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The microbiome lies at the forefront of scientific research, as researchers work to uncover its mys-terious influence

on human development and disease.
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| 1. The Microbiome: Not New, Just Newly Defined

The human “microbiome”, as it is often referred to today, is the collection of 10—100 trillion symbiotic microbes that
live on and within the human body . This microbiome represents the direct link between all living things on the
planet and presents a unique avenue for researchers to understand this living link. As early as 1683, Dutch
scientist Antonie van Leeuwenhoek noted in his own oral and fecal samples, “little living animalcules, very prettily
a-moving” BB The scientific community, building upon these centuries of research, has now come to understand
that the human microbiome plays a profound role in human development and growth, and in adult health.
Microbiota can be found on nearly every surface of the human body, and diversely influence critical events in early
development, the digestion of food, and the onset of disease . While the progress made since Leewenhoek’s
original discovery has been exponential, researchers have only begun to understand the role the human

microbiome plays in our daily function.

The Current Stage of Microbiome Research.

| 2. Animals Models

Rodent models have found popularity in gut microbiome research (Figure 1), having been subjected to a wide
range of methods to change their microbiota. A popular field applied to research in rodents is gnotobiology, the
study of animals that are completely devoid of microorganisms or those that contain a defined and known set of
microbial species. In such experiments, the mice are either germ-free (GF) and thus contain no species at all,
monoxenic with just one known colonized species, or have defined microbiota with all species known 8. There is a
clear advantage in using GF mice when compared with a mono-associated (monoxenic) or defined microbiota.
However, the microbiome plays a crucial role in development and GF mice exhibit related physiological
consequences, including underdeveloped immune systems. A study found that GF 129S6 and GF C57BL/6 mice
contained nearly no Th17 cells, and GF Swiss—Webster mice completely lacked any presence of Th17 cells .

Transplanting fecal matter from normal Jackson B6 or Taconic B6 mice into C57BL/6 mice via oral gavage resulted
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in normal Thl7 cell levels after 10-12 days. However, these abnormalities in the development of gnotobiotic

models, as well as their high cost, have limited their use in research.

Figure 1. Currently, the field of microbiome research employs rodents (mice and rats), the fly Drosophila
melanogaster, and the fish zebrafish as animal models. Most manipulations involve either complete/partial
depletion of the microbiome using specific rodent models or microbiome transplants using oral gavage. Research
has shown that the microbiome is heavily involved in improper development of the gastrointestinal tract and the
nervous and immune systems. A link has also been made between imbalances in the gut microbiome, also known
as dysbiosis, and certain diseases, including Parkinson’s and Alzheimer’s disease and obesity, among others. Gut

dysbiosis is currently treated in humans using prebiotics and/or fecal transplants. Gl: gastro-intestinal tract.

There are two major ways to deplete the gut microbiome in mice to study its relationship with disease and
physiology. The first is the previously mentioned GF model. The other model is an antibiotic treatment that can
destroy the entire microbiome, often referred to as antibiotic-induced microbiome depletion (AIMD). The antibiotic
model helps to avoid several issues that arise in GF models, the most significant advantage being that mice can
undergo a normal colonization and full postnatal development following birth . Allowing the rodents to fully
develop before depleting the gut microbiome ensures that many of the immune system complications that arise in

GF models do not interfere with the study.

The most popular method to manipulate the gut microbiome that does not involve depletion is oral gavage-assisted
fecal transplants (Figure 1), in which a large tube is placed through the mouth and into the digestive tract of the
rodent to deliver the fecal matter. With the ability to accurately control the dosage and placement of fecal matter
and other compounds, the stressful side effects of gavage are often overlooked. Researchers have studied the
process of oral gavage on its own to precisely identify how it directly impacts the physiological state in a rodent. A
study reported that daily manual restraint and oral gavage in mice did not have a negative impact in body weight
change, nylon bone toy weight change, fecal corticosterone levels, and response to the anxiety drug
chlordiazepoxide in a conditioned place preference test 2. However, although several studies have concluded that
there is no stressful impact induced by oral gavage on rodents, they still represent the minority. Wide-spanning
literature analysis of various laboratory procedures performed on rodents reveals that orogastric gavage, among
other practices, has a significant effect on stress-related responses such as increased heart rate, blood pressure,
and corticosterone concentrations 9. These orogastric gavage studies span from rodents given dry and aqueous
gavage to those that are administered gavage either while awake or under anesthesia. An objectively less stressful
alternative to orogastric gavage to administer a fecal matter transplant (FMT) is the use of pills, which the subject
rodents can simply swallow. However, a switch to pill consumption as a method of FMT has not been popular due

to the chemical absorption of the pill as it descends through the Gl tract.

While rodent models are the most popular model for studying the microbiome currently, researchers continue to
develop alternate models to research this area. One organism that has made a recent introduction into research

regarding microbiome manipulation is that of the Drosophila melongaster (D. melanogaster), commonly known as
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the fruit fly (Figure 1). One of the major reasons that the D. melanogaster fly has emerged as a model for
manipulation is its ability to create and sustain a thriving environment for microbial species. This practice is known
as nutritional mutualism, and researchers can use this ability to harvest bacterial contents that originate directly
from the D. melanogaster microbiome X, While the ability of the fruit fly to readily provide highly concentrated
samples of microbiota to researchers makes them a useful model, the absence of any resident commensal strains

makes it difficult to draw larger conclusions on host-microbe interactions independent of nutritional influences 121,

Along with the fruit fly and rodent, the zebrafish (Danio rerio) has emerged as a key model organism in the study of
the microbiome due to its substantial physiological and genetic similarities with humans 31, In particular, zebrafish
possess innate and adaptive immune systems similar to our own. Thus, as microbiome research continues to
establish a connection between gut health and the nervous system, the zebrafish model has grown in popularity.
The ease with which germ-free zebrafish can be produced in addition to their similar nervous system physiology
make them a powerful model in the study of the microbiome (Figure 1). However, the zebrafish model possesses
several limitations, primarily due to the aquatic nature of the organism. Zebrafish acquire microbiota solely from
aquatic habitats, maintain a temperature of 28 °C at all times, and lack mammary glands and lungs. By contrast,
humans derive their microbiome primarily from terrestrial origins, maintain a body temperature nearly ten degrees
higher, and could not function without organs such as the lungs. These discrepancies between human and

zebrafish physiology greatly limit the direct application of zebrafish studies to clinical research 141,

Thus, current methodology for microbiome research is still lacking. Gnotobiotic animals and heavy antibiotic
regimens each yield significant problems in the efficacy of the animal model. To use a subject animal that would
begin the study with altered brain function, cytokine expression, and physiology would cast doubt on any
conclusions as they relate to humans or even a typical rodent model. Similarly, oral gavage has been shown to be
inefficient at best and dangerous at worst in current models. Clearly, there remains a need for a new methodology

for microbiome research, one that allows for easy, repeated access to the subject animals’ microbiota.

3. The Invisible Manipulator: How the Microbiome Influences
Human Physiology

The vast and diverse nature of the microbiome plays many significant roles in human development (Figure 1).
Current research shows select microbiota are present in humans as early as at birth. As the newborn is pushed
through the vaginal opening, a direct pathway for intergenerational microbial transmission is formed following the
rupturing of the chorioamniotic membrane 31, This exchange provides a foundation for the microbiota to grow over

the course of early childhood, with a powerful upsurge in microbiome development at a young age.

Research has also shown breastfeeding to be a natural pathway for intergenerational sharing of microbiota. A
longitudinal study based on gut microbiome development in early childhood defined distinct phases of microbiota
progression, which are significantly influenced by breastmilk reception. The microbiome profiles determined by 16S
rRNA sequencing of infant stool samples revealed that breastfeeding contributed to significant increases of

Bifidobacterium species during the first 14 months of life. By an average of 31 months of age, the microbiome
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reaches a stable state of bacterial diversity [18l. As the field has expanded, research of the early microbiome has
revealed evolutionary links between the microbiome and development of human organ systems, especially that of

the nervous, circulatory, and gastrointestinal systems.

Composed of the brain and spinal cord, the central nervous system represents the central compartment of our
sensory input, cognition, and motor output. A study comparing the behavioral patterns between GF and
conventional mice displayed several instances for the necessity of a microbiota in the development of the nervous
system. Results from an elevated maze test suggested that a lack of a microbiome negatively effects cognitive
development, as GF mice spent significantly more time in the maze than specific pathogen free (SPF) mice.
Additionally, the GF mice displayed an altered expression of motor control and anxiety-like behavior, which is
involved in second messenger pathways and synaptic long-term potentiation. Components of gut microbiota
appear to regulate the proteins PSD-95 and synaptophysin, which are located in the striatum. These proteins are
necessary for synaptogenesis, which is the formation of synapses between neurons within the central nervous
system. The results of this study suggest a powerful mechanism for microbial influence on proper brain

development 17,

Additionally, the microbiome has a significant influence on the function of glial cells within the nervous system. Glial
cells are foundational within the central nervous system, as they form the myelin sheath necessary to protect
neurons and allow them to project neural impulses efficiently throughout the body. Profiling microglia from the
brains of animals raised under GF conditions revealed significant downregulation of genes necessary for cell
activation. Additionally, diminished microglia cell development of GF mice was observed in comparison with SPF
mice with normal gut microbiota, emphasizing the necessity of a microbiome in nervous system development (18],
The mechanism of glial cell function plays an important role in modulating spatial and temporal responses to
stimuli. A study examining the microglial expression between GF and conventionally raised mice showed that GF
mice had a severely diminished response to lipopolysaccharide-induced macrophage activation. Under GF
conditions, mice are unable to exhibit functions of glial cells, which is detrimental to the development of myelinating

cells throughout the central nervous system 191,

Critical in maintaining an organism’s homeostasis after development of the nervous system is the blood-brain
barrier, which describes the selectively permeable nature of blood vessel exchange with the central nervous
system. Evidence from studies comparing adult GF mice and conventional mice shows that the gut microbiota also
plays a role in the modulation of the blood—brain barrier (BBB). GF mice expressed an increase in blood—brain
barrier permeability compared to conventional mice, suggesting that the BBB does not strictly regulate the entry of
compounds in the absence of a gut microbiome . Qualitative analysis of mouse embryos from both pathogen-free
and GF mothers presented evidence for how the maternal gut microbiota influences the blood—brain barrier of
offspring. Antibody infrared-labeled immunoglobin G2b (IgG2b) was administered to the mothers during pregnancy,
and the presence of the antibody was assessed in their fetal offspring in order to determine the integrity of the
prenatal BBB. Results showed that the 1gG2b antibody in GF mothers penetrated to offspring, suggesting a lack of
tight junctions in the BBB. Additionally, the expression of occludin, a tight junction protein that helps regulate this

epithelial barrier, was significantly lower in the fetal offspring of GF mice 29,
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The blood—brain barrier makes up just a small fraction of the blood vessels responsible for transport of nutrients
throughout the body. The circulatory system comprises the entirety of these networks, including blood, blood
vessels, and the heart itself. Previous research of the gut microbiota has revealed distinct microbial influences on
angiogenesis, the development of the blood vessels that comprise our circulatory system. A 2002 study examined
the post-natal capillary development of several GF mice using cryosections for Syto61-positive nuclei. Adult GF
mice from this study were shown to have arrested growth of capillary networks, suggesting the necessity for a gut
microbiome in capillary development. Researchers employed a unique approach to this discovery and were able to
induce earlier development of capillary networks in GF mice by inoculation of the gut microbe Bacteroides
thetaiotaomicron from the cecums of conventionally raised mice. The mechanism linked to this occurrence of
angiogenesis is associated with Paneth cells in the intestinal epithelium, which secrete a variety of proteins for
immunity and inflammatory control of the mucosa. The GF mice used in this study were determined to be deficient
in their overall composition of Paneth cells, so researchers employed an additional comparison of capillary
networks using a set of GF mice with intact Paneth cells. Although both sets of mice lacked a microbiome, those
lacking Paneth cells had significantly less developed capillary networks, suggesting the importance of Paneth cells

during angiogenesis 211,

A nutritional study on GF mice revealed that the gut microbiota is necessary in order to regulate the activity of
Paneth cells. A group of C57BL/6 mice received an antibiotic cocktail, after which intestinal contents were
transferred to GF mice via oral gavage. The antibiotic treatment appeared to decrease lysozyme proteins in the
C57BL/6 mice; however, the effects were much more severe in the GF mice. Without a gut microbiome, the GF
mice not only had lowered lysozyme levels but also severe atrophy of the small intestine, as well as reduced
interleukin mMRNA levels. This suggests that the immune defense activities of the Paneth cells were inhibited in the
absence of a gut microbiome 221, This causal link in the function of the intestinal Paneth cells is a pathway in which

the gut microbiota plays a vital role for circulatory system development.

At the very focal point of microbiome research is the gastrointestinal (Gl) system, containing the organs necessary
for digestion. Gut bacteria are beginning to be understood as a prominent link in how this change in the gut
microbiome contributes to further development of the GI system itself. Intestinal stem cells of the epithelium are
able to grow and differentiate among tissues of the Gl system throughout life. Analysis of the D. melanogaster fly
shows evidence of microbiota-mediated cell proliferation (231, Acetic acid production is an inherent mediator in the
early stages of gut microbiome development. Acetobacter pomorum, a common species of gut microbiota within
the D. melanogaster, is an acetic acid bacteria with PQQ-ADH activity, which modulates insulin/insulin-like growth
factor signaling (IIS). Insulin growth factors such as IIS have a role in Gl development through the proliferation and
differentiation of intestinal stem cells. Supplementing the simple sugar diet of wild-type, pomorum-monoassociated,
and P3G5-monoassociated flies revealed how acetic acid induces IS activation in P3G5-monoassociated larvae.
The activation of IS was confirmed by examining the membrane targeting of the pleckstrin homology—green
fluorescent protein (PH-GFP) [24l. Evidence present in other species link these inherent gut microbes to the
development of the Gl system. Specialized cells responsible for the growth of the epithelium utilize G-protein-
coupled receptors. An additional study on the microbiota-mediated mechanism for stem cell proliferation used mice

fed lactic-acid-producing bacteria (LAB), including aforementioned Bifidobacterium. Results derived from in situ
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hybridization staining showed that the lactic acid produced by these bacteria targeted specific G-protein-coupled
receptors through Wnt-3/beta-catenin signaling pathways. The targeting of receptor 81 was found to mediate stem

cell proliferation 22!,

Continued research on intestinal stem cells through a study that housed both GF and SPF mice at weaning age
introduces more ways in which the gut microbiota drives Gl tissue development. Variable regrowth of intestinal
stem cells following radiation-reduced injury revealed the necessity for a microbiome to promote growth of the
epithelium. Results revealed that the erythroid differentiation regulator-1 (Erdrl) gene was only induced in the SPF
mice, not GF mice. This link was attributed to the Erdrl gene. Although evidence does not point to a specific
interaction between elements within the microbiome and the Erdrl gene, the presence of a microbiome in itself is
necessary for organoid growth within the intestines [28]. The aforementioned mechanisms define the foundational
necessity for a microbiome in Gl development. Research on the GF rat as far back as 1984 reveals that the cecum
can expand up to five times its size in the absence of a microbiome. Alongside the muscle atrophy that occurs
without the bacteria necessary for growth, this junction between the small and large intestine experiences a
disturbance in solute-water resorption that causes a severe increase in osmotic pressure. The discovery of this
abdominal distension in GF rats presents an example of the physical manifestations that can occur due to

abnormal Gl system development 27,
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