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Abstract and Keywords

Evidence for the importance of the intestinal microbiota in the development and function
of the central nervous system is growing apace. Most of the work in this area has been
conducted in translational rodent models but clinical studies are increasing. Studies ex-
amining the role of intestinal bacteria in brain health and disease are of high interest but
most focus on the extremes of age. There is a need for more work investigating the micro-
biota-gut-brain axis during the childhood and adolescent windows of critical brain devel-
opment. Here we outline current thinking regarding general patterns of brain develop-
ment and intestinal microbial change during early childhood and adolescence and empha-
size that dynamic shifts in intestinal colonization occur concurrently with the journey to
neurodevelopmental milestones. We review the body of evidence that supports the hy-
pothesis that bugs can alter neural function, with specific focus on what is known regard-
ing bacterial input on brain development in youth.
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Introduction

There is a growing body of literature recognizing the importance of the intestinal micro-
biota in the development and function of the central nervous system (CNS). Animal stud-
ies ranging from those that use germ-free (GF) mice (animals that are bred and main-
tained in the total absence of bacteria), mice that have been treated with antibiotics dur-
ing various stages in development, pre- and probiotic feeding studies, fecal microbial
transplantation experiments, as well as work that has examined the impact of pathogenic
infection have all indicated that the bacterial status of the intestinal lumen has far-reach-
ing and long-term effects on brain neurochemistry, anatomy and behavior (Bercik et al.,
2011b; Diaz Heijtz et al., 2011; Neufeld et al., 2011; Bravo et al., 2011; Collins et al.,
2013; Hsaio et al., 2013; Ogbonnaya et al., 2015; Luczynski et al., 2016b; Bastiaanssen et
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al., 2019). In addition, preliminary evidence in human clinical trials indicates that feeding
certain pre- and probiotics may have beneficial effects on brain function (Benton et al.,
2007; Messaoudi et al., 2011a; Messaoudi et al., 2011b; Tillisch et al., 2013; Schmidt et
al., 2015; Steenbergen et al., 2015; Huang et al., 2016; Cerdo et al., 2017; Reis et al.,
2018). There is keen interest in microbiota studies particularly focused on early life,
childhood and young adulthood, as this is the time of life when the brain is most plastic
and vulnerable to peripheral influence and thus more likely to be sensitive to changes in
the intestinal microbiome. Similarly, work focusing on the potential role of the intestinal
microbiome in the pathogenesis of a variety of childhood neurodevelopmental illnesses is
of high priority. In this chapter we will review the basic concepts of the microbiota-gut-
brain axis as well as briefly touch on what is known with regards to potential mechanisms
whereby this crosstalk occurs. We will outline current thinking regarding general pat-
terns of intestinal microbial change during early childhood and adolescence and empha-
size that dynamic shifts in intestinal colonization occur concurrently with the journey to
neurodevelopmental milestones. We will review the body of evidence that supports the
hypothesis that bugs can alter neural function, with specific focus on what is known re-
garding bacterial input on cognitive development in youth. Much of the neurodevelop-
mental work done to date is preclinical in nature, but there is some evidence of microbial
alterations in children with neurodevelopmental disorders that will also be reviewed.
Lastly, we will discuss the hypothesis that specifically targeting the intestinal microbiome
will provide promising and novel therapeutic opportunities in the treatment of brain-relat-
ed disease.

Microbiota-Gut-Brain Axis (a Primer) and
Mechanisms for the Crosstalk

The gut-brain axis is a bidirectional highway of communication linking the peripheral
functioning of the gastrointestinal tract with central brain processing, including emotion-
al and cognitive centers. It has been studied both preclinically and clinically for several
decades and its existence has been well established in large part due to work focused on
the highly comorbid psychiatric and bowel disorders (Mayer, 2011; Al Omran and Aziz,
2014). During roughly the last decade, this axis has been reframed in order to highlight
the intestinal microbiota as a key player, as an ever-growing body of research has
brought to light the physiological importance of the trillions of bugs residing and working
in the intestinal tract (Rhee et al., 2009; Bercik, 2011; Cryan and Dinan, 2012; Mayer et
al., 2014; Quigley, 2018). Adult humans house roughly 0.2 kg of intestinal microbiota
(Sender et al., 2016a), and the ratio of bacterial cells to human host cells is now thought
to be ~ 1:1 (Sender et al., 2016b). Both bacteria and host benefit from a mutualistic rela-
tionship; the host gains as bacteria aid in the breakdown of otherwise indigestible food
products, and in addition these bacteria provide a protective biofilm against pathogenic
bugs. The bacteria benefit from their relationship with the host as they gain a protected
environment, rich in life-giving resources (Backhed et al., 2005). Perhaps even more in-
teresting than the existence of an essentially invisible but highly complex ecosystem
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flourishing within our guts is the more far-reaching consequences of host-microbe inter-
actions; we now know that these bugs are essential for health and wellbeing, and that
this extends to brain function and potentially human mental health. It is now clear that
the microbiota influence the expression of host behavior and furthermore it is quite possi-
ble that the pathophysiology of psychiatric disease is at least in part dictated by our rela-
tionship with intestinal microbiota (Foster and McVey Neufeld, 2013).

While the body of literature surrounding the effects of microbes on the brain is steadily
growing, there are far fewer studies examining mechanisms by which the bacteria may
exert their influence. We do know that there are a number of systems involved in commu-
nication between the bugs, gut, and brain, and that these work in parallel. Neural (both
autonomic and enteric), immune, metabolic, and endocrine pathways are all engaged in
the constant crosstalk between microbiota and the brain (Cryan and Dinan, 2012; Foster
and McVey Neufeld, 2013; Mayer et al., 2014; El Aidy et al., 2015). In addition, the micro-
biota themselves are known to produce a variety of chemical messengers including short-
chain fatty acids, oligosaccharides, neurotransmitters, and other neuroactive agents
(Puertollano et al., 2014; Wall et al., 2014; Donia and Fischbach, 2015; Levy et al., 2016).
While it is currently unclear how these bacteria-derived neuroactive products might act
on the brain, or indeed even if their production is being altered in physiologically relevant
levels by bugs, this potential mechanism of action whereby intestinal bacteria can influ-
ence the host brain warrants careful examination (Forsythe et al., 2016).

Some of the difficulties in teasing apart mechanisms by which the microbiota may exert
influence on the brain can be highlighted by an examination of work done in GF animals.
First studies indicating a role for commensal bacteria on behavior and brain neurochem-
istry were initially conducted in GF mice, and these animals have been extremely useful
in highlighting the importance of bacterial colonization to host health—particularly with
respect to CNS function and behavior. GF mice are raised and maintained in aseptic envi-
ronments and demonstrate significant alterations in behavior, with deficits observed in
anxiety-like behavior (Diaz Heijtz et al., 2011; Neufeld et al., 2011; Clarke et al., 2013),
social behavior (Desbonnet et al., 2014; Arentsen et al., 2015), cognition and memory
(Gareau et al., 2011), and fear learning behavior (Hoban et al., 2018). In addition, these
animals show altered expression of brain mRNA for molecules key to learning and memo-
ry and neurotransmission (Sudo et al., 2004; Gareau et al., 2011; Diaz Heijtz et al., 2011;
Neufeld et al., 2011; Clarke et al., 2013; Arentsen et al., 2015). GF animals also show im-
pairments in hypothalamic-pituitary-adrenal axis activity (Sudo et al., 2004; Neufeld et
al., 2011; Clarke et al., 2013), neurogenesis (Ogbannaya et al., 2015), blood-brain barrier
function (Braniste et al., 2014), microglial activation (Erny et al., 2015), and myelination
(Hoban et al., 2016b). Anatomically, the brains of GF mice are found to be significantly
different from conventionally housed mice, in terms of both increased hippocampal and
amygdalar volume, as well as dendritic morphology (Luczynski et al., 2016b). These find-
ings can be, however, difficult to interpret when trying to tease apart mechanisms of ac-
tion. GF mice are known to be, from an immunological and metabolic perspective, dis-
tinctly abnormal. Indeed historically, GF mice were primarily known for their use in im-
munological research. Defects are clearly observed in the lymphoid tissue development of
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spleen, thymus, and lymph nodes (Gensollen et al., 2016). The mucosal immune system is
significantly undeveloped, and the toll-like receptors therein are decreased or absent in
the GF gut (Abrams et al., 1963; Wostmann et al., 1970). In addition these mice have re-
duced immunoglobulin A (IgA) secretion as well as fewer and smaller lymphoid patches in
the gut wall and immune responses are blunted as compared to normally housed “conven-
tional” animals (Clarke et al., 2013). Given these obvious immune impairments, and that
immune function clearly impacts that of the brain, it is difficult then to ascertain if CNS
alterations in GF mice are a direct result of the complete absence of colonizing bacteria,
or are instead due to their significant immune deficiencies (Luczynski et al., 2016a). In-
terestingly, colonizing GF mice with intestinal bacteria is sufficient to generate an almost
entirely normal immune response, particularly if bacteria are introduced in the early post-
natal period (Crabbe et al., 1970; Rakoff-Nahoum et al., 2008; Geuking et al., 2011), while
it seems only some of the observed CNS abnormalities can be normalized outside of a
critical window for early life colonization. Similarly, the metabolic deficits inherent to GF
mice may be responsible for observed CNS dysfunction. GF animals need to eat more in
order to maintain body weight (Wostmann et al., 1983) and are in fact resistant to diet-in-
duced obesity (Backhed et al., 2004; Backhed et al., 2007). Given that microbiota are re-
sponsible for harvesting otherwise inaccessible nutrients, it is also unsurprising that they
have reduced short chain fatty acid production (Hoverstad and Midtvedt, 1986) and re-
quire vitamins B and K supplementation in order to survive (Gustafsson, 1959; Sumi et
al., 1977). Again, it is difficult to ascertain if the metabolic deficiencies observed in GF
animals are in fact responsible for some of the alterations observed in CNS functioning.
The enteric nervous system (ENS) too is significantly different in GF mice as compared to
their conventionally reared counterparts. The ENS is considered immature in GF mice,
and it can be normalized after colonization with intestinal bacteria (McVey Neufeld et al.,
2013; Collins et al., 2014; De Vadder et al., 2018). Neurons in the ENS control gut motili-
ty and other gastrointestinal physiological functions, but also directly communicate with
the vagus nerve. Electrophysiological recordings made from the afferent nerve connect-
ing gut to brain have also been demonstrated as abnormal in GF mice compared to con-
trols (McVey Neufeld et al., 2015). Previous work in mice has demonstrated that an intact
vagal nerve is necessary in order to transmit some aspects of microbiota-gut-brain com-
munication, but it seems as though this varies depending on the specific bacterial species
in question, as both vagal dependence (Lyte et al., 2006; Bercik et al., 2011b; Bravo et al.,
2011) and independence (Bercik et al., 2010; Bercik et al., 2011a) have been demonstrat-
ed in vagotomy experiments. It is clear that the neural, immune, endocrine, and metabol-
ic systems are all responsive to changes in the intestinal bacterial status, but also that all
are able to reciprocally exert influence on the gut microbiota themselves (Hooper et al.,
2012; Nicholson et al., 2012; Neuman et al., 2015; Zaneveld et al., 2017). However, due to
the overlapping nature of these systems, and that they are all able to independently influ-
ence the function of the CNS, this also makes the study of the microbiota-gut-brain axis
and the mechanisms of communication particularly challenging. There has thus been a
well-reasoned call for an increase in multidisciplinary approaches to the study of the mi-
crobiota-gut-brain axis in order to further our understanding of how these systems work
in concert to impact human health (Johnstone and Cohen Kadosh, 2019). However for the
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time being we are certain that cross-communication does occur, but are still in the rela-
tive infancy of understanding exactly how this happens.

Microbiota Development

Our understanding of what makes up the constituent bacteria in the average healthy hu-
man gut over the lifespan is under constant revision, in part due to the continual refine-
ment of techniques used to identify and quantitatively analyze resident organisms
(Mallick et al., 2017). While it has been challenging to link specific microbial types or
combinations to human health outcomes, at least in broad strokes it has been possible
through several large, population-scale studies to identify a working definition of what
constitutes a “healthy microbiome” (Lloyd-Price et al., 2016).

The controversy and changing opinion with regards to what constitutes a healthy bacteri-
al load begins with the fetus. While this topic is discussed in detail in the chapter of this
textbook entitled “Development of the Microbiome-Gut-Brain Axis and its Effect on Be-
havior,” we will briefly say that for more than a century, the developing human was con-
sidered to be completely void of bacteria on any surface, including the placenta and
womb itself. This is currently contentious, as it has recently been proposed that bacteria
are in fact present during the gestational period and that the human placenta, meconium,
and amniotic fluid contain their own constituent microbiome (Jimenez et al., 2005;
Jimenez et al., 2008; Aagard et al., 2014; Collado et al., 2016; Mishra et al., 2021). Howev-
er, some studies have failed to find evidence for cultivable bacteria (Perez-Munoz et al.,
2017; Kennedy et al., 2021) or bacterial nucleic acids (de Goffau et al., 2019; Kuperman
et al., 2020; Kennedy et al., 2021) in fetal meconium or associated tissues. Irrespective of
the controversy, it is widely accepted that the majority of colonization of the gut occurs
primarily during birth and in the immediate subsequent postnatal days and weeks
(Dominguez-Bello et al., 2010; Funkhouser and Bordenstein, 2013; Dominguez-Bello et
al., 2019).

The first 3-4 years of life are characterized by a rapid increase in bacterial diversity
(Koenig et al., 2011; Yatsunenko et al., 2012; Stewart et al., 2018; Niu et al., 2020) driven
in large part by environmental exposure and increasingly complex food intake (Koenig et
al., 2011; Stewart et al., 2018) which then stabilizes in early childhood to a relatively con-
stant state (Stewart et al., 2018 Yatsunenko et al., 2012. The childhood microbiome has,
as a result, often been considered comparable to that of an adult; nonetheless there ap-
pear to be subtle continuing changes that occur with further maturation of the gut com-
munities even into adolescence (Ihekweazu et al., 2018). For example, one study com-
pared the fecal microbiota of adolescent children to those of healthy adults and found
that, while the number of species detected was not significantly different between
groups, the relative abundances of specific bacterial genera were different (Agans et al.,
2011). Higher numbers of Bifidobacterium were observed in the younger cohort, with
adults presenting with more Bacteroides (Agans et al., 2011; Hollister et al., 2015). Sub-
sequent research found that children harbored bacteria linked to growth and develop-
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ment, while adult bacterial communities were associated with inflammation and obesity
(Hollister et al., 2015). There is also some evidence that gut microbiota composition may
be influenced by hormonal changes at puberty. Yuan and colleagues (Yuan et al., 2020)
found that, while no differences in diversity measures were detectable between children
pre- or post-puberty, there were distinct changes in some genera which in several cases
correlated with testosterone levels. Interestingly, adolescence may also be a period dur-
ing which microbiome composition is repaired following perturbations earlier in life.
While microbiome development is known to be substantially influenced in early life by
both delivery mode and feeding type (formula vs breastfed) (Stewart et al., 2018), a re-
cent study found that these effects were largely undetectable by adolescence (Cioffi et al.,
2020).

Figure 29.1 Microbiota and neural development
from infancy to adulthood. The intestinal microbiota
and the brain develop in parallel from infancy,
through childhood and adolescence into adulthood.
Reciprocal interactions occurring between the brain
and gut highlight the importance of a normal trajec-
tory of development for the intestinal bacteria, as
perturbations may lead to adverse mental health out-
comes and brain function later in life.

Altogether, research is beginning to demonstrate that childhood and adolescence are im-
portant periods of microbiome development, but more studies are needed to examine the
normal development and change of intestinal bacteria over the lifespan. Most of the stud-
ies that have been carried out to date have dealt with the extremes of age, and we partic-
ularly need more information on the gradual change in bacterial communities that occurs
during later periods of childhood and through adulthood. Importantly, we do know that in-
testinal bacteria are susceptible to environmental influence (McVey Neufeld et al., 2016a;
McVey Neufeld et al., 2016b), and that this differs from person to person over the lifes-
pan. Once we have established what can be considered normal and healthy gut coloniza-
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tion patterns, studies examining how life experience and environmental challenge may
contribute to changes in the intestinal microbiota and thus to human health need follow.
What is abundantly clear now is that, from the perinatal period throughout childhood and
adolescence, the gut is continuously colonizing with bacterial species, and that this is
happening in parallel with ongoing nervous system development (see Figure 29.1). Given
that we know the intestinal microbiota have a lasting and significant impact on brain de-
velopment and function (Foster and McVey Neufeld, 2013), it is crucial that we gain an
understanding of how these two systems developmentally mature together.

Brain Development During Childhood and Ado-
lescence

This section focusses on neurodevelopment following the immediate postnatal period,
leading up to and including adolescence. Again, for a full discussion of both pre- and ear-
ly postnatal neurodevelopment, we direct the reader to the chapter in this textbook enti-
tled “Development of the Microbiome-Gut-Brain Axis and its Effect on Behavior.” The in-
fant brain is approximately four times smaller than it will be in adulthood and given that
neurogenesis by this time is largely complete (van Dyck and Morrow, 2017), the growth in
brain size over childhood and adolescence must therefore be primarily due to other fac-
tors. During the early years of childhood, the rapid increases seen in gray matter are like-
ly due to increased synaptic density, dendritic elaboration, and glia production (van Dyck
and Morrow, 2017), while increases in white matter reflect ongoing myelination of axons
(Craik and Bialystok, 2006). Research demonstrates continued myelination and increased
white matter volume in most brain regions through to early adulthood (Semple et al.,
2013), but it is important to emphasize that otherwise much of the continued brain devel-
opment during childhood and adolescence is region specific (Brenhouse and Andersen,
2011). For example, in regions of the brain involved in sensory processing, early synapto-
genesis is quickly followed by a period of increased synaptic pruning with synaptic densi-
ty reaching adult levels just prior to or around adolescence (Cragg, 1975; Huttenlocher,
1979; Huttenlocher et al., 1982; Bourgeois and Rakic 1993; Huttenlocher and Dabholkar,
1997). In contrast, synaptic development follows a very different time course in the pre-
frontal cortex. Here, there is a proliferation of synapses during both childhood and ado-
lescence, followed by a period of senescence, then a subsequent elimination of synaptic
connections post-puberty (Huttenlocher, 1979; Bourgeois et al., 1993 Woo et al., 1997).

While it was previously thought that the brain was largely fully developed by the time pu-
berty was reached, we now know that this is not the case. Adolescence is a period of pro-
found neuroanatomical change and maturation (Spear, 2000; Blakemore and Choudhury,
2006; Sturman and Moghaddam, 2011) and for a detailed discussion of these changes
please see an excellent summary by Brenhouse and Andersen, 2011. Two major processes
continue during the adolescent period: synaptic pruning and myelination. Myelination ac-
celerates in adolescence, thus increasing the efficiency of interneuronal communication
and resulting in increased speed of information flow between the various brain regions
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(Benes et al., 1989; Spear, 2013). This is in contrast to synaptic density, which decreases
after peaking in childhood. This synaptic refinement is especially prevalent in adoles-
cence, and is thought to increase brain efficiency (Spear, 2013), and results in an overall
decrease in synaptic connections moving into adulthood (Huttenlocher, 1979; Woo et al.,
1997). Synaptic pruning can be significant, and can result in the loss of up to 50% of
synaptic connections in some regions, while other regions can see little decline (Spear,
2013). Pruning is an experience-dependent process and results in a more nuanced wiring,
whereby frequently used connections become stronger and less used connections are
eliminated (Holtmaat and Svoboda, 2009). While it is still currently unclear exactly how
these processes occur, resident microglia in the brain are necessary for both the strength-
ening and elimination of synapses (Hua and Smith, 2004; Schafer et al., 2012). These
processes are especially notable in the prefrontal cortex and other areas associated with
cognition, where structural and functional changes in adolescence correlate with im-
provements in inhibitory control and other adult-typical behaviors (Burnett et al., 2011;
Spear, 2013).

Both brain imaging and postmortem studies have provided additional evidence of the on-
going maturation of the frontal cortex during adolescence, and adds to the evidence of
delayed maturation in frontal regions thought to reflect immaturities in certain cognitive
processes like attention regulation and cognitive control (Huttenlocher, 1979; Hutten-
locher et al., 1982; Spear, 2013). Frontal and parietal lobes both show increases in grey
matter volume over childhood, which peak in adolescence, and then slowly begin to de-
crease (Giedd et al., 1999; Sowell et al., 2001). At the same time, white matter shows a
fairly constant increase, likely due to the observed increases in myelination (Barnea-
Goraly et al., 2005). While further work is necessary examining the exact nature of
change in the adolescent brain and the mechanisms by which these occur, what is clear is
that the teenage brain is no longer viewed as existing in a static period of development.
Increasingly we are recognizing that other physiological systems like the intestinal micro-
biota play an integral role in how these developmental changes manifest.

Childhood and Adolescent Microbiota-Gut-
Brain Axis

The ongoing changes occurring in the brain during childhood and adolescence highlight
both its plasticity but also potential vulnerability to environmental input. It is vital to
stress that the critical window of brain development occurring during childhood and ado-
lescence is occurring simultaneous to ongoing changes in the intestinal microbiome. The
composition and diversity of the gut microbiota undergoes a shift in structure and bal-
ance during adolescence-the trajectory of which can also be altered by the environment
(Borre et al., 2014; Cowan et al., 2021). In addition, a crucial factor that cannot be ig-
nored is the developing youth’s exposure to a wide variety of environmental stimuli all of
which are known to influence both the gut and brain. A host of environmental stimuli
such as alcohol, prescription and nonprescription drug intake, changes to nutritional sta-
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tus and sleep schedule, as well as the occurrence of social stressors are all frequently
part of a youth life experience and are all also known to impact the intestinal microbiota
and the brain alike (McVey Neufeld et al., 2016a; McVey Neufeld et al., 2016b). It is also
important to be cognizant that adolescence is often the first time when psychiatric disor-
ders first become apparent. Given that gut microbiota can influence the development of
the brain, changes occurring at the intestinal microbial level may contribute to the mani-
festation of psychiatric illnesses associated with puberty. It is thus imperative that we in-
vestigate the potential harmful effects of such environmental exposures to the ongoing
development of the microbiota-gut-brain axis and how these may affect the incidence and
manifestation of neurodevelopmental and psychiatric disorders.

Findings from Animal Studies

Much has been gleaned regarding the potential role for intestinal microbiota in neurode-
velopment from experiments using GF mice. As stated previously these animals, which
have been born and raised in the complete absence of bacteria, show abnormal brain de-
velopment and functioning (Sudo et al., 2004; Diaz Heijtz et al., 2011; Neufeld et al.,
2011; Clarke et al., 2013; Braniste et al., 2014; Desbonnet et al., 2014; Erny et al., 2015;
Stilling et al., 2015; Gacias et al., 2016; Chen et al., 2017; Hoban et al., 2018; Thion et al.,
2018). Of particular interest is work that has demonstrated both altered social behaviors
and cognitive functioning. GF mice typically demonstrate sociability deficits and social
memory impairments (Desbonnet et al., 2014; Arentsen et al., 2015; Buffington et al.,
2016; Stilling et al., 2018; Sgritta et al., 2019), and these works have strengthened the
hypothesis that microbiota-gut-brain axis dysfunction may play an important role in the
etiology and development of autism spectrum disorder. Learning and memory is also im-
paired in GF animals (Gareau et al., 2011; Hoban et al., 2018; Luk et al., 2018; Chu et al.,
2019) again emphasizing the importance of examining the role for intestinal microbial
disruption in human cognitive disorders.

Given the limitations of GF studies (discussed previously) and their apparent lack of clini-
cal relevance, work examining the impact of induced microbial disruption during early
life and up to adolescence has gained importance. While this chapter focusses on studies
examining the effects of microbial disruption occurring during periods relevant to child-
hood and adolescence, we direct the reader to the chapter in this text entitled “Develop-
ment of the Microbiome-Gut-Brain Axis and its Effect on Behavior” for a discussion of the
effects of microbial disruption occurring during the perinatal period. Data gathered from
antibiotic feeding studies in adult rodents is increasingly showing resulting alterations to
brain and behavior (Frohlich et al., 2016; Hoban et al., 2016a; Wang et al., 2015) indicat-
ing central effects following intestinal bacterial disruption. However antibiotic studies
conducted in rodents around the period of weaning from their mothers up until what is
considered an “early adulthood” developmental timepoint have not been plentiful to date.
One such study examined the effects of feeding penicillin V to young mice for one week
prior to weaning and then examined behavior and mRNA expression in brain tissue in
adulthood. Antibiotic treated male mice showed altered social behavior with concomitant
changes to hippocampal gene expression of the arginine vasopressin receptor 1A and 1B
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as well as changes to immune cell activation. Interestingly, feeding probiotic simultane-
ous with the antibiotic resulted in normalization of behaviors, brain gene expression and
immune cell functioning (Kayyal et al., 2020). A separate antibiotic feeding study demon-
strated that antibiotics administered during the adolescent period in mice resulted in sig-
nificant changes to adult behavior, brain neurochemistry, and intestinal microbial content
when compared to control animals (Desbonnet et al., 2015). At weaning, or 3 weeks of
age in mice, animals were given an antibiotic treatment cocktail via the drinking water
for 4 weeks, and then behavior was measured later in adulthood. These treated mice
showed decreased anxiety-like behavior, altered cognitive function in the novel object
recognition test, and also deficits in social behaviors. In addition, antibiotic treated mice
showed significantly increased serum tryptophan and reduced kynurenine levels. They al-
so had reduced gene expression of hippocampal brain-derived neurotrophic factor (BD-
NF), and less vasopressin messenger ribonucleic acids (mRNA) in the hypothalamus (Des-
bonnet et al., 2015). This study was the first to show that antibiotic treatment during ado-
lescence in mice can result in significant changes to brain function and gene expression
in adulthood and demonstrates that more work in this area is certainly required.

Another rodent study examined the effects of treating adolescent rats with propionic acid,
a short chain fatty acid that is produced by intestinal bacteria (MacFabe et al., 2011).
Propionic acid is a normal product of metabolism, but both it and its derivatives have
been implicated in disease, particularly autism spectrum disorder. Male rats were treated
with propionic acid intracerebroventriculary prior to behavioral testing, and the authors
found that these animals showed impairments in social behavior and cognitive tests.
When the brains were analyzed via immunohistochemistry they observed a significant up-
regulation of activated microglia. It should be noted that while the propionic acid was de-
livered via intracerebroventricular injection in these experiments, this acid does get man-
ufactured in the gut by commensal bacteria and does readily pass the blood-brain barrier
in a nonpathological state. The authors argue that their behavioral and immunohisto-
chemical results provide evidence that propionic acid could be linked to autism spectrum
disorder.

Findings from Human Studies

While interest is high, there have still been relatively few studies examining the relation-
ship between the intestinal microbiome and behavior in children and adolescents. Again,
while not covered in this chapter, there are a few studies examining the relationship be-
tween the intestinal bacteria and temperament prior to the first year of life but less at lat-
er timepoints in development. One association study measured the constituent microbiota
and cognitive performance at later stages of development and showed that the composi-
tion of the microbiota at one year of age successfully predicted cognitive performance at
age 2. In this study, lower bacterial diversity measures were predictive of better cognitive
performance (Carlson et al., 2018). There have also been studies examining the potential
ramifications of antibiotic use on children’s cognitive performance. In the first of these by
Slykerman and colleagues, the authors reported that antibiotic use prior to one year of
life was associated with lower IQ and reading ability as well as behavioral disturbances
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when assessed at early school age (Slykerman et al., 2017b). In a follow up study these
authors went on to examine the relationship between the timing of antibiotic use prior to
2 years of age and neurocognitive outcomes at age 11 through use of a regression model
(Slykerman et al., 2019). The authors reported that children who received antibiotics for
the first time prior to 6 months of age had significantly lower cognitive abilities at age 11,
including difficulties with verbal comprehension and increased problems with executive
functioning, impulsivity, hyperactivity, and attention-deficit hyperactivity disorder (ADHD)
(Slykerman et al., 2019). It is important to note however that these authors did not con-
trol for the reasons behind the antibiotic use in early childhood and thus a cautious inter-
pretation of the results must follow. A more recent study examined premature babies that
received perinatal antibiotics either via the mother prior to birth or during their stay at a
neonatal hospital unit. In this case the authors did exclude those infants found to have
been suffering from infection, and found an association between antibiotic use and atten-
tion issues at 4-5 years of age (Firestein et al., 2019). These children also demonstrated
EEG patters consistent with those observed in children suffering from ADHD (Firestein et
al., 2019).

There have been a number of pediatric studies examining the resident microbiota of indi-
viduals suffering from ADHD, and many report that these patients have an altered micro-
bial profile as compared to age-matched, healthy control subjects (Aarts et al., 2017;
Jiang et al., 2018; Wan et al., 2020). While these studies and others report alterations to
the microbial signature of patients with ADHD as compared to controls, findings between
studies have been inconsistent, and thus it has not been possible to find a specific micro-
bial signature. For this reason, a larger scale study examining the gut microbiota of treat-
ment-naive adults suffering from ADHD was conducted, in which authors examined 100
ADHD subjects and 100 sex-matched controls. These authors found differing relative
abundances of several microbial taxa in subjects with ADHD, and at the family level lower
abundances of Gracilibacteraceae, and higher levels of Selenomonadaceae, and Veillonel-
laceae (Richarte et al., 2021).

There is currently keen interest in potential associations between altered gut microbiota
and autism spectrum disorder (Vuong and Hsiao 2017). Autism is a neurodevelopmental
disorder characterized by impairments in social communication and repetitive, stereo-
typed behaviors. Causes of autism are unclear, but there is high comorbidity with gas-
trointestinal dysfunction such as diarrhea/constipation and abdominal pain. Altered in-
testinal microbiota has also been reported in these patients (Parracho et al., 2005; Strati
et al., 2017). There have been several studies reporting an improvement in autism symp-
toms in patients following a course of antibiotics (Sandler et al., 2000; Ramirez et al.,
2013; Urbano et al., 2014), which has been similarly modeled in animal studies (Well-
mann et al., 2014; Kumar and Sharma, 2016). In addition there have been a few probiotic
studies designed to assess any improvement in behavioral symptoms following a course of
treatment. One such study reported an improvement in bowel function and possibly some
behavior alterations in a 12-week oral treatment study of 3-16-year-olds (Parracho et al.,
2010). Another study reported that feeding a probiotic supplement up until 6 months of
age resulted in a reduced risk for autism disorder at 13 years of age (Partty et al., 2015).
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Again, future well-controlled studies are needed in this area in order to further our under-
standing of the potential role of the microbiota-gut-brain axis in autism.

Future Directions

While research into the microbiota-gut-brain axis has received an enormous amount of at-
tention in the last decade, there is still a paucity of information regarding both mecha-
nism of action of the bugs on brain neurodevelopment, and on human data and clinical
trials. This is particularly true for the childhood and adolescent developmental periods. In
spite of the lack of information regarding mechanism, interest and study in microbiota-
gut-brain communication is expanding rapidly, and it is unsurprising that attention has
now been directed toward developing therapeutics targeting this axis in the treatment of
brain-related disease. Much work is currently aimed at understanding how pre- and pro-
biotics may potentially treat these often-refractory illnesses. The therapeutic potential of
bacteria in the treatment of psychiatric illnesses has indeed led to the development of the
term psychobiotic, referring to a live organism that can be ingested to produce particular
health benefits (Dinan et al., 2013). To date, some studies have been conducted examin-
ing the potential for mind altering effects of pre- and probiotics, and most have been con-
ducted in healthy adults with mood and anxiety symptoms as outcome measures (Benton
et al., 2007; Messaoudi et al., 2011a; Messaoudi et al., 2011b; Mohammadi et al., 2015;
Steenbergen et al., 2015; Takada et al., 2016; Pinto-Sanchez et al., 2017; Slykerman et al.,
2017a; Johnstone et al., 2021), although a few of these studies have been conducted in
the depressed patient population (Akkasheh et al., 2016; Kazemi et al., 2018). Far fewer
studies have focused on youth and their potential response to pre- or probiotic treatment
(for a systematic review of these studies see Cohen Kadosh et al., 2021). This promising
line of research needs to be expanded in childhood and adolescent clinical trials such as
those reviewed in order to determine the potential benefits of pre- and probiotic treat-
ment during neurodevelopment.

Concluding Remarks

The developing brain is unsurpassed in its potential for growth and plasticity, and yet at
the same time incredibly vulnerable to outside environmental influence, including expo-
sure to the changing status of intestinal microbes. From the prenatal period up to and in-
cluding adolescence, the brain is maturing and changing, simultaneous with changes mir-
rored in the intestinal bacteria. This can be viewed as an exciting opportunity, as the po-
tential for brain plasticity can be harnessed by therapeutics targeted to the peripheral
gut microbiome. We would be wise to turn our attention to furthering our understanding
of both the normal healthy progression of intestinal microbiota in the youth, as well as to
the impact of abnormal microbial development on the brain. That the microbiome could
act as a potential therapeutic target in the improvement of mental resiliency and in the
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treatment of brain disorders is a challenging but exciting possibility for the future of men-
tal health.
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