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Abstract

Background—Over the past decades, advances in neonatal care have led to substantial increases 

in survival among preterm infants. With these gains, recent concerns have focused on increases in 

neurodevelopment morbidity related to the interplay between stressful early life experiences and 

the immature neuro-immune systems. This interplay between these complex mechanisms is often 

described as the brain-gut signaling system. The role of the gut microbiome and the brain-gut 

signaling system have been found to be remarkably related to both short and long term stress and 

health. Recent evidence supports that microbial species, ligands, and/or products within the 

developing intestine play a key role in early programming of the central nervous system and 

regulation of the intestinal innate immunity.

Purpose—The purpose of this state-of-the-science review is to explore the supporting evidence 

demonstrating the importance of the brain-gut-microbiota axis in regulation of early life 

experience. We also discuss the role of gut microbiome in modulating stress and pain responses in 

high-risk infants. A conceptual framework has been developed to illustrate the regulation 

mechanisms involved in early life experience.

Conclusions—The science in this area is just beginning to be uncovered; having a fundamental 

understanding of these relationships will be important as new discoveries continue to change our 

thinking; leading potentially to changes in practice and targeted interventions.
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The United States ranks sixth highest in the world for the number of preterm births, with 

more than 12% of infants born before 37 weeks of gestation, or more than one infant born 

preterm in nine of all births.1 Over the past decade, advances in neonatal care have 

contributed to a substantial increase in survival among preterm birth infants.2 Of the 

500,000 plus preterm infants who do survive outside the protective intrauterine environment, 

most are subjected to numerous stressors including repeated painful invasive procedures, 

infection, daily discomfort care, light, noise, and maternal separation. Neonatal insults yield 

a high risk of substantial short- and long-term neurological morbidity, e.g., 39.4% of NICU 

survivors have at least one neurodevelopment deficit.3 Very preterm infants (< 32 weeks 

gestation) have an especially high risk of early life stress during the highly technical 

intensive care period which has been linked to serious neurodevelopmental deficits and 

chronic metabolic conditions, such as diabetes and obesity.4 The result in related costs is at 

least $26.2 billion per year plus the added burden for families and society.5 Yet, the onset of 

the altered neuro-immune progress induced by the stressful early life experience is often 

insidious and the mechanisms remain largely unclear.

The etiologies of infants’ neurodevelopment and health outcomes are complex and 

multifactorial.6 Recent research supports a functional communication between the central 

nervous system (CNS) and gastrointestinal (GI) tract, the brain-gut-microbiota signaling 

system, in which the intestinal microbiome is proposed to play a key role in regulation of 

stress and early programming of the neuro-immune system.7 The purpose of this state-of-

the-science review is to explore the supporting evidence demonstrating importance of the 

brain-gut-microbiota axis in the regulation of early life experience and the role of the gut 

microbiome in modulating stress and pain responses in high-risk infants. A conceptual 

framework has been developed to illustrate the regulation mechanism involved in early life 

experience (Figure 1).

Gut Microbiome Development in Infancy

The entirety of microorganisms in a particular habitat is identified as the microbiota or 

microflora, and the natural GI microbiota is predominantly composed of bacteria, as well as 

nonbacterial organisms, including fungi, viruses, and archaea.8 Microbiome refers to the 

microbiota and the habitat it colonizes and also refers to the collective genomes of the 

microbes or the metagenome.8,9 The microbiome and its physiological role have been 

redefined in recent years through the initiation of the large-scale metagenomic project, 

Human Microbiome Project (HMP), launched by the National Institute of Health in 2008. 

The remarkable development of culture-independent molecular techniques has broadened 

our understanding of the microbiota thereby detecting an expansive microbial world. The GI 

tract harbors nearly 1013 to 1014 microorganisms, which is more than 10 times the number 

of cells in the human body and 150 times as many genes as found in the human genome.7 

Most interestingly, in addition to skin, oral cavity, airway tract, urogenital tract, and GI tract, 

microbiota have also been found in the human brain, the immune-privileged site.10 The role 

of the microbiota in health and disease has been taken to center stage because strong 

evidence has shown that gut microbiota can greatly influence all aspects of physiology, 

including brain-gut communication and brain function as well as cognition and behavior.11
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For a long time, it has been thought that the human fetal gut is sterile and the colonization 

begins during and immediately after birth. However, recent reports show interesting results 

that meconium microbiota are detected in healthy term newborns and suggest that the 

meconium microbiota have an intrauterine origin and participate in gut colonization.12 The 

debate about the likelihood of prenatal mother to infant transfer of microbiota has begun 

from the insights of these recent findings.13 Moreover, other recent findings demonstrate 

that the placenta harbors a unique microbiome niche, composed of nonpathogenic 

commensal microbiota. In addition, the placental microbiome is associated with a remote 

history of antenatal infection and with preterm birth.14 The intrauterine effects on the 

development of infant gut microbiota are still largely unknown and the hypothesis of 

microbial prenatal colonization still needs to be rigorously proven.15 This is an area where 

more research is needed and our understanding is only at the beginning stages.

Healthy Gut Microbiome for Neonates

Although the exact composition of the gut microbiota is still not known, advances in culture-

independent DNA-based genomic technologies have recently begun to characterize gut 

microbial patterns.16 Newborn gut microbial colonization begins with facultative anaerobes, 

followed by the establishment of anaerobic genera, such as Bifidobacterium, Bacteroides, 

and Clostridium. Neonatal gut microbiome development is complex and influenced by many 

factors including mode of delivery, maternal diet and nutrition, infant gestational age, 

feeding options, environmental factors of care, and use of antibiotics and/or 

probiotics.13,17,18 Infants born at full-term via vaginal delivery have greater microbial 

diversity that is often more desirable than pre-term infants born via Caesarian section 

because they are exposed to normal maternal vaginal, fecal and epithelial flora. 

Interestingly, a study reported that mothers’ GI microbial community also changes 

profoundly during pregnancy to support a healthy infant delivery.19 The mother’s intestine 

is an important source for the vaginally delivered infant’s intestinal microbiota in that the 

mother’s bifidobacterium strains in the gut can be transmitted and colonize the infant’s 

intestine shortly after birth.20 Moreover, breastfed infants can gain additional microbiota 

through milk and contact with the mother’s skin.21 Six Bifidobacterium strains have been 

isolated from human breast-milk showing phenotypical and genotypical characters of 

commercial probiotic, which are important specifically for neonates and also potential for 

use in targeting interventions, such as probiotics for infants.22 The Bifidobacteria are one of 

the most predominant intestinal microorganisms in full-term breast-fed infants, which is 

considered the gold standard of a healthy intestinal microbiota for neonates.23 Most recent 

studies have demonstrated linkages between breastfeeding and early microbial colonization 

with later growth patterns, and specifically, detection of Bacteroides appears to be 

associated with protection against obesity.24,25 Derived from these findings, full-term 

vaginal delivery combined with breast milk feeding is considered ideal for infant gut 

microbiome development, by which the gut and adaptive immune system tolerate and 

regulate the microbiota community, and in turn the microbiome shapes gut immune and 

metabolic function.26
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Gut Microbial Characteristics for Preterm Infants

An important concept is that an appropriate balance in the diversity and type of microbes 

within the microbiota plays a critical role in maintaining the health status of the host. The 

alteration or imbalance of microbiota, termed dysbiosis or dysbacteriosis, especially in the 

GI tract has been associated with many acute and chronic health conditions, such as 

inflammatory bowel disease, obesity, and cardiovascular disease.27,28 The gut microbiome 

in preterm infants has been found to be different from that in healthy-term infants because of 

immaturity, antibiotics use and the long stay at the hospital environment instead of a home 

setting. Preterm infants apparently have a delay in development of commensal bacteria and 

an increased colonization by potentially pathogenic microorganisms, showing reduced 

microbiota diversity,29,30 reduced levels of strict anaerobes,31 and a relatively high 

abundance of proteobacteria.32 Cohort studies exploring the development of the gut 

microbiota found the abundance of anaerobes, including Bifidobacterium to be low in 

preterm infants and researchers hypothesize that the delay in anaerobic establishment may 

detain immune maturation in this population.31,33 Researchers also found that distortions of 

the gut microbiota were correlated with necrotizing enterocolitis (NEC) and late-onset sepsis 

(LOS) in preterm infants and showed altered microbiota appeared in NEC and LOS infants 

several weeks before the diagnosis.34,35 Changing patterns of bacterial dysbiosis, so that 

Proteobacteria and Firmicutes emerge, are pivotal factors in development of NEC and LOS, 

two major causes of infant mortality and morbidity.34,35 These findings support the 

hypothesis that changes in normal microbiota composition, but not an enrichment of 

potential pathogens are associated with illness in preterm infants; however, the causality has 

not been proven.34–36 More research about how and when the microbiota changes over time 

in preterm infants who are healthy and those who develop NEC and LOS is needed.

The Brain-Gut-Microbiota Signaling System

The brain and the gut have been well known to reciprocally affect each other by constant 

communication. For example, when GI dysfunction occurs it is communicated to the brain 

and leads to the perception of nausea or pain, and in turn, when stressful events occur the 

CNS responses lead to altered GI secretions and motility.37 Most recently, the brain-gut-

microbiota axis has been recognized as an important mechanism in the regulation of stress 

response through a bi-directional homeostatic route of communication, and the role of the 

gut microbiome has been found to be remarkably related to stress and health.27 The 

components of the brain-gut-microbiota axis includes the CNS, the endocrine-immune 

system, the hypothalamus-pituitary-adrenal (HPA) axis, the sympathetic-parasympathetic 

autonomic nervous system (ANS), the enteric nervous system (ENS), and the intestinal 

microbiota.11,28 This bidirectional communication network enables top-down signaling from 

the brain to influence the motor, sensory and secretory modalities of the GI tract, and 

conversely, bottom-up signaling from the gut to affect brain function, most notably the 

hypothalamus and amygdala that have many functions devoted to stress.

Brain-to-Gut Top-down Signaling

In the past decades, culture-based studies have shown that exposing laboratory animals to 

novel environments or changes in environmental stimuli can have a significant impact on the 
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stability of the gut microbiota.38 Recent studies further support that the brain-gut signaling 

system enables the brain to influence GI functions including motility, permeability, secretion 

and mucin production, as well as modulate immune responses such as with inflammation 

including cytokine production by cells of the mucosal immune system.38,39 Findings in 

animals as well as humans indicate that exposure to stressful stimuli results in activation of 

multiple physiological responses and influences the composition of microbial communities. 

These changes in microbial communities can have both short and long term effects. For 

example, stress activates HPA axis and sympathetic system, which leads to increased gut 

permeability allowing for the crossing of bacteria and bacterial antigens through the 

epithelial barrier, their presence activates a mucosal immune response; that in turn alters the 

composition of the microbiome.38,40 Within a mouse model, adult mice with exposure to a 

social disruption stressor displayed substantial changes to the structure of the gut microbial 

community immediately after stressor exposure, as well, the stress-induced dysbiosis 

(meaning alterations in gut microbiota) resulted in a long term increase in circulating 

inflammatory markers.41 Moreover, bacteria in the genus Lactobacillus, which are 

considered “healthy” bacteria can be consistently reduced in the gut during stressor 

exposure, while the relative abundance of different bacterial types are altered during 

stress.42 Why some bacteria increase and others decrease are areas where more investigation 

is still needed.

Psychosocial and physical stressors during the early stages of life, including maternal 

separation, have been found to be associated with maladaptive stress responses and 

alterations of the functions of the GI tract which may have a great impact on health in later 

life.43,44 In animal models, when male rat pups were stressed by separating them from their 

mothers for 3 hours daily after birth, they were found to have increased plasma 

corticosterone level, systemic immune responses, visceral sensation and altered fecal 

microbiota as compared to the control group.45 These findings tell us that early life stress 

affects the composition of the gut microbiota, strongly suggesting a brain-to-gut regulation 

of microbiota composition.

In humans, stress or depression can influence the progress of chronic gastrointestinal 

illnesses such as inflammatory bowel diseases (IBD) and irritable bowel syndrome (IBS) via 

the brain-gut axis. Physical and emotional factors involving stress have been found to 

influence the integrity of the intestinal epithelium and alter gut motility, secretions and 

mucin production, which lead to changing the habitat of resident bacteria and promoting 

alterations in microbial composition and/or activity. Additionally, release of catecholamines 

into the gut during stress may influence the microbial community by interfering with 

interbacterial signaling and with bacterial virulence gene expression.39 The enhanced 

responsiveness of central stress and emotion circuits through exposure to physical and 

psychological stressors can occur in IBS patients resulting in manifesting altered modulation 

of GI function and altered emotional and perceptual responses to visceral events, such as 

enhanced perception of abdominal discomfort and pain.40,46 The cause of IBS is still not 

clear, but the current thinking is that the etiology of IBS is multifactorial and may be due to 

primary changes in the CNS (top-down), or primary alterations in the GI (bottom-up), or by 

a combination of bidirectional effects.46

Cong et al. Page 5

Adv Neonatal Care. Author manuscript; available in PMC 2016 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Gut-to-Brain Bottom-up Signaling

An exciting concept is emerging that alterations in the composition of the gut microbiota 

affect a variety of social and emotional behaviors and contribute to brain development and 

function in rodents 27,39,47 and in humans 48 through the microbiota-gut-brain 

communication. Complete absence of gut microbiota in germ-free (GF) mice resulted in 

increased motor activity and altered anxiety-like behavior compared with conventionally 

reared specific pathogen free (SPF) mice with a normal gut microbiota.49–51 The altered 

behavior was accompanied by changes in gene expression in brain regions implicated in 

motor control and anxiety-like behavior, including decreased N-methyl-D-aspartate receptor 

expression in amygdala, increased brain-derived neurotrophic factor expression, and 

decreased serotonin receptor expression in the hippocampus.49,51 Interestingly and 

importantly, the GF mice displayed similar characteristics as SPF mice after exposure to gut 

microbiota.49 The exaggerated HPA stress response by GF mice was partially corrected by 

reconstitution with SPF feces containing Bifidobacterium infantis at an early life stage.50 

However, the reconstitution exerted at a later stage in life cannot reverse the altered behavior 

and the anxiolytic behavioral phenotype, which persisted even after the adult GF mice were 

colonized with SPF feces when the timing wasn’t early enough.49,50 These results therefore 

indicate that the presence of gut microbiota at an early stage “up regulates” the HPA axis 

activity and can affect the postnatal development of the stress response in animals. A critical 

developmental window may exist after which the behavioral phenotype cannot be 

normalized by the CNS and endocrine-immune systems, even when a conventional gut 

microbiota are reconstituted at a later life stage.52 Understanding this timing in humans will 

be important to deciding the timing for targeted interventions to correct or influence the 

development of the microbiome.

Persons living with neurodevelopmental disorders, such as autism spectrum disorder may 

display a combination of behavioral and gastrointestinal manifestations. Gut microbiota 

alterations are hypothesized to be involved in forms of late-onset autism spectrum disorders 

because of the association of the genus with neurotoxin-mediated tetanus and with 

prolonged antibiotic usage, which suggests implies a postnatal influence of microbiota on 

brain development and function.39 Mouse models have shown that compositional and 

structural alterations of gut microbes result in changes of metabolites in the serum and 

trigger onset of autism-like behaviors. Moreover, administering a human commensal 

Bacteroides fragilis, modulated several metabolites as well as corrected GI symptoms, 

anxiety-like behaviors and sensorimotor functions.47 One human study showed that 

consumption of fermented milk product with probiotics by healthy women was associated 

with changes of connectivity and activity in brain regions that control central processing of 

emotion and sensation, which explained the observed differences in activity and emotions 

during the task.48 The findings support a bottom-up gut-brain signaling mechanisms that gut 

microbiota affect on the host metabolome and impact emotional-behavioral symptoms in 

human neurodevelopment. More research is needed to understand this bottom-up 

phenomenon and how what we ingest during pregnancy and early in life may have long term 

effects on neurodevelopment.
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The microbiota also has a potential role in immune-mediated CNS diseases, such as multiple 

sclerosis and Parkinson’s disease, and in neuroinflammation triggered cognitive decline such 

as dementia.46,53 Research shows that commensal gut flora play key sequential roles in the 

initiation of a complex spontaneous demyelination in a mouse model of autoimmune 

disease, which is very similar to early multiple sclerosis in humans.54 Impaired cognitive 

function in patients with hepatic encephalopathy has been found to be associated with 

altered bacterial composition, endotoxemia, and increased inflammatory cytokines 

compared to people with cirrhosis and normal cognitive function.55 These studies provide 

further evidence that the intestinal microbiota may influence the brain through activation of 

mucosal immune pathways thereby resulting in significant long term impairment or injury.

In addition to traditional functions of the gut microbiome, such as defending against 

pathogens, protecting the intestinal epithelial barrier, secretion of IgA, and facilitating 

nutrient absorption, the recent research has focused on the functions of guiding maturation 

and functionality of the host immune system in the brain-gut cross talk.9 Strong evidence 

suggests that the intestinal microbiota is fulfilling key roles in this bidirectional interaction, 

however, the exact pathways and mediators of this communication need further exploration.

Brain-Gut-Microbiota Signaling System in Regulation of Early Life 

Stressors

The mechanistic interplays of gut micriobiome development and early life experience are 

still poorly understood. Dysbiosis in high risk infants is associated with exposure to 

potentially detrimental factors in the development of the healthy microbiome, including 

caesarean delivery, use of antibiotics, lack of breast-feeding, and exposure to environmental 

toxicants.36 Moreover, exposure to early life physiological and psychosocial stressors, such 

as pain and maternal-infant separation, can lead to oxidative stress within the intestines, 

which may modulate the process of microbiome establishment in preterm infants.23 Further, 

absence of normal gut microbiota (such as in an infant born preterm) and its neurochemical 

profile are less resistant to restoration of a normal gut flora later in life.56 However, the 

effects of early life stress on modulating the gut microbiome, GI tract function, and 

neurodevelopment remain largely unexplored. Researchers have uncovered more questions 

than answers about these relationships and more research is needed to better understand 

what could be done to prevent disruptions or restore normal gut flora a later time in life.

Accumulated Pain Stressors and Regulation

Neurodevelopmental and health outcomes in vulnerable infants are determined by 

multifactorial effects and the neonatal intensive care unit (NICU) experience is one of the 

most crucial factors. Physical and psychosocial early life stress is considered an inherent 

part of high-tech lifesaving care for high-risk neonates, and these infants usually grow under 

accumulated stress and in an isolated NICU environment over a prolonged period. Repeated 

stressful or painful experience is one of the major stressors to which neonates are routinely 

subjected to in the NICU. Preterm infants may experience an average of 10 – 16 invasive 

procedures per day, and very preterm infants (gestational age < 32 weeks) may have 

hundreds of painful procedures during their NICU stay.57 An impressive body of 
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neuroanatomical, neurochemical, and biobehavioral evidence shows that preterm infants 

possess the ability to detect, perceive and respond to pain and to remember pain 

experiences.58 Meanwhile, their tactile threshold is lower and descending inhibitory 

pathways are immature, therefore, they are more sensitive to repeated pain stimulation 

during this vulnerable period.59 One study demonstrated that a greater numbers of painful 

procedures directly predicted smaller head circumference and lower brain function in very 

preterm infants, which indicated that repeated pain stressor during a vulnerable period may 

activate a downstream cascade of stress signaling that affects later growth and 

development.60

Limited numbers of human studies exist related to regulation of early life experience by the 

brain-gut-microbiota signaling system, even though studies using animal models have 

provided solid support for the relationship between physical and psychological stress and 

behavior and gut microbiota through the brain-gut signaling system.61,62 The gut microbiota 

contributes to developmental programming, and there is a “window of vulnerability” within 

which the microbiota can affect physiological function, with potentially life-long 

consequences.50 It is now well understood that the development of the human microbiome is 

greatly influenced during birth and the neonatal period; exactly how it is influenced is 

complex and further exploration is needed. Since the rapidly developing nervous system of 

immature preterm neonates differs from that of term infants, preterm infants are particularly 

vulnerable to the effects of stress and pain experience. Continual adaptation to repeated pain 

appears to induce functional changes in stress/pain processing systems.63 Furthermore, 

repeated pain may contribute to long-term changes in generalized stress systems, including 

altered programming of primary stress hormone (cortisol) levels, long after NICU 

discharge,64 yet the mechanisms underlying long-term consequences of neonatal noxious 

insults on pain sensation are still largely unknown. As reviewed above, research shows that 

the gut microbial content is critical to the development of an appropriate stress response 

later in life and also that there is a narrow window in early life where colonization must 

occur to ensure normal development of the HPA axis.7 The early establishment of a healthy 

microbiota has a profound effect on the future well-being of the individual.65 Microbial 

colonization patterns in immune naïve premature infants may lay the groundwork for life-

long health/disease risk from immune modulation.

Maternal-Infant Separation and Regulation

Another decisive stressor encountered in the NICU is maternal-infant separation. High risk 

neonates, especially preterm infants, spend much of their early life in the NICU, an 

experience that deprives them of the benefits of parental proximity and contact. A plethora 

of animal and human studies show that deprivation of maternal care results in altered 

neuronal, hormonal, genetic, and bio-behavioral outcomes during the sensitive growth and 

developmental period.66–68 In mice, maternal separation has been found to trigger the 

development of severe colitis that was sustained later in life with abnormal colonic epithelial 

function, elevated proinflammatory cytokines, and enhanced mast cell activation.69 Other 

animal studies also support a two-hit model, first that long term maternal separation 

triggered bio-behavioral stress responses including elevated corticosterone levels and altered 

maze activity in early life, and then later in adulthood, these early maternal separation 
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offspring showed suppressed stress response and higher intestinal permeability when 

exposed to social stress.44 Therefore, early life events can significantly change animals’ 

vulnerability in infancy as well as interact with chronic social instability in adult life, though 

the underlining mechanism of the association of maternal separation experiences with poor 

neuro-behavioral outcomes is still unclear. To date, studies have shown that exposure to 

maternal separation stress in newborn animal significantly increases ACTH levels and alters 

the normal balance of gut microbiota.45,70 Maternal separation caused shifts in neonatal gut 

microbiota as indicated by fostering an overgrowth of total aerobes and anaerobes, and 

particularly potential negative bacteria E. coli, enterococci and clostridia. Alterations to 

neonatal gut microbiota could be explained by the fact that the composition of the postnatal 

developing microbiota is very susceptible to environmental factors. In addition, during this 

time the enteric neuro-immune system, i.e., luminal IgA, dynamically interacts with the 

development of the gut microbiota and then declines at some later time point to allow 

bacterial colonization.71 More understanding of this change overtime in these relationships 

is needed. Events such as neonatal stress may potentially affect this process and lead to an 

imbalance in the microbiota.

Positive Early Life Experience and Mechanism

To date there is insufficient evidence for the best methods to effectively treat the negative 

consequences of prematurity and early persistent maternal separation. Positive or satiate 

early life experience, such as skin-to-skin contact (SSC) between the mother and her high 

risk infant as well as other strategies for pain and stress management, has shown beneficial 

effects on reducing infants’ stressful responses and improving brain maturation and 

neurodevelopmental outcomes.72,73 The actions of multi-sensory stimulations with parental 

involvement may activate the neuro-endocrine system and modulate the stress-regulation 

responses. Maternal infant SSC appears to an influence on autonomic regulation while the 

infant is undergoing painful procedures and lowers infant serum and salivary 

cortisol.72,74–76 Although the neurobiological mechanism of beneficial effects from SSC is 

still unclear, oxytocin release is suggested as one mediator for these effects, with short and 

long-term consequences on mother-infant interaction, and maternal anxiety and social 

competence.77,78 Preterm infants would benefit from these strategies directed at favoring the 

establishment of healthy microbiome regulated by the brain-gut-microbiota axis; and to 

develop such strategies, knowledge and mechanisms of the microbiota development process 

in preterm infants as well as how this process differs from the potentially healthy model are 

needed.31

As reviewed above, early life stressful experiences are significant factors, which influence 

neuro-bio-behavioral development in infancy as well as a predispose subsequent psycho-

social morbidity in adulthood. Early life gut microbiome dysbiosis in high risk infants with 

negative experiences may represent an accumulated stress response and physiologically 

traumatic event, which potentially leads specifically to subsequent psychopathology through 

the brain-gut-microbiota axis.27 Studies from animals and human, directly or indirectly, 

have shed light on the complex signaling pathways in which the maturing GI microbiome 

during the critical neurodevelopmental window plays a critical role.79 In order to aide high-

risk infants, establishment of a healthful gut microbiota community, early parental contact, 
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such as SSC with stress and pain management can be a most effective bio-behavioral 

intervention. These strategies not only serve as stress buffers for both infants and parents via 

activating oxytocin release, but also expose infants to a greater diversity of microbiota when 

they are held skin-to-skin by their parents. As a counterbalance to the stressful events, 

satisfying early life experiences provide rich sources to modify and nurture the infant gut 

microbiome to a normal development pattern at critical neurodevelopmental time points. 

The healthy gut microbiota in early life has the potential to confer lifelong health benefits 

because it holds the fundamental pathway of brain-gut communication and modulates the 

stress response, neuronal growth, plasticity, and neurotransmission in this time frame.79 

Conversely, an infant’s abnormal microbial experience during the early unstable phase can 

pose a risk for future health problems such as asthma, obesity, diabetes, autism, anxiety, 

depression, and other aspects of pain responses and cognitive function.80 Further studies are 

needed to more fully explore the complex mechanisms in regulation of early life experience 

and neuro-bio-behavioral development under the influence of the microbiota at the level of 

the central nervous system.

Implications and Conclusions

Accumulated infant stress including repeated painful procedures, exposure and development 

of infection, daily clustered caregiving routines, and maternal separation during critical 

neurodevelopmental windows are major unsolved problems related to high-tech care. 

Moreover, the onset of the altered neuro-immune progress induced by the cumulative infant 

stress/pain is often insidious and the mechanisms remain largely unclear. Along with the 

significant increase in very preterm infant births, concerns have been raised for the 

outcomes of stressful early life experience on immature neuro-immune systems and long-

term health consequences.2

Until a time when preterm birth becomes preventable, there remain multiple unmet needs to 

predict and prevent injury to the nervous and other systems while also supporting the 

infant’s ongoing development. The converging evidence strongly suggests that gut 

microbiota is playing a role in multiple aspects of human health and disease through the 

bidirectional brain-gut signaling system, in terms of both top-down and bottom-up effects. 

However, few human studies have identified clear linkage between these factors and 

neurodevelopment and/or disease processes. Furthermore, rarely have studies focused on the 

underlining brain-gut-microbiota mechanism in satiate early life experiences, such as early 

parent infant contact as a counterbalancing to stressful events and modulating health 

outcomes in infants. The recent explosion of interest in this area may lead to exponential 

new findings over the next few years and benefit health from infancy to adulthood by 

potential providing directions for new diagnostic, preventative and treatment technologies.
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BOX 1

Terminology

• Commensals are organisms that benefit from another organism but that have no 

harm or benefit themselves. Commensal is also frequently used to describe the 

relationship between humans and their intestinal bacterial community, as many 

of these bacteria provide benefits to the human host while living in an 

environment where they proliferate.

• Dysbiosis also called dysbacteriosis, is a condition with microbial imbalances 

on or inside the body. An intestinal dysbiosis refers to quantitative and 

qualitative microbial alterations in the GI track.

• Human genome is the complete set of genetic information for humans (Homo 

sapiens). The human genome is encoded as DNA sequences within the 23 pairs 

of chromosomes as well as small DNA molecules in mitochondria.

• Human microbiome was originally defined as the collection of the genomes of 

the microbes that inhabits the human body, on the surface and in deep layers of 

skin, in the oral cavity, conjunctiva, and GI tracts. Microbiome is now 

sometimes used to refer to the collective the microbes themselves. A 

microbiome can be a specific body site, such as the gut microbiome. To clarify 

the difference between organisms and their genomes the terms, microbiota 

refers to the microbial organisms and microbiome refers to the catalog of the 

genes of these microbes.

• Metagenomics is the study of a collection of genetic material (genomes) from a 

mixed community of organisms and usually refers to the study of microbial 

communities by culture-independent methods.

• Pathogenic microbe is the microorganism with the potential to cause infection 

or disease.

• Probiotics are living microorganisms which when administered in adequate 

amounts confer a health benefit on the host.

• Symbiosis is a mutually beneficial relationship involving close physical contact 

between two organisms in which both organisms benefit. This is one type of 

relationship seen in the human microbiome.
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Summary

What we know

• Gut microbiota is playing a key role in multiple aspects of human health and 

disease through the bidirectional brain-gut signaling system, in terms of both 

top-down and bottom-up effects.

• Psychosocial and physical stressors during the early stages of life, including 

accumulated painful procedures and maternal separation may alter the 

gastrointestinal functions and gut microbiome by the regulation of the brain-gut 

axis, which may have a great impact on health in in later life.

• Intervention strategies, such as early parent-infant contact with stress and pain 

management can serve as a counterbalance to the stressful events and modify 

and nurture infant gut microbiome to a normal development pattern at critical 

neurodevelopmental time points.

What needs to be studied

• How changes in degree of stress affect short and long term outcomes.

• How decreasing parental separation can regulate the brain-gut axis.

What we can do today

• Decrease stress for infants through routine integration of developmental care 

strategies.

• Increase parental participation in caregiving to promote normal developmental 

patterns for the high-risk infant and their family.
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Figure 1. 
Regulation of early life stress by the brain-gut-microbiota axis.

HRV – heart rate variability system; ENS – enteric nervous system
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