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1 | INTRODUCTION

Targeted early intervention into controllable factors such as parenting
quality, access to quality education, health care, and adequate nutrition
in the first years of life is associated with lifelong beneficial outcomes
(e.g., Muennig et al., 2009; Campbell et al., 2012). These benefits, which
outweigh the costs of initial intervention, can be seen at individual (e.g.,
greater social competence, more earnings, higher educational attain-
ment) and societal levels (e.g., decreased rates of delinquency/crime;
higher tax revenues; Karoly, Kilburn, & Cannon, 2005). Moreover, early
investment is often cost-effective and associated with larger benefits
than later remediation (Carneiro & Heckman, 2003). Given this, fund-
ing and promoting research aimed at identifying potential targets for
early intervention, particularly in communities at risk for unfavorable
outcomes, should be a top priority for lawmakers and funders.

One burgeoning line of work that may have a place in early inter-
vention is that concerning the microbiota-gut-brain axis. In this man-

uscript, we begin by briefly examining the role of the gut microbiota
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in human life, focusing on links with health, cognition, and behavior.
Following this, we discuss the development of the gut microbiota and
the critical early window in which colonization occurs. Then, we re-
view current nonnutritive means of influencing the gut microbiota in
early life. Finally, we discuss the implications this work has for early
intervention in low-income communities and end with recommen-

dations regarding further research and research funding priorities.

2 | THE MICROBIOTA-GUT-BRAIN AXIS

The human gut contains more than 10 trillion microbes, comprised
largely of bacteria but also including archaea, fungi, yeasts, and pro-
tozoa. These microscopic microbes, collectively known as the gut
microbiota, are so numerous that they weigh approximately the
same as a human brain (Dinan et al., 2015). The gut microbiota oper-
ates as a metabolic organ, taking on functions not encoded in the

human genome such as generating metabolites not produced by the
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human body (Gonzalez et al., 2011) and providing essential nutrients
from some polysaccharides and carbohydrates that are otherwise
indigestible (Adlerberth & Wold, 2009; Diaz Heijtz, 2016). Further,
the gut microbiota is implicated in the development, maturation, and
maintenance of many essential systems in human health, such as
the immune system (de Weerth, 2017), gastrointestinal tract (Diaz
Heijtz, 2016), and metabolism (Nicholson et al., 2012; Tremaroli &
Bickhed, 2012).

Current research also indicates a role for the gut microbiota in
the development of the brain and finds evidence for bidirectional
communication between the two (e.g., Fung, Olson, & Hsiao, 2017).
The enteric nervous system, a system of neurons embedded in the
lining of the gastrointestinal system, relies on neural, endocrine, im-
mune, and humoral pathways to enable gut-brain communication
(Carabotti, Scirocco, Maselli, & Severi, 2015). Moreover, intestinal
bacteria can produce neurotransmitters such as serotonin that have
the potential to affect the brain, human behavior, emotions, and po-
tentially even higher order cognition such as decision-making and
planning (Cryan & Dinan, 2012; Strandwitz, 2018). The close com-
munication between the gut and the brain, as well as the microbi-
ota-gut-brain axis’ role in fostering the development of vital human
systemes, illustrates the key role this axis plays in development and
health.

2.1 | The microbiota and health

Research is rapidly uncovering links between the gut microbiota and
human health and disease. Much of the knowledge underlying this
research comes from experimental animal models capable of dem-
onstrating causal links between microbial manipulations and specific
physiological or behavioral outcomes. For example, some studies use
germ-free rodents raised in sterile environments to determine how
living without a microbiota affects development. Others use anti-
biotics to induce intestinal microbial imbalances in typically devel-
oping animals, or probiotics, defined as “live microorganisms which,
when administered in adequate amounts, confer a health benefit on
the host” (Food & Agriculture Organization of the United Nations/
World Health Organization, 2002), to examine the effects of pro-
moting gut health. In humans, experimental methods to examine the
links between the gut microbiota and health are generally limited to
randomized controlled trials involving probiotics or treatments for
ill individuals. More commonly, scientists use cross-sectional stud-
ies in which the microbiota of two or more groups of interest are
compared.

A healthy gut microbiota is one that evinces diverse colonization
in which microorganisms with positive effects on health are more
numerous than ones that may be harmful and in which the enteric
cells of the intestinal wall effectively contain these bacteria, pre-
venting them from entering the bloodstream. Contrarily, dysbiosis
refers to a microbial imbalance in which harmful bacteria dispro-
portionately colonize the gut in response to host-mediated inflam-
mation. This inflammation typically results from infection, a genetic
predisposition, or a chemical trigger of some sort (e.g., Lupp et al.,
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2007; Rawls, 2007). Studies in animals and adult humans suggest
that a healthy gut microbiota is implicated in many physiological,
metabolic, and immune-related processes (for reviews see, Haase et
al., 2018; Pascale et al., 2018; Rowland et al., 2017), whereas dysbi-
osis is associated with metabolic, inflammation-related, pancreatic,
and intestinal diseases such as obesity, cancer, and cardiovascular
disease (for reviews see, Akshintala, Talukdar, Singh, & Goggins,
2018; Castaner et al., 2018; Feng, Chen, & Wang, 2018; Lazar et al.,
2018; Pascale et al., 2018; Wang & Zhao, 2018).

The microbial influence on health begins early in life. For example,
early gut microbiota alterations in mice (induced by an antibiotic) can
have long-term consequences on adult metabolic functioning and
adiposity (Cox et al., 2014). In humans, associations between early
microbiota composition and child health are well documented and
growing. Studies examining the correlates of antibiotic use, probiotic
use, and microbiota composition suggest that imbalances in the gut
microbiota in infancy and childhood are implicated in: increased risk
for child obesity (e.g., Dogra et al., 2015; Kozyrskyj, Kalu, Koleva,
& Bridgman, 2016), irritable bowel syndrome (e.g., Saulnier et al.,
2011), allergies (e.g., Noverr & Huffnagle, 2005), atopic disorders
(Penders et al., 2007), and asthma (e.g., Kummeling et al., 2007).
Research continues to emerge illustrating the gut microbiota's im-
portance in establishing and maintaining physical health beginning
in the earliest days of life.

2.2 | The microbiota, cognition, and behavior

The microbiota-gut-brain axis is likely also involved in a wide va-
riety of cognitive processes in living creatures. In animal studies,
the gut microbiota is implicated in learning, stress, addiction, and
some social behaviors (for reviews see Cussotto et al., 2018; Miinger,
Montiel-Castro, Langhans, & Pacheco-Léopez, 2018). Studies with
adult humans demonstrate a tentative link between the gut micro-
biota and mood disorders (see Liu & Zhu, 2018), but the findings
regarding this and other forms of cognition are less consistent, par-
ticularly in studies using probiotics (see Sarkar et al., 2018). The gut
microbiota may also be implicated in some neuroimmune diseases,
including Parkinson's and Alzheimer's diseases, schizophrenia, mul-
tiple sclerosis, and autism spectrum disorders (see Lombardi et al.,
2018).

It is surprising that few studies have yet examined relations be-
tween microbiota composition and cognition in infants and young
children, as this is when potential effects may be largest (de Weerth,
2017). In the few studies examining the association between pro-
biotics or prebiotics (defined as “a substrate that is selectively uti-
lized by host microorganisms conferring a health benefit”; Gibson et
al., 2017) and cognition in healthy infants and children, the findings
are mixed. Some studies find no difference in neurodevelopmental
outcomes between infants who have and have not ingested pro-
biotics, despite the presence of physical health benefits (e.g., Akar
et al.,, 2016; Sari et al., 2012), whereas others have found improved
social and school functioning in young children who ingest them
(e.g., Ringel-Kulka, Kotch, Jensen, Savage, & Weber, 2015). Studies
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examining gut microbial composition and behavior have found that
early microbial composition is linked with colic in very young infants
(de Weerth, Fuentes, & de Vos, 2013; de Weerth, Fuentes, Puylaert,
& de Vos, 2013; Rhoads et al., 2018) and aspects of temperament,
visual reception, and language acquisition in toddlers (Carlson et al.,
2018; Christian et al., 2015).

2.3 | Mechanisms underlying gut-brain associations

The mechanisms accounting for the gut microbiota's links with phys-
ical and mental health have yet to be fully elucidated but are likely
complex and overlapping. For instance, researchers have proposed
that some of the metabolites produced by the microbiota (e.g., short-
chain fatty acids; Chambers, Preston, Frost, & Morrison, 2018), serve
a communicatory role within the central nervous system. They can
induce important physiological changes capable of affecting immune
functioning and health. Studies with animals also demonstrate that
microbial alterations can induce several neurochemical changes (e.g.,
altered brain-derived neurotrophic factor levels in the hippocampus
and cortex; reduced synaptic plasticity gene expression; Diaz Heijtz
etal., 2011; Neufeld et al., 2010; Sudo et al., 2004) capable of affect-
ing the brain and behavior. For detailed reviews of these and other
mechanisms, see Bruce-Keller, Salbaum, and Berthoud (2018) and
Martin, Osadchiy, Kalani, and Mayer (2018). This preliminary work
suggests that the microbiota-gut-brain axis plays a complex part in
human functioning and that a healthy microbiota may be an essential

component of optimal development.

2.4 | The development of the gut microbiota

The development of the human microbiota likely begins prenatally.
The intrauterine environment hosts both gram-positive and gram-
negative bacteria in a moderate percentage of mothers at time of
delivery (Stout et al., 2013), and microbes have been identified in the
placenta (Aagaard et al., 2014). Infants are nonetheless born with
nearly sterile intestines with a very low and nondiverse bacterial
load in the meconium (de Weerth, Fuentes, Puylaert, et al., 2013).
Intestinal population by bacteria largely occurs during delivery or
shortly thereafter as the infant gut is colonized with dozens of bac-
terial species in the first days of life.

Over the next few years, the diversity of these bacterial spe-
cies and their associated functions increase rapidly, slowing in early
childhood (see Lynch & Pedersen, 2016, for a review; Cheng et al.,
2016; Yatsunenko et al., 2012) but continuing into adulthood. The
number of bacterial taxonomic groups and functional genes in the
microbiota is like those of adults by preadolescence, but even then,
the functionality of the microbiome differs and is more focused on
developmental processes (such as vitamin synthesis) than processes
of aging (such as controlling inflammation and obesity; Hollister et
al., 2015). Among healthy children and adults, evidence indicates
only 35%-45% taxonomic similarity in microbiota composition but
90%-96% similarity in functionality, indicating that microbiota-re-
lated health lies not only in the composition of the microbiota, but

also in its diversity and functions in development (Hollister et al.,
2015; Human Microbiome Project Consortium, 2012).

Considering that the human brain is also developing in the first
years of life, it is reasonable to hypothesize that gut microbial influ-
ences on the brain may be largest in early development (de Weerth,
2017). Animal models provide support for this notion, finding that
the early gut microbiota plays a pivotal role in synaptogenesis
and the myelination of brain areas associated with motor control
and cognitive functioning (Diaz Heijtz, 2016; Hoban et al., 2016).
Moreover, the gut microbiota is associated with microglia matura-
tion and function, both of which are critical in the development of
the immune system (Erny et al., 2015). Research in humans pro-
vides preliminary support as well, finding that late bacterial acqui-
sition and low bacterial diversity in the microbiota are associated
with delayed maturation of the immune system in the first 2 years
of life (Jakobsson et al., 2014). In addition, many of the metabolic
functions (e.g., metabolism of nutrients and energy transfer from
the diet; Diaz Heijtz, 2016) of the intestinal microbiota are impli-
cated in healthy brain development processes that occur during
early sensitive or critical periods.

For this reason, fostering early, diverse, and balanced microbial
colonization of the gut is vital for establishing the bacterial commu-
nity needed to set children on a healthy developmental trajectory
early in life. Research indicates that breastfeeding may play a critical
role in this, providing the infant gut with both bacteria and human
milk oligosaccharides (HMOs; Martin et al., 2012). HMOs are a di-
verse set of glycans that, although indigestible to humans, promote
the growth of healthy strains of bacteria in the infant gut (Bode,
2012). Exclusive breastfeeding in the first 6 months of life protects
the microbiota, increasing its resistance to external influences in in-
fancy (Carvalho-Ramos, Duarte, Brandt, Martinez, & Taddei, 2018).
Other research on microbial manipulation focuses on the promise
of dietary intervention using probiotics and prebiotics, presented
elsewhere in this special issue. However, a multitude of factors be-
yond diet are implicated in early colonization, including the health
of the maternal microbiota, type of delivery, environmental sanitary
conditions, antibiotic use, and even the presence of siblings or pets
(Adlerberth & Wold, 2009; Koenig et al., 2011; Song et al., 2013). In
the following section, we discuss nonnutritive means to potentially

influence the gut microbiota in infancy.

3 | INFLUENCING THE GUT MICROBIOTA
IN EARLY DEVELOPMENT

3.1 | Managing the maternal microbiota

Evidence suggests that the human body prepares itself for deliv-
ery by altering the prevalence of certain bacterial phylotypes in the
maternal microbiota of various body sites (e.g., the gut, vagina, oral
cavity, placenta; Nuriel-Ohayon, Neuman, & Koren, 2016). However,
environmental influences can still affect the composition and di-
versity of the maternal microbiota, and this can have consequences
on the pregnancy and child outcomes (Dunlop et al., 2015). Two
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particularly important influences on the maternal microbiota and
potentially the infant microbiota during pregnancy are maternal use

of antibiotics and maternal stress.

3.1.1 | Antibiotics

Unnecessary antibiotics during pregnancy may be a barrier to op-
timal infant gut colonization. Several studies note an association
between prenatal antibiotic use and reduced abundance of healthy
bacteria in offspring at birth (e.g., Mshvildadze et al., 2010; Keski-
Nisula et al., 2013). One study cites an 84% increased risk of de-
veloping childhood obesity in children whose mothers received any
type of antibiotic prenatally (Mueller et al., 2015). Currently, many
pregnant women are prescribed antibiotics known to cross the pla-
centa (Langdon et al., 2016). These antibiotics can be lifesaving and
medically necessary. However, until their full effects on the infant
microbiota can be explored, judicious and limited antibiotic use is
warranted during pregnancy and labor.

3.1.2 | Stress

In addition, regulating maternal stress during pregnancy may prove
to be an important step in promoting healthy colonization of the
unborn child's gut microbiota (de Weerth, 2017, 2018). Evidence
indicates that both self-reported and physiologically measured
prenatal maternal stress may influence the infant microbiota. One
study found that infants of stressed mothers had a microbiota
profile characteristic of increased inflammation, and more mother-
reported infant gastrointestinal problems and allergic reactions
(Zijlmans, Korpela, Riksen-Walraven, de Vos, & de Weerth, 2015).
Although preliminary, this and other animal studies (e.g., Bailey,
Lubach, & Coe, 2004) demonstrate that maternal prenatal stress
may have a lasting and negative effect on the infant microbiota.
While it is not always possible to manage maternal stress, programs
aimed at its reduction (e.g., stress-reducing interventions and par-
enting programs; paid maternal leave and access to health care)
may be an important step in promoting healthy infant microbiota
development. In addition, prenatal screening for maternal stress
may help identify mothers who need additional support during

pregnancy.

3.2 | Cesarean delivery (C-section)

Mode of delivery has a direct impact on microbial composition and
diversity (e.g., Biasucci et al, 2010; Dominguez-Bello et al., 2010).
Studies show that children born via vaginal delivery have gut micro-
biota resembling the fecal and vaginal flora of their mother, whereas
children born via C-section have gut microbiota resembling the
mother's skin or oral flora or the birth environment (e.g., Bickhed
et al., 2015). In addition, C-sections potentially delay crucial mother
infant skin-to-skin contact and the initiation of breastfeeding (Prior
et al., 2012), two important contributors to early microbial devel-
opment. Many C-sections also include giving the mother powerful
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antibiotics (either before or during the operation; Smaill & Grivell,
2014) to avoid postoperative infection. Antibiotics administered be-
fore the umbilical cord is clamped are potentially transferred to the
fetus; their effect on the newly developing microbiota is unknown
(Smaill & Grivell, 2014). The combined effect of these factors pre-
sents a substantial risk for the healthy colonization and development
of the infant microbiota. In fact, differences in gut microbial colo-
nization and microbiota diversity that are associated with mode of
delivery have been reported at 6 months (Rutayisire, Huang, Liu, &
Tao, 2016), 2 years (Jakobsson et al., 2014), and even in adulthood
(Goedert, Hua, Yu, & Shi, 2014), although another study found no
differences (Chu et al., 2017).

Early microbial differences may have long-term impacts on in-
dividual health. C-section is linked with a host of later developing
diseases, many of which are also associated with a disrupted micro-
biota. For example, one retrospective study in more than 2 million
Danish children found increased rates of asthma, juvenile arthritis,
systematic connective tissue disorders, inflammatory bowel disease,
immune deficiencies, and leukemia among children born via C-sec-
tion (Sevelsted, Stokholm, Bgnnelykke, & Bisgaard, 2015). Other
studies confirm that C-section is associated with increased risk for
diseases linked with microbial alterations, such as obesity (e.g., Li,
Zhou, & Liu, 2013), gastroenteritis, asthma, and autoimmune disease
later in life (e.g., Kristensen & Henriksen, 2016). Importantly, these
outcomes may also be associated with the medical indications for
having a C-section (e.g., abnormal labor). However, given the link of
these diseases with microbial alterations, investigating the role of
the microbiota in their development is warranted too.

The World Health Organization currently recommends C-section
only be performed in cases where it is medically necessary (Betran,
Torloni, Zhang, & Giilmezoglu, 2015). Medical providers can increase
chances of vaginal birth by following evidence-based guidelines that
take into account typical labor progression and fetal heart moni-
toring during birth (Spong, Berghella, Wenstrom, Mercer, & Saade,
2012). In addition, studies should continue to examine care options
that increase chances of acquiring a healthy gut microbiota in infants
born via C-section (e.g., Smith, Plaat, & Fisk, 2008).

3.3 | Vaginal seeding

Vaginal seeding, a controversial procedure that may offer a way to
influence the microbiota of infants born by C-section, is the pro-
cess of inoculating a sterile cotton gauze or swab with the mother's
vaginal fluids prior to delivery and transferring her vaginal bacteria
to her neonate by swabbing his or her mouth, nose, and skin with
it. The only study to date on vaginal seeding found that four ce-
sarean-born infants who underwent vaginal seeding had oral, skin,
and anal microbiota that more closely resembled those of vaginally
born infants than cesarean-born infants for one month postbirth
(Dominguez-Bello, et al., 2016). Despite a lack of research, vaginal
seeding has gained traction in the scientific community and media.
This has led some authors to call for caution due to the very real
risk of spreading unknown maternal infections to vulnerable infants,
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particularly since the link between C-section and later illness is likely
the result of multiple factors and not simply lack of contact with
the maternal microbiota (e.g., Cunnington et al., 2016; Stinson,
Payne, & Keelan, 2018). The American College of Obstetricians and
Gynecologists currently recommends that vaginal seeding only be
performed in the context of institutional review board-approved re-
search (ACOG, 2017).

3.4 | Delivery and postbirth practices

Doctors and nurses involved in pre- and postnatal care have the po-
tential to influence the colonization of the infant microbiota through
the care decisions they make. Although controversial, there is some
evidence that certain common procedures, such as frequent cervi-
cal exams, urinary catheterization, and electronic fetal monitoring,
while not associated with the microbiota directly, can increase risk
for infections that result in antibiotic use or cesarean birth (Jansen,
Gibson, Bowles, & Leach, 2013). Care providers present at the time
of birth can encourage mothers to make early skin-to-skin contact if
appropriate and to initiate breastfeeding if the mother plans to do
so. Finally, the use of preventive antibiotic treatment in the neonate
may affect normal microbial colonization (see Neuman, Forsythe,
Uzan, Avni, & Koren, 2018 for a review). Although more prospec-
tive multicentered research is warranted before modifying care pro-
tocols, a recent study found that the use of antibiotics in neonates
with suspected early-onset sepsis can be reduced by 44% through a
change in medical practices (Achten, Dorigo-Zetsma, van der Linden,
van Brakel, & Plotz, 2018).

3.5 | Fecal transplant

Although fecal transplant is currently only employed to treat life-
threatening recurrent Clostridium difficile infection in adult popula-
tions, mentioning it here is warranted as it may one day prove to
be a valuable technique for positively manipulating the gut micro-
biota in early life as well. Fecal microbial transplantation involves
transferring the stool (or its cryopreserved microbial components)
of a healthy donor to an individual with a dysbiotic or pathogenic
gut microbiota. This is traditionally accomplished via a nasogas-
tric or nasoenteric tube, an enema, or is done during an endos-
copy. Recently, researchers have also developed acid resistant oral
capsules containing the donor's cryopreserved microbes (Patel &
Spector, 2016; Youngster et al., 2014; and see Bouri & Hart, 2018,
for a review of current best practices). Studies have also begun to
examine whether fecal transplant can be used to treat irritable
bowel syndrome, ulcerative colitis, Crohn's disease, and the gastro-
intestinal and social symptoms in autism (Holleran et al., 2018; Kang
et al., 2017). Evidence suggests that the risks associated with fecal
transplant are low (Baxter & Colville, 2016; Meyers, Shih, Neher, &
Safranek, 2018), even in immunocompromised and elderly popula-
tions (Agrawal et al., 2016; Kelly et al., 2014). However, more re-
search is needed to ascertain the full scope of risks associated with
the procedure.

4 | IMPLICATIONS FOR LOW-INCOME
COMMUNITIES

The literature just reviewed holds promise for all human popu-
lations, but for some, may represent a critical step in improving
health outcomes. One vulnerable population that may benefit
from continued research into the microbiota-gut-brain axis is the
socioeconomically disadvantaged. Low socioeconomic status (SES)
is associated with multiple risk factors linked with later mental and
physical iliness, such as early life stress, adverse childhood experi-
ences (e.g., Cambois & Jusot, 2011; Chapman et al., 2004; Dong et
al., 2004), reduced access to healthcare (Anderson & Armstead,
1995), increased engagement in unhealthy behaviors like smok-
ing and alcohol dependency (Bloomfield et al., 2006; Marmot,
2006), and decreased engagement in positive health behaviors like
healthy eating and exercise (Brug, 2008; Gidlow, Johnston, Crone,
Ellis, & James, 2006). Low-SES status across the globe is associ-
ated with higher rates of morbidity and mortality (e.g., Signorello
et al., 2014) and higher incidence of some of the diseases previ-
ously mentioned in this review, such as asthma (Shankardass et al.,
2011) and diabetes (Krishnan, Cozier, Rosenberg, & Palmer, 2010).
Moreover, low SES is also associated with lower cognitive abilities
in middle childhood (Lawlor et al., 2006) and adulthood (Kobrosly
etal, 2011).

It is unclear whether these disparities in mental and physical
health are at least in part a direct (or indirect) result of differences
in gut microbiota composition, but there are reasons to hypothe-
size that they may be (Rook, Raison, & Lowry, 2014). Many char-
acteristics associated with low-SES neighborhoods and lifestyles
(e.g., processed foods, sedentary lifestyle, psychosocial stress, ex-
posure to pollutants and endocrine disrupters) are also associated
with reduced gut microbial diversity (Conlon & Bird, 2014; Diez
Roux & Mair, 2010). Studies also show that low-income women are
less likely to breastfeed than women from high-SES backgrounds
(in high-income countries; e.g., Heck, Braveman, Cubbin, Chavez,
& Kiely, 2006; Ruijsbroek et al., 2011), even when they express
the intention to do so in pregnancy (Conner et al., 2013). Only two
studies so far have examined differences in microbial composition
between high- and low-SES populations. In one, higher SES was
associated with greater alpha-diversity and population rates of
particular microbes in the colonic microbiota (Miller et al., 2016).
In the other, distinct differences in microbial composition were
found between the gut microbiota of low-income Bangladeshi
children and upper- to middle-class American children of the same
age (Lin et al., 2013). In both cases, the effects of these differences
on health are unknown. However, given the importance of the gut
microbiota in health and its role in brain development, low-cost
interventions aimed at positively altering microbial composition
in early life may be especially promising for disadvantaged com-
munities. Importantly, although SES is a common measure of dis-
advantage, these benefits could also be promising for higher SES
communities in other disadvantaged (e.g., war-torn; high stress)
contexts.
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5 | FUTURE DIRECTIONS AND
RECOMMENDATIONS IN MICROBIOTA
RESEARCH

Although the body of literature just reviewed speaks to the promise
this line of work holds for influencing healthy development early in
life, substantial gaps in knowledge still exist. Supporting research
into the microbiota-gut-brain axis should be a top concern for fund-
ing agencies and policy makers interested in identifying potential
targets for affordable early intervention. Funding should be pri-
oritized toward three types of research that are likely to generate
new knowledge that can be applied to programs promoting physical
and mental health in humans: basic, intervention, and longitudinal

research.

5.1 | Basicresearch and the promise of omics
technologies

Itis largely thanks to the recent metagenomic revolution that we can
explore and characterize the composition of the gut microbiome (i.e.,
the complete set of genes associated with the microbiota), its basic
functions, and its links with health and disease. Researchers should
continue to expand on this burgeoning knowledge with cross-dis-
ciplinary investigations to build a complete picture of the complex
functionality of the microbiota. Researchers in the fields of genom-
ics (e.g., Feero & Guttmacher, 2014), metabolomics (e.g., Patti et al.,
2012), culturomics (e.g., Lagier et al., 2018), proteomics (e.g., Ruiz et
al., 2016), and transcriptomics (e.g., Castro-Nallar et al., 2015) should
employ a multiomic approach to cataloguing the incredible variety of
microbes in the human microbiota, their metabolic functions, their
relative activity in the gut, and their communication and interactions
with each other and the brain. Such cross-collaboration will allow
scientists to zero in on microbial profiles associated with favorable
and maladaptive outcomes. As mentioned, even healthy adults do
not have one specific gut microbial composition, so understand-
ing the wide variety of profiles or specific microbes that can confer
health benefits or risks will be an important step in identifying and

treating at-risk or disordered gut microbial communities.

5.2 | Intervention research

In addition, funding should be allocated for researchers interested in
creating and studying affordable interventions designed to influence
gut health. When possible, RCTs will move the field from correla-
tional to causational research. Top priority should be given to studies
that attempt to combine basic science and intervention research, as
these are the studies that will begin to identify the mechanisms be-
hind structural and functional changes in the microbiome and their
influences on health, behavior, and cognition.

Interventions using probiotics are certainly relevant to this en-
deavor, as probiotics are an increasingly affordable (e.g., Reid et al.,
2018) and low-risk (e.g., van den Nieuwboer et al., 2015; van den
Nieuwboer, Claassen, Morelli, Guarner, & Brummer, 2014) means
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of influencing gut health (e.g., George Kerry et al., 2018). Similarly,
interventions using prebiotics will yield valuable insights into bac-
terial proliferation and microbial maintenance. Other potentially
low-cost interventions aimed at improving gut health might include
components designed to: increase exclusive breastfeeding in the
first months of life, reduce maternal prenatal stress, and increase
the chance of vaginal delivery. In addition, interventions designed
to affect other facets of health may benefit from including the gut
microbiota as an additional variable of interest. It may be that other
lifestyle factors (e.g., psychosocial support, participation in psycho-
therapy, the use of alcohol or other recreational drugs) have undis-
covered influences on gut health.

5.3 | Longitudinal work

Finally, research examining the development of the microbiota
longitudinally can help elucidate when and how profiles shift and
what additional factors beyond those discussed here might in-
fluence their evolution. Such investigations may clarify whether
sensitive or critical periods exist for developing, maintaining, and
treating gut health in humans. Of particular interest to funders
might be investigations intending to combine all three types of re-
search mentioned here. Longitudinal investigations meant to track
gut microbial changes in response to intervention, and how those
changes influence health, cognition, and behavior, represent a
critical step in uncovering ways in which the microbiota-gut-brain
axis can be used as a tool to set humans on a healthy developmen-

tal trajectory early in life.

6 | SUMMARY

The preceding sections present a substantial body of literature
describing the gut microbiota's potential role in human health,
cognition, and behavior. Following this, and the potential role of
the gut microbiota in brain development, we presented the case
that the earliest days of life may represent a particularly critical
time for intervening in gut health to ensure healthy developmental
outcomes. Attempts to positively influence the gut microbiota are
in their infancy as we discover new targets of intervention and
methods of manipulation. Continued investigations into the basic
science behind the microbiota-gut-brain axis and the potential
benefits of its role in early intervention may prove to be a key step
in achieving the United Nation's Sustainable Development Goal
for people to “ensure that all human beings can fulfill their poten-
tial in dignity and equality (UN General Assembly, 2015).” Such a
goal benefits not only the recipients of such intervention, but the
societies they live in as well.

ACKNOWLEDGEMENTS

This work was supported by a Jacobs Foundation Advanced
Research Fellowship.



BRETT anpo be WEERTH

iI—Wl LEY—Developmental Psychobiology
ORCID

Bonnie E. Brett https://orcid.org/0000-0002-0943-2489

REFERENCES

Aagaard, K., Ma, J., Antony, K. M., Ganu, R., Petrosino, J., & Versalovic,
J. (2014). The placenta harbors a unique microbiome. Science
Translational Medicine, 6(237), 237ra65. https://doi.org/10.1126/
scitransimed.3008599

Achten, N. B., Dorigo-Zetsma, J. W., van der Linden, P. D., van Brakel,
M., & Plotz, F. B. (2018). Sepsis calculator implementation reduces
empiric antibiotics for suspected early-onset sepsis. European
Journal of Pediatrics, 177, 741-746. https://doi.org/10.1007/
s00431-018-3113-2

Adlerberth, 1., & Wold, A. (2009). Establishment of the gut microbi-
ota in Western infants. Acta Paediatrica, 98, 229-238. https://doi.
org/10.1111/j.1651-2227.2008.01060.x

Agrawal, M., Aroniadis, O. C., Brandt, L. J., Kelly, C., Freeman, S.,
Surawicz, C., ... Smith, R. (2016). The long-term efficacy and safety
of fecal microbiota transplant for recurrent, severe, and compli-
cated Clostridium difficile infection in 146 elderly individuals. Journal
of Clinical Gastroenterology, 50, 403-407. https://doi.org/10.1097/
mcg.0000000000000410

Akar, M., Eras, Z., Oncel, M. Y., Arayici, S., Guzoglu, N., Canpolat, F. E,, ...
Oguz, S. S. (2016). Impact of oral probiotics on neurodevelopmental
outcomes in preterm infants. The Journal of Maternal-Fetal & Neonatal
Medicine, 30, 411-415. https://doi.org/10.1080/14767058.2016.117
4683

Akshintala, V. S., Talukdar, R., Singh, V. K., & Goggins, M. (2018). The
gut microbiome in pancreatic disease. Clinical Gastroenterology and
Hepatology. Advanced Online Publication, https://doi.org/10.1016/j.
cgh.2018.08.045

American College of Obstetricians and Gynecologists (2017). Committee
opinion no. 725. Obstetrics & Gynecology, 130, e274-e278. https://
doi.org/10.1097/a0g.0000000000002402

Anderson, N. B., & Armstead, C. A. (1995). Toward understanding the
association of socioeconomic status and health: A new challenge for
the biopsychosocial approach. Psychosomatic Medicine, 57, 213-225.
https://doi.org/10.1097/00006842-199505000-00003

Backhed, F., Roswall, J., Peng, Y., Feng, Q., Jia, H., Kovatcheva-Datchary,
P., ... Wang, J. (2015). Dynamics and stabilization of the human gut
microbiome during the first year of life. Cell Host & Microbe, 17, 852.
https://doi.org/10.1016/j.chom.2015.05.012

Bailey, M. T.,, Lubach, G. R., & Coe, C. L. (2004). Prenatal stress al-
ters bacterial colonization of the gut in infant monkeys. Journal of
Pediatric Gastroenterology and Nutrition, 38, 414-421. https://doi.
org/10.1097/00005176-200404000-00009

Baxter, M., & Colville, A. (2016). Adverse events in faecal microbiota
transplant: A review of the literature. Journal of Hospital Infection, 92,
117-127. https://doi.org/10.1016/j.jhin.2015.10.024

Betran, A., Torloni, M., Zhang, J., & Gilmezoglu, A. (2015). WHO
statement on caesarean section rates. BjogAn International
Journal of Obstetrics & Gynaecology, 123, 667-670. https://doi.
org/10.1111/1471-0528.13526

Biasucci, G., Rubini, M., Riboni, S., Morelli, L., Bessi, E., & Retetangos,
C. (2010). Mode of delivery affects the bacterial community in the
newborn gut. Early Human Development, 86, 13-15. https://doi.
org/10.1016/j.earlhumdev.2010.01.004

Bloomfield, K., Grittner, U., Kramer, S., & Gmel, G. (2006). Social in-
equalities in alcohol consumption and alcohol-related problems in
the study countries of the EU concerted action “Gender, Culture,
and Alcohol Problems: A Multi-national Study”. Alcohol and

Alcoholism, 41(Suppl 1), i26-i36. https://doi.org/10.1093/alcalc/
agl073

Bode, L. (2012). Human milk oligosaccharides: Every baby needs a sugar
mama. Glycobiology, 22, 1147-1162. https://doi.org/10.1093/glycob/
cws074

Bouri, S., & Hart, A. (2018). Fecal microbial transplantation: An update.
Current Opinion in Clinical Nutrition and Metabolic Care, 21, 405-410.
https://doi.org/10.1097/mco0.0000000000000488

Bruce-Keller, A. J., Salbaum, J. M., & Berthoud, H.-R. (2018). Harnessing
gut microbes for mental health: Getting from here to there.
Biological Psychiatry, 83(3), 214-223. https://doi.org/10.1016/j.
biopsych.2017.08.014

Brug, J. (2008). Determinants of healthy eating: Motivation, abilities and
environmental opportunities. Family Practice, 25(Suppl 1), i50-i55.
https://doi.org/10.1093/fampra/cmn063

Cambois, E., & Jusot, F. (2011). Contribution of lifelong adverse experi-
ences to social health inequalities: Findings from a population survey
in France. The European Journal of Public Health, 21, 667-673. https://
doi.org/10.1093/eurpub/ckql119

Campbell, F. A., Pungello, E. P., Burchinal, M., Kainz, K., Pan, Y., Wasik, B.
H., ... Ramey, C. T. (2012). Adult outcomes as a function of an early
childhood educational program: An Abecedarian Project follow-up.
Developmental Psychology, 48, 1033-1043. https://doi.org/10.1037/
20026644

Carabotti, M., Scirocco, A., Maselli, M. A, & Severi, C. (2015). The gut-
brain axis: Interactions between enteric microbiota, central and en-
teric nervous systems. Annals of Gastroenterology, 28, 203-209.

Carlson, A. L., Xia, K., Azcarate-Peril, M. A., Goldman, B. D., Ahn, M.,
Styner, M. A,, ... Knickmeyer, R. C. (2018). Infant gut microbiome as-
sociated with cognitive development. Biological Psychiatry, 83, 148-
159. https://doi.org/10.1016/j.biopsych.2017.06.021

Carneiro, P, & Heckman, J. J. (2003). Human capital policy. In J. J.
Heckman & A. Krueger (Eds.), Inequality in America: What role for
human capital policy? (pp. 77-240). Cambridge, MA: MIT Press.

Carvalho-Ramos, I. I., Duarte, R. T. D., Brandt, K. G., Martinez, M. B., &
Taddei, C. R. (2018). Breastfeeding increases microbial community
resilience. Jornal De Pediatria, 94, 258-267. https://doi.org/10.1016/j.
jped.2017.05.013

Castaner, O., Goday, A., Park, Y.-M., Lee, S.-H., Magkos, F., Shiow,
S.-A.-T-E., & Schroder, H. (2018). The gut microbiome profile in obe-
sity: A systematic review. International Journal of Endocrinology, 2018,
4095789. https://doi.org/10.1155/2018/4095789.

Castro-Nallar, E., Shen, Y., Freishtat, R. J., Pérez-Losada, M., Manimaran,
S., Liu, G,, ... Crandall, K. A. (2015). Integrating microbial and host
transcriptomics to characterize asthma-associated microbial com-
munities. BMC Medical Genomics, 8, 50. https://doi.org/10.1186/
s12920-015-0121-1

Chambers, E. S., Preston, T., Frost, G., & Morrison, D. J. (2018). Role of
gut microbiota-generated short-chain fatty acids in metabolic and
cardiovascular health. Current Nutrition Reports, 7, 198-206. https://
doi.org/10.1007/s13668-018-0248-8

Chapman, D. P, Whitfield, C. L., Felitti, V. J., Dube, S. R., Edwards, V. J.,
& Anda, R. F. (2004). Adverse childhood experiences and the risk of
depressive disorders in adulthood. Journal of Affective Disorders, 82,
217-225. https://doi.org/10.1016/j.jad.2003.12.013

Cheng, J., Ringel-Kulka, T., Heikamp-de Jong, I., Ringel, Y., Carroll, I., de
Vos, W. M, ... Satokari, R. (2016). Discordant temporal development
of bacterial phyla and the emergence of core in the fecal microbi-
ota of young children. The ISME Journal, 10, 1002-1014. https://doi.
org/10.1038/ismej.2015.177

Christian, L. M., Galley, J. D., Hade, E. M., Schoppe-Sullivan, S., Kamp
Dush, C., & Bailey, M. T. (2015). Gut microbiome composition is asso-
ciated with temperament during early childhood. Brain, Behavior, and
Immunity, 45, 118-127. https://doi.org/10.1016/j.bbi.2014.10.018


https://orcid.org/0000-0002-0943-2489
https://orcid.org/0000-0002-0943-2489
https://doi.org/10.1126/scitranslmed.3008599
https://doi.org/10.1126/scitranslmed.3008599
https://doi.org/10.1007/s00431-018-3113-2
https://doi.org/10.1007/s00431-018-3113-2
https://doi.org/10.1111/j.1651-2227.2008.01060.x
https://doi.org/10.1111/j.1651-2227.2008.01060.x
https://doi.org/10.1097/mcg.0000000000000410
https://doi.org/10.1097/mcg.0000000000000410
https://doi.org/10.1080/14767058.2016.1174683
https://doi.org/10.1080/14767058.2016.1174683
https://doi.org/10.1016/j.cgh.2018.08.045
https://doi.org/10.1016/j.cgh.2018.08.045
https://doi.org/10.1097/aog.0000000000002402
https://doi.org/10.1097/aog.0000000000002402
https://doi.org/10.1097/00006842-199505000-00003
https://doi.org/10.1016/j.chom.2015.05.012
https://doi.org/10.1097/00005176-200404000-00009
https://doi.org/10.1097/00005176-200404000-00009
https://doi.org/10.1016/j.jhin.2015.10.024
https://doi.org/10.1111/1471-0528.13526
https://doi.org/10.1111/1471-0528.13526
https://doi.org/10.1016/j.earlhumdev.2010.01.004
https://doi.org/10.1016/j.earlhumdev.2010.01.004
https://doi.org/10.1093/alcalc/agl073
https://doi.org/10.1093/alcalc/agl073
https://doi.org/10.1093/glycob/cws074
https://doi.org/10.1093/glycob/cws074
https://doi.org/10.1097/mco.0000000000000488
https://doi.org/10.1016/j.biopsych.2017.08.014
https://doi.org/10.1016/j.biopsych.2017.08.014
https://doi.org/10.1093/fampra/cmn063
https://doi.org/10.1093/eurpub/ckq119
https://doi.org/10.1093/eurpub/ckq119
https://doi.org/10.1037/a0026644
https://doi.org/10.1037/a0026644
https://doi.org/10.1016/j.biopsych.2017.06.021
https://doi.org/10.1016/j.jped.2017.05.013
https://doi.org/10.1016/j.jped.2017.05.013
https://doi.org/10.1155/2018/4095789
https://doi.org/10.1186/s12920-015-0121-1
https://doi.org/10.1186/s12920-015-0121-1
https://doi.org/10.1007/s13668-018-0248-8
https://doi.org/10.1007/s13668-018-0248-8
https://doi.org/10.1016/j.jad.2003.12.013
https://doi.org/10.1038/ismej.2015.177
https://doi.org/10.1038/ismej.2015.177
https://doi.org/10.1016/j.bbi.2014.10.018

BRETT anpo b WEERTH

Chu, D. M., Ma, J., Prince, A. L., Antony, K. M., Seferovic, M. D., &
Aagaard, K. M. (2017). Maturation of the infant microbiome commu-
nity structure and function across multiple body sites and in relation
to mode of delivery. Nature Medicine, 23(3), 314-326. https://doi.
org/10.1038/nm.4272

Conlon, M., & Bird, A. (2014). The impact of diet and lifestyle on gut
microbiota and human health. Nutrients, 7, 17-44. https://doi.
org/10.3390/nu7010017

Conner, M., McEachan, R., Jackson, C., McMillan, B., Woolridge, M.,
& Lawton, R. (2013). Moderating effect of socioeconomic sta-
tus on the relationship between health cognitions and behaviors.
Annals of Behavioral Medicine, 46, 19-30. https://doi.org/10.1007/
$s12160-013-9481-y

Cox, L. M., Yamanishi, S., Sohn, J., Alekseyenko, A. V., Leung, J. M., Cho,
l., ... Blaser, M. J. (2014). Altering the intestinal microbiota during a
critical developmental window has lasting metabolic consequences.
Cell, 158, 705-721. https://doi.org/10.1016/j.cell.2014.05.052

Cryan, J. F,, & Dinan, T. G. (2012). Mind-altering microorganisms: The
impact of the gut microbiota on brain and behaviour. Nature Reviews
Neuroscience, 13, 701-712. https://doi.org/10.1038/nrn3346

Cunnington, A. J,, Sim, K., Deierl, A., Kroll, J. S., Brannigan, E., & Darby, J.
(2016). “Vaginal seeding” of infants born by caesarean section. BMJ,
325,i227. https://doi.org/10.1136/bmj.i227

Cussotto, S., Sandhu, K. V., Dinan, T. G., & Cryan, J. F. (2018). The
Neuroendocrinology of the microbiota-gut-brain axis: A behavioural
perspective. Frontiers in Neuroendocrinology, 51, 80-101. https://doi.
org/10.1016/j.yfrne.2018.04.002

de Weerth, C. (2017). Do bacteria shape our development? Crosstalk
between intestinal microbiota and HPA axis. Neuroscience &
Biobehavioral Reviews, 83, 458-471. https://doi.org/10.1016/j.
neubiorev.2017.09.016

de Weerth, C. (2018). Prenatal stress and the development of psycho-
pathology: Lifestyle behaviors as a fundamental part of the puz-
zle. Development and Psychopathology, 30, 1129-1144. https://doi.
org/10.1017/s0954579418000494

de Weerth, C., Fuentes, S., & de Vos, W. M. (2013). Crying in infants. Gut
Microbes, 4, 416-421. https://doi.org/10.4161/gmic.26041

de Weerth, C., Fuentes, S., Puylaert, P., & de Vos, W. M. (2013). Intestinal
microbiota of infants with colic: Development and specific sig-
natures. Pediatrics, 131, e550-e558. https://doi.org/10.1542/
peds.2012-1449

Diaz Heijtz, R. (2016). Fetal, neonatal, and infant microbiome:
Perturbations and subsequent effects on brain development and be-
havior. Seminars in Fetal and Neonatal Medicine, 21, 410-417. https://
doi.org/10.1016/j.siny.2016.04.012

Diaz Heijtz, R., Wang, S., Anuar, F., Qian, Y., Bjorkholm, B., Samuelsson,
A., ... Pettersson, S. (2011). Normal gut microbiota modulates
brain development and behavior. Proceedings of the National
Academy of Sciences, 108, 3047-3052. https://doi.org/10.1073/
pnas.1010529108

Diez Roux, A. V., & Mair, C. (2010). Neighborhoods and health. Annals
of the New York Academy of Sciences, 1186, 125-145. https://doi.
org/10.1111/j.1749-6632.2009.05333.x

Dinan, T. G,, Stilling, R. M., Stanton, C., & Cryan, J. F. (2015). Collective
unconscious: How gut microbes shape human behavior. Journal
of Psychiatric Research, 63, 1-9. https://doi.org/10.1016/j.
jpsychires.2015.02.021

Dogra, S., Sakwinska, O., Soh, S.-E., Ngom-Bru, C., Briick, W. M., Berger,
B., ... Holbrook, J. D. (2015). Dynamics of infant gut microbiota are
influenced by delivery mode and gestational duration and are asso-
ciated with subsequent adiposity. Mbio, 6(1), e02419-e2514. https://
doi.org/10.1128/mbio.02419-14

Dominguez-Bello, M. G., Costello, E. K., Contreras, M., Magris, M.,
Hidalgo, G., Fierer, N., & Knight, R. (2010). Delivery mode shapes
the acquisition and structure of the initial microbiota across multiple

Developmental Psychobiology—WI1 LEYM

body habitats in newborns. Proceedings of the National Academy of
Sciences of the United States of America, 107, 11971-11975. https://
doi.org/10.1073/pnas.1002601107

Dominguez-Bello, M. G., De Jesus-Laboy, K. M., Shen, N., Cox, L. M.,
Amir, A., Gonzalez, A., ... Clemente, J. C. (2016). Partial restoration
of the microbiota of cesarean-born infants via vaginal microbial
transfer. Nature Medicine, 22, 250-253. https://doi.org/10.1038/
nm.4039

Dong, M., Giles, W. H., Felitti, V. J., Dube, S. R., Williams, J. E., Chapman,
D. P, & Anda, R. F. (2004). Insights into causal pathways for ischemic
heart disease: Adverse childhood experiences study. Circulation, 110,
1761-1766. https://doi.org/10.1161/01.cir.0000143074.54995.7f

Dunlop, A. L., Mulle, J. G., Ferranti, E. P,, Edwards, S., Dunn, A. B., &
Corwin, E. J. (2015). Maternal microbiome and pregnancy outcomes
that impact infant health. Advances in Neonatal Care, 15, 377-385.
https://doi.org/10.1097/anc.0000000000000218

Erny, D., Hrabé de Angelis, A. L., Jaitin, D., Wieghofer, P., Staszewski, O.,
David, E., ... Prinz, M. (2015). Host microbiota constantly control mat-
uration and function of microglia in the CNS. Nature Neuroscience, 18,
965-977. https://doi.org/10.1038/nn.4030

Feero, W. G., & Guttmacher, A. E. (2014). Genomics, personalized med-
icine, and pediatrics. Academic Pediatrics, 14, 14-22. https://doi.
org/10.1016/j.acap.2013.06.008

Feng, Q., Chen, W.-D., & Wang, Y.-D. (2018). Gut microbiota: An inte-
gral moderator in health and disease. Frontiers in Microbiology, 9, 151.
https://doi.org/10.3389/fmicb.2018.00151

Food and Agriculture Organization of the United Nations/World Health
Organization (2002). Guidelines for the evaluation of probiotics in food.
London, ON: Author. Retrieved from www.who.int/foodsafety/fs_
management/en/probiotic_guidelines.pdf

Fung, T. C., Olson, C. A., & Hsiao, E. Y. (2017). Interactions between the
microbiota, immune and nervous systems in health and disease.
Nature Neuroscience, 20, 145-155. https://doi.org/10.1038/nn.4476

George Kerry, R., Patra, J. K., Gouda, S., Park, Y., Shin, H.-S., & Das, G.
(2018). Benefaction of probiotics for human health: A review. Journal
of Food and Drug Analysis, 26, 927-939. https://doi.org/10.1016/j.
jfda.2018.01.002

Gibson, G. R., Hutkins, R., Sanders, M. E., Prescott, S. L., Reimer, R. A.,
Salminen, S. J,, ... Reid, G. (2017). Expert consensus document: The
International Scientific Association for Probiotics and Prebiotics
(ISAPP) consensus statement on the definition and scope of prebi-
otics. Nature Reviews Gastroenterology & Hepatology, 14, 491-502.
https://doi.org/10.1038/nrgastro.2017.75

Gidlow, C., Johnston, L. H., Crone, D., Ellis, N., & James, D. (2006). A sys-
tematic review of the relationship between socio-economic position
and physical activity. Health Education Journal, 65, 338-367. https://
doi.org/10.1177/0017896906069378

Goedert, J. J., Hua, X., Yu, G., & Shi, J. (2014). Diversity and composi-
tion of the adult fecal microbiome associated with history of ce-
sarean birth or appendectomy: Analysis of the American Gut
Project. EBioMedicine, 1(2-3), 167-172. https://doi.org/10.1016/j.
ebiom.2014.11.004

Gonzalez, A., Stombaugh, J., Lozupone, C., Turnbaugh, P. J., Gordon, J. I.,
& Knight, R. (2011). The mind-body-microbial continuum. Dialogues
in Clinical Neuroscience, 13, 55-62.

Haase, S., Haghikia, A., Wilck, N., Miiller, D. N., & Linker, R. A. (2018).
Impacts of microbiome metabolites on immune regulation and au-
toimmunity. Immunology, 154, 230-238. https://doi.org/10.1111/
imm.12933

Heck, K. E., Braveman, P., Cubbin, C., Chavez, G. F., & Kiely, J. L.
(2006). Socioeconomic status and breastfeeding initiation among
California mothers. Public Health Reports, 121, 51-59. https://doi.
org/10.1177/003335490612100111

Hoban, A. E., Stilling, R. M., Ryan, F. J., Shanahan, F., Dinan, T. G,,
Claesson, M. J., ... Cryan, J. F. (2016). Regulation of prefrontal cortex


https://doi.org/10.1038/nm.4272
https://doi.org/10.1038/nm.4272
https://doi.org/10.3390/nu7010017
https://doi.org/10.3390/nu7010017
https://doi.org/10.1007/s12160-013-9481-y
https://doi.org/10.1007/s12160-013-9481-y
https://doi.org/10.1016/j.cell.2014.05.052
https://doi.org/10.1038/nrn3346
https://doi.org/10.1136/bmj.i227
https://doi.org/10.1016/j.yfrne.2018.04.002
https://doi.org/10.1016/j.yfrne.2018.04.002
https://doi.org/10.1016/j.neubiorev.2017.09.016
https://doi.org/10.1016/j.neubiorev.2017.09.016
https://doi.org/10.1017/s0954579418000494
https://doi.org/10.1017/s0954579418000494
https://doi.org/10.4161/gmic.26041
https://doi.org/10.1542/peds.2012-1449
https://doi.org/10.1542/peds.2012-1449
https://doi.org/10.1016/j.siny.2016.04.012
https://doi.org/10.1016/j.siny.2016.04.012
https://doi.org/10.1073/pnas.1010529108
https://doi.org/10.1073/pnas.1010529108
https://doi.org/10.1111/j.1749-6632.2009.05333.x
https://doi.org/10.1111/j.1749-6632.2009.05333.x
https://doi.org/10.1016/j.jpsychires.2015.02.021
https://doi.org/10.1016/j.jpsychires.2015.02.021
https://doi.org/10.1128/mbio.02419-14
https://doi.org/10.1128/mbio.02419-14
https://doi.org/10.1073/pnas.1002601107
https://doi.org/10.1073/pnas.1002601107
https://doi.org/10.1038/nm.4039
https://doi.org/10.1038/nm.4039
https://doi.org/10.1161/01.cir.0000143074.54995.7f
https://doi.org/10.1097/anc.0000000000000218
https://doi.org/10.1038/nn.4030
https://doi.org/10.1016/j.acap.2013.06.008
https://doi.org/10.1016/j.acap.2013.06.008
https://doi.org/10.3389/fmicb.2018.00151
http://www.who.int/foodsafety/fs_management/en/probiotic_guidelines.pdf
http://www.who.int/foodsafety/fs_management/en/probiotic_guidelines.pdf
https://doi.org/10.1038/nn.4476
https://doi.org/10.1016/j.jfda.2018.01.002
https://doi.org/10.1016/j.jfda.2018.01.002
https://doi.org/10.1038/nrgastro.2017.75
https://doi.org/10.1177/0017896906069378
https://doi.org/10.1177/0017896906069378
https://doi.org/10.1016/j.ebiom.2014.11.004
https://doi.org/10.1016/j.ebiom.2014.11.004
https://doi.org/10.1111/imm.12933
https://doi.org/10.1111/imm.12933
https://doi.org/10.1177/003335490612100111
https://doi.org/10.1177/003335490612100111

BRETT anpo be WEERTH

MW] LEY—Developmental Psychobiology

myelination by the microbiota. Translational Psychiatry, 6, €774-e774.
https://doi.org/10.1038/tp.2016.42

Holleran, G., Scaldaferri, F., laniro, G., Lopetuso, L., Mc Namara, D.,
Mele, M. C., ... Cammarota, G. (2018). Fecal microbiota transplan-
tation for the treatment of patients with ulcerative colitis and other
gastrointestinal conditions beyond Clostridium difficile infection:
An update. Drugs of Today, 54, 123-126. https://doi.org/10.1358/
dot.2018.54.2.2760765

Hollister, E. B., Riehle, K., Luna, R. A., Weidler, E. M., Rubio-Gonzales, M.,
Mistretta, T.-A., ... Versalovic, J. (2015). Structure and function of the
healthy pre-adolescent pediatric gut microbiome. Microbiome, 3, 36.
https://doi.org/10.1186/s40168-015-0101-x

Human Microbiome Project Consortium (2012). Structure, function
and diversity of the healthy human microbiome. Nature, 486(7402),
207-214.

Jakobsson, H. E., Abrahamsson, T. R., Jenmalm, M. C., Harris, K., Quince,
C.,Jernberg, C., ... Andersson, A. F. (2014). Decreased gut microbiota
diversity, delayed Bacteroidetes colonisation and reduced Th1 re-
sponses in infants delivered by caesarean section. Gut, 63, 559-566.
https://doi.org/10.1136/gutjnl-2012-303249

Jansen, L., Gibson, M., Bowles, B. C., & Leach, J. (2013). First do no harm:
Interventions during childbirth. The Journal of Perinatal Education,
22(2), 83-92. https://doi.org/10.1891/1058-1243.22.2.83

Kang, D.-W., Adams, J. B., Gregory, A. C., Borody, T., Chittick, L., Fasano,
A., ... Krajmalnik-Brown, R. (2017). Microbiota transfer therapy alters
gut ecosystem and improves gastrointestinal and autism symptoms:
An open-label study. Microbiome, 5, 10. https://doi.org/10.1186/
s40168-016-0225-7

Karoly, L. A., Kilburn, M. R., & Cannon, J. S. (2005). Early childhood in-
terventions: Proven results, future promises. Santa Monica, CA: RAND
Corporation.

Kelly, C. R., Thunnah, C., Fischer, M., Khoruts, A., Surawicz, C., Afzali,
A., ... Brandt, L. (2014). Fecal microbiota transplant for treatment of
Clostridium difficile infection in immunocompromised patients. The
American Journal of Gastroenterology, 109, 1065-1071. https://doi.
org/10.1038/ajg.2014.133

Keski-Nisula, L., Kyynardinen, H.-R., Karkkainen, U., Karhukorpi, J.,
Heinonen, S., & Pekkanen, J. (2013). Maternal intrapartum anti-
biotics and decreased vertical transmission of Lactobacillus to ne-
onates during birth. Acta Paediatrica, 102, 480-485. https://doi.
org/10.1111/apa.12186

Kobrosly, R. W., van Wijngaarden, E., Galea, S., Cory-Slechta, D.
A., Love, T., Hong, C., ... Davidson, P. W. (2011). Socioeconomic
position and cognitive function in the Seychelles: A life
course analysis. Neuroepidemiology, 36, 162-168. https://doi.
org/10.1159/000325779

Koenig, J. E., Spor, A., Scalfone, N., Fricker, A. D., Stombaugh, J., Knight,
R., ... Ley, R. E. (2011). Succession of microbial consortia in the de-
veloping infant gut microbiome. Proceedings of the National Academy
of Sciences of the United States of America, 108(Suppl 1), 4578-4585.
https://doi.org/10.1073/pnas.1000081107

Kozyrskyj, A. L., Kalu, R., Koleva, P. T., & Bridgman, S. L. (2016). Fetal
programming of overweight through the microbiome: Boys are dis-
proportionately affected. Journal of Developmental Origins of Health
and Disease, 7,25-34. https://doi.org/10.1017/s2040174415001269

Krishnan, S., Cozier, Y. C., Rosenberg, L., & Palmer, J. R. (2010).
Socioeconomic status and incidence of type 2 diabetes: Results from
the Black women'’s health study. American Journal of Epidemiology,
171,564-570. https://doi.org/10.1093/aje/kwp443

Kristensen, K., & Henriksen, L. (2016). Cesarean section and dis-
ease associated with immune function. Journal of Allergy and
Clinical Immunology, 137, 587-590. https://doi.org/10.1016/].
jaci.2015.07.040

Kummeling, 1., Stelma, F. F., Dagnelie, P. C., Snijders, B. E. P., Penders,
J., Huber, M., ... Thijs, C. (2007). Early life exposure to antibiotics

and the subsequent development of eczema, wheeze, and allergic
sensitization in the first 2 years of life: The KOALA Birth Cohort
Study. Pediatrics, 119, e225-e231. https://doi.org/10.1542/
peds.2006-08%96

Lagier, J.-C., Dubourg, G., Million, M., Cadoret, F., Bilen, M., Fenollar, F.,
... Raoult, D. (2018). Culturing the human microbiota and culturomics.
Nature Reviews Microbiology, 16, 540-550. https://doi.org/10.1038/
s41579-018-0041-0

Langdon, A., Crook, N., & Dantas, G. (2016). The effects of antibiot-
ics on the microbiome throughout development and alternative
approaches for therapeutic modulation. Genome Medicine, 8, 39.
https://doi.org/10.1186/s13073-016-0294-z

Lawlor, D. A., Najman, J. M., Batty, G. D., O'Callaghan, M. J., Williams, G.
M., & Bor, W. (2006). Early life predictors of childhood intelligence:
Findings from the Mater-University study of pregnancy and its out-
comes. Paediatric and Perinatal Epidemiology, 20, 148-162. https://
doi.org/10.1111/j.1365-3016.2006.00704.x

Lazar, V., Ditu, L.-M., Pircalabioru, G. G., Gheorghe, ., Curutiu, C,,
Holban, A. M., ... Chifiriuc, M. C. (2018). Aspects of gut microbiota
and immune system interactions in infectious diseases, immunopa-
thology, and cancer. Frontiers in Immunology, 9, 1830. https://doi.
org/10.3389/fimmu.2018.01830

Li, H., Zhou, Y., & Liu, J. (2013). The impact of cesarean section on
offspring overweight and obesity: A systematic review and meta-
analysis. International Journal of Obesity, 37, 893-899. https://doi.
org/10.1038/ijo.2012.195

Lin, A., Bik, E. M., Costello, E. K., Dethlefsen, L., Haque, R., Relman, D.
A., & Singh, U. (2013). Distinct distal gut microbiome diversity and
composition in healthy children from Bangladesh and the United
States. PLoS ONE, 8(1), €53838. https://doi.org/10.1371/journal.
pone.0053838

Liu, L., & Zhu, G. (2018). Gut-brain axis and mood disorder. Frontiers in
Psychiatry, 29, 223. https://doi.org/10.3389/fpsyt.2018.00223

Lombardi, V. C., De Meirleir, K. L., Subramanian, K., Nourani, S. M.,
Dagda, R. K., Delaney, S. L., & Palotas, A. (2018). Nutritional mod-
ulation of the intestinal microbiota: Future opportunities for the
prevention and treatment of neuroimmune and neuroinflammatory
disease. The Journal of Nutritional Biochemistry, 61, 1-16. https://doi.
org/10.1016/j.jnutbio.2018.04.004

Lupp, C., Robertson, M. L., Wickham, M. E., Sekirov, I., Champion, O. L.,
Gaynor, E. C., & Finlay, B. B. (2007). Host-mediated inflammation
disrupts the intestinal microbiota and promotes the overgrowth of
Enterobacteriaceae. Cell Host & Microbe, 2, 119-129. https://doi.
org/10.1016/j.chom.2007.06.010

Lynch, S. V., & Pedersen, O. (2016). The human intestinal microbiome in
health and disease. New England Journal of Medicine, 375, 2369-2379.
https://doi.org/10.1056/nejmral600266

Marmot, M. (2006). Smoking and inequalities. The Lancet, 368(9533),
341-342. https://doi.org/10.1016/s0140-6736(06)68976-9

Martin, C. R., Osadchiy, V., Kalani, A., & Mayer, E. A. (2018). The
brain-gut-microbiome axis. Cellular and Molecular Gastroenterology
and  Hepatology, 6(2), 133-148. https://doi.org/10.1016/j.
jcmgh.2018.04.003

Martin, V., Maldonado-Barragén, A., Moles, L., Rodriguez-Bafos, M.,
del Campo, R., Fernandez, L., ... Jiménez, E. (2012). Sharing of bac-
terial strains between breast milk and infant feces. Journal of Human
Lactation, 28, 36-44. https://doi.org/10.1177/0890334411424729

Meyers, S., Shih, J., Neher, J. O., & Safranek, S. (2018). Clinical Inquiries:
How effective and safe is fecal microbial transplant in preventing C
difficile recurrence? The Journal of Family Practice, 67, 386-388.

Miller, G. E., Engen, P. A, Gillevet, P. M., Shaikh, M., Sikaroodi, M.,
Forsyth, C. B., ... Keshavarzian, A. (2016). Lower neighborhood so-
cioeconomic status associated with reduced diversity of the colonic
microbiota in healthy adults. PLoS ONE, 11, e0148952. https://doi.
org/10.1371/journal.pone.0148952


https://doi.org/10.1038/tp.2016.42
https://doi.org/10.1358/dot.2018.54.2.2760765
https://doi.org/10.1358/dot.2018.54.2.2760765
https://doi.org/10.1186/s40168-015-0101-x
https://doi.org/10.1136/gutjnl-2012-303249
https://doi.org/10.1891/1058-1243.22.2.83
https://doi.org/10.1186/s40168-016-0225-7
https://doi.org/10.1186/s40168-016-0225-7
https://doi.org/10.1038/ajg.2014.133
https://doi.org/10.1038/ajg.2014.133
https://doi.org/10.1111/apa.12186
https://doi.org/10.1111/apa.12186
https://doi.org/10.1159/000325779
https://doi.org/10.1159/000325779
https://doi.org/10.1073/pnas.1000081107
https://doi.org/10.1017/s2040174415001269
https://doi.org/10.1093/aje/kwp443
https://doi.org/10.1016/j.jaci.2015.07.040
https://doi.org/10.1016/j.jaci.2015.07.040
https://doi.org/10.1542/peds.2006-0896
https://doi.org/10.1542/peds.2006-0896
https://doi.org/10.1038/s41579-018-0041-0
https://doi.org/10.1038/s41579-018-0041-0
https://doi.org/10.1186/s13073-016-0294-z
https://doi.org/10.1111/j.1365-3016.2006.00704.x
https://doi.org/10.1111/j.1365-3016.2006.00704.x
https://doi.org/10.3389/fimmu.2018.01830
https://doi.org/10.3389/fimmu.2018.01830
https://doi.org/10.1038/ijo.2012.195
https://doi.org/10.1038/ijo.2012.195
https://doi.org/10.1371/journal.pone.0053838
https://doi.org/10.1371/journal.pone.0053838
https://doi.org/10.3389/fpsyt.2018.00223
https://doi.org/10.1016/j.jnutbio.2018.04.004
https://doi.org/10.1016/j.jnutbio.2018.04.004
https://doi.org/10.1016/j.chom.2007.06.010
https://doi.org/10.1016/j.chom.2007.06.010
https://doi.org/10.1056/nejmra1600266
https://doi.org/10.1016/s0140-6736(06)68976-9
https://doi.org/10.1016/j.jcmgh.2018.04.003
https://doi.org/10.1016/j.jcmgh.2018.04.003
https://doi.org/10.1177/0890334411424729
https://doi.org/10.1371/journal.pone.0148952
https://doi.org/10.1371/journal.pone.0148952

BRETT anpo b WEERTH

Mshvildadze, M., Neu, J., Shuster, J., Theriaque, D., Li, N., & Mai, V.
(2010). Intestinal microbial ecology in premature infants assessed
with non-culture-based techniques. The Journal of Pediatrics, 156,
20-25. https://doi.org/10.1016/j.jpeds.2009.06.063

Mueller, N. T., Whyatt, R., Hoepner, L., Oberfield, S., Dominguez-Bello,
M. G., Widen, E. M,, ... Rundle, A. (2015). Prenatal exposure to anti-
biotics, cesarean section and risk of childhood obesity. International
Journal of Obesity, 39,665-670. https://doi.org/10.1038/ij0.2014.180

Muennig, P., Schweinhart, L., Montie, J., & Neidell, M. (2009). Effects
of a prekindergarten educational intervention on adult health: 37-
year follow-up results of a randomized controlled trial. American
Journal of Public Health, 99, 1431-1437. https://doi.org/10.2105/
AJPH.2008.148353

Minger, E., Montiel-Castro, A. J., Langhans, W., & Pacheco-Lépez, G.
(2018). Reciprocal interactions between gut microbiota and host so-
cial behavior. Frontiers in Integrative Neuroscience, 12, 21. https://doi.
org/10.3389/fnint.2018.00021

Neufeld, K. M., Kang, N., Bienenstock, J., & Foster, J. A. (2010). Reduced
anxiety-like behavior and central neurochemical change in germ-free
mice. Neurogastroenterology & Motility, 23(3), 255-264, €119. https://
doi.org/10.1111/j.1365-2982.2010.01620.x

Neuman, H., Forsythe, P., Uzan, A., Avni, O., & Koren, O. (2018).
Antibiotics in early life: Dysbiosis and the damage done. FEMS
Microbiology Reviews, 42, 489-499. https://doi.org/10.1093/femsre/
fuy018

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

Noverr, M. C., & Huffnagle, G. B. (2005). The “microflora hypothesis”
of allergic diseases. Clinical & Experimental Allergy, 35, 1511-1520.
https://doi.org/10.1111/j.1365-2222.2005.02379.x

Nuriel-Ohayon, M., Neuman, H., & Koren, O. (2016). Microbial changes
during pregnancy, birth, and infancy. Frontiers in Microbiology, 7,
1031. https://doi.org/10.3389/fmicb.2016.01031

Pascale, A., Marchesi, N., Marelli, C., Coppola, A., Luzi, L., Govoni, S., &
Gazzaruso, C. (2018). Microbiota and metabolic diseases. Endocrine,
61, 357-371. https://doi.org/10.1007/s12020-018-1605-5

Patel, K., & Spector, T. D. (2016). Estimating the risks of faecal transplants.
Journal of Hospital Infection, 92, 128-129. https://doi.org/10.1016/j.
jhin.2015.11.017

Patti, G. J., Yanes, O., & Siuzdak, G. (2012). Metabolomics: The apogee of
the omics trilogy. Nature Reviews Molecular Cell Biology, 13, 263-269.
https://doi.org/10.1038/nrm3314

Penders, J., Thijs, C., van den Brandt, P. A., Kummeling, I., Snijders, B.,
Stelma, F.,, ... Stobberingh, E. E. (2007). Gut microbiota composition
and development of atopic manifestations in infancy: The KOALA
Birth Cohort Study. Gut, 56, 661-667. https://doi.org/10.1136/
gut.2006.100164

Prior, E., Santhakumaran, S., Gale, C., Philipps, L. H., Modi, N., & Hyde, M.
J.(2012). Breastfeeding after cesarean delivery: A systematic review
and meta-analysis of world literature. The American Journal of Clinical
Nutrition, 95, 1113-1135. https://doi.org/10.3945/ajcn.111.030254

Rawls, J. F. (2007). Enteric infection and inflammation alter gut micro-
bial ecology. Cell Host & Microbe, 2, 73-74. https://doi.org/10.1016/j.
chom.2007.07.006

Reid, G., Kort, R., Alvarez, S., Bourdet-Sicard, R., Benoit, V., Cunningham,
M., ... Sybesma, W. (2018). Expanding the reach of probiotics through
social enterprises. Beneficial Microbes, 9, 707-715. https://doi.
org/10.3920/bm2018.0015

Rhoads, J. M., Collins, J., Fatheree, N. Y., Hashmi, S. S., Taylor, C. M,
Luo, M., ... Liu, Y. (2018). Infant colic represents gut inflammation
and dysbiosis. The Journal of Pediatrics, 203, 55-61. e3. https://doi.
org/10.1016/j.jpeds.2018.07.042

Ringel-Kulka, T., Kotch, J. B., Jensen, E. T., Savage, E., & Weber, D.
J. (2015). Randomized, double-blind, placebo-controlled study

Developmental Psychobiology—WI1 LEYJﬂ

of synbiotic yogurt effect on the health of children. The Journal
of Pediatrics, 166, 1475-1481.e3. https://doi.org/10.1016/j.
jpeds.2015.02.038

Rook, G.A. W, Raison, C. L., & Lowry, C. A.(2014). Microbial “old friends”,
immunoregulation and socioeconomic status. Clinical & Experimental
Immunology, 177, 1-12. https://doi.org/10.1111/cei.12269

Rowland, I., Gibson, G., Heinken, A., Scott, K., Swann, J., Thiele, I., &
Tuohy, K. (2017). Gut microbiota functions: Metabolism of nutrients
and other food components. European Journal of Nutrition, 57, 1-24.
https://doi.org/10.1007/s00394-017-1445-8

Ruijsbroek, A., Wijga, A. H., Kerkhof, M., Koppelman, G. H., Smit, H.
A., & Droomers, M. (2011). The development of socio-economic
health differences in childhood: Results of the Dutch longitudi-
nal PIAMA birth cohort. BMC Public Health, 11, 225. https://doi.
org/10.1186/1471-2458-11-225

Ruiz, L., Hidalgo, C., Blanco-Miguez, A., Lourenco, A., Sanchez, B., &
Margolles, A. (2016). Tackling probiotic and gut microbiota function-
ality through proteomics. Journal of Proteomics, 147, 28-39. https://
doi.org/10.1016/j.jprot.2016.03.023

Rutayisire, E., Huang, K., Liu, Y., & Tao, F. (2016). The mode of de-
livery affects the diversity and colonization pattern of the gut
microbiota during the first year of infants’ life: A systematic re-
view. BMC Gastroenterology, 16, 86. https://doi.org/10.1186/
$12876-016-0498-0

Sari, F., Eras, Z., Dizdar, E., Erdeve, O., Oguz, S., Uras, N., & Dilmen, U.
(2012). Do oral probiotics affect growth and neurodevelopmental out-
comes in very low-birth-weight preterm infants? American Journal of
Perinatology, 29, 579-586. https://doi.org/10.1055/s-0032-1311981

Sarkar, A., Harty, S., Lehto, S. M., Moeller, A. H., Dinan, T. G., Dunbar, R.
I. M., ... Burnet, P. W. J. (2018). The microbiome in psychology and
cognitive neuroscience. Trends in Cognitive Sciences, 22, 611-636.
https://doi.org/10.1016/j.tics.2018.04.006

Saulnier, D. M, Riehle, K., Mistretta, T., Diaz, M., Mandal, D., Raza, S., ...
Versalovic, J. (2011). Gastrointestinal microbiome signatures of pedi-
atric patients with irritable bowel syndrome. Gastroenterology, 141,
1782-1791. https://doi.org/10.1053/j.gastro.2011.06.072

Sevelsted, A., Stokholm, J., Bgnnelykke, K., & Bisgaard, H. (2015).
Cesarean section and chronic immune disorders. Pediatrics, 135,
€92-e98. https://doi.org/10.1542/peds.2014-0596

Shankardass, K., Jerrett, M., Milam, J., Richardson, J., Berhane, K., &
McConnell, R. (2011). Social environment and asthma: Associations
with crime and No Child Left Behind programmes. Journal of
Epidemiology & Community Health, 65, 859-865. https://doi.
org/10.1136/jech.2009.102806

Signorello, L. B., Cohen, S. S., Williams, D. R., Munro, H. M., Hargreaves,
M. K., & Blot, W. J. (2014). Socioeconomic status, race, and mortality:
A prospective cohort study. American Journal of Public Health, 104,
e98-e107. https://doi.org/10.2105/ajph.2014.302156

Smaill, F. M., & Grivell, R. M. (2014). Antibiotic prophylaxis versus
no prophylaxis for preventing infection after cesarean section.
Cochrane Database of Systematic Reviews, 10, CD007482. https://doi.
org/10.1002/14651858.cd007482.pub3

Smith, J., Plaat, F., & Fisk, N. (2008). The natural caesarean:
A woman-centred technique. BjogAn International Journal
of Obstetrics & Gynaecology, 115, 1037-1042. https://doi.
org/10.1111/j.1471-0528.2008.01777.x

Song, S. J., Lauber, C., Costello, E. K., Lozupone, C. A., Humphrey, G.,
Berg-Lyons, D., ... Knight, R. (2013). Cohabiting family members
share microbiota with one another and with their dogs. elLife, 2,
e00458. https://doi.org/10.7554/elife.00458

Spong, C. Y., Berghella, V., Wenstrom, K. D., Mercer, B. M., & Saade,
G. R. (2012). Preventing the first cesarean delivery: Summary of a
joint Eunice Kennedy Shriver National Institute of Child Health and
Human Development, Society for Maternal-Fetal Medicine, and
American College of Obstetricians and Gynecologists workshop.


https://doi.org/10.1016/j.jpeds.2009.06.063
https://doi.org/10.1038/ijo.2014.180
https://doi.org/10.2105/AJPH.2008.148353
https://doi.org/10.2105/AJPH.2008.148353
https://doi.org/10.3389/fnint.2018.00021
https://doi.org/10.3389/fnint.2018.00021
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/10.1093/femsre/fuy018
https://doi.org/10.1093/femsre/fuy018
https://doi.org/10.1126/science.1223813
https://doi.org/10.1111/j.1365-2222.2005.02379.x
https://doi.org/10.3389/fmicb.2016.01031
https://doi.org/10.1007/s12020-018-1605-5
https://doi.org/10.1016/j.jhin.2015.11.017
https://doi.org/10.1016/j.jhin.2015.11.017
https://doi.org/10.1038/nrm3314
https://doi.org/10.1136/gut.2006.100164
https://doi.org/10.1136/gut.2006.100164
https://doi.org/10.3945/ajcn.111.030254
https://doi.org/10.1016/j.chom.2007.07.006
https://doi.org/10.1016/j.chom.2007.07.006
https://doi.org/10.3920/bm2018.0015
https://doi.org/10.3920/bm2018.0015
https://doi.org/10.1016/j.jpeds.2018.07.042
https://doi.org/10.1016/j.jpeds.2018.07.042
https://doi.org/10.1016/j.jpeds.2015.02.038
https://doi.org/10.1016/j.jpeds.2015.02.038
https://doi.org/10.1111/cei.12269
https://doi.org/10.1007/s00394-017-1445-8
https://doi.org/10.1186/1471-2458-11-225
https://doi.org/10.1186/1471-2458-11-225
https://doi.org/10.1016/j.jprot.2016.03.023
https://doi.org/10.1016/j.jprot.2016.03.023
https://doi.org/10.1186/s12876-016-0498-0
https://doi.org/10.1186/s12876-016-0498-0
https://doi.org/10.1055/s-0032-1311981
https://doi.org/10.1016/j.tics.2018.04.006
https://doi.org/10.1053/j.gastro.2011.06.072
https://doi.org/10.1542/peds.2014-0596
https://doi.org/10.1136/jech.2009.102806
https://doi.org/10.1136/jech.2009.102806
https://doi.org/10.2105/ajph.2014.302156
https://doi.org/10.1002/14651858.cd007482.pub3
https://doi.org/10.1002/14651858.cd007482.pub3
https://doi.org/10.1111/j.1471-0528.2008.01777.x
https://doi.org/10.1111/j.1471-0528.2008.01777.x
https://doi.org/10.7554/elife.00458

BRETT anpo be WEERTH

EI—Wl LEY—Developmental Psychobiology

Obstetrics and Gynecology, 121, 1181-1193. https://doi.org/10.1097/
AOG.0b013e3182704880

Stinson, L. F., Payne, M. S., & Keelan, J. A. (2018). A critical review of
the bacterial baptism hypothesis and the impact of cesarean delivery
on the infant microbiome. Frontiers in Medicine, 5, 135. https://doi.
org/10.3389/fmed.2018.00135

Stout, M. J,, Conlon, B., Landeau, M., Lee, |., Bower, C., Zhao, Q., ...
Mysorekar, |. U. (2013). Identification of intracellular bacteria in the
basal plate of the human placenta in term and preterm gestations.
American Journal of Obstetrics and Gynecology, 208, 226.e1-226.€e7.
https://doi.org/10.1016/j.ajog.2013.01.018

Strandwitz, P. (2018). Neurotransmitter modulation by the gut micro-
biota. Brain Research, 1693, 128-133. https://doi.org/10.1016/j.
brainres.2018.03.015

Sudo, N., Chida, VY., Aiba, Y., Sonoda, J., Oyama, N., Yu, X.-N., ... Koga,
Y. (2004). Postnatal microbial colonization programs the hypotha-
lamic-pituitary-adrenal system for stress response in mice. The
Journal of Physiology, 558(1), 263-275. https://doi.org/10.1113/
jphysiol.2004.063388

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

UN General Assembly (2015). Transforming our world: The 2030 agenda
for sustainable development. Retrieved from https://sustainabledevel-
opment.un.org/post2015/transformingourworld

van den Nieuwboer, M., Brummer, R. J., Guarner, F., Morelli, L., Cabana,
M., & Claassen, E. (2015). Safety of probiotics and synbiotics in chil-
dren under 18 years of age. Beneficial Microbes, 6, 615-630. https://
doi.org/10.3920/bm2014.0157

van den Nieuwboer, M., Claassen, E., Morelli, L., Guarner, F., & Brummer,
R. J. (2014). Probiotic and synbiotic safety in infants under two
years of age. Beneficial Microbes, 5, 45-60. https://doi.org/10.3920/
bm2013.0046

Wang, Z., & Zhao, Y. (2018). Gut microbiota derived metabolites in car-
diovascular health and disease. Protein & Cell, 9, 416-431. https://doi.
org/10.1007/s13238-018-0549-0

Yatsunenko, T., Rey, F. E., Manary, M. J,, Trehan, |., Dominguez-Bello,
M. G., Contreras, M,, ... Gordon, J. |. (2012). Human gut microbiome
viewed across age and geography. Nature, 486, 222-227. https://doi.
org/10.1038/nature11053

Youngster, I., Russell, G. H., Pindar, C., Ziv-Baran, T., Sauk, J., & Hohmann,
E. L. (2014). Oral, capsulized, frozen fecal microbiota transplantation
for relapsing Clostridium difficile infection. JAMA, 312, 1772-1778.
https://doi.org/10.1001/jama.2014.13875

Zijlmans, M. A. C,, Korpela, K., Riksen-Walraven, J. M., de Vos, W. M., &
de Weerth, C. (2015). Maternal prenatal stress is associated with the
infant intestinal microbiota. Psychoneuroendocrinology, 53, 233-245.
https://doi.org/10.1016/j.psyneuen.2015.01.006

How to cite this article: Brett BE, de Weerth C. The
microbiota-gut-brain axis: A promising avenue to foster
healthy developmental outcomes. Developmental
Psychobiology. 2019;61:772-782. https://doi.org/10.1002/
dev.21824



https://doi.org/10.1097/AOG.0b013e3182704880
https://doi.org/10.1097/AOG.0b013e3182704880
https://doi.org/10.3389/fmed.2018.00135
https://doi.org/10.3389/fmed.2018.00135
https://doi.org/10.1016/j.ajog.2013.01.018
https://doi.org/10.1016/j.brainres.2018.03.015
https://doi.org/10.1016/j.brainres.2018.03.015
https://doi.org/10.1113/jphysiol.2004.063388
https://doi.org/10.1113/jphysiol.2004.063388
https://doi.org/10.1038/nature11552
https://doi.org/10.1038/nature11552
https://sustainabledevelopment.un.org/post2015/transformingourworld
https://sustainabledevelopment.un.org/post2015/transformingourworld
https://doi.org/10.3920/bm2014.0157
https://doi.org/10.3920/bm2014.0157
https://doi.org/10.3920/bm2013.0046
https://doi.org/10.3920/bm2013.0046
https://doi.org/10.1007/s13238-018-0549-0
https://doi.org/10.1007/s13238-018-0549-0
https://doi.org/10.1038/nature11053
https://doi.org/10.1038/nature11053
https://doi.org/10.1001/jama.2014.13875
https://doi.org/10.1016/j.psyneuen.2015.01.006
https://doi.org/10.1002/dev.21824
https://doi.org/10.1002/dev.21824

