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Abstract

Though seemingly distinct and autonomous, emerging evidence suggests there is a bidirectional interaction between the intestinal
microbiota and the brain. This crosstalk may play a substantial role in neurologic diseases, including anxiety, depression, autism,
multiple sclerosis, Parkinson’s disease, and, potentially, Alzheimer’s disease. Long hypothesized by Metchnikoff and others well
over 100 years ago, investigations into the mind—microbe axis is now seeing a rapid resurgence of research. If specific pathways
and mechanisms of interaction are understood, it could have broad therapeutic potential, as the microbiome is environmentally
acquired and can be modified to promote health. This review will discuss immune, endocrine, and neural system pathways that
interconnect the gut microbiota to central nervous system and discuss how these findings might be applied to neurologic disease.
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Intestinal Microbiota Location and Functional
Capabilities

The intestinal microbiota refers to the total bacteria, viruses,
fungi, and microscopic protozoa that inhabit the gastrointesti-
nal (GI) tract. In humans, it is estimated to be composed of >
10 trillion cells [1], with 100s to 1000s of microbial species
per individual, and the collective genes within the microbiome
outnumber genes in the human genome 100:1 [2]. This vast
genetic diversity encodes a myriad of functions that confer a
benefit to their host that have been selected for over our entire
evolutionary history.

The intestinal microbiota provide many supportive
functions and can regulate host physiology. For example,
the microbiota enhance energy extraction from the diet,
produce vitamins, educate the immune system, protect
from infectious agents, maintain gut barrier integrity, and
guide metabolic and neurologic development [3—7]. The
greatest numbers of microbiota inhabit the large intestine,
with up to 10'? cells per milliliter of intestinal contents [7].
The enterohepatic circulation between the GI tract and the liver
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provides direct access of host metabolites to the microbiota,
and vice versa. Microbial secreted products, including neuro-
transmitters and immunomodulators, can enter circulation and
act on distant organ systems [8]. In addition, the microbiota can
chemically transform host-derived molecules and influence
endocrine and metabolic function by regulating the excretion
or reuptake of hormones and cholesterol [9, 10]. Finally, the
intestinal microbiota also plays a role in therapeutic drug ac-
tivity, by either activating or inactivating these exogenous
compounds [11].

Humans are initially colonized by microbiota at birth,
which undergo a series of ecological progression during
infancy and early childhood until it establishes an adult-
like composition by 3 years of age [12]. There is conflict-
ing evidence of whether microbial colonization begins in
utero [13, 14] or at birth; however, it is plausible that
exposure to microbial products entering the bloodstream
may affect the developing fetus [15]. Several factors influ-
ence the acquisition and maturation of the microbiota, in-
cluding birth mode (vaginal delivery or cesarian section),
antibiotics, breastfeeding, diet, and environmental expo-
sure to microbes [16—18]. Alterations in early-life micro-
biota colonization can have lasting effects on metabolism
[19], immunity [20, 21], and neurologic function [22, 23].

The adult microbiota in a healthy adult is relatively stable
and specific to an individual, and the composition is governed
by both the environment and genetics [24]. Host genes that
encode functions related to immunity, metabolism, gut
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Fig. 1 Bidirectional lines of communication between the gut microbiota
and the brain. Neural, endocrine, and immune pathways mediate signals
between the central nervous system (CNS) and the intestinal microbiota.
The microbiota can produce a variety of neuro- and immunomodulatory
substances that can either act locally on immune populations and
enteroendocrine cells in the gut, or modulate distant functions in the

motility, and bacterial adhesion can shape lifelong microbiota
colonization [25]. Despite the role that genetics play, identical
twins can have different microbiota that can contribute to
chronic diseases [26]. Environmental factors such as diet, ex-
ercise, maternal environment, mode of delivery, and exposure
to sources of new microbiota (hygiene or probiotics) play a
role in modulating and maintaining the microbiota composi-
tion [27]. As behavioral patterns and routines normalize in
early adulthood, the microbiota composition becomes more
stable until the emergence of immunosenescence in advanced
aging [24]. While a person usually maintains a relatively con-
sistent microbiota over time, there still is day-to-day variation
within an individual [28], and dramatic changes can occur
following large disruptions [29]. Common sources of disrup-
tion include antibiotics, infection, or colonization by foreign
commensal microbes, large changes in diet [30], or noninfec-
tious disease that alters the GI function. Depending on the
magnitude and length of disruption, the microbiota is capable
of recovering and returning to its original composition once
the selective pressure is released; however, repeated distur-
bances can impair recovery and this may have a downstream
effect on host physiology [31-33].

Several principles from clinical infectious disease
can be instructive for understanding complex microbio-
ta—host interactions. First, children and the elderly are
at a higher risk of infection due to either an immature
or weakened immune system. Similarly, these ages rep-
resent time periods of decreased microbiota stability
and enhanced vulnerability to microbiota disruption
[18, 24, 34]. Intriguingly, there are also specific win-
dows of vulnerability for the presentation of various
neurologic diseases throughout the lifespan [22].
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Whether or not this timing is related to changes within
the microbiota is still to be determined.

Lines of Microbiota-Gut-Brain
Communication

The intestinal microbiota and the central nervous system
(CNS) are connected via multiple bidirectional pathways in-
volving neural, endocrine, and immune signaling (Fig. 1).
The microbiota can induce cells in the GI tract to produce
neurotransmitters or digestive hormones that alter the brain
and behavior [8, 35-37]. They can also secrete neuroactive
metabolites into the circulation, modulate local immune pop-
ulations that traffic to the CNS, and stimulate the vagus nerve
to have an effect on behavior [38]. In turn, the CNS can con-
trol the gut microbiota via adrenergic nerve signaling, primar-
ily affecting intestinal motility and by the influence of neuro-
transmitters on the immune mediators that shape microbiota
composition and function [8].

Microbiota Influence on Neural Signaling
Afferent and Efferent Neural Signaling

The GI tract is highly enervated and is one of the major
signaling pathways connecting the microbiota to the brain.
The enteric nervous system, within the autonomic nervous
system, contains both afferent (from the GI tract to the
CNYS) and efferent (from the CNS to the GI tract) functions
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[39]. Efferent neural signals are conducted from the CNS
to the GI tract and can modulate GI motility, secretion, and
epithelial permeability, which modify the physical environ-
ment that the microbiota inhabit, thus affecting its compo-
sition. The vagus afferent nerves transmit signals from the
GI tract to the CNS and are capable of recognizing micro-
bial products or cell wall components.

Probiotic bacteria have been shown to alter stress responses
and behavior in a manner dependent on the vagus nerve.
Bravo et al. [40] demonstrated that Lactobacillus rhamnosus
could reduce anxiety and depressive-like behavior, as evi-
denced by spending more time in the open arm of the elevated
plus maze, and had less immobility during the forced swim
test. Behavioral changes were accompanied by altered levels
of gamma-aminobutyric acid mRNA gene expression, which
varied by brain region, and was dependent on signaling via the
vagus nerve as all effects were lost in vagotomized mice treat-
ed with L. rhamnosus [40]. Pain and resulting anxiolytic re-
sponses can be conducted via the vagal nerve. Administering
Bifidobacterium longum to mice reduced anxiety in mice giv-
en dextran sodium sulfate colitis, but the effect was lost when
the vagus nerve was severed [41]. Probiotics can also commu-
nicate with other components of the enteric nervous system.
Lactobacillus reuteri targeted ion channels in enteric sensory
neurons leading to increased action potential and excitability,
which may have downstream effects on motility and pain
perception [42].

Neurotransmitters

Members of the gastrointestinal microbiota are capable of se-
creting neuroactive peptides, including gamma-aminobutyric
acid, noradrenaline, dopamine, acetylcholine, and 5-
hydroxytryptamine [8]. However, whether these microbial
metabolites are produced at an appreciable level compared
with host production or whether they act locally at the gut
level or can be transported systemically across the blood—
brain barrier is unknown [39]. Over 90% of the serotonin (5-
hydroxytryptamine) in the body is synthesized in the GI tract,
primarily by the enterochromaffin (EC) cells, a subtype of
enteroendocrine cells, which regulate GI motility, secretion,
nausea, and visceral hypersensitivity [43]. In order to dissect
cell-specific responses, Bellono et al. [43] generated intestinal
organoids with EC cells and demonstrated that microbial
products, primarily isovalerate and to a lesser extent butyrate,
signaled through the olfactory receptor 558. Furthermore, they
showed that EC cells are electrically excitable and are in direct
proximity to serotonin-sensitive afferent nerve fibers; thus, EC
cells in the intestinal epithelium have a major transduction role
in detecting microbial products [43]. Isovalerate is a short-
chain fatty acid (SCFA) usually produced in low amounts
compared with acetate, propionate, and butyrate, and
isovalerate accumulation is associated with GI pain and

postinfectious irritable bowel syndrome [44-46]. Thus, the
EC cells may serve as rapid surveillance for imbalances within
the microbiota that lead to the enrichment of this toxic
metabolite.

Neurotoxins

Bacteria are capable of producing potent neurotoxins, as
seen with botulism and tetanus, which can result from an
intoxication caused by contaminated food or from a soft
tissue infection, rather than stable colonization at an ana-
tomic site with resident microbiota. A rare but serious
neurologic complication from early-life microbiota colo-
nization is infant botulism, in which Clostridium botuli-
num, Clostridium butyricum, or Clostridium baratii colo-
nize the GI tract and secrete the botulinum toxin at low
levels, initially presenting as hypotonia and reduced feed-
ing, and leading to paralysis, respiratory distress, and, in
some cases, death [47, 48]. The immature microbiota of
an infant is more vulnerable to invasion of these patho-
gens, whereas this is rarely observed in adults, likely ow-
ing to the pathogen resistance conferred from a developed
microbiota. While infant botulism is one example of toxin
produced in the intestine affecting the CNS, it is plausible
that additional species within the microbiota can secrete
highly potent neuroactive chemicals that have not yet
been identified.

Microbiota Regulation of Endocrine Signaling
Hypothalamic-Pituitary-Adrenal Axis

The hypothalamic—pituitary—adrenal (HPA) axis is a cascade
of hormonal signaling in response to stress and can be shaped
by the microbiota during critical developmental periods.
The hypothalamus secretes corticotropin-releasing factor,
which stimulates the pituitary gland to secrete adrenocor-
ticotropic hormone, which then induces the adrenal cortex
of the kidneys to secrete glucocorticoids, including cortisol
and corticosterone, the main glucocorticoid in humans and
mice, respectively. Germ-free (GF) mice show elevated
HPA responses when challenged with a restraint stress,
including elevated hypothalamic corticotropin-releasing
factor gene expression and protein levels, decreased corti-
cal and hippocampal brain-derived neurotrophic factor,
and elevated plasma adrenocorticotropic hormone and cor-
ticosterone [49]. Changes in the HPA axis were both de-
velopmentally and microbe dependent. Adolescent GF
mice colonized with specific-pathogen-free microbiota at
6 weeks of age restored HPA signaling, whereas adult GF
mice colonized at 8 or 14 weeks of age continued to show
exaggerated stress responses. In addition, monocolonization
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with the infant commensal bacteria Bifidobacterium infantis
lowered stress responses compared with GF mice, whereas an
invasive strain of enteropathogenic Escherichia coli increased
stress responses and proinflammatory interleukin (IL)-13 and
IL-6 cytokine secretion. This was critically mediated by the
invasive characteristics of enteropathogenic Escherichia coli
as evidenced by the fact that a mutant strain lacking the
translocated intimin receptor gene that confers invasive prop-
erties did not elevate stress responses [49]. These studies pro-
vided evidence that individual strains of bacteria within the
microbiota can either positively or negatively regulate the
HPA axis and the microbiota as a whole participates in devel-
opmentally programming stress responses.

Glucocorticoids and the HPA axis also play a role in
immunomodulation, which enhances survival from infec-
tious diseases [50]. Depletion of HPA signaling via chem-
ical inhibitors or adrenalectomy decreased survival in mice
challenged with sublethal doses of microbial toxins, in-
cluding lipopolysaccharide (LPS), shiga toxin, and
Staphylococcus aureus superantignen enterotoxin B [50].
Conversely, overexpression of glucocorticoid receptor
(GR) protected mice from endotoxic shock when chal-
lenged with LPS [51]. As a little-explored mechanism of
virulence, microbial toxins can disrupt GR signaling.
Secreted toxins from Shigella (shiga toxin), Bacillus
anthracis (anthrax lethal toxin), Clostridium difficile
(TcdA and TcdB), Clostridium sordellii (TscL), and
S. aureus (superantigens, toxic shock syndrome toxin 1,
and enterotoxin E), as well as cell wall components (endo-
toxin, LPS), have been shown to repress GR-mediated
gene activation [50]. Whether subclinical toxin production
is a mechanism by which resident microbiota regulate
stress levels has not been explored.

Peptide YY

Digestive hormones that control appetite and GI motil-
ity are also important bidirectional mediators of micro-
biota—brain endocrine signaling [52]. The satiety-
inducing hormone peptide YY (PYY) is synthesized
primarily in the GI tract and is transported to the brain.
It is produced by enteroendocrine cells in response to
the G protein-coupled receptor Ffar3 (Gpr4l)-sensing
dietary proteins and fats and microbially derived
SCFAs [53]. Thus, the microbiota metabolic end prod-
ucts can directly modulate PYY levels. PYY affects the
brain, feeding behavior, and the GI tract by triggering
satiety, reducing food intake, and slowing GI motility,
factors that may affect the microbiota. Altering the mi-
crobial composition with low-dose penicillin has been
shown to decrease PYY levels, which is associated with
increased food intake and microbe-induced obesity [19].
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Microbiota-Immune Signaling Effects
on the CNS

Immunologic Development

The intestinal microbiota plays a key role in immune develop-
ment and function [6, 54], and specific microbes have different
mechanisms of action to influence particular immune cell
subsets [55]. For example, a Gram-positive spore-forming
anaerobic bacteria referred to as segmented filamentous
bacteria can adhere to enterocytes in the distal small intes-
tine (ileum) and this direct contact induces the differentia-
tion of T helper (Th)17 cells [56]. Th17 cells are an impor-
tant cell type involved not only in protection from intesti-
nal infection, but also in the pathogenesis of proinflamma-
tory diseases, such as multiple sclerosis (MS) and rheuma-
toid arthritis [57]. Conversely, closely related spore-
forming anaerobic bacteria within Clostridial clusters IV
and XIV produce abundant butyrate from the fermentation
of carbohydrates, which can induce the proliferation of T-
regulatory (Treg) cells [58]. Bacteroides fragilis, a Gram-
negative anaerobic bacteria, can also induce the prolifera-
tion of Treg cells by a mechanism linked to the cell wall
component polysaccharide A [59], rather than a secreted
product, demonstrating that diverse bacteria can act by
varied mechanisms to produce a similar immunologic
response.

In addition to differences between species there can also be
critical strain-dependent immunomodulation that effects dis-
ease outcome. For example, Helicobacter pylori strains vary
in their ability to cause peptic ulcer disease and gastric adeno-
carcinoma based on the presence of a pathogenicity island
containing a type IV secretion system that injects the CagA
product into epithelial cells, inducing inflammation and alter-
ing a number of host signaling pathways [60, 61]. Escherichia
coli strains can be either beneficial commensal organisms or
cause serious infectious diseases, depending on whether they
have acquired mobile genetic elements from Shigella or other
pathogenic bacteria [62, 63]. Finally, several species of
Clostridium, including C. tetani (agent of tetanus) and
C. botulinum (causative agent of botulism), can encode differ-
ent types of neurotoxins and exhibit considerable strain diver-
sity [64], which determine host range (e.g., humans, birds,
etc.) and recovery following treatment [65].

Metabolic Mediators of Neuroimmune
Function

SCFAs

The GI microbiota produce large quantities of SCFAs,
reaching up to 50 to 200 mM in the large intestine [66].
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The 3 major SCFAs produced are acetate, propionate, and
butyrate, which accumulate in an approximate ratio of
60:20:20 and have differing metabolic and signaling fates
[67]. The quantity of SCFAs depends on the composition
of the microbiota and the amount of complex carbohy-
drates in the diet. Simple carbohydrates, such as glucose,
fructose, and starch, are primarily absorbed in the small
intestine, and thus contribute little to the carbohydrate fuel
source for the microbiota. Complex carbohydrates escape
host absorption and reach the large intestine where they are
first broken down to monomeric sugars, then fermented to
SCFA [68]. Minor amounts of short-chain, as well as
branched-chain, fatty acids can be produced from microbial
breakdown of protein when carbohydrate levels in the large
intestine are low. Acetate is made by a many of diverse types
of microbes, including Bacteroides, Clostridium, Akkermansia,
and Bifidobacterium [68], whereas butyrate is made by fewer
types of microbes, mostly within Clostridial cluster IV (family
Ruminococcaceae, including the genera Faecalibacterium,
Anaerotruncus, and Subdoligranulum) and Clostridial cluster
XIV (family Lachnospiraceae, including the genera Roseburia,
Anaerostipes, Coprococcus, and some species of Eubacterium)
[69]. Propionate is produced from both Gram-negative bacteria,
including Bacteroides, Veillonella, Dialister, and Salmonella,
and Gram-positive bacteria, including Coprococcus,
Roseburia, and Ruminococcus [68].

Emerging evidence indicates that SCFAs play a role in
neuroimmune homeostasis, as well as neurodegenerative
diseases [70]; however, first it is informative to consider
the general physiological fates of microbial SCFA in the
host. Acetate can contribute to cholesterol synthesis in
the liver and accumulates in the bloodstream as it is
the predominate SCFA produced. Butyrate is the major
fuel source of the colonocytes, preferred over glucose or
glutamine. Colonocytes can utilize 70% to 90% of the
butyrate pool and thus little of this SFCA enters circula-
tion. Butyrate also acts as a histone deacetylase inhibitor,
which confers protection against colon cancer [67] and
suppresses proinflammatory macrophages in the lamina
propria [71]. Propionate is utilized for hepatic gluconeo-
genesis and inhibits cholesterol synthesis. The 3 predom-
inant SCFAs also signal through G protein-coupled re-
ceptors (GPR), known as free fatty acid receptors
(FFAR)2 and FFAR3 (previously named GPR43 and
GPR41, respectively), as well as GPR109. FFAR2 pri-
marily responds to acetate and propionate, and promotes
the expansion and differentiation of Treg cells and neu-
trophil chemotaxis [68]. FFAR3 has the highest affinity
for propionate, next for butyrate, and only responds
weakly to acetate, and can promote the expansion of
dendritic and T-cell precursors from the bone marrow [68].
GPR109A responds to butyrate and promotes the generation
of IL-10 secreting Treg cells [72].

SCFA and Microglia

SCFAs have recently been shown to influence the CNS by
modulating microglia during maturation, homeostasis, and
disease [70, 73]. Microglia are 1 of the 4 predominant cell
types in the brain (neuron, glia, microglia, astrocyte), and
are the principal immune cell of the brain, serving a
macrophage-like function to defend against invading patho-
gens and scavenge debris [74]. Emy et al. [70] demonstrated
that GF mice exhibit altered microglia gene expression, pro-
tein production, and morphology, which resemble an imma-
ture or dysfunctional state [70]. Microglia isolated from GF
mice have decreased gene expression related to pathogen rec-
ognition (TRIM family genes), cell activation (Mapk$,
Fegr2b, IL1a, Ly86, CD86, Hifla, Jak3, Statl), and matura-
tion (Major histocompatability complex I-related molecule 32
microglobulin), and increased expression in genes that are
typically downregulated in adult mice related to transcription-
al inhibition (Nfkbib), cell survival (Spil, and Csf1r), and pro-
liferation (Ddit4 and Iggapl). At the protein level, surface
markers CSF1R, F4/80, and CD31, which also typically de-
crease during normal maturation, were increased in GF
adult mice. Increased numbers of microglia and markers
of cell proliferation (Ddit4* and Iba-1"Ki67") were ob-
served in GF mice as detected by histopathology. GF mice
also showed altered microglia morphology, including longer
dendrite processes, and increased branching and cell size.
Altogether, these data suggest that the microbiota plays a role
in activating microglia while limiting their population and cell
size in the brain.

Remarkably, microglial homeostatic changes associated
with the absence of microbiota, including gene expression,
protein production, and morphologic changes, could be
reversed by administering SCFAs via the drinking water
[70]. Furthermore, deletion of the SCFA receptor FFAR2
from all cells led to similar changes in microglial morphology
as in GF mice, further implicating SCFA as a key mediator of
microglia populations. The authors also investigated the effect
of microbiota in microglia response to challenge. Despite the
more numerous and larger cells, microglia from GF mice had
impaired responses to LPS or infection with lymphocytic
choriomeningitis virus. Based on this evidence, Erny et al.
[70] postulate that the microbiota guide microglia maturation
and maintain a homeostatic “never resting” state in which cells
are ready to fight invading pathogens or respond to danger
signals, and their evidence suggests that SCFA signaling
mediates this process.

SCFAs were also important in a in a model of Parkinson’s
disease (PD) using «-synuclein overexpressing (ASO) mice.
ASO mice that were deficient in microbiota (GF or antibiotic-
treated) had fewer motor deficits than their conventional coun-
terparts [73]. Along with improved motor function, GF ASO
mice had morphological changes in microglial populations
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that resembled less-activated microglia (including a decreased
cell diameter, with increased and longer processes), as well as
lower levels of the proinflammatory cytokines IL-6 and tumor
necrosis factor-« in brain regions relevant for PD
(caudoputamen and inferior midbrain). The authors tested
whether this effect was mediated by immunologic com-
ponents of microbial cell walls or by microbial secreted
products. Transfer of heat-killed bacteria only partially
restored the expected motor deficits in the ASO mice,
whereas SCFAs fully restored the motor dysfunctions,
as well as the morphological changes, in microglia.
Whether or not other cell types are linked with this
effect is unknown. Nonetheless, the authors clearly dem-
onstrate how microbial products can contribute to dis-
ease pathogenesis by influencing the major immune
cells in the brain. In order to test whether patients with
PD harbored a microbiota that contributes to the disease, they
transferred the microbiota of 6 new-onset, treatment-naive pa-
tients with PD and the microbiota of 6 healthy controls to
groups of GF mice. In 5 of the 6 pairs, the PD microbiota lead
to worse motor deficits versus the healthy control microbiota,
providing the first causal evidence that the microbiome may
actively contribute to PD disease pathogenesis.

Tryptophan Metabolites

The microbiota also plays an important role in amino-acid
metabolism in the gut, which can influence neuroinflammatory
diseases. Particular bacteria, including L. reuteri, can break
down tryptophan into indole, which is then converted by the
host metabolism to indole-3-sulfate, indole-3-aldehyde, and
indole-3-propionic acid, which is then transported across the
blood-brain barrier to suppress neuroinflammation in astro-
cytes in the brain and improve outcomes in experimental auto-
immune encephalomyelitis (EAE) [75, 76]. Tryptophan is also
utilized to synthesize serotonin, and low levels have been
linked to clinical depression [77]. GF mice have higher levels
of tryptophan and serotonin [78], suggesting that the microbiota
amino-acid metabolism can regulate the levels of neuroactive
transmitters. Disrupting the microbiota with antibiotics reduced
anxiety but increased cognitive defects and was associated with
elevated tryptophan and depleted its metabolite, kynurenin
[79]. In total, studies are beginning to shed light on microbial
tryptophan metabolites as key mediators that can influence both
immune and neurological function.

Neurodegenerative Disorders
Immune-Mediated Neurologic Diseases

The microbiota play a critical role in immune-mediated neu-
rologic diseases, including MS and PD, and strong evidence
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comes from animal models. GF mice resist both induced and
spontanecous EAE, the animal model for MS [80, 81], and was
associated with reduced pathogenic Th17 cells in the intestinal
lamina propria, as well as reduced B-cell recruitment and pro-
duction of myelin oligodedrocyte glycoprotein autoantibodies
in a spontaneous model of EAE [80]. In an inducible model of
EAE, the protection in GF mice was linked to a reduction in
IL-17 and interferon-y secretion with a concomitant increase
in CD25%FoxP3" Treg cells, suggesting that the microbiota
played an active role in promoting immune responses neces-
sary for disease pathogenesis. Similarly, broad-spectrum anti-
biotic treatment reduces EAE severity through increasing Treg
cells and cytokines IL-10 and IL-13, and decreasing proin-
flammatory cytokines interferon-y, tumor necrosis factor-c,
IL-6, and IL-17 [82, 83]. Intriguingly, effective control of
EAE has only been achieved when high-dose, broad-
spectrum antibiotics are applied before the onset of symptoms.
In one study of relapsing-remitting EAE, later antibiotic treat-
ment did not reduce the severity of EAE relapses, suggesting
that the interaction between the microbiota and the immune
system play a key role in disease initiation [84]. Few studies
have examined the use of antibiotics in the MS population.
Animal experiments utilize antibiotics for a near elimina-
tion of microbiota and differ from antibiotic use to treat infec-
tion in the human population. Antibiotic use in adulthood has
been linked to an altered risk for developing MS; however,
there are conflicting results. One study of 163 MS cases with
up to 10 matched controls in the UK found a significant re-
duction in MS risk in patients receiving > 14 days of penicil-
lin, but no change for other antibiotic classes or shorter expo-
sures [85]. A second study in the Danish population of > 3000
cases with > 30,000 controls found that multiple classes of
antibiotics were associated with an elevated risk of MS [86].
A third study of 829 patients with MS and 2441 controls in the
US population found no association with antibiotics and the
risk of MS, but an association between MS and respiratory
tract allergies, and an association between elevated antibiotic
use in subjects with respiratory tract allergies, which may be a
confounding variable not addressed in other studies [87].

MS

MS is an immune-mediated demyelinating disease that leads
to motor dysfunction and cognitive impairment. Recently, we
and others have detected alterations in the microbiota of pa-
tients with relapsing-remitting MS that are associated with
disease status (active vs in remission), disease-modifying
treatment, and immunologic changes [88-91]. In a cohort of
approximately 60 patients with relapsing-remitting MS in re-
mission versus > 40 healthy controls, we detected a marked
increase in Akkermansia muciniphila and Methanobrevibacter
smithii, and a decrease in Butyricimonas, utilizing 2 indepen-
dent sequencing platforms [88]. Strikingly, these MS-
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associated changes were reversed in patients on disease-
modifying therapies, suggesting that treating MS could also
correct changes within the microbiome. Investigating immu-
nologic changes in circulating T cells and monocytes, patients
with MS had increased gene expression related to proinflam-
matory immune pathways, including interferon, Toll-like re-
ceptor, IL-6 signaling, and dendritic cell maturation, and both
Akkermansia and Methanobrevibacter populations in patients
with MS correlated with proinflammatory immune genes;
however, this association was lost in healthy controls. This
suggests that there may by a direct link with MS-associated
microbiota and related changes in systemic immunity.
Akkermansia is a known mucin-degrading bacterium that
may alter gut barrier function [92]. While it is associated
with the promotion of metabolic health in mice [93], it is
a relatively recently discovered bacteria and thus would
have little prior clinical history [94]. Recently, the first
report of Akkermansia bloodstream infection has been re-
ported, first implicating this gut commensal as a potential
pathogen [95]. Methanobrevibacter smithii is the major
methane producer within the human GI tract that can ad-
here tightly to the mucosa and is associated with inflam-
matory diseases, including periodontitis, asthma, and in-
flammatory bowel disease, which may be due to immu-
nogenic lipid components in its cell wall [96-100]. In
addition to detecting changes within the representation
of 16S rRNA genes from Methanobrevibacter, we also
detected increases in breath methane levels in patients
with MS, indicating that there were metabolically active
methanogens enriched in MS. Butyricimonas, which was
depleted in patients with MS, produces butyrate in the
gut, which can induce populations of Treg cells.
Decreased butyrate producers belonging to Clostridia IV
and XVla clusters have been detected in another investi-
gation of the MS microbiota [89], suggesting that while
exact changes in microbial genera may not be the same,
there are consistent changes across microbial function.
Whether or not alterations within the microbiota drive
disease pathogenesis in MS or whether the altered immune
status results in altered microbiota is an active area of in-
vestigation. Recently, Berer et al. [101] evaluated the mi-
crobiota in 34 pairs of monozygotic twins that were discor-
dant for MS and detected enrichment in Akkermansia in the
twin with MS, consistent with prior studies [88]. The au-
thors further demonstrated that the microbiota could in-
crease disease severity when transferred to GF mice that
develop spontaneous CNS autoimmune disease, first sug-
gesting that the altered MS microbiota could directly con-
tribute to impairments in the CNS. This effect was depen-
dent on the healthy twin microbiota inducing protective
levels of IL-10, suggesting that the MS microbiota may
be lacking critically beneficial microbiota that regulate au-
toimmunity [101]. In separate cohort, Cekanaviciute et al.

[102] also demonstrated that microbiota from untreated
patients with MS had higher levels of Akkermansia and
GF mice colonized with MS-associated microbiota led to
worse disease severity in an inducible model of EAE. This
study found that changes within the microbiota, including
increased Akkermansia and Acinetobacter, were associated
with increasing proinflammatory responses in human pe-
ripheral blood mononuclear cells and in monocolonized
mice. Conversely, Parabacteroides, which was reduced
in patients with MS, induced regulatory cells in mice.

PD

PD is a neurodegenerative disorder characterized by motor
impairments, as well as nonmotor symptoms that include con-
stipation, anxiety, depression, and sleep behavior disorder
[103]. Disease pathogenesis includes loss of striatal dopamine
and is thought to be mediated by aggregation of o-synuclein at
the presynaptic terminals of neurons, which may impair ve-
sicular release [104]. Nearly 50% of patients with PD exhibit
symptoms of constipation, which often precedes the diagnosis
of PD and onset of motor deficits [105], and constipation is a
risk factor for later development of the disease. Patients with
PD have also been found to have reduced intestinal barrier
function, which may increase their exposure to microbial
products [104]. Furthermore, individuals that later go on to
develop PD show elevated levels of o-synuclein in their GI
tract before disease onset, suggesting that this may be a focal
point of disease initiation; however, this topic is still under
debate [106]. Studies have detected changes in the microbiota
of patients with PD, as well as microbial function and metab-
olites. Patients with PD have been reported to have low
Prevotella populations, as well a SCFA-producing microbiota
of Faecalibacterium prausnitzii and Clostridial IV cluster
[107-110], and have lowered SCFA metabolites present in
the gut than healthy controls [107]. At a functional level, PD
microbiota contains more genes related to LPS synthesis and
type III secretion systems, and lowered genes involved in
central metabolism [110]. While the role of the intestinal mi-
crobiota in PD is not yet established, recent work shows that
PD microbiota could transmit worsened motor defects to «-
synuclein-overexpressing mice versus mice colonized with
healthy control microbiota [73]. This suggests that the PD-
associated microbiota may harbor microbes and functions that
drive this neurodegenerative disease.

Mood and Behavioral Disorders
Anxiety

Manipulating the microbiota has been shown to influence
neurobiology and behavior. Mice treated with high-dose
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broad-spectrum antibiotics show reduced anxiety-like behav-
ior and increased exploratory activity as measured by the laten-
cy to step down from a pedestal and time spent in an illuminat-
ed compartment [111]. Even more intriguing, evidence sug-
gests that host genetics can select for a microbiota that can
modulate anxiety and behavior. Microbiota from anxiety-
prone, timid BALB/c mice could inhibit the exploratory behav-
ior of NIH Swiss Webster mice, and, conversely, brave Swiss
Webster microbiota could increase the exploratory behavior
when transferred to GF BALB/c mice. With both the antibiotic
treatment and microbiota transfer, there were no changes in
intestinal neurotransmitters (serotonin, noradrenaline, or dopa-
mine) or markers of inflammation, and the signal was not con-
ducted via the vagal nerve. However, increased exploratory
behavior and reduced anxiety was associated with increases
in brain-derived neurotrophic factor [111], indicating that the
microbiota could regulate brain biochemistry.

Aggression

Sylvia et al. [112] demonstrated that treating male and female
Siberian hamsters with enrofloxacin, a broad-spectrum fluo-
roquinolone antibiotic that does not cross the blood—brain bar-
rier, reduced aggression in both male and female mice [112].
Of note, female mice were more sensitive to microbiota ma-
nipulation and showed reduced attacks after only a single 7-
day treatment period and behavioral effects were sustained
after antibiotics were stopped, whereas male mice required
two 7-day treatment periods, and increased aggression
returned after antibiotic cessation. Sex differences have been
reported in the microbiome, and there is evidence that the
microbiota can regulate testosterone [9], a hormone involved
in aggressive behavior. Whether or not the mechanism of
enrofloxacin is mediated by altered sex hormone signaling
in this model is still unknown.

Autism

Over the past several decades, there has been a rise in the cases
autism in the USA [113], and recent evidence suggests that the
intestinal microbiota may play a role in this behavioral disor-
der. The first insight came from the observation that treatment
with the antibiotic vancomycin could partially ameliorate be-
havioral problems in children with regressive autism [114].
Proinflammatory changes in GI tract may contribute to the
pathogenesis. Individuals with autism have a higher preva-
lence of GI disorders, including inflammatory bowel disease
[115], and gastrointestinal distress correlates with aggravated
symptoms [116]. Maternal infection and inflammation during
pregnancy has been linked to increasing the risk of autism. A
mouse model of maternal immune activation (MIA) results in
behavioral changes consistent with autism and has been uti-
lized to explore the role of the intestinal microbiota in autism
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[117]. Offspring from MIA mothers had altered microbiota
composition, including an increase in the families
Lachnospiraceae, Porphyromonadaceae, and Prevotellaceae,
and a decrease in Ruminococcaceae, Erysipelotrichaceae, and
Alcaligenaceae. Characterizing GI function, MIA offspring
have increased intestinal permeability, which may permit ad-
ditional intestinal or microbial components to enter the circu-
lation. Consistent with this concept of leaky gut, MIA off-
spring had altered serum metabolites, including the microbially
derived uremic toxin 4-ethylphenylsulfate (4-EPS).
Administration of 4-EPS resulted in increased anxiety-related
behaviors in mice born to naive mothers, demonstrating its role
in modulating the gut-brain axis, although no changes were
seen with other behaviors relating to sociability. Commensal
microbiota play an active role in maintaining intestinal im-
mune responses. Notably, Bacteroides fragilis, which contains
polysaccharide A in its cell wall, can promote Treg cells and
reduce intestinal inflammation [59, 118]. When MIA offspring
were colonized with a polysaccharide A-positive B. fragilis
strain, barrier function increased, alterations in microbiota
composition normalized, and levels of 4-EPS in the serum
dropped, which led to an improvement in behavior [117].
Altogether, these studies illustrate how imbalances in the
microbiome driven by maternal immunity can lead to structur-
al, chemical, and behavioral alterations in the offspring, which
can be corrected by manipulating the microbiota.

Conclusion

Humans have co-evolved with the intestinal microbiota and
this long-term relationship is maintained by regulatory factors
that help select for a beneficial microbiota. The bidirectional
immune, endocrine, and neural signaling pathways establish a
mechanism for homeostatic communication between the mi-
crobiota and the CNS. The interaction between the brain and
the intestinal microbiota plays an important role in mood,
metabolism, cognition, and motor function. Disruptions in
the microbiota—gut—brain axis can contribute to a variety of
diseases, including anxiety, depression, MS, PD, and autism.
Better understanding of which microbial components directly
and indirectly signal to the brain could provide promising new
targets for treating neurologic diseases.

Required Author Forms Disclosure forms provided by the authors are
available with the online version of this article.
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