota in healthy pregnancies distinct from contaminating DNA,
hence supporting the “sterile womb” hypothesis (e.g., de Goffau et al., 2019; reviewed in Walter
and Hornef, 2021). Regardless of this debate’s outcome, all agree that microbes from maternal and
environmental sources rapidly and densely colonize the neonate at birth.
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Although microbes colonize all body surfaces in contact
with the environment, over 98% of our body’s microbes are
located within the gastrointestinal tract. The gut microbiota has
effects on the brain and behavior in adulthood, as demonstrated
most directly by studying animals with absent or a reduced
microbiota throughout life. Germ-free (GF) mice, for example,
have alterations in social behavior, stress responding, cognition,
and other functions (Cryan and Dinan, 2012). Some of these
effects can be corrected with exposure to a microbiota in
adolescence, but others persist (e.g., Clarke et al, 2013),
suggesting that early life is a sensitive period for effects of microbe
exposure on the brain.

In this review, we focus on microbe exposure in the immediate
peri-partum period to address key questions and identify gaps in
our knowledge related to: (1) how microbes signal to the neonatal
brain, (2) which microbes first colonize the gut and exactly when
that occurs, (3) what the effects are of microbe exposure on the
neonatal brain, and (4) whether effects of microbe exposure on
brain development begin in utero.

WHAT PATHWAYS SIGNAL THE ARRIVAL
OF THE FIRST MICROBES?

Although the gut microbiota is comprised of bacteria, viruses,
fungi, and protozoa, bacteria have received by far the most
attention to date. In adults, gut bacteria communicate with the
brain in at least four ways: via direct neural connections, bacterial
metabolites, hormones, and immune signaling. Much less is
known about gut-brain signaling in neonates (Figure 1), but we
have at least a rudimentary understanding of what pathways are
operational during this period.

The Vagus Nerve Establishes
Connections With the Gut Prenatally

The vagus nerve, which innervates the intestines from the
proximal duodenum to the distal descending colon, is a major
bidirectional communication system between the gut and brain.
Primary sensory neurons of the vagus reside in the nodose
ganglion and send a peripheral projection to the gut wall and a
central projection to the nucleus of the solitary tract (NTS) in the
hindbrain. The NTS, in turn, projects to several forebrain areas,
such as the paraventricular nucleus of the hypothalamus (PVN)
and arcuate nucleus, conveying messages related to the chemical
contents of the gut, intestinal distension and inflammation, gut
hormone release, and other information (Browning et al., 2017;
Filling et al., 2019). In mice, vagal sensory fibers innervate the
duodenum by embryonic day (E) 14 and the distal small intestine
by E16 (Ratcliffe et al., 2011). Thus, vagal connections are in place
to convey the earliest information from gut microbiota to the
brain. It has yet to be demonstrated, however, whether bacterial
signals from the gut lumen signal to the brain via the vagus nerve
in the first hours or days after birth.

Vagal innervation of the gastrointestinal tract promotes
the proliferation of enteroendocrine cells (EECs), which are
specialized cells in the intestinal epithelium capable of sensing
the presence of microbes and relaying that information to the

brain (Buchanan and Bohorquez, 2018). A subset of EECs termed
neuropod cells are electrically excitable and directly synapse
with vagal nerve endings. Neuropod cells can relay information
from the gut to the nodose ganglion in milliseconds, which
is faster than any previously known mechanism (Kaelberer
et al., 2018). Although EECs are present on the day of birth in
newborn rodents (Penkova et al., 2010), more work is needed
to understand whether the neuropod cell-to-vagus connection is
present and functional at this age.

Microbial Metabolites Signal to the Brain
Hundreds of bacterial metabolites penetrate host body tissues
(Uchimura et al, 2018), and some of these, such as aryl
hydrocarbon receptor ligands, short-chain-fatty acids (SCFAs),
tryptophan, and secondary bile acids have demonstrable effects
on the host (e.g., Arpaia et al., 2013; Gomez de Agiiero et al,
2016). SCFAs (e.g., acetate, propionate, and butyrate) have been
especially well studied for their role in the gut-brain connection
and are produced by bacteria as end products of the fermentation
of indigestible dietary fibers. SCFAs can be shuttled across the
gut epithelium by monocarboxylate transporters and act locally
on the vagus nerve (Silva et al, 2020). They also can cross
the blood brain barrier (BBB) where they may bind to free
fatty acid receptors expressed in the brain or act via epigenetic
mechanisms (Berni Canani et al., 2012; Falomir-Lockhart et al.,
2019). Although SCFAs can be measured in circulation in
perinatal mice (Kimura et al., 2020), and monocarboxylate
transporters are expressed by capillary endothelial cells forming
the BBB of newborn rodents (Omori et al., 2020), it has yet
to be directly demonstrated whether SCFA signaling occurs in
the newborn brain.

Gut Hormones

Gut peptides, such as cholecystokinin, peptide YY, gastric
inhibitory peptide, and ghrelin are produced by EECs and
other gastrointestinal cells. The microbiota regulates the levels
of these gut peptide hormones, which activate receptors on
vagal afferents in the intestinal mucosa (Lach et al.,, 2018) or
in the brain to affect neural circuits controlling eating behavior
(Andermann and Lowell, 2017). Gut peptide hormones are
measurable prenatally and approach adult levels by birth (Bryant
et al., 1982); whether the release of these hormones is affected by
the arrival of the pioneer microbiota in newborns is another area
ripe for investigation.

Immune Signaling

Immune signaling is a fourth route of microbiota-gut-brain
signaling. For example, the innate immune receptors toll-like
receptor (TLR) 4 and TLR5 are activated by the bacterial antigens
lipopolysaccharide and flagellin, respectively. Both receptors are
expressed at high levels and are fully functional in gut epithelial
cells of perinatal mice (Gribar et al., 2009; Fulde et al., 2018).
TLR5 selects against flagellated bacteria during the neonatal
period (Fulde et al., 2018) and TLR4 binding in epithelial cells
causes the release of proinflammatory cytokines (Gribar et al.,
2009). In adults, this cytokine release activates brain regions such
as the PVN (Rivest, 2001). Assuming that cytokines circulating in
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Effects on the postnatal brain:

Maternal and

Microglia
Cell death
Cytokine production

- -
?%?

Q)

environmental - "NG ;
microbiota \_ /
v 3
@Vagus
S\ = ¢ nerve
Gut lumen
Activation of intestinal @ Bacterial / Microbiota [P
epithelium - 2h after birth metabolites TLR f\% | ‘
< | 2
L 60+ Intestinal
S w epithelium Oa
S
Pl S Cp
25 Blood _© = = » < o\g 4
£ = vessel  © > \ Ry D N
5 Neuropod
T 1 (3)Gut cell ;
- . - hormones
Vaginal Sterile
birth C-section @ I.mm:J.ne
birth signaling

FIGURE 1 | The pioneer microbiota exerts rapid effects on the neonatal brain. At birth the newborn is colonized by maternal and environmental microbiota. In mice,
microbial colonization of the gut is associated with activation of the intestinal epithelium (bottom left), as early as 2 h after a vaginal but not a sterile C-section birth
(see Lotz et al., 2006). In adults, microbiota signal to the brain via the vagus nerve, bacterial metabolites, gut hormones, and immune signaling, but whether these
pathways are functional in the newborn remains to be demonstrated (denoted with question marks). Regardless, effects of microbes on the brain are seen within
12-14 h after birth, and include changes in cell death, microglial cell number and physiology, as well as cytokine expression (top and right; Castillo-Ruiz et al., 2018).
EEC, enteroendocrine cell; NG, nodose ganglia; NTS: nucleus of the solitary tract; TLR, toll-like receptor.

neonates also signal to the brain, this system may be in place at
birth to detect the earliest-arriving microbes. In addition, TLRs
are expressed in the perinatal mouse brain (e.g., Kaul et al,
2012), which may allow for direct brain sensing of bacteria-
related molecules, although we currently know very little about
their regional distribution in the perinatal brain.

THE PIONEER MICROBIOTA - WHEN DO
THEY ARRIVE AND “WHO” ARE THEY?

The newborn begins its lifelong exposure to gut microbes with
its first swallow. Low levels of bacteria are detected in the gastric

aspirate of human babies within 1 h of a vaginal but not a
C-section birth, suggesting that these bacteria are acquired during
passage through the birth canal (Bajorek et al., 2019). Almost
immediately after birth the baby begins feeding, leading to the
ingestion of almost one million bacteria daily from breast milk
(Le Doare et al, 2018), although how bacteria get into the
milk remains controversial (Greer et al., 2019). Microbes are
present in human meconium samples on the first postnatal day
(Hansen et al., 2015), and there is already evidence of a nascent
microbiome in the lower intestinal tract of mice within a few
hours of birth (van Best et al., 2020).

One might reasonably question whether the tiny numbers of
microbes present in the first hours of life have any meaningful
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effect on the host, but two observations suggest that they may.
In the Hawaiian bobtail squid, the development of the light-
emitting organ is dependent on a specific bacterial species (Vibrio
fischeri) entering the organ during a sensitive period. Remarkably,
the bacteria populate the organ within minutes of hatching,
and as few as 5 individual bacteria are sufficient to trigger
its development (Altura et al., 2013). In mammals, the earliest
functional effects of postnatal microbes reported to date may
be the microbe-dependent activation of intestinal epithelial cells
that is seen just 2 h after birth in mice (Lotz et al., 2006).
This activation resolves several hours later, as the epithelial cells
achieve tolerance. Interestingly, tolerance does not occur in mice
born by sterile C-section and isolated from the dam (Lotz et al.,
2006), demonstrating the requirement for direct exposure to
microbes for this important process. This work also speaks to
the “sterile womb” hypothesis: if bacteria are present in the
fetal intestine, they are not numerous enough to trigger the
activation of the intestinal epithelium that occurs just 2 h after
exiting the womb.

Human and mouse studies have sought to characterize
the pioneering gut bacteria in the first days of life. Pantoja-
Feliciano et al. (2013) report that the earliest colonization of
the mouse gut begins with the presence of Streptococcus 1 day
after birth, followed by dominance of Lactobacillus (responsible
for fermenting milk lactose) by day 3. The neonate transitions
to a more stable gut microbial community dominated by
Bacteroides around the time of weaning. This work largely
replicates the findings made over 45 years ago by Schaedler
(1973) who used culture techniques to characterize the pioneer
microbiota in mice. Human studies have classified a similar
transition in the first days of life from aerobic species (including
Streptococcus) to a more diverse microbial profile including
bacteria with varying oxygen requirements, including anaerobic
or facultative anaerobic species (e.g., Lactobacillus), though this is
then followed by dominance of Bifidobacterium by 1 week of life
(Fanaro et al., 2003).

Thus, gut microbes are present within the first few hours
of life, and a succession of dominating genera takes place in
neonatal mice and humans. Moreover, these bacteria, even in very
small numbers, can have an effect on the periphery. In the last
2-3 years, effects of these pioneer microbes on brain development
have also been reported.

HOW DOES THE PIONEER MICROBIOTA
IMPACT BRAIN DEVELOPMENT?

The microbiota colonizes the newborn’s body during a time
when the brain is being shaped by key developmental processes.
In mice, these include colonization of the brain by microglia
and developmental neuronal cell death. Microglia, the resident
immune cells of the brain, increase markedly in number, and
change in morphology and gene expression during the early
postnatal period in mice (Nikodemova et al., 2015). Similarly,
cell death, which eliminates roughly 50% of post-mitotic neurons
via apoptosis, is concentrated during the first postnatal week
in mice (Ahern et al., 2013). Neuronal cell death shows abrupt

changes following birth (Mosley et al., 2017) which led us to
hypothesize that microbiota colonization at birth may play a role
in shaping this process.

Using GF mice, we found that microbiota absence at
birth is associated with region-specific changes in cell death
and increased microglial labeling in the hippocampus and
hypothalamus (Castillo-Ruiz et al., 2018; Figure 1). These effects
were not seen prenatally, but occurred within 12-14 h of birth,
suggesting that direct exposure to microbes is necessary. We
also found that the expression of pro-inflammatory cytokines,
especially interleukin 1 and tumor necrosis factor o, was
markedly higher in the brains of mice born in the presence
of a microbiota than in those born GF (Castillo-Ruiz et al.,
2018). More recently, we reported neural activation 3 h after
birth in the PVN (Hoffiz et al, 2021), a brain region that
receives input from the vagus nerve and has a central role
in immune regulation and the stress response. This timing
coincides with the arrival of microbiota to the newborn gut,
although we have yet to demonstrate that the two events are
causally linked. Since oral gavage with pathogenic bacteria causes
activation of the PVN within 2 h in adults (Wang et al., 2002),
it is certainly possible that pioneer bacteria could signal to the
PVN very rapidly postpartum, and this is an important area
for future study.

Other neurodevelopmental processes may be affected
by microbiota colonization at birth in mice and in other
species. The stage of brain development at birth varies
between short- and long-gestation species, so the neural
processes affected by the first exposure to a microbiota are
also likely to vary. In humans, for example, cell death is
ongoing at birth, but microglial colonization occurs prenatally
(Menassa and Gomez-Nicola, 2018).

DO EFFECTS OF THE MICROBIOTA
BEGIN IN UTERO?

Regardless of the final outcome of the “sterile womb” debate,
evidence is strong that microbes play an essential role in fetal
development, including brain development, via indirect effects
through the mother (Figure 2).

Maternal Bacterial Metabolites Reach
the Fetus

In mammals, all calories and nutrients required for fetal
growth are transferred from the mother, and the microbiota
influences this transfer in several ways. For example, the
maternal gut microbiota increases the energy harvested from
food, and is essential for the synthesis of vitamins and
the generation of SCFAs (Macpherson et al., 2017). Recent
evidence demonstrates that molecules derived from the maternal
microbiota reach the fetus to influence gene expression and
anatomical development of the brain.

In a global metabolomic analysis, Li et al. (2020) found
that roughly 5% of the metabolites present in human fetal
intestine and meconium could be classified as “microbial”
(i.e., metabolites that are either produced by microbes or
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produced by the host in response to microbes). Because they
did not detect any microbial signature in the fetus itself, the
authors hypothesize that the microbial metabolites are vertically
transmitted from the mother. Similarly, molecules from isotope-
labeled bacteria administered to pregnant mouse dams reach the
placenta and fetal circulation (Gomez de Agiiero et al., 2016).
In addition, when GF dams are transiently colonized with a
genetically engineered strain of E. coli that does not persist
in the intestine passed term, their offspring have more innate
leukocytes and altered intestinal gene expression compared to
pups born to unmanipulated GF dams (Gomez de Agiiero
et al., 2016). Some of the changes in the offspring of transiently
colonized dams are related to the expression of antibacterial
peptides and mucus production, and pups of gestation-only
colonized mothers are better adapted to microbial challenges
later in life. Thus, indirect effects of the maternal microbiota
may prepare the fetus for the direct exposure to microbes
encountered at birth.

Maternal Microbiota-Dependent
Metabolites Affect Brain and Peripheral
Nervous System Development of

Offspring

Fetuses gestating in GF dams have reduced expression
of endothelial tight junction proteins and increased BBB
permeability compared to fetuses of conventional control dams
(Braniste et al., 2014), indicating that the maternal microbiota
influences in utero development of the BBB. The microglia
in male mouse embryos of GF mothers are more numerous
and highly branched, and show substantial changes in gene
expression compared to those of controls (Thion et al., 2018),

demonstrating that development of the brain’s innate immune
system is also affected by maternal microbial status.

Mouse embryos from antibiotic-treated and GF dams
exhibit reduced thalamo-cortical axon growth (Vuong et al,
2020). This abnormality is due to a reduction in maternal
microbiota-dependent metabolites reaching the fetus, and
is prevented by colonizing the dams with even a limited
set of bacteria (Vuong et al, 2020). Development of the
peripheral nervous system is also affected by maternal
microbial metabolites that reach the offspring in utero. For
example, radioactively labeled SCFAs administered to the
maternal colon reach their embryos within 40 min, and
embryos lacking specific free fatty acid receptors have reduced
development of sympathetic nerve projections to the heart
(Kimura et al., 2020).

Thus, microbial molecules and microbe-dependent
metabolites from the mother affect offspring neural development
in utero (Figure 2). Koren et al. (2012) and others have reported
dramatic changes in the maternal gut microbiota over the course
of pregnancy, which suggests that the metabolites reaching the
offspring may also vary during gestation. However, other studies
report relatively stable microbial communities over pregnancy
(e.g., Yang et al., 2020). The reason for the discrepancy is unclear,
but could include differences in subject-related factors across
studies, such as maternal age and body weight.

COMMON PERTURBATIONS OF THE
MICROBIOTA THAT MAY AFFECT
OFFSPRING BRAIN DEVELOPMENT

Although humans are never born GF (but see: Barnes et al., 1969),
many variables of modern life can profoundly alter the maternal

Mother

Diet
Infection
Stress
Antibiotics
Hygiene
practices

Fetus

Effects on fetal brain:

BBB

Microglia %

Axonogenesis

\
Blood

Energy harvested

_>
Microbiota &
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FIGURE 2 | Effects of the microbiota on brain development begin in utero. The maternal gut microbiota exerts effects on fetal brain development indirectly via the
production of vitamins and bacterial metabolites, as well as by increasing the energy harvested from food. Microbe-dependent molecules cross the placenta and
may reach the fetal brain. Reported effects of the maternal microbiota on fetal brain development include development of the blood brain barrier (BBB), microglial cell
number and physiology, and axonogenesis. As a result, perturbations to the maternal microbiota, for example via lifestyle (e.g., diet), illness (e.g., stress or infection)

or medical treatment (e.g., antibiotics), may affect offspring brain development.
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and newborn microbiota (Figure 2). Birth mode, birth timing,
maternal infection, antibiotic exposure, breast milk vs. formula
feeding, hygiene practices, maternal diet, and maternal stress all
cause changes in the maternal and/or offspring microbiota and,
in some cases, have been linked to behavioral or brain alterations
in the offspring (Cryan et al., 2019; Jasarevi¢ and Bale, 2019).

For example, the offspring of female mice fed a high-fat
diet before and during pregnancy have social deficits that are
attributable to alterations in their microbiota (Buffington et al,,
2016). Maternal infection during pregnancy influences offspring
cortical development and later behavior in mice, and these
effects appear to be mediated via the maternal microbiota (Kim
et al, 2017). A staggering 40% of all United States women
(and essentially 100% of those undergoing C-section) are now
treated with antibiotics immediately prior to delivery (Kuperman
and Koren, 2016), with demonstrated profound and surprisingly
long-lasting effects on the gut microbiota of the newborn.
In boys, neonatal antibiotic treatment impairs growth during
at least the first 6 years of life, whereas treatment later in
infancy does not (Uzan-Yulzari et al., 2021). Although this
latter study was not designed to examine neurological outcomes,
restricted childhood growth has previously been associated with
poor neurodevelopment (Castanys-Mufoz et al., 2017). These
findings, combined with the recent data showing effects of the
very early microbiota on normal offspring brain development
(section “How Does The Pioneer Microbiota Impact Brain
Development?”), suggest that we should be cautious about
clinical manipulations that alter the microbiota of newborns. In
cases where such manipulations are unavoidable (e.g., antibiotic
treatment of newborns with proven infections), knowledge of
what microbes support normal neonatal brain development -
and when - may allow us to intervene with therapeutic benefit.

WHAT’S NEXT?

It should not come as a surprise that microbes affect the
developing brain, since at no time in evolutionary history
has a nervous system developed in the absence of signals
from microbes. Thus, the mammalian brain may have evolved
to be “microbe expectant” in the same way that sensory
systems are activity dependent, and require afferent input
for normal development. If so, then both the presence and
the relative absence of microbes can be potent signals, and
interesting hypotheses are suggested for future study. We
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