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Abstract

The human gut harbors a complex community of microbes that profoundly influence many aspects
of growth and development, including development of the nervous system. Advances in high-
throughput DNA sequencing methods have led to rapidly expanding knowledge about this gut
microbiome. Here, we review fundamental emerging data on the human gut microbiome, with a
focus on potential interactions between the microbiome and autism spectrum disorders (ASD) and
consider research on atypical patterns of feeding and nutrition in ASD and how they might interact
with the microbiome. Finally we selectively survey results from studies in rodents on the impact
of the microbiome on neurobehavioral development. The evidence reviewed here suggests that a
deeper understanding of the gut microbiome could open up new avenues of research on ASD,
including potential novel treatment strategies.
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Introduction

We coexist with vast populations of microbial species that make a host out of the human
body. It has been estimated that up to 100 trillion microbial cells make a home out of us?,
and likely outnumber human body cells by an order of magnitude?, leading some to term the
human microbiome our “second genome.”3 Increasingly, it has become clear that these
constellations of microbial species are a partner in homeostasis, and when the balance is
tipped away from the healthy microbiome there can be a negative outcome on human
health?. This new appreciation has led to formal efforts to identify comprehensively all
components of the microbiome. The Human Microbiome Project (HMP) was launched by
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the NIH in 2007 to establish community resources, including a reference set of sequence
data along with bioinformatics pipelines and standards for analysis®. The ultimate goal of
the HMP is to understand how this “forgotten organ” functions to establish and maintain a
healthy state, and whether the microbiome can be manipulated to favor long-term desirable
health outcomes®.

Progress in Understanding the Gut Microbiome

Discrete populations of microbes reside on all surfaces exposed to the environment,
including the skin, mouth, nasal cavity, and vagina, but it is in the gut that the most abundant
and diverse community is found’. It has long been known that bacteria comprise a
substantial component of human stool, with up to 55% of the biomass estimated to be due to
bacteria8. Up until the last decade, investigation of the gut microbiome was based upon
conventional culture-based microbiology techniques®. Though tremendous strides were
made using these methodologies, they can be laborious, expensive, and most importantly,
subject to biased interpretation from species which are in low abundance, or cannot be
cultured, affecting possibly 30-50% of species'9-12. While this seems a substantial fraction,
it is a rosier picture than soil or sea, for example, where 1% or less of bacterial species can
be cultured in the lab. Enter culture-independent methods or “metagenomics,” via shotgun
sequencing, a method similar to that used to sequence the human genome, in which
relatively short fragments of DNA are sequenced, and then assembled based on overlaps in
sequence at the ends of the fragments!3. Until recently, these methods were time-consuming
and expensive, and were difficult to apply to large numbers of samples. The advent of next-
generation sequencing strategies that have decreased costs of sequencing while
simultaneously increasing throughput, have enabled a revolution in the detection of new
microbial species in soil, sea, and in the microbiomes of many species including humans. A
particular advantage of these approaches is that they account for microbial species that
cannot be cultured in a laboratory setting. Another major scientific advantage of
metagenomic analysis is that phylogenetic relationships can be readily inferred from
comparisons of DNA sequence, whereas older approaches to classification of bacterial
species, which relied on phenotypic characteristics such as gross morphology (e.g., rods vs.
cocci) or nutritional requirements for growth in culture, did not provide systematic
information on evolutionary relationships among species®. One of the first applications of
metagenomic methods to identify new microorganisms was in filtered sea water from the
Sargasso Sea, where 148 previously-unknown bacterial phyla were newly identified?®.
These data provided a rationale for systematic culture-independent efforts aimed toward
identifying components of the human microbiome.

The distal gut microbiome is typically assayed via stool because of the non-invasive route of
collection, and have provided important insights into the distal gut microbiome composition
and function. However, it is important to recognize that adherent microbiota residing on
mucosal surfaces of the gut may be vastly different from those present in fecal material;
furthermore, different compartments of the gut may be locally colonized by distinct
communities of bacterial®. The procedures required to sample adherent species are invasive,
expensive and impractical for a typical research study. Nevertheless, while existing data on
the distal gut microbiome should be interpreted with this limitation in mind, there is much to
be learned even from the partial information available from metagenomic analysis of stool.

Recent metagenomics data have confirmed the high bacterial composition of stool, with
>90% of sequence data belonging to bacterial’. The gut microbiome is dominated by
bacteria belonging two phyla, Firmicutes or Bacteriodetesl’. Phylogenetic analysis of
metagenomics data from 22 individuals revealed three orthogonal clustures of data, termed
“enterotypes,” driven largely by the presence of one of three genera (Bacteroides, Prevotella,
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Ruminococcus)t. A subsequent paper which coupled metagenomic data with nutrient
intake found enterotypes were clustered according to long-term dietary intake, with
enterotypes remaining stable over up to 10 days, even in the presence of substantial dietary
changes via a controlled feeing study!8. In addition to diet, age, and other environmental
factors, host genetics are likely to play a role in establishing and maintaining the enterotype.
Well-designed prospective studies will be required to derive the contribution of these
primary factors influencing enterotype formation.

While most studies are done in adults, the few studies done in infants and children have
revealed astonishing insights into the developing gut microbiome. Human babies are
believed to be born with sterile gastro-intestinal tracts1%20 but immediately upon birth
colonization of the gut by microbes begins. Mode of birth (vaginal delivery compared to
cesarean section) has been shown to be the primary initial influence of the developing infant
microbiome?L. Additionally, breast-fed vs formula-fed infants have very different
trajectories of gut microbiome development?2 (see below for expansion of this theme). Over
the first years of life the gut microbiome is changing and remodeling, ultimately resembling
an adult gut microbiome by year 31°. This suggests there is a “core microbiome” that is the
hallmark of a healthy individual. In a large metagenomic sequencing study of stool samples
from 124 individuals, the number of distinct microbial genes was estimated to be 3.3
million23; to put this number in context, it is widely believed that the entire human genome
contains about 30,000 protein-coding genes. Thus, humans are harboring functional genes
that likely complement our existing biology, though these functions are kept annexed in our
distal gut. This implies the gut microbiome serves a specific, and important, purpose,
begging the question: what function does the gut microbome serve?

of the Gut Microbiome

It has been proposed that the gut microbiome functions in nutrient intake. As noted above,
the collective genetic complement of the gut microbiome is ~150x greater than the human
genome?3, It is conspicuous that the human genome lacks enzymes to degrade many plant
polysaccharides, such as those containing pectin, arabinose, and xylan; in contrast, the distal
gut microbiome contains more than 80 different glycoside hydrolase families2. Additional
evidence for this functionality comes from infants, where the developing gut microbiome is
enriched for genes involved in lactate utilization, consistent with lactose as an energy source
from breast milk or formulal®. In this way, the gut microbiome may have evolved as an
adaptation to allow extraction of maximal energy from food sources. In fact, it has been
estimated that up to 10% of available calories in a western diet come from microbial
fermentation of carbohydrates in the distal gut?*25, providing an evolutionary rationale for
the continued maintenance of a rich and extensive gut microbial community25.

Immunologic Development

The gut microbiome may also serve as a tuning fork for the developing immune system.
There is a vast and complex interaction between the gastrointestinal mucosa and the
commensal bacteria, mediated largely by components of the innate immune system?”. The
intestinal immune system must walk a fine line, learning to tolerate helpful bacteria while
retaining the ability to mount a response to pathogenic species3. How this is achieved is not
yet clear, but it is likely that symbiotic bacteria have evolved to survive the harsh conditions
of the intestinal lumen, perhaps by accumulating functions that allow coexistence with the
host immune system. Data are emerging for this hypothesis, supporting defined roles for
specific bacterial species. For example, in mice, it has been shown that the intestinal T-cell
repertoire is strongly influenced by segmented filamentous bacteria (SFB), a species related
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to Clostridia. Without the presence of SFB, intestinal T-cells fail to develop28. It has also
been shown in mice that exposure to a specific polysaccharide produced by Bacteriodes
fragilis interacts with the host immune system to induce proper T-cell development, correct
Th1/Th2 imbalances, and direct appropriate development of the spleen and other secondary
lymphoid tissues?®.

We are just beginning to understand what comprises a “normal” gut microbiome, but there
are already associations between unhealthy states and abnormal or imbalanced gut
microbiota. For example, it has been shown that in obese individuals, the gut microbiome is
characterized by a loss of diversity30. Aberrations in the gut microbiome have been shown
to play a role in inflammatory bowel disease?3. Specific bacterial metabolites are associated
with an increased risk for heart disease3!. And in autism spectrum disorders (ASD), there
are hints that the gut microbiome may play a role. Studies of fecal DNA extracts have found
Clostridium or Desulfovibrio clusters over-represented in children with gastrointestinal
complaints and ASD as compared to children with similar GI complaints but typical neuro-
behavioral development32-34, Furthermore, clinical improvement has been reported
anecdotally in children with ASD who develop fever3, receive oral antibiotics3®, or ingest
probiotics3’, all of which are likely to alter the gut microflora. While these initial studies are
promising, they suffer from small sample sizes, in part due to the laborious, conventional,
culture-dependent techniques used to identify bacterial species. Fortunately, the availability
of metagenomic technology, which obviates culture-dependent methods, can provide a
comprehensive, unbiased estimate of bacterial species, and is amenable to application in
large case-control studies. Such studies could provide data unambiguously to implicate or to
exonerate the gut microbiome as a player in ASD.

Feeding Practices and the Gut Microbiome

Diet plays a critical function in the establishment, maturation, and maintenance of microbial
diversity in the gut ecosystem. Beginning at birth, feeding practices help modulate intestinal
colonization, with breastfed infants differing in the composition and volume of gut microbial
species compared to formula-fed infants38. In addition to providing optimal nutrition, breast
milk represents an important source of protective factors largely absent from formula,
including commensal bacteria, that aide in the development of the gastrointestinal (Gl) tract,
pancreas/endocrine system, and related mucosal defenses3®. Evidence suggests human milk
is an important source of lactic acid bacteria (most notably Lactobacillus) and bifidobacteria
(including specific Bifidobacterium species) for newborns. High prevalence of
Bifidobacterium and Lactobacillus is a biological marker of healthy gut microbiota in
breast-fed infants, with both types of microbes serving important probiotic functions in the
gut, including inhibition of pathogenic bacteria through competitive exclusion and/or
production of antimicrobial agents38:40:41,

Colonization of the human gut involves a gradual, successive process influenced by diet and
other life events, with Bifidobacterium and Lactobacillus emerging at temporarily distinct
points in the gut of healthy breastfed infants. Bifidobacterium appears shortly after birth and,
within weeks, represents the dominant microorganism in the gut; Lactobacillus, in contrast,
emerges over a period of months#2. Research also suggests individual species and/or strains
of the same bacterial genus may exert different effects on the developing immune system.
For example, Bifidobacterium longum, the strain most often associated with human breast
milk, appears to have strain-specific effects on both systemic and intestinal immunity, while
Bifidobacterium breve has little or no impact on the immune function3, Bifidobacterium
adolescentis has been found to be more prevalent in allergic infants manifesting atopic
eczema, while Bifidobacterium bifidum is most often colonized in healthy, breastfed
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infants*4. Deviations in neonatal gut microflora, including more Clostridiaand fewer
Bifidobacterium, have also been shown to preceed the later development of atopic
sensitization and subsequent atopic disease, providing additional evidence regarding the
potential role of gut colonization and commensal microflora in modulating immunity,
including regulating hypersensitivity to food and/or other environmental elements*®.

Based on the critical role of human milk in providing optimal nutrition while concurrently
assisting with colonization of the gut microbiome, it is not surprising breast-feeding is
associated with numerous health benefits during infancy, including higher resistance to
illness and lower rates of gastroenteritis, respiratory infections, otitis media, urinary tract
infections, infectious diarrhea, and necrotising enterocolitis3®46. Breast-feeding also
provides long-term protection against inflammatory bowel disease (IBD), diabetes, and
obesity later in life3? and provisional evidence suggests that these health benefits may, in
part, be related to the establishment of a healthy gut microbiome. Microbial dysbiosis is
associated with chronic disease in both infancy and adulthood, including distinct patterns of
predominant bacteria phyla linked with IBD and diabetes in adults, as well as necrotizing
enterocolitis in infants?’. Further, recent evidence suggests that gut microbiota may play a
causal role in disease pathology, with traits of complex diseases (e.g., adiposity; metabolic
syndrome) demonstrated to transfer through gut microbiota in animal models*849, Microbial
species transmitted through human breast milk may also protect against crying and fussiness
during early infancy, with specific biological markers including early colonization of
Bifidobacterium and greater prevalence on Lactobacillus*2. In turn, deviations in the
colonization and resulting gut ecosystem (including less diverse fecal microflora) have been
posited to underlie infant colic, a condition previously attributed to non-organic factors®9:°1,

Breast-feeding also enhances cognitive functioning, as well as educational and
developmental outcomes. Benefits include enhanced performance on standardized tests,
teacher ratings, and academic achievement, which extend throughout childhood into early
adulthood®2. Evidence also suggests suboptimal breast-feeding practices, including late
initiation of breast-feeding and shorter duration of exclusive breast-feeding, may increase
the risk for ASD®3. This relationship follows a dose-response pattern, with the risk for ASD
decreasing with more prolonged periods of exclusive breast-feeding for the first 6 month and
continued breast-feeding through 2 years of life. Breast-feeding also appears to be less
prevalent and, when present, occurs for a much shorter duration in ASD. Children with ASD
are significantly more likely to be weaned by the end of the first month of life compared to
typically peers®* and absence of breast-feeding is more prominent in this population®.
Factors contributing to suboptimal breast feeding in ASD have yet to be identified, although
the cause is likely multi-factorial. One possibility is that mothers of children with ASD
terminate or fail to initiate breast feeding due to difficulty with the child’s engagement in the
feeding process. Alternatively, temperamental or behavioral issues associated with ASD
may make breastfeeding more challenging in this population. Clearly, more research is
needed in this area. There is, however, sufficient evidence indicating the ASD population is
at-risk for reduced exposure to breast-milk, including both the nutritional benefits and
commensal bacteria transmitted through this method of feeding. Deviations in feeding
practices in ASD, in turn, are likely to lead to atypical gut colonization and microbial
dysbiosis, which helps explain differences in the microbial ecosystem detected in ASD
while also raising new questions regarding the possible contribution of organic-factors in the
prevalence of feeding problems in this population.

Feeding Problems and Dietary Intake in ASD

Estimates suggest upwards of 90% of children with ASD experience some type of feeding
related concern. Food selectivity (i.e., only eating a narrow variety of foods by type,
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texture, and/or presentation) represents the most pervasive feeding issue associated with
ASD, typically in the form of strong preferences for starches, snack and processed foods
while rejecting most (if not all) fruits, vegetables, and/or proteins®’-28, Emerging evidence
suggests atypical patterns of intake in ASD may increase the risk for nutritional and/or
related medical issues in this population. Possible detrimental outcomes include poor bone
growth®® and chronic vitamin and mineral deficiencies®?:61, High consumption of fats and
snacks may also portend increased long-term risk for chronic health conditions among adults
with ASD, with diets high in saturated fat associated with diseases such as cardiovascular
disease and cancer in the general population82:63, Such high prevalence combined with
possible long-term medical sequelae intensifies the need to indentify the cause, long-term
impact, and remediation of atypical feeding in ASD.

Etiological factors contributing to feeding problems in ASD remain elusive. While organic
issues (e.g., food allergies; gastroesophageal reflux) often co-occur with the emergence and/
or maintenance of feeding concerns in children without ASD, past reports have yet to
identify a clear Gl etiology to account for the pattern and prevalence of food selectivity in
the ASD population®4. At this time, evidence a. suggests a similar topography and
prevalence of GI conditions among children with and without ASD and b. there is no Gl
disturbance (e.g., “autistic enterocolitis”) unique to the diagnosis®®. Although higher rates of
constipation and encopresis (as a consequence of constipation) occur in ASD, these concerns
have a strong behavioral component, suggesting a neurobehavioral, rather than primary
organic etiology%6. Various environmental/behavioral factors have been posited to account
for feeding problems in ASD, including maladaptive patterns of reinforcement and
communications difficulties®6:67_ It has also been suggested that food selectivity in ASD is
due to behavioral rigidity, representing an additional manifestation of this core diagnostic
feature®®. Available theories, however, do not explain the pattern of dietary preference
observed in ASD, including why this population gravitates toward consuming fats, snacks,
and other processed foods while avoiding vegetables and fruits.

As noted above, a major function of a healthy gut microbiome (particularly members of the
phylum Bacteroidetes) is to assist in the breakdown of complex plant polysaccharides and
other “nondigestible” dietary matter, with a diet high in plant material supporting a
microbial community that promotes digestion and supports overall host health!®. Therefore,
it is possible that deviations in the establishment and maintenance of the gut microbiome in
ASD may lead to pain and discomfort (e.g., inflammation; bloating; increased flatulence)
due to difficulty in digesting plant based foods®°. Food selectivity, however, may represent
the only prominent sign of Gl distress in ASD due to communication difficulties inherent to
the condition, with this population refusing foods that rely on gut microbiota for processing
and, thus, avoiding pain associated with difficulties with digestion. This hypothesis is
consistent with research indicating many longstanding feeding problems involve learned
behaviors whose function is to escape unpleasant feeding experiences’®. Atypical intake
combined with deficient digestion and absorption may further perpetuate this process by
underutilizing and depleting the micorbial community of Bacteroidetes present in the
healthy intestine while concurrently promoting competitive growth of less beneficial
bacterial phylotypes®®.

Although research is needed to elucidate the relationship between feeding problems, dietary
patterns and gut dysbiosis in ASD, it seems plausible that interventions aimed at restoring
the microbial balance in the gut may improve behaviors (e.g., irritability, anxiety, and social
withdrawal) documented to occur more frequently among a subgroup of individuals with
ASD and GI symptoms’2. Indeed, probiotics (i.e., microorganisms ingested through food or
supplement consisting primarily of lactic acid-producing bacteria, such as lactobacilli,
lactococci, bifidobacteria) have been shown to improve symptoms of irritable bowel
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syndrome, such as bloating, abdominal pain, and flatulence’2, and suggested as a possible
intervention to improve behavioral issues associated with GI discomfort in ASD37. It may
also help explain anecdotal reports of improved functioning following dietary changes
among certain children with ASD, which have helped propagate interest regarding the use of
dietary manipulation (e.g., gluten and/or casein free, GFCF diet) in this population.

Studies of humans thus far have provided tantalizing observations on potential differences in
the composition of gut microbiota associated with complex behavioral conditions such as
obesity and ASD. Those observations certainly require continued investigation. However,
ethical considerations preclude many experimental approaches to understanding the role of
the microbiome in neurobehavioral development. Thus, studies of other mammalian species
complement studies of humans in important ways. Emerging studies of rodents have begun
to explore how differences in gut microbiota may influence neuro-behavioral development.

Animal Studies on the Gut Microbiome and Neural Development

Among the most important tools in the experimental biology of the microbiome are so-
called gnotobiotic animals—organisms that harbor a known set of microbial species. Germ-
free (GF) mice, produced by delivering neonatal animals by Cesarean section in sterile
conditions and immediately transferring them to a completely sterile environment where
they are foster raised, represent one end of the gnotobiotic spectrum and have been
particularly useful experimental models for studying the influence of microbes on the
development of the immune and nervous systems. Another class of gnotobiotic mice are
initially GF mice raised from early post-natal life in the presence of commensal microbial
species but in the specific absence of pathogenic organisms: specific-pathogen-free (SPF)
mice. Other types of gnotobiotic mice include those raised from birth, or reconstituted at
later post-natal times, with a broader, but still explicitly defined, microbial milieu, as well as
mono-associated varieties, colonized by specific single microbial species.

Studies of gnotobiotic mice have contributed to our emerging understanding of the “brain-
gut-microbiota axis” /3**, The gut and nervous systems communicate via neural
mechanisms (e.g., parasympathetic innervation by the vagus nerve, as well as sympathetic
innervation from multiple levels of the sympathetic chain; reviewed by ’4), and endocrine
pathways such as the hypothalamic-pituitary-adrenal (HPA) axis ’°. In addition, immune-
mediated mechanisms play important roles in the way the gut and brain influence each
other’s function and development /6. GI microbes thus influence brain function and
behavior through several sets of complex pathways.

Several research groups have reported that GF mice display behavioral differences at
baseline as compared to non-GF comparison animals. Thus, Diaz Heijtz and colleagues *’
showed that GF mice emitted more locomotor behavior and rearing in an open field, as well
as greater amounts of time spent in the lighted portion of a light-dark paradigm, or the open
arms of an elevated plus maze, as compared to SPF mice of the same outbred strain, which
the authors interpreted as reduced “anxiety-like” behavior in the GF mice. Remarkably, the
authors also showed that GF mice colonized at 3 weeks of age with SPF microbiota later
showed identical behaviors to SPF mice as adults, but such colonization at 6 weeks did not
restore SPF-like behavior in adulthood, suggesting the hypothesis that there are critical
periods during which commensal flora influence neurobehavioral development. In that same
study, GF mice exhibited increased metabolic turnover of dopamine, norepinephrine and
serotonin, as well as brain-region-specific differences in expression of mMRNA encoding a
variety of gene products including brain-derived neurotrophic factor (BDNF). GF mice also
showed differences in levels of several synaptic proteins in extracts of cortex, striatum and
hippocampus. The study provided strong evidence supporting the hypothesis that the
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developing gut microbiome exerts important “programming” influences on adult behavioral
responses, as well as adult neurochemistry and brain gene expression, and that such effects
may occur during critical periods.

Clarke et al. 78 focused on the interaction of sex and the gut microbiome, examining stress
responses, the hippocampus and the serotonergic system as neuro-behavioral endpoints in
GF mice and conventionally colonized (CC) mice stratified by sex. GF mice of both sexes
exhibited greater release of corticosterone in response to a novel environment. GF male, but
not GF female mice showed diminished expression of mMRNA encoding BDNF, and greater
levels of serotonin, in the hippocampus compared to CC mice of the same sex. Male GF
mice also showed higher levels of plasma tryptophan and serotonin, and a diminished ratio
of kynurenine to tryptophan suggestive of a shunting of tryptophan metabolism away from
the (usually predominant) kynurenine pathway toward serotonin biosynthesis. Colonization
of GF male mice at 3 weeks of age reversed the differences in plasma serotonin-related
measures, but not in hippocampal serotonin levels. Thus, while this study did not
convincingly demonstrate systematic relationships among the many parameters they
examined, it provides important evidence that specific effects of the microbiome on neural
development can vary with sex, and that some, but not all influences of GF status in early
life can be reversed by later colonization with conventional gut flora.

Sudo and colleagues 7 showed that GF mice exhibit greater release of adrenocorticotrophic
hormone (ACTH) and corticosterone in response to restraint stress than SPF mice. They
extended this observation to demonstrate that the species composition of the microbiome
differentially alters HPA function. Mice colonized neonatally only with Bifidobacterium
infantis, a commensal species that is part of the normal gut flora, exhibited restraint-stress-
induced ACTH and corticosterone responses comparable to those of SPF mice, whereas
those colonized at birth with an enteropathogenic (i.e., disease-causing) strain of Escherichia
coli showed a more dramatic stress-hormone response than GF mice. Thus, not only does
neonatal colonization with gut micro-organisms alter the responsiveness of the adult HPA
axis to stress, but different microbial species can affect such development in different ways.
The influence of the enteropathogenic £. coli on HPA axis development appeared to depend
on its ability to invade gut mucosal cells, because colonization of GF mice with ATir, a
mutant enteropathogenic £. coli strain that lacks the capacity to translocate across the cell
membrane, failed to produce the same effect as the translocation-competent strain. Finally,
this study demonstrated that colonization at different time points in early post-natal life had
different influences on HPA responsiveness in later life, supporting the hypothesis already
discussed that there may be critical periods during which the developing host is more or less
sensitive to the programming influence of gut microbes.

Studies of gnotobiotic rodents during adulthood have demonstrated that specific
interventions can alter behavioral and nuerochemical phenotypes. Non-absorbable
antibiotics altered the relative abundance of microbial species in adult SPF mice, at the same
time resulting in elevated exploratory behavior in light-dark and step-down paradigms 79, as
well as elevated levels of BDNF in the hippocampus and diminished levels in the amygdala.
The behavioral effect of antibiotic treatment did not occur in GF mice, suggesting that a
colonized gut was required for the effect. Testing of antibiotic-treated SPF mice after a two-
week washout period during which the microbiome reverted to a pattern similar to that
observed in untreated animals also failed to yield the behavioral differences observed
immediately after antibiotic treatment, suggesting that the behavioral differences were
reversible.

Different strains of mice are well-known to display different behavioral profiles. For
example, Balb/C mice tend to exhibit higher levels of anxiety-like behaviors (e.g., low
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frequencies of locomotion into the middle portion of an open field) than other strains 80, The
study just cited on the effects of non-absorbable antibiotics on behavior 7, also showed that
fecal DNA sequence profiles (assessed by denaturing gradient gel electrophoresis, which
allows profiling of relative abundance of different sequences, but does not provide specific
base-pair sequence data) differ between strains of mice maintained in SPF conditions.
Remarkably, they then demonstrated that colonization of GF mice by fecal transplantation
from Balb/c mice resulted in different behavioral outcomes, and hippocampal (but not
amygdala) levels of BDNF, than fecal transplants from NIH-Swiss mice. Thus, the data
suggest strongly that gut microbiota can influence behavior and brain chemistry, and that the
genetic characteristics of the host interact with the microbiome to determine developmental
trajectories.

Subtherapeutic antibiotic treatment (STAT) is ubiquitous in animal husbandry, based on the
longstanding observation that including low doses of a variety of antibiotics in the feed of
animals enhances weight-gain (and hence profits in an industry where animals are sold by
weight). A recent study of STAT in laboratory mice has provided strong evidence that
alterations in the gut microbiome mediate many important aspects of this weight-gain
enhancing effect. Treatment of mice from weaning with several different STAT regimens
(administered in the drinking water) resulted in no overall differences in weight gain after 7
weeks, but did result in increases in fat mass and bone-mineral density in the treated
animals. The overall gut-microbial “census” was similar in controls and treated animals
(meaning the total microbial biomass did not differ substantially among groups), but there
were significant differences in relative proportions of microbial taxa, with Firmicutes to
Bacteroides ratios greater in the treated animals. Analysis of specific microbial metabolic
genes showed greater abundance of genes encoding specific enzymes involved in short-
chain fatty acid synthesis, indicating a shift in the metabolic capacity of the microbiome due
to STAT, which was accompanied by corresponding changes in concentrations of ratios of
specific short-chain fatty acids. Microarray analysis of host-liver gene expression revealed
an increase in expression of genes encoding proteins important in fatty-acid and triglyceride
synthesis, strongly suggesting that the microbiome influences liver function related to
adiposity by altering exposure of hepatocytes to nutrients in the portal circulation.
Interestingly, there were no differences observed in caloric consumption of the mice in
different groups, but analysis of fecal caloric content showed that the STAT animals
extracted more calories from the food they consumed. This study suggests that early
manipulation of the gut microbiome produces longterm differences in critical metabolic
processes contributing to growth and development. Despite the similarity in caloric
consumption across groups, the study did not examine feeding behavior per se, in terms of
parameters such as frequency and size of meals. Another aspect of feeding not amenable to
analysis in an experiment on chow-fed rodents is food preferences. Future studies should
examine such variables, as they might reveal important relationships between the
microbiome and feeding behavior relevant to ASD and other behavioral disorders.

Conclusion

The data just reviewed strongly suggests that further research on the relationships among the
gut microbiome, the development and function of the nervous system, and behavior will be
fruitful. The field is at a stage where more questions than answers are being generated.
Difficulties with feeding and gastro-intestinal function are virtually ubiquitous in ASD, as
has been reviewed here. That clinical observation, together with evidence just reviewed
supporting associations between gut microbial population profiles and ASD, and the data
from research on rodents demonstrating myriad ways in which the gut microbiome
influences neurobehavioral development, combine to suggest that further research on the
trajectory of microbiome development in children at risk for ASD will be fruitful. The
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possibility of specific interventions to alter microbiome development opens up the prospect
of a range of novel therapeutic approaches such as probiotic, antibiotic or dietary
manipulations that may offer hope to patients and families living with ASD.
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