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1  | INTRODUC TION

Scientific and media coverage on the "gut–brain” axis has dramatically 
increased in recent years, as we rapidly accrue knowledge about how 
the gut microbiome and central nervous system (CNS) bidirectionally 
communicate through neurobiological and immunological pathways 
to influence behavior. Indeed, gut microbial research has opened new 
frontiers in neuroscience and potentiated novel therapies for mental 
health disorders (Mayer, Knight, Mazmanian, Cryan, & Tillisch, 2014; 
Sarkar et al., 2016). The gut microbiome helps cultivate healthy neu‐
robiological programming in early development and continues to as‐
sociate with brain function and behavior into adulthood (Borre et al., 

2014). For example, altering the gut microbiome can change social 
and affective behavior, and in preliminary rodent and adult studies, 
reverse psychiatric symptoms (Akkasheh et al., 2016; Dinan & Cryan, 
2016). Despite the promise of these dramatic findings, we possess 
relatively limited insight into the development and function of the mi‐
crobiome beyond early childhood. This is particularly true of adoles‐
cence, which is an important time of neurobiological and behavioral 
development, including an emergent risk for psychopathology.

Adolescence is increasingly understood to represent more 
than a transitional period between child and adulthood, but rather 
a critical period of neurobiological programming, social–affective 
processing, and explorative behavior that continues to shape our 
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Abstract
Gut microbial research has recently opened new frontiers in neuroscience and 
 potentiated novel therapies for mental health problems (Mayer, et al., 2014). Much 
of our understanding of the gut microbiome's role in brain function and behavior, 
however, has been largely derived from research on nonhuman animals. Even less 
is known about how the development of the gut microbiome influences critical 
periods of neural and behavioral development, particularly adolescence. In this re‐
view, we first discuss why the gut microbiome has become increasingly relevant to 
developmental cognitive neuroscience and provide a synopsis of the known con‐
nections of the gut microbiome with social–affective brain function and behavior, 
specifically highlighting human developmental work when possible. We then focus 
on adolescence, a key period of neurobiological and social–affective development. 
Specifically, we review the links between the gut microbiome and six overarching 
domains of change during adolescence: (a) social processes, (b) motivation and be‐
havior, (c) neural development, (d) cognition, (e) neuroendocrine function, and (f) 
physical health and wellness. Using a developmental science perspective, we sum‐
marize key changes across these six domains to underscore the promise for the gut 
microbiome to bidirectionally influence and transform adolescent development.
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neurobiological and social and emotional processing into adulthood 
(Dahl, Allen, Wilbrecht, & Suleiman, 2018). This also means that ad‐
olescence is a vulnerable period for a heightened risk for the emer‐
gence of psychiatric symptoms and disorders that persist across the 
life span. Despite the growing emphasis on adolescence as a “flux” 
point in development within developmental cognitive neurosci‐
ences, and the parallel growing emphasis on the gut microbiome's 
role in neurobiological, social‐emotional, explorative, and psychiatric 
symptom development, there is a relative dearth of research into the 
gut microbiome's role during this critical period of developmental 
programming. In this review, we first highlight why gut microbiome 
research is becoming increasingly relevant to psychology and the 
cognitive neurosciences, then focus on the microbiome's specific 
connections to social–affective processing, and lastly, synopsize six 
domains of change that are undergoing unique programming during 
adolescence and that are particularly relevant to the microbiome.

2  | PART I .  THE GUT MICROBIOME' S 
GROWING CONNEC TION WITH 
PSYCHOLOGY AND THE COGNITIVE 
NEUROSCIENCES

The gut microbiome consists of a diverse community of microorgan‐
isms “microbes” and their genes that resides in the gastrointestinal tract, 
including bacteria, fungi, archaea, and viruses. Our number of micro‐
bial cells are now believed to closely match our number of human cells 
(approximately 1:1 ratio; Sender, Fuchs, & Milo, 2016), with the largest 
microbial population residing in the gastrointestinal tract. The composi‐
tion and function of the gut microbiome is dynamic and malleable to the 
environment across the life span, including changes in diet, geography, 
stress, illness, or use of antibiotics. The gut microbiome interacts with the 
enteric nervous system (ENS): a branch of the autonomic nervous system 
(ANS) that can also operate independently to regulate the gastrointesti‐
nal system. The ENS contains an estimated 70% of body's immune cells 
and produces an estimated 95% of the body's serotonin (Mayer, 2011). 
The connections between the ENS and the brain (i.e., the gut–brain axis) 
were first discovered centuries ago; however, the microbiota's role in this 
gut–brain communication has only recently emerged (and contributes to 
the moniker of the “microbiome”–gut–brain axis; Zhu et al., 2017).

The microbiome performs myriad functions. It regulates immune 
function activity, gut motility, nutrient absorption, fat distribution, 
and maintains homeostasis of the intestinal barrier (Carabotti, 
Scirocco, Maselli, & Severi, 2015). The microbiome also commu‐
nicates with the CNS through bidirectional signaling along the au‐
tonomic nervous system, and neuroimmune and neuroendocrine 
pathways. For example, the microbiome–gut–brain axis operates 
through microbial sourced metabolites (e.g., short‐chain fatty acids, 
peptides, neurotransmitters), vagal nerve innervation, hormonal sig‐
naling, and immune cells (see Figure 1; see also Sharon, Sampson, 
Geschwind, & Mazmanian, 2016 for a review of connection mecha‐
nisms). Microbiome colonization also directly overlaps with the first 
critical period of neurobiological development, beginning during 

prenatal development through the mother's placenta and continu‐
ing through the first 3–4 years of life (Collado, Rautava, Aakko, 
Isolauri, & Salminen, 2016). In fact, the microbiome helps form the 
blood–brain barrier and is necessary for normative brain develop‐
ment, immune function, and hypothalamus–pituitary–adrenal (HPA) 
axis programming (Borre et al., 2014). Although the mechanistic 
connections have been predominantly modeled in nonhuman ver‐
tebrate animals, these discoveries have raised the potential that the 
microbiome–gut–brain axis can transform how we understand and 
approach our models of human behavior.

2.1 | A novel treatment method

Emergent gut microbial interventions in medicine highlight the mi‐
crobiome's unique potential to individualize treatment in psychology. 
One of the most commonly used microbial interventions is probiotic 
administration. By definition, probiotics are live bacteria that, when 
administered in precise quantities, provide a health benefit to the 
host (Sanders, 2008). Studies have used probiotics to treat a range of 
both gastrointestinal and mental health symptoms. For example, in 
a population of adults with comorbid irritable bowel syndrome (IBS) 
and anxiety/depression, a group that took a probiotic for ten weeks 
had more individuals that showed declines in depression symptoms 
(64%) than a group that took a placebo (32%; Pinto‐Sanchez et al., 
2017). A recent systematic review supported the positive effects 
of probiotics on depression symptoms, but reported that additional 
randomized control trials are needed before clinical recommenda‐
tions can be made (Pirbaglou et al., 2016; Wallace & Milev, 2017). 
However, the most recent meta‐analysis of those reports only found 
support for a beneficial effect of probiotics in mildly depressed, com‐
pared to not depressed, subjects (there was no effect of probiotics 
on clinical depression symptoms; Ng, Peters, Ho, Lim, & Yeo, 2018). 
No meta‐analyses have yet focused on clinical anxiety symptoms.

Another novel treatment that involves an indirect manipulation 
of gastrointestinal bacteria is administration of prebiotics. By defi‐
nition, prebiotics are dietary compounds used by bacteria to yield 
a positive benefit to the host (e.g., fructooligosaccharides and ga‐
lactooligosaccharides; Gibson et al., 2017). Some studies have ad‐
ministered such prebiotics either to healthy volunteers, showing a 
reduction in neuroendocrine activity associated with stress regula‐
tion (Schmidt et al., 2015) or to rodents, showing positive outcomes 
on several stress‐associated outcomes, including anxiety and de‐
pression (Burokas et al., 2017). Currently, there are no meta‐analy‐
ses of prebiotic utility in depression or anxiety.

Microbial interventions have extended to several areas of 
medicine (Xu et al., 2015). By profiling the gut microbiome, for 
example, immunotherapies and clinical drug trials are beginning 
to identify individual differences in the course of optimal che‐
motherapy and drug metabolism (Petrosino, 2018). Pilot studies 
in adults have also sparked promise that microbial transplants or 
“fecal pills” which have been used for GI disorders, may be able 
to alleviate symptoms of depression or autism spectrum disor‐
der (Kang et al., 2017; Zheng et al., 2016). As the field expands, 
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it may also mean that psychological interventions could individ‐
ualize psychotherapeutic treatments based on microbial profiles, 
or that the microbiome could provide meaningful biomarkers for 
pre‐ and postpsychological interventions. Most of these medical 
treatments are not yet commercially available, nor sophisticated 
enough for psychological interventions, but with the rise in tech‐
nological advancements, they may not be far off.

2.2 | Advancing technology

Owing in large part to recent advances in DNA sequencing technol‐
ogy and analytical methodology, our ability to study the gut micro‐
biome's connections to neurobiology and behaviors has dramatically 
improved. Over the past decade, DNA sequencing procedures have 
been streamlined and commercialized, resulting in lower costs for 
generating DNA sequences from a microbiome sample. This has af‐
forded new avenues of discovery. For example, targeted sequencing 
of the bacterial 16S locus enables relatively rapid, comprehensive, 
and precise determination of the taxonomic composition of a mi‐
crobiome sample (Kuczynski et al., 2011). A rapidly growing body of 
research additionally employs an approach termed shotgun metagen‐
omics, which seeks to sequence the entire genome of microbes that 
comprise a community (Sharpton, 2014). These advanced methods 
are beginning to uncover the metabolic pathways encoded in these 
genomes and link these pathways to physiological or behavioral pro‐
cesses, such as CNS functioning, neuroimmunology, and neuroendo‐
crinology (Arnold, Roach, & Azcarate‐Peril, 2016).

Innovations in study design are also made possible thanks to 
initiatives such as American Gut, which has created the first open‐
source, community‐generated database of the human microbiome 
for individuals to participate or analyze the microbiome on a large 
scale (McDonald et al., 2018). Companies have also developed com‐
mercialized collection kits for researchers to conduct their own 
studies. The advent of such kits and standard operating procedures 
for microbial collection and analyses (http://www.microbiome‐stan‐
dards.org/index.html) has opened new avenues for studying high‐
risk or hard‐to‐reach developmental populations (particularly within 
the United States) by reducing participant burden, providing flexible 
stool storage options, and enabling the delivery of samples through 
U.S. mail transport (Anderson et al., 2016). However, online gut mi‐
crobial repositories are limited in terms of their ability to measure 
cognitive processes and to provide diagnostic information. As we 
seek to bridge disciplines, rigorous measures of psychopathology 
and brain structure, function, or connectivity will still require some 
portion of an in‐laboratory or in‐person study design.

3  | PART I I .  E VIDENCE LINKING THE GUT 
MICROBIOME WITH SOCIAL–AFFEC TIVE 
NEUR AL PROCESSES

The role of the microbiome in social–affective brain function is a 
relatively recent area of inquiry, especially within human subjects. 

Nonhuman studies, however, can provide some initial insight about the 
microbiome's role in social–affective brain development. We begin by 
highlighting known links between the gut microbiome and molecular 
or structural changes in rodent models, focusing on the hippocampus 
and amygdala—key regions in learning and social–affective processing 
and potential “hubs” for microbial influence on brain function. Next, 
we summarize initial work in humans, which also includes other associ‐
ated regions, such as the perigenual anterior cingulate cortex (pACC), 
anterior midcingulate cortex (aMCC), insula, and precuneus.

3.1 | Rodent models

The hippocampus and the amygdala are two limbic regions centrally 
involved in social–affective learning and memory that rely on input 
from the gut microbiome for normative development. Furthermore, 
the amygdala and hippocampus are probable “hubs” for the gut mi‐
crobiome's influence on brain function and cognition (for full review 
of this theory, see Cowan et al., n.d.). Briefly, manipulating the pres‐
ence or composition of the microbiome changes the molecular and 
structural development of the hippocampus and amygdala (Foster, 
Rinaman, & Cryan, 2017). For example, the absence of a microbiome 
(e.g., via animals raised without a microbiome) or the disturbance 
of the microbiome (e.g., via antibiotic treatment) alters amygdala 
and hippocampal gene expression involved in neural plasticity (i.e., 
brain‐derived neurotrophic factor [BDNF] and Finkel–Biskis–Jinkins 
murine osteosarcoma viral oncogene homolog B [FosB]), synaptic 
plasticity involved with learning and memory (i.e., N‐methyl‐d‐as‐
partate receptor [NMDAR], and the neurotransmission of monoam‐
ines, such as dopamine, norepinephrine, and serotonin (Bercik et al., 
2011; Neufeld, Kang, Bienenstock, & Foster, 2011). In addition, the 
absence of the microbiome results in an enlarged amygdala volume 
and dendritic hypertrophy in the basolateral amygdala (Luczynski et 
al., 2016). Although these regions are also central in stress regulation, 
and the pathway may be through reduced glucocorticoids (GC) and 
proinflammatory cytokines, some evidence suggests these effects 
can occur independent of decreased GC, or anxiety levels (Gareau 
et al., 2011; Savignac, Tramullas, Kiely, Dinan, & Cryan, 2015). Such 
neural alterations to these limbic regions can impair social–affective 
learning and memory and may influence the later development of 
the hippocampus and amygdala's functional connectivity to “top‐
down” regions (e.g., prefrontal cortex) involved in social–affective 
regulation in adolescence (for review, see Tottenham, 2015).

3.2 | Human models

Promising work in adults demonstrates the microbiome's role in neu‐
ral function extends to functional brain reactivity. These connections 
were first discovered in adults with gastrointestinal disorders, such 
as IBS, in which the microbiome's composition characteristically dif‐
fers from that of individuals not manifesting the syndrome (Mayer, 
Naliboff, & Craig, 2006). Compared to controls, adult patients with 
IBS displayed altered functional activity in regions involved in at‐
tention, sensation, and emotional arousal, including the amygdala, 

http://www.microbiome-standards.org/index.html
http://www.microbiome-standards.org/index.html
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F I G U R E  1   Proposed Critical Hubs of Microbiome–Gut–Brain Axis. Figure 1 depicts the bidirectional pathways between the gut 
microbiome and both the central and the peripheral nervous systems. Social, Behavioral Adaptation, and Emotion & Motivation are 
important networks that undergo significant restructuring during adolescence. Proposed brain “hubs” of microbial influence on social–
affective brain development include the hypothalamus, hippocampus, and amygdala. Animal literature documents microbial changes 
influence brain structure and function through changes in MR concentrations, NMDAR, cytokine mRNA, BDNF, and monoamines, such 
as serotonin in the hippocampus and the amygdala. This is not intended to highlight every region that has been correlated with the gut 
microbiome, rather we specifically highlight brain regions implicated social–affective, explorative learning and self‐processes. Note: 
Open circle indicates region is subcortical. 5‐HT: serotonin; ACTH: adrenocorticotrophic‐releasing hormone; AI: anterior insula; Amg: 
amygdala; BDNF r: brain‐derived neurotrophic factor receptors; CRF: corticotrophin‐releasing factor; GABA: gamma‐aminobutyric 
acid; GR: glucocorticoid receptors; Hip: hippocampus; Hyp: hypothalamus; lPFC: lateral prefrontal cortex; mPFC: medial prefrontal 
cortex; MR: mineralocorticoid receptors; NMDAR: N‐methyl‐D‐aspartate receptor; OFC: orbital frontal cortex; SCFAs: short‐chain 
fatty acids. Brain regions; TP: temporal pole; TPJ: temporal parietal junction; VS: ventral striatum. Figure partly adopted from Cryan 
and Dinan (2012)
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pACC, aMCC, and somatosensory cortex (Tillisch, Mayer, & Labus, 
2011), possibly as a function of microbial alterations in the composi‐
tion and/or stability over time.

The microbiome's link to brain activity has also been observed 
in healthy adults. For example, in a pre‐ and post‐fMRI design, com‐
pared to baseline activity, women who received a 4‐week probiotic 
treatment had reduced resting‐state functional activity in regions 
involved in emotion and sensation processing, including the insula, 
somatosensory cortex, as well as the prefrontal cortex, parahippo‐
campal gyrus, precuneus, and basal ganglia (Tillisch et al., 2013). In 
follow‐up experiments, Tillisch et al. (2017) also demonstrated that 
an individual's functional and structural connectivity could be char‐
acterized by the type of prominent bacteria in their microbiome (a 
clustering analysis typically referred to as “enterotyping”; see Costea 
et al. (2017) for a review on the debate surrounding this methodol‐
ogy). Women in the microbial cluster predominated by Prevotella (vs. 
Bacteroides) had decreased hippocampal activity and increased func‐
tional brain connectivity between brain regions involved in emotional 
and attentional sensory processing. At the same time, structural 
connectivity patterns obtained from white and gray matter tracts 
correctly categorized women into those two predominant bacterial 
groups with 66.7% and 87.2% accuracy, respectively (Tillisch et al., 
2017). Together, these data provide a foundation for thinking about 
how various sensory, attentional, and emotional processes may be 
altered by microbiome–gut–brain axis communication.

3.3 | Gut microbiome development and links to 
early psychosocial behavior

Currently, the research on gut microbial programming has largely 
excluded psychosocial development, with some notable exceptions 
that focus on early childhood. Two foundational longitudinal studies 
in early childhood revealed that the gut microbiome predicted child 
cognitive performance at 12 months old (Carlson et al., 2018) and 
temperament at 24 months old (Christian et al., 2015), suggesting 
that the gut microbiome is already playing a role in shaping cognition 
and social–affective behavior from an early age.

There is, however, mounting evidence that the microbiome con‐
tinues to develop beyond the initially presumed first few years of 
life. It turns out that children (ages 1–7 years) distinctly separated 
from adults on a principal component analysis (PCA), showing less 
diverse microbiomes, and at the genus level, showing higher abun‐
dance of Bifidobacterium, Clostridium, and lower Prevotella and 
Sutterella (Hopkins, Sharp, & Macfarlane, 2001). In another study 
spanning from childhood through pre‐adolescence (ages 7–12 years), 
children also had more similar microbiomes to one another than to 
adults (Hollister et al., 2015). Specifically, children differed in the rel‐
ative abundance of the taxa that comprise the gut microbiome (i.e., 
increased Bifidobacterium spp., Faecalibacterium spp., and members 
of the Lachnospiraceae, while adults harbored greater abundances of 
Bacteroides spp.). Furthermore, the authors concluded that children 
harbor microbiome metabolic pathways that promote ongoing neural 
development (e.g., vitamin B12 synthesis, de novo synthesis of folate 

and oxidative phosphorylation and lipopolysaccharide biosynthesis), 
whereas adult functional metabolic pathways were more associated 
with inflammation and obesity (e.g., lipopolysaccharide biosynthesis, 
chemotaxis, and triggering mucosal inflammation; Hollister et al., 
2015). These findings suggest that not only does the microbiome 
continue to change with age, but also its constitution and function‐
ality are specifically tailored to relevant developmental processes.

4  | PART I I I .  ADOLESCENCE A S A 
SENSITIVE PERIOD OF MICROBIAL 
CHANGE

While human studies of the adolescent gut microbiome are still 
relatively sparse, rodent models suggest adolescence represents a 
critical window during which the microbiome's colonization of the 
gut impacts parts of the CNS's wiring that are linked to stress‐as‐
sociated behaviors (Foster & McVey Neufeld, 2013; McVey Neufeld, 
Luczynski, Dinan, & Cryan, 2016). For example, germ‐free mice that 
were colonized with a microbiome either at birth or 3 weeks old 
showed normalized stress‐associated behaviors, whereas germ‐free 
mice that were colonized with a microbiome at 10 weeks old did not 
show this effect (Heijtz et al., 2011; Neulfeld et al., 2011, Clarke et 
al., 2013). Furthermore, emerging evidence demonstrates the gut 
microbiome plays a critical role in monoamine and neuromodula‐
tor function in hippocampus and amygdala specifically during ado‐
lescence. For example, antibiotic depletion of the gut microbiome 
during adolescence led to changed hippocampal monoamine con‐
centrations (i.e., noradrenaline, but not serotonin or dopamine); me‐
tabolites, such as increased tryptophan and decreased kynurenine; 
reduced hippocampal BDNF expression; and reduced neuropep‐
tides (oxytocin and vasopressin) into adulthood (Desbonnet et al., 
2015). Furthermore, antibiotic‐treated adolescent rats also showed 
changes in amygdala amino acid (increased levodopa; L‐DOPA) and 
catecholamine metabolite synthesis (increased homovanillic acid; 
Desbonnet et al., 2015). In other words, rodent models suggest 
changes to the microbiome prior to the end of adolescence can be a 
unique opportunity to shape CNS development (see Figure 1).

Initial case studies in humans also suggested the microbiome 
had distinct features in adolescence compared with childhood or 
adulthood, although the small sample sizes could not rule out that 
individual variability accounted for the differences (Paliy, Kenche, 
Abernathy, & Michail, 2009; Schloss, Iverson, Petrosino, & Schloss, 
2014). One study confirmed these pilot studies by showing that ad‐
olescents’ (11–18 years old) microbiomes were distinguishable from 
adults (22–61 years old) by specific taxa and relative abundance of 
taxa in the gut (Agans et al., 2011). Collectively, these studies pro‐
vide some of the first evidence that the health and function of the 
adolescent microbiome is distinct from adults and should therefore 
be studied and interpreted through a developmental lens. Large‐
scale studies with the aim to characterize normative developmental 
changes in the microbiome are currently underway through the NIH 
initiative human microbiome project (GNIH HPC Group et al., 2009).



788  |     FLANNERY Et AL.

Uncertainty remains regarding the extent to which adoles‐
cence is a unique period of gut microbial development. The envi‐
ronment plays a key role in shaping gut and brain function across 
development, but it may be particularly relevant in adolescence. 
Adolescence is arguably the second largest environmental shift in 
development (following early life) due to concurrent changes across 
multiple domains of behavior and neurobiology (Dahl et al., 2018). 
We therefore propose adolescence reflects a sensitivity along the 
microbiome–gut–brain axis, in which the microbiome may spark 
change in developing neurobiological systems and behavior. At the 
same time, the number of changes in environment, neurobiology, 
and behavior during adolescence may ignite transformation in the 
microbiome.

Taking a developmental science approach, we argue that sev‐
eral broad domains of adolescent change—specifically (a) social 
processes, (b) motivation and behavior, (c) neural development, (d) 
cognition, (e) neuroendocrine function, and (f) physical health and 
wellness—have clear bidirectional connections to the microbiome. 
We specifically focus on these domains as they represent a sensitive 

period of developmental programming that can have long‐term im‐
plications for functioning into adulthood (Dahl et al., 2018). Below, 
we briefly summarize how these domains link to the microbiome and 
the potential implications of such linkages to understanding adoles‐
cent psychobiological development (see Figure 2). These categories 
are not intended to be exhaustive, nor expected to be independent 
from one another, but are intended to highlight some fruitful direc‐
tions for future interdisciplinary work.

4.1 | Social processes

Adolescence is a time of self‐identity development and social explo‐
ration both within and outside of one's family (Pfeifer & Berkman, 
2018). This also means it is a time of novel microbial exposure to new 
places and increased direct microbial exchange with others. As social 
dynamics change within families, friendships, and romantic relation‐
ships, peers become more salient, romantic relationships burgeon, 
and social stressors become particularly potent (Blakemore & Mills, 
2014). Structurally, adolescence is also a time of increased autonomy 

F I G U R E  2   Developmental timing. Figure 2 depicts the six overarching domains of change that occurs during adolescence that we 
propose are also associated with the gut microbiome. These categories are not intended to be exhaustive, nor expected to be independent 
from one another, rather they are intended to highlight some fruitful directions for future interdisciplinary work
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outside the home and an opportunity for new social interactions. 
Within the United States, this typically includes transitioning from 
grade school into middle and high school, where there are an in‐
creased number of classrooms and peer interactions. At the same 
time, adolescents spend an increasing amount of time alone and re‐
main heavily influenced by their parents and their home structure 
(Larson & Richards, 1991). This period of budding independence sets 
a unique stage for the existing familial identity and the expanding 
self and social identities to interact.

These social developmental changes likely have important 
implications for the developing microbiome. In general, social be‐
haviors can guide the degree of novel microbial environment and 
microbial exchange that occurs by increasing or decreasing one's 
level of exploration and exposure to the environment. At the same 
time, rodent studies suggest the microbiome modifies the initiation 
of these social behaviors (e.g., altering novel exploration and desire 
to choose social vs. nonsocial interactions; see Münger, Montiel‐
Castro, Langhans, & Pacheco‐López, 2018 for full review of the 
bidirectional social–microbiome relationship). Microbial studies of 
autism spectrum disorder (ASD) demonstrate the reciprocal rela‐
tionship between social behaviors and the microbiome. Individuals 
with ASD, traditionally characterized by altered social behavior 
and communication, show alterations in their gut microbiomes 
and exhibit significantly higher rates of gastrointestinal problems 
as compared to neurotypical controls (Chaidez, Hansen, & Hertz‐
Picciotto, 2014; Strati et al., 2017). For example, germ‐free mice 
showed altered social behavior, characterized as a preference for 
an object over another mouse (Foster et al., 2017); and maternal 
immune activation (MIA) mice offspring showed disruption to their 
GI barrier and behavioral features consistent with ASD that could 
be reversed with probiotic treatment (Hsiao et al., 2013). In prelim‐
inary human experimental manipulations of the microbiome (i.e., 
treated with probiotics or fecal transplants), children with ASD en‐
gaged in more social behavior following the interventions (Kang et 
al., 2013, 2017; West et al., 2014), although findings are still incon‐
sistent, within relatively small sample sizes, and warrant further 
replication (for review on ASD links with the microbiome, see Li, 
Han, Dy, & Hagerman, 2017). These findings reveal a potential mu‐
tually reinforcing relationship between the gut microbiome and so‐
cial behavior that should be further explored during adolescence.

4.2 | Motivational and behavior change

In addition to the changes that occur in social development, adolescents 
have unique developmental goals that influence their motivations and 
explorative behaviors (Crone & Dahl, 2012). One of the developmen‐
tal goals for adolescents is to prepare for adult roles and relationships. 
In service of this goal, adolescents demonstrate a greater tolerance of 
ambiguity (compared to adults) in order to approach novel experiences 
(van den Bos & Hertwig, 2017). This pattern of increased exploration 
inherently involves increased risking‐taking and sensitivity to reward 
(Romer, 2010) and commonly interacts with social development (e.g., in‐
fluence of peers on risk‐taking behavior; Braams, Duijvenvoorde, Peper, 

& Crone, 2015). While the microbiome has been linked to behavioral 
exploration, this connection has not been studied during adolescence. 
For example, germ‐free mice exhibit less environmental exploration and 
a diminished ability to distinguish novel stimuli (Desbonnet et al., 2015; 
Heijtz et al., 2011). The microbiome's influence on explorative behavior 
could have important implications for the type of experiences that ado‐
lescents engage in. At the same time, the environments they immerse 
themselves in also influence their microbial exposure.

Adolescence is also a period of normative change in affective re‐
activity and regulation, as well as a period of heightened risk for the 
emergence of mental health disorders. For example, as of 2016 in the 
United States, 1 in 4 adolescents had a mental health diagnosis and 
3.1 million adolescents ages 12–17 had at least one depressive epi‐
sode, with 70% having a severe impairment (NIMH). Although there 
is mounting evidence that the microbiome is associated with social 
and affective disorders, and early disruption to the microbiome may 
lead to greater vulnerability of social and affective disorder later in 
life (Dinan & Cryan, 2017), the causal mechanisms are still poorly 
understood and the microbiome–behavior relationship is likely bi‐
directionally reinforced. As discussed earlier, in adult humans and 
other vertebrate animals, experimental manipulations such as trans‐
plantation and pre/probiotic treatment are being tested for mental 
health disorders such as depression and anxiety (Sarkar et al., 2016). 
These studies demonstrate that the gut microbiome is not just al‐
tered with these disorders but prompts these phenotypes. Mental 
health disorders are also intimately tied to changes in social behav‐
iors (Thoits, 2011), suggesting there is likely a complex interaction 
between the microbiome, social development, and affective and 
explorative behaviors. For example, one mechanism could be that 
a disrupted microbiome profile initiates depressive behavior via en‐
couraging restricted social and explorative behavior. Concurrently, 
depressive behaviors, such as restricted environment and/or altered 
diet and weight, may maintain the alteration in the microbiome.

4.3 | Brain development

Adolescence is a well‐known sensitive period of structural and func‐
tional brain development (Dahl et al., 2018). There is limited informa‐
tion, however, on how these neurodevelopmental changes influence 
microbiome–gut–brain axis communication, particularly regarding 
known social, motivational, explorative, and affective behavioral 
changes.

Key brain regions implicated in social–affective processing that 
also have known connections with the gut microbiome exhibit dra‐
matic changes during adolescence. For example, regions implicated in 
emotional processing and learning (e.g., amygdala, hippocampus, the 
dorsolateral prefrontal cortex [dlPFC], and ventral medial prefrontal 
cortex [vmPFC]) are functionally and structurally changing to reflect 
the importance of the adolescent environment and developmental 
stage (Flannery, Giuliani, Flournoy, & Pfeifer, 2017; Mills et al., 2016). 
Connectivity between limbic regions such as the amygdala, and regu‐
latory regions like the prefrontal cortex, begins to shift to reflect adult‐
like patterns of top‐down regulation (Gee et al., 2013). This period of 
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sensitivity also means greater vulnerability to perturbations. Mental 
health disorders during adolescence are associated with alterations in 
brain activity, structure, and connectivity (Lee et al., 2014). Depression 
during adolescence, for example, is associated with decreased con‐
nectivity among regions involved in emotion regulation such as the 
amygdala, hippocampus, insula, and prefrontal cortex (Connolly et al., 
2013; Cullen et al., 2014; Davey et al., 2015; Pannekoek et al., 2014). 
Given the gut microbiome's established links to several social–affec‐
tive processes, it is imperative we understand their relationship during 
this time of developmental flux in said systems.

Despite the microbiome's link to social and explorative behaviors, 
the microbiome has not been connected to brain processes or net‐
works centrally involved in social and explorative behaviors. Notably, 
however, regions within these networks have been linked to the gut 
microbiome (e.g., precuneus and ACC). Compared to adults, adoles‐
cents show more activity in regions implicated in reward processing 
when they are making risky choices (e.g., picking an ambiguous op‐
tion; see review Sherman, Steinberg, & Chein, 2017; Silverman, Jedd, 
& Luciana, 2015), and learning a task (e.g., learning pattern to improve; 
see review Romer, Reyna, & Satterthwaite, 2017). In addition, regions 
associated with social processing (i.e., the “social brain network”) 
undergo significant functional and structural changes during adoles‐
cence (see review Blakemore & Mills, 2014) as well significant changes 
in functional activation and connectivity between midline structures 
involved in self‐processing (see review Pfeifer & Berkman, 2018). A fu‐
ture avenue of interdisciplinary work should seek to identify gut–brain 
correlates of social and explorative behaviors during adolescence.

4.4 | Cognition

Cognitive development heavily intertwines with the adolescent‐spe‐
cific changes in synaptic density in the prefrontal cortex. This time 
of prolonged maturation through adolescence represents a unique 
period of developmental programming in higher‐order cognitive 
processes, such as decision‐making, working memory, and learn‐
ing (Juraska & Willing, 2017; Peverill, McLaughlin, Finn, & Sheridan, 
2016; Zhou et al., 2016).

Cognitive impairments following alterations in the microbi‐
ome have led to the theory of a microbiome–cognition connection. 
Specifically, the microbiome may be necessary for proper fear learn‐
ing. For example, germ‐free mice show impaired maintenance of fear 
stimuli–response associations, which was partially reversed with mi‐
crobial colonization and fully reversed with targeted changes to amyg‐
dala gene expression (Hoban et al., 2018). These findings suggest the 
microbiome influences normative gene expression in the amygdala.

Antibiotics can also produce decreased spatial learning ability, in‐
creased anxiety (Wang et al., 2015), reduced memory, and impaired 
novel object recognition (Fröhlich et al., 2016; Vázquez et al., 2015). 
Antibiotics change BDNF mRNA expression in critical regions of cog‐
nition, including the medial prefrontal cortex, hippocampus, and hy‐
pothalamus, possibly by altering tight junction proteins and cytokine 
mRNA expression (Fröhlich et al., 2016). Alternatively, mice provided 
with a probiotic (e.g., milk oligosaccharides) or prebiotics showed 

increased memory and reinforcement learning and cognitive flexibility 
(attentional set shifting; Gareau et al., 2011; Wang et al., 2015). These 
effects were similarly reflected in changes in BDNF, and increased 
mineralocorticoids and NMDA (Gareau et al., 2011; Wang et al., 2015). 
Notably, there are still inconsistencies in these effects, particularly 
within humans (Sarkar et al., 2018) that warrant further investigation. 
Future work should specifically seek to test the microbiome–cognition 
connection during adolescence when cognition is actively rewiring.

4.5 | Neuroendocrine development

One possible mechanism of change in microbiome–gut–brain axis 
communication during adolescence is neuroendocrine development. 
Adolescence is typically defined by the onset of puberty, including 
changes in the hypothalamus–pituitary–gonadal (HPG) axis, but also 
in the hypothalamus–pituitary–adrenal (HPA) axis (Shirtcliff et al., 
2015). Although these systems change across the life span, adoles‐
cence is a well‐documented period of developmental programming 
for the HPA and HPG axis. These neuroendocrine changes are as‐
sociated and interact with changes in brain structure and function, 
secondary sexual characteristics, and physiological stress responses, 
all of which can influence adolescent behavior and the microbiome 
(Shirtcliff et al., 2015; Siervogel et al., 2003).

Changes in the HPG axis are associated with changes in sex hor‐
mones, such as estrogen, progesterone, and testosterone production 
(which associate with brain structure and function, see Vijayakumar, Op 
de Macks, Shirtcliff, & Pfeifer, 2018). There is also growing evidence 
that sex hormones change the vaginal microbiome, in particular that 
menarche is likely associated with reprogramming of the vaginal mi‐
crobiome (Brotman, Ravel, Bavoil, Gravitt, & Ghanem, 2014). Further 
preliminary evidence suggests hormonal changes that occur across a fe‐
male's menstrual cycle additionally alter the gut microbiome (Chen et al., 
2017). Pubertal development, specifically, may represent another sen‐
sitive period in reprogramming of both the vaginal and gut microbiome; 
yet to date, this theory has not been tested. Pubertal development has 
also been linked to microbial changes in other areas, such as subgingival, 
skin, and nares, demonstrating it may be a time of widespread change 
in microbial exposure and malleability (Gusberti, Mombelli, Lang, & 
Minder, 1990; Oh, Conlan, Polley, Segre, & Kong, 2012).

During adolescence, there are also changes to the HPA axis, the 
primary stress response system. For example, cortisol normatively 
changes in adolescence, resulting in a prolonged HPA axis response 
compared to adults (Bingham et al., 2011). The HPA axis is involved 
in normative microbiome–gut–brain axis communication (Bailey et al., 
2010). For example, the microbiome can shape how an organism re‐
sponds to stress in early development (O'Mahony, Clarke, Dinan, & 
Cryan, 2017). Germ‐free mice display a hyper‐reactive HPA axis re‐
sponse (Sudo et al., 2004), but the introduction of specific microbes 
such as Bifidobacterium can reverse the hyper‐reactive HPA axis re‐
sponse (Sudo et al., 2004). Similarly, the HPA axis can change the mi‐
crobiome. The HPA axis potentiates the release of catecholamines that 
are metabolized by the microbiome (Moloney et al., 2016). However, 
under conditions of social and chronic stress, increased cortisol, the 
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end product of the HPA axis, can lead to increased permeability of the 
intestinal wall (Kelly et al., 2015; Rogers et al., 2016). Stress disruptions 
to the microbial composition can lead to disruptions in microbiome–
gut–brain axis, resulting in low‐grade inflammation and depression (see 
review Farzi, Fröhlich, & Holzer, 2018). Adolescence, therefore, pro‐
vides the opportunity to positively influence the relationship between 
the HPA axis and the gut microbiome through normative change in 
HPA axis function and the microbiome's sensitivity to change during 
adolescence. On the other hand, the increased vulnerability to social 
stressors and malleability in these systems during adolescence may 
also lead to disruptions along the microbiome–gut–brain axis.

4.6 | Physical health and wellness

All the changes mentioned above have potential influences on physi‐
cal health and well‐being across adolescence, which can culminate 
in alterations in diet, substance use, body composition, body mass 
index (BMI), exercise, and sleep (Dahl et al., 2018; Winpenny et al., 
2017; Worthman & Trang, 2018). This is particularly critical, given 
the gut microbiome's primary role and extensive links to these pro‐
cesses across species.

Physically, adolescents are undergoing major changes. In concert 
with the emergence of secondary sex characteristics, body composi‐
tion changes, fat distribution changes, and obesity rates can increase 
(Loomba‐Albrecht & Styne, 2009). Exercise habits that are formed in 
adolescence can promote hippocampal BDNF levels and alter micro‐
bial composition (in rodents) in a way that does not occur in child‐
hood or adulthood (Hopkins, Nitecki, & Bucci, 2011). Adolescents 
choose more of their own meals with less parental regulation of their 
diet. These dietary changes are often associated with an increased 
percentage of high fat and refined sugars, and heightened risk for 
increased BMI (Andrade, Previdelli, Cesar, Marchioni, & Fisberg, 
2016). In Western cultures, the school structure can also heavily in‐
fluence dietary choices (e.g., vending machines and limited healthy 
options; Driessen, Cameron, Thornton, Lai, & Barnett, 2014). The 
school structure is also at odds with the sleep patterns of adoles‐
cence, which are associated with a change in diurnal cycling (Colrain 
& Baker, 2011). Adolescents begin to stay up later, but still need to 
get up early for school, which can result in a pattern of inadequate 
sleep, with periods of “catch up” on the weekends (Carskadon, 2011). 
Sleep deprivation during adolescence is linked to several behavioral 
risks, including poor diet; increased stimulant use, such as caffeine; 
substance use, such as alcohol and cigarette use; lower mood; and 
high‐risk behaviors (McKnight‐Eily et al., 2011). Every single one of 
these risks has been associated with the microbiome.

Alterations to physical health, such as those described above, rep‐
resent one of the more extensively studied areas in regard to the gut 
microbiome which suggests adolescence is a particularly critical period 
of change (see McVey Neufeld et al., 2016). As one of the primary func‐
tions, the gut microbiome diversifies in accordance with the nutrients 
it obtains through diet. For example, individuals with a vegan or omni‐
vore diet need different enzymes to break down their food, and they 
will produce different nutrients for both the host and the microbes 

along the gastrointestinal tract (David et al., 2014). The microbiome is 
also highly sensitive, so changes in diet within an individual will change 
the individual's microbiome (David et al., 2014). Dietary changes in ad‐
olescence, therefore, may have several implications. For example, in 
rodents, a diet high in fat was associated with elevated anxiety and 
depression, increased HPA axis response to a stressor, and increased 
intestinal permeability (de Sousa Rodrigues et al., 2017). There is also 
preliminary evidence in mice that dietary changes can normalize the 
gut microbiome following early life stress and altered stress response 
system, suggesting a change in diet may have a circular effect on said 
systems (Foster et al., 2017). Thus, one prominent hypothesis is that 
dietary decisions influence brain and behavior via the gut microbiome.

Food choices are also not the only source of dietary change in 
adolescence, as this period is partly characterized by the increase 
in alcohol and drug experimentation. Alcohol use, as well as several 
recreational drugs, can induce changes in microbial composition and 
metabolic function and, in some cases, can lead to increased intesti‐
nal permeability (Gorky & Schwaber, 2016). On the other hand, the 
microbiome may also influence initial cravings and has been linked to 
addictions, though this is still under investigation (de Timary, Leclercq, 
Stärkel, & Delzenne, 2016). Lastly, while there is preliminary evidence 
that the microbiome may be directly altered by changes in sleep pro‐
files (Thompson et al., 2017), the connection between the two may be 
more easily interpreted within the context of the vast consequences 
of altered sleep on diet, and digestion. Overall, these data suggest 
drastic changes can occur during adolescence in several health and 
wellness domains that are closely linked to the function of the gut mi‐
crobiome. Therefore, not only is there a strong reason to believe these 
indices of physical health and wellness change the microbiome, but 
also that the microbiome is likely a prominent player in the function 
and changes that occur in this domain during adolescence.

5  | CONCLUSION

Adolescence needs to be interrogated as a sensitive period of 
microbiome–gut–brain axis communication. We propose that 
adolescence reflects not only a period of sensitivity to alter the 
development of the microbiome, but also a period wherein the mi‐
crobiome may drive other behavioral and neurobiological changes. 
As such, it is imperative that researchers incorporate the microbi‐
ome into conceptual models and measures of adolescent psycho‐
biological development. We wish to emphasize that studying the 
microbiome in addition to other methodologies, rather than as a 
replacement for them, should provide maximal insight about ado‐
lescent development. As psychologists continue to embrace the 
gut microbiome as a new methodology to understand psychologi‐
cal development, it is important to understand the causal limita‐
tions of any one biological system on development and to avoid 
bold, oversimplified claims. Multidisciplinary collaborations into 
the several novel domains summarized here should provide excel‐
lent forays to pursue the interactive role of the microbiome–gut–
brain axis within adolescent development.
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