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Abstract

The diverse collection of microorganisms that inhabit the gastrointestinal tract, collectively called
the gut microbiota, profoundly influences many aspects of host physiology, including nutrient
metabolism, resistance to infection and immune system development. Studies investigating the
gut-brain axis demonstrate a critical role for the gut microbiota in orchestrating brain development
and behavior, and the immune system is emerging as an important regulator of these interactions.
Intestinal microbes modulate the maturation and function of tissue-resident immune cells in the
CNS. Microbes also influence the activation of peripheral immune cells, which regulate responses
to neuroinflammation, brain injury, autoimmunity and neurogenesis. Accordingly, both the gut
microbiota and immune system are implicated in the etiopathogenesis or manifestation of
neurodevelopmental, psychiatric and neurodegenerative diseases, such as autism spectrum
disorder, depression and Alzheimer’s disease. In this review, we discuss the role of CNS-resident
and peripheral immune pathways in microbiota—gut—brain communication during health and
neurological disease.

The human gastrointestinal tract is colonized by trillions of microorganisms collectively
termed the gut microbiota. These intestinal microbes regulate many aspects of host
physiology, including immune system maturation and function=3. In addition, there is
increasing evidence that the gut microbiota regulate brain development, function and
behavior4-5. Although several immunological consequences of the microbiota are well
documented!~3, immunomodulation by the microbiota is emerging as an important pathway
that orchestrates microbiota—gut-brain communication’.

Far from an immune-privileged site, the brain harbors resident immune cells that defend
against infection and injury, while also supporting neurons in remodeling circuit
connectivity and plasticity. Molecules traditionally acknowledged for their functions in the
peripheral immune system are now being recognized for their importance in
neurodevelopment. For example, cytokines, typically regarded as immunomodulatory
signaling factors, are present in the developing brain, where they regulate neuronal
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differentiation and axonal pathfinding®; complement proteins, which tag and kill
microorganisms and damaged cells for immune clearance, target synapses for pruning
during neurodevelopment?; and major histocompatibility complex (MHC) class | proteins,
which enable antigen presentation by immune cells, modulate neurite outgrowth and
synaptic plasticityl9. Together, these findings contribute to the redefinition of
immunomodulatory proteins as regulatory factors in normal brain development. Conversely,
several factors traditionally acknowledged for their functions in the CNS are becoming
recognized for their roles in the immune system. Various leukocyte subtypes produce and
respond to classical neurotransmitters, which regulate depolarization or hyperpolarization of
neurons1-14, Stimulation of dopaminergic neurons in the ventral tegmental area, for
example, results in widespread activation of peripheral innate and adaptive immune cells,
Bidirectional communication between the nervous and immune systems is further facilitated
by the recently defined brain lymphatic system, which connects peripheral lymphatic tissues
to the CNS, and by the blood-brain barrier, which regulates endothelial passage of immune
cells and associated factors16:17,

Microbial colonization of the intestine has a significant impact on neurophysiology and
behavior—. Compared to conventionally colonized controls, germ-free (GF) mice, which
are raised under sterile conditions, or mice depleted of their intestinal microbiota with oral
broad-spectrum antibiotics exhibit substantial alterations in behaviors and neuropathologies
that are relevant to neurodevelopmental, psychiatric and neurodegenerative disorders®. Given
the immunomodulatory properties of the gut microbiota, immune cell pathways within and
peripheral to the CNS have been implicated as important mechanisms mediating microbial
modulation of brain function and behavior”:18, In this review, we discuss roles for the gut
microbiota as an integral mediator of neuroimmune interactions. We examine how microbial
influences on the activation of peripheral innate and adaptive immune cells regulate
responses to neuroinflammation, brain injury, autoimmunity and neurogenesis. We further
assess evidence that neuroimmune modulation by the microbiota can contribute to the
etiopathogenesis or manifestation of symptoms relevant to neurobehavioral and
neurodegenerative disorders, such as autism spectrum disorder, anxiety depression,
Alzheimer’s disease and Parkinson’s disease. Finally, we highlight immunological,
neuroendocrine and neuronal interactions that coordinate communication between the
intestinal microbiota and brain.

Development and function of brain resident immune cells

Microglia

Microglia are the most abundant resident immune cells in the brain, comprising 5-20% of
glial cells!®. Derived from yolk sac erythromyeloid progenitors'®20, microglia perform
canonical functions of myeloid cells, including phagocytosis, antigen presentation, cytokine
production and activation of inflammatory responses®21. Their extensive cellular processes
enable rapid immune surveillance and clearance of debris and infectious agents, taking an
estimated 2-5 h to survey the entire brain with limited physical migration?1:22, Microglial
activation states span a wide spectrum ranging from proinflammatory to tissue
protective23-25, During neurodevelopment, microglia tag and clear synapses for pruning,
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promote neuronal circuit wiring and produce cytokines and chemokines that guide neuronal
differentiation19.24.26,

The microbiota influences microglial maturation and function (Fig. 1a). Compared to
conventionally colonized controls, GF mice have increased numbers of immature microglia
across gray and white matter of the cortex, corpus callosum, hippocampus, olfactory bulb
and cerebellum?’. Microglia in GF mice show longer processes and more branching, with
elevated expression of colony stimulating factor 1 receptor (CSF1R), F4/80 and CD31,
factors that decrease in expression with development toward an adult-stage phenotype?’.
Similar increases in immature microglia are observed after antibiotic treatment of
conventional mice, though total microglia count remains unchanged?’. This suggests
differential effects of the microbiota on microglia, effects that depend on developmental
timing and/or duration of microbial colonization. Consistent with this, gene expression
differs between GF adult and newborn microglia when compared to their age-matched
conventionally colonized controls20. Furthermore, several genes exhibit decreased
expression in GF microglia, but more genes are downregulated in microglia from adult GF
mice than in those from newborns20. The finding that microglia from newborn GF mice
display altered gene expression profiles compared to those from newborn conventionally
colonized mice suggests that the maternal microbiota may contribute to early life
programming of microglial development.

Microglia from adult GF mice are also functionally impaired in response to challenge with
lipopolysaccharide or lymphocytic choriomeningitis virus, displaying altered morphology
and attenuated immune activation, including impaired induction of the proinflammatory
cytokines interleukin (IL)-1p, IL-6 and tumor necrosis factor-a. (TNF-a)2%27, These
functional deficits align with the finding that naive adult microglia from GF mice have
decreased expression of several genes relevant to interferon responses, innate responses to
stimulation, viral defense and effector processes2C.

While the precise mechanisms by which gut microbes influence brain microglia remain
unclear, there appears to be specificity of microglial modulation to particular bacterial taxa.
GF mice that were colonized with a minimal community of three bacterial species—
Bacteroides distasonis, Lactobacillus salivarius and ASF (altered Schaedler flora) 356, a
member of Clostridium cluster XIV—maintained abnormalities in microglia2’. This
suggests that microbial effects on microglia are not regulated by bacterial load in general,
but require greater diversity of the gut microbiota or are conferred by particular microbial
species and functions not represented by the minimal community tested.

Notably, GF-associated alterations in microglial morphology, abundance and gene
expression are normalized by postnatal supplementation with short chain fatty acids
(SCFAs), primary products of bacterial fermentation?”-28, suggesting that SCFA-producing
bacterial species may restore abnormalities in microglia seen in GF or antibiotic-treated
mice. However, ASF 356 is reported to produce the SCFAs propionate and acetate?®, despite
its failure to correct microglial abnormalities after colonization in the three-member
community. This suggests a need to examine levels of SCFAs achieved by microbial
colonization relative to dosages that were supplemented exogenously. Consistent with a role
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for SCFAs in mediating effects of gut microbes on brain microglia, conventionally colonized
mice harboring a deletion in G protein-coupled receptor 43 (GPR43), an SCFA receptor
encoded by free fatty acid receptor 2 (FFAR2), exhibit abnormalities in microglia that are
analogous to those seen in microbiota-depleted mice. As microglia do not express GPR43
directly??, whether the effects of the microbiota on microglia are mediated by direct
signaling of SCFAs is unclear. Indeed, SCFASs are involved in a broad array of functions that
influence gastrointestinal physiology, peripheral immunity, liver metabolism and blood-brain
barrier integrity, which could indirectly contribute to effects on microglia. Future studies
targeting specific bacterial taxa, particular SCFASs (acetate, propionate, butyrate) and
conditional microglia-specific knockout of FFARZ2are warranted.

Whether the microbiota affect microglial function during early postnatal development is not
known but could have important implications for brain development and behavior later in
life. During early postnatal life, microglia are integral for synaptic pruning, tagging synapses
for clearance with complement proteins on the basis of neural activity30. Early exposure of
conventional mice to antibiotics results in elevated cecal levels of SCFAs compared to those
in controls3!, raising the possibility that alterations in SCFAs could influence microglia
during early postnatal development. Several neurological disorders, including autism
spectrum disorder, Parkinson’s disease, multiple sclerosis, anxiety, depression, stroke and
amyotrophic lateral sclerosis, are all associated with both dysregulated microglia activity
and dysbiosis of the gut microbiota (Table 1). Whether microbial effects on microglial
maturation and function contribute to neurological symptoms are important questions for
future study.

Astrocytes are the most abundant glial cells in the brain and exhibit a diverse array of
functions, including the regulation of blood-brain barrier integrity, ion gradient balance,
neurotransmitter turnover, cerebral blood flow and nutrient transport32:33, Astrocytes
integrate information from adjacent glial, neuronal, vascular and immune cells to regulate
neural excitability34 and synapse formation35. Additionally, astrocytes are important for
brain metabolism; as the main site of glycogen storage in the brain, astrocytes provide
support when the brain is hypoglycemic33. Though they derive from neural progenitor cells
and are not typically considered to be part of the CNS-resident immune system?7, astrocytes
perform immune-related functions, expressing pattern recognition receptors for detection of
microbe-associated molecular patterns (MAMPSs) and modulating neuroinflammatory
responses through cytokine production and antigen presentation via MHC 1138,

The gut microbiota modulates astrocyte activity via microbial metabolites that activate
astrocyte aryl hydrocarbon receptors (AHR)37 (Fig. 1b). Type | interferon signaling in
astrocytes attenuates inflammation and symptoms of experimental autoimmune
encephalomyelitis (EAE), a mouse model of multiple sclerosis. This effect is mediated in
part by activation of AHRs. Gut microbes metabolize dietary tryptophan to produce natural
AHR ligands, including indole-3-aldehyde and indole-3-propionic acid38:39, Consistent with
this notion, depletion of the gut microbiota using the antibiotic ampicillin decreases levels of
the AHR agonist indoxyl-3-sulfate (13S) and worsens EAE disease scores’.

Nat Neurosci. Author manuscript; available in PMC 2020 January 14.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Fung et al.

Page 5

Supplementation of antibiotic-treated mice with the tryptophan metabolites 13S, indole-3-
proprionic acid and indole- 3-aldehyde or with bacterial tryptophanases, which convert
tryptophan to indole, improves EAE recovery. Similarly, peripheral administration of 13S or
indole-3-aldehyde, or consumption of an indole-supplemented diet, improves EAE disease
symptoms3”. In human astrocytes, 13S treatment reduces expression of proinflammatory
factors, including C-C motif chemokine ligand 2 (CCL2), tumor necrosis factor ( TAVF),
nitric oxide synthase 2 (MVOS2) and /L6 (ref. 37). While much remains to be explored with
regards to particular microbial taxa that regulate astrocyte function, the gut bacterium
Lactobacillus reuteriis of interest because it is known to produce indole-3-aldehyde from
dietary tryptophan37:38, Collectively, these findings suggest that microbial metabolites of
dietary tryptophan can modulate the inflammatory status of astrocytes, with important
consequences for neuroinflammation.

Innate and adaptive immune cells in the CNS

Aside from glial subsets, innate and adaptive immune cells, including perivascular
macrophages, CD4* T and CD8" T cells and mast cells, are also resident in the
CNS21.26.4041 \While effects of the microbiota on these brain-resident immune cells have
not been described, several studies revealed that the microbiota modulate peripheral myeloid
cells, T cells and mast cells*2, which share common hematopoietic progenitors with the
brain subsets. For example, the microbiota are a major regulator of hematopoiesis and
influence myeloid development in the embryonic yolk sac*3, where microglial progenitors
are believed to originate. Determining whether microbial effects on peripheral hematopoietic
progenitors result in alterations in brain meningeal and/or tissue-resident immune cells
would be important. Perivascular and choroid plexus macrophages would be of particular
interest given their close localization to the vasculature?! and potential exposure to
circulating factors that are regulated by the microbiota.

Peripheral immune cell responses and CNS interactions

CNS inflammation and injury

Intestinal bacteria are potent regulators of mucosal and systemic immune responses and
contribute to the development of inflammatory disorders in the CNS (Fig. 2). In EAE, GF or
antibiotic-treated mice exhibit reduced inflammation and disease scores compared to
conventional mice*445, suggesting a role for gut microbes in CNS inflammation. Studies
investigating the contributions of specific members of the microbiota have revealed complex
interactions between intestinal bacteria and CNS inflammation. Segmented filamentous
bacteria are epithelial-associated bacteria that promote the development of IL-17A-
producing T helper 17 (TH17) cells in the mouse small intestine*6:47. Colonization of GF
mice with these bacteria alone is sufficient to promote EAE compared to GF controls*4,
likely via induction of TH1748. Intestinal bacteria that promote immunoregulatory responses
have been associated with protection against EAE. The human gut bacterium Bacteroides
fragilis induces IL-10-producing regulatory T (Tyeg) cells in the mouse colon via capsular
expression of polysaccharide A (PSA)#9:50, While colonization of mice with wild-type B.
fragilis reduces EAE severity, colonization with PSA-deficient B. fragilis restores EAE
susceptibility#>21, Consistent with these findings, oral treatment of wild-type mice with
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PSA protects against CNS demyelination and inflammation through a Toll-like receptor
(TLR)-2-dependent pathway®2:53, Metabolites produced by the gut microbiota have also
been implicated in protection from EAE. Treatment of mice with SCFAs reduces EAE and
axonal damage through increased Tygg differentiation®. In myelin oligodendrocyte
glycoprotein (MOG)-specific T cell receptor (TCR) transgenic 2D2 mice, intestinal
microbes promote a subset of autoreactive intraepithelial lymphocytes. These MOG-specific
CD4" lymphocytes are immunosuppressive and can protect wild-type mice from EAE in a
lymphocyte activation gene (LAG)-3-dependent manner when adoptively transferred>®.
Altogether, gut bacteria influence the degree ofCNS inflammation through modulation of
pro- and anti-inflammatorymucosal and systemic immune responses. Despite these findings,
whether antigen-specific responses or bystander activation of immune cells by the
microbiota is involved in regulation of CNS inflammation requires further investigation.

Besides CNS inflammation, the microbiota also regulates the pathogenesis and resolution of
CNS injury. In a mouse model of middle cerebral artery occlusion (MCAQ)-induced
ischemic brain injury, mice treated with the antibiotics amoxicillin and clavulanic acid show
reduced infarct volume and improved sensorimotor function®6. Neuroprotection is associated
with reduced meningeal infiltration of small intestine IL-17* v& T cells, suggesting that
intestinal bacteria regulate lymphocyte trafficking to the brain and immune responses to
brain injury. In contrast, pretreatment with the antibiotics ciprofloxacin and metronidazole
reduces survival following MCAQO®’, suggesting that particular microbial species cause
differential effects on brain injury recovery. Consistent with a causal role for the microbiota
in brain injury, MCAO results in intestinal dysbiosis, and transfer of the MCAO microbiota
to GF animals leads to increased proinflammatory cytokine production in the intestine and
brain and increased infarct volumes®8:59, In addition, transfer of fecal microbiota from naive
animals to MCAO mice reduces brain lesions volumes in wild-type but not Ragz~/~
animals®®, suggesting a critical role for the adaptive immune system in protection from
stroke. Bacterial translocation and altered microbiota composition have been observed in a
mouse model of spinal cord injury®0. Mice pretreated with antibiotics demonstrate delayed
locomotor recovery, suggesting a protective role for intestinal microbes in this model.
Furthermore, administration of the probiotic cocktail VSL3 reduces lesion size and improves
locomotor recovery, which is associated with increased Tyeq cells in the mesenteric lymph
nodes. IL-4-producing CD4* T cells in the CNS restore neuronal tissue homeostasis in this
model®1, suggesting a neuroprotective role for type 2 T helper (T2) cells in CNS injury.
However, the signals that promote tissue-protective T2 cells in the CNS may be
independent of the intestinal microbiota and involve the release of damage-associated
molecules®2. Altogether, these findings suggest that modulation of the peripheral immune
system by the microbiota plays a critical role in the development of and recovery from CNS
injury.

The humoral immune system and CNS autoimmunity

In addition to T cell-mediated mechanisms of CNS inflammation, B cells play an important
role in the generation of CNS-reactive autoantibodies and the pathogenesis of
neuroinflammatory disorders3:64, Intestinal microbes influence the development of
behavioral disorders through modulation of humoral immune responses and antigen
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mimicry. Streptococcal infection is often associated with the generation of CNS-reactive
antibodies that lead to behavioral abnormalities collectively known as pediatric autoimmune
neuropsychiatric disorders associated with streptococcal infection (PANDAS). In the
PANDAS animal model, where mice are immunized with group A p-hemolytic streptococci,
mice develop behavioral abnormalities such as impaired motor coordination and repetitive
rearing behavior8°. Transfer of complete, but not IgG-depleted, sera from immunized mice is
sufficient to induce behavioral deficits, suggesting that bacterial-infection-induced
autoantibodies are critical to the development of PANDAS. Autoantibodies have also been
implicated in the development of eating disorders, and intestinal bacteria appear to be
involved in their generation. Antibodies produced in response to the heat shock protein ClpB
derived from the bacterium Escherichia coli cross-react with a-melanocyte-stimulating
hormone (a-MSH), a peptide critically involved in food intake®6. Oral administration of
wild-type but not ClpB-deficient £. coliresults in the generation of ClpB- and a-MSH-
reactive antibodies and decreased food intake. These findings suggest a role for intestinal-
bacteria-induced autoantibodies in behavioral disorders and provide the framework for
future studies.

Chronic inflammatory diseases

Chronic inflammatory diseases such as inflammatory bowel disease and chronic liver
disease are commonly associated with impaired brain function and associated sickness
behaviors®7:68. Administration of probiotics can improve these symptoms by modulating
peripheral immune pathways. In the bile duct ligation model of liver inflammation, mice
routinely develop social disabilities, which were ameliorated following ingestion of the
VSL3 probiotic cocktail®®. Although probiotic treatment did not alter gut microbiota
composition, it reduced the amount of circulating TNF-a and monocyte accumulation in the
brain. Despite these findings, whether probiotics improve brain function by modulating
peripheral immune responses requires further study.

Neurogenesis

Intestinal bacteria have been demonstrated to regulate fetal and adult neurogenesis. Bacterial
cell wall components cross the maternal—fetal interface and activate TLR2, which leads to
fetal cortical neuroproliferation and impaired cognitive function during adulthood”?. These
data suggest that the maternal microbiota could influence offspring neurogenesis and
subsequent behavioral changes. Studies assessing hippocampal neurogenesis in adult GF
mice reveal increased proliferation relative to conventional mice’l. However, colonization of
GF mice after weaning does not reduce neuronal cell proliferation to conventional levels,
suggesting a critical period in which intestinal bacteria regulate hippocampal neurogenesis.
In contrast, antibiotic treatment decreases hippocampal neurogenesis and spatial and object
recognition, which can be restored by exercise and probiotic VSL3 treatment’2. Both
exercise and probiotics are associated with CNS monocyte expansion. Depletion of
monocytes reduces neurogenesis while adoptive transfer of monocytes to antibiotic-treated
mice increases neurogenesis, identifying circulating monocytes as a cellular mediator of
microbiota—gut-brain communication. More studies are necessary to precisely define
mechanisms of microbial-immune interactions in the context of neurodevelopment.
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Associations with endophenotypes of neurological diseases

Social communication and autism spectrum disorder

The gut microbiota influence the development of features related to behavioral disorders
such as anxiety, depression and autism, and recent studies have begun to elucidate the
cellular and molecular pathways involved#®. In the maternal immune activation (MIA)
animal model of autism spectrum disorder (ASD), in which administration of the TLR3
agonist poly(l:C) in pregnant dams results in offspring with behavioral phenotypes similar to
those observed in autism, MIA offspring exhibit increased intestinal permeability and
alterations in the composition of the gut microbiota’3. Oral administration of the human gut
bacterium B. fragilisto MIA offspring during weaning ameliorates microbiota dysbiosis and
significantly restores behavioral abnormalities during the open field exploration, prepulse
inhibition, marble-burying and ultrasonic vocalization tests. However, PSA-deficient B.
fragilis and some other Bacteroides members are also able to protect MIA offspring,
suggesting that alterations of these behaviors is not due to PSA-specific modulation of
mucosal and systemic immune responses. Instead, it was proposed that B. fragilis treatment
alters the composition of serum metabolites and reduces the anxiety-associated molecule 4-
ethylphenylsulfate. Further support for a link between intestinal dysbiosis and these
symptoms is provided by the finding that a maternal high fat diet (MHFD) results in changes
to offspring microbiota and abnormal social behavior’4. Transfer of the control but not
MHFD diet microbiota from offspring to GF mice improves their social impairments,
suggesting a causal relationship between intestinal dysbiosis and these behavioral readouts.
It was proposed that behavioral abnormalities in MHFD offspring are due to reduced
expression of the neuropeptide oxytocin in the hypothalamus and reduced activity of the
dopaminergic reward system. Collectively, these data suggest that the gut microbiota affect
symptoms relevant to neurodevelopmental disorders through modulation of the host
metabolome and neuropeptide production.

The host immune system, which is dynamically regulated by the gut microbiota, is also
critical in the development of behavioral phenotypes in MIA offspring. MIA leads to
elevated systemic levels of the proinflammatory cytokines IL-6 and I1L-17A7.76, Consistent
with a role for immune dysregulation in the development of behavioral abnormalities in
MIA offspring, irradiation of the MIA offspring followed by bone marrow reconstitution
from non-MIA mice reduces repetitive and anxiety-like behavior’®. Administration of IL-6
in offspring is sufficient to trigger prepulse and latent inhibition deficiencies, and blockade
of IL-6 but not interferon-y, IL-1a or TNF-a in pregnant dams reduces behavioral deficits
induced by MIA””. More recently, IL-17A was implicated as a critical inflammatory
mediator in MIA. MIA offspring from mice lacking T cell-derived IL-17A are protected
from developing impairments in the ultrasonic vocalization, sociability and marble-burying
assays’®. Furthermore, intraventricular IL-17A administration in fetuses is sufficient to elicit
abnormalities in these behavioral tests. Given the function of IL-6 in promoting
differentiation of Ty17 cells, these data suggest that IL-6 and IL-17A act in concert to
promote MIA-induced behavioral abnormalities. Since IL-17A and TH17 cells are regulated
by the gut microbiota, these findings also raise the possibility that MIA-induced immune
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dysregulation is linked to intestinal dysbiosis. Further studies are required to address the
contribution of intestinal bacteria in immune dysregulation and disease outcome in ASD.

Stress, anxiety and depression

Major depressive disorder (MDD) is a mood disorder generally diagnosed when patients
experience a depressed mood or a loss of interest or pleasure in daily activities for more than
2 weeks. The precise etiology of depression is not well understood but involves stress-
induced changes in neural circuitry and neuroendocrine pathways’8, activation of the
immune system’®, and interactions between the host and microbiota®. Mice lacking a normal
gut flora display reduced basal and stress-induced behavioral impairments associated with
anxiety and depression, and these phenotypes are restored following intestinal
colonization®. In response to dextran sodium sulfate (DSS)-induced intestinal

inflammation, mice exhibit increased latency to step down from an elevated platform, a
behavioral test measuring anxiety, which is ameliorated by probiotic administration of
Bifidobacterium longun®l. Similarly, in the maternal separation model of depression, rats
display increased immobility during the forced swim test and elevated proinflammatory
cytokines, which are restored to normal levels following treatment with the probiotic
Bifidobacterium infantis®2. Intestinal colonization with particular Lactobacillus strains
produces antidepressive effects during steady state or in response to stress83:84. One study
showed that maternal-separation-induced behavioral impairments in the stepdown, light-
preference and tail suspension tests require the presence of a complete gut microbiota, which
suggests a causal relationship between intestinal bacteria and depression-related
endophenotypes8®. Furthermore, humans with MDD harbor a microbiota distinct from that
of healthy controls, and fecal transfer of the MDD microbiota to GF mice enhances
immobility time during the forced swim and tail suspension tests and reduces center distance
traveled in the open field exploration test®. These findings are consistent with those of a
separate study, which demonstrated reduced microbiota diversity in patients with MDD
relative to healthy controls8”. Antibiotic-treated rats receiving fecal transplants from humans
with MDD exhibit behavioral impairments in the sucrose preference, elevated plus maze and
open field exploration tests8”. These results collectively support the hypothesis that intestinal
bacteria influence responses to physical and psychological stress. While the cellular and
molecular pathways that mediate microbiota—gut—brain interactions in stress-associated
disorders appear to involve modulation of the immune system82:88, host metabolism86 and/or
vagal nerve stimulation81:84, detailed mechanisms are unclear. Given the immunomodulatory
properties of intestinal bacteria and probiotics82:88, it is likely that alterations in immune
homeostasis due to host—-microbiota interactions can lead to changes in brain function
through the hypothalamic—pituitary—adrenal (HPA) axis, a neuroendocrine, stress-sensing
system that could be activated by proinflammatory cytokines®®. Future studies using
immunodeficient animals will be necessary to define the precise functions of the immune
system in gut-brain communication in models of stress, anxiety and depression.

Neurodegeneration and aging

Alzheimer’s disease (AD) and Parkinson’s disease (PD) are neurodegenerative disorders
with complex etiologies including age, genetic and environmental components. In AD,
deposition of protein aggregates composed of amyloid-p peptide and tau in CNS tissues
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impairs cognitive function. However, the host-intrinsic and extrinsic factors that regulate
these processes are unclear. Accumulating evidence suggests that pathogenic microbes may
contribute to neurodegeneration. Bacterial®%:91, viral9293, fungal®* and parasitic? infections
targeting the CNS are associated with increased risk of AD. These infections likely promote
chronic inflammatory responses in the CNS of susceptible individuals that could contribute
to hallmarks of neurodegeneration such as synaptic degeneration and amyloidosis®.
Bacterial infection induces amyloid-p peptide oligomerization, which has both antimicrobial
and pathologic properties, proposing the idea that infection-induced amyloidosis may drive
ADY. Aside from externally acquired microbes, one report demonstrated that mice
representing a model of AD (APPPS1-Tg mice) derived under GF conditions exhibit
reduced cerebral and serum amyloid-p levels?8. These results are consistent with reduced
plaque deposition in male APPs\we/PS1agg mice, which also model AD, treated with broad-
spectrum antibiotics®®. In support of a role for intestinal microbes in promoting Alzheimer’s
disease, members of the host microbiota can regulate amyloidosis by producing their own
amyloid peptides1. Additionally, manipulating the gut microbiota by antibiotic treatment
or probiotic treatment alters learning and memory101.102 Despite these data, the role of
microbiota-immune directed pathways in the development of AD requires further
interrogation.

PD is a neurodegenerative motor disorder that is frequently associated with impaired gastric
motility03 and elevated levels of a-synuclein in the intestinel®4 raising the possibility that
the intestinal environment regulates the development of disease symptoms. One study
revealed that the fecal microbiota of patients with PD had reduced abundance of
Prevotellaceae compared to healthy controls while a subset of patients with severe postural
instability and gait difficulty had elevated Enterobacteriaceael%, suggesting that these
bacteria regulate motor function. Similar findings were reported in a separate study
evaluating the gut microbiota in PD1%8, Patients also exhibit increased intestinal
permeability and colonic inflammation197.198_ Consistent with a potential role for microbes
in promoting amyloidosis, the bacterial amyloid protein curli enhances a-synuclein
aggregation in rats and worms199. Altogether, these data warrant further studies exploring
the contributions of the gut microbiota—immune axis to the development of PD.

Neuroimmune pathways for microbial communication with the CNS

Bacteria-derived and host-derived products

Alterations in intestinal bacteria composition and signaling events in the gut can influence
brain function and behavior through several mechanisms (Fig. 3). Activation of innate
immune responses following exposure to microbial factors requires the recognition of
MAMPs via pattern recognition receptors. The most well characterized family of pattern
recognition receptors is TLRs, which are expressed not only on innate immune cells but also
CNS-resident cell populations, including neurons and glial cells!19. Since TLR ligands
derived from the intestinal microbiota can be found systemically during chronic
inflammatory disorders1!, these products may be able to directly trigger innate immune
pathways to affect CNS function. Although systemic lipopolysaccharide administration
drives CNS inflammation by activating TLR4-expressing brain-resident cells112:113
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experimental support for microbiota-derived MAMPs that trigger CNS inflammation is
limited. However, one study demonstrated that peptidoglycan (PGN)-sensing molecules are
highly expressed in the developing striatum and are reduced in expression in GF and
antibiotic-treated neonates14. Mice deficient in PGN recognition protein 2 display increased
sociability in the three-chamber social approach test, suggesting a role for PGN recognition
in the CNS in social behavior.

Intestinal bacterial colonization modulates the host metabolome, which influences CNS
function2”:37, Circulating metabolites can enter the CNS and directly affect neuroactivity3’.
Conversely, particular metabolites can regulate the function of peripheral immune cells3115,
which then can influence brain function, potentially through the recently described brain
lymphatic network8. How immune cells coordinate gut-brain communication and whether
microbe-derived metabolites can directly modulate CNS function are areas of intense
investigation.

Neurotransmitters are of particular interest in light of studies demonstrating that the gut
microbiota can modulate its production17:118 and that particular gut microbes can
synthesize neurotransmitters de novot1®. The majority of the host’s serotonin is derived
from the gastrointestinal tract'20, suggesting a role for the intestinal environment in
modulating its synthesis. Consistent with this idea, GF mice have reduced levels of serum
and colon serotonin compared to conventional controls3®. Spore-forming bacteria in
particular activate intestinal enterochromaffin cells to produce serotonin1€, Furthermore,
metabolites upregulated by spore-forming bacteria colonization as well as SCFAs can
directly promote the production of serotonin and expression of the serotonin biosynthetic
enzyme Tphlin enterochromaffin cells117118 Microbiota-dependent regulation of
neurotransmitter pathways has also been observed for GABA®4, norepinephrinel?!,
dopaminel2! and tryptamine!22. Immune cells of both myeloid and lymphoid lineages
express a wide range of neurotransmitter receptors and can respond to neurotransmitter
stimulation by altering their inflammatory functions2. While these studies have direct
implications for neurogastrointestinal health, future studies should also investigate the role
of these microbe-mediated pathways in brain development, function and behavior.

Neuronal signaling

In addition to modulating intestinal production of neurochemicals, gut microbes can
communicate with the CNS via stimulation of the vagus nerve, a bundle of parasympathetic
motor and sensory fibers that conveys information from peripheral organs such as the
gastrointestinal tract to the CNS. Treatment of wild-type mice with the bacterium
Lactobacillus rhamnosus increases center exploration in the open field test and decreases
immobility time in the forced swim test, and this effect is abolished following vagotomy®4.
Increased latency in the step-down test of anxiety induced by DSS colitis also depends on
the vagus nerve8l, Further, treatment with B. Jongum during DSS colitis does not ameliorate
impairments in the step-down test in vagotomized mice, identifying a critical role for
afferent vagal stimulation in bacteria-mediated changes in behavior. Conversely, the CNS
transmits signals to the intestine through the efferent fibers of the vagal nerve. These
neurons control intestinal motility, release of neurochemicals and the intestinal immune
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environment. Specifically, vagal nerve stimulation has been suggested to attenuate
inflammatory responses through the neurotransmitter acetylcholinel23, raising the possibility
that the immunomodulatory properties of probiotic strains such as Lactobacillus and
Bifidobacterium may depend on the vagus nerve. However, protection from DSS colitis
conferred by L. rhamnosus and B. infantis was observed in both control and vagotomized
micel?4, suggesting that gut-brain communication via this pathway may be specific to
certain bacterial strains and the inflammatory context. In addition to parasympathetic
regulation, the sympathetic branch of the autonomic nervous system is also involved in
intestinal homeostasis and modulates the intestinal immune environment®?, Despite these
findings, how intestinal microbes, sensory neurons and immune regulation are linked
requires further study.

Neuroendocrine pathways

Biochemical changes in the brain can also lead to changes in intestinal physiology. One of
the main pathways by which this occurs is the HPA axis. In response to physical or
psychological stress, hormones released from the hypothalamus, pituitary and adrenal glands
collectively influence multiple organ systems to allow the host to adapt to the environment.
For example, activation of the stress response through the HPA axis can lead to changes in
intestinal permeability125-128 motility129130 and mucus production31:132, These events
contribute to alterations in microbiota composition as demonstrated in mouse models of
early-life and chronic stress8:133, Consistent with these findings, activation of the HPA axis
affects immune cell responses. Glucocorticoids released by the HPA axis have profound
anti-inflammatory influences on innate and adaptive immune cells but can also stimulate
proinflammatory responses under certain conditions89:134, Stress-induced behavioral
abnormalities may occur in a microbiota-dependent manner. Although maternal separation
results in elevated serum corticosterone levels and increased acetylcholine release by the
colon in both GF and conventional mice, it triggers behavioral alterations only in
conventional mice®®. Altogether, these findings support the idea that microbiota—gut-brain
communication not only involves microbial modulation of brain function but also the
reverse: CNS-induced biochemical changes result in altered intestinal biology, bacterial
composition and immune function.

Concluding remarks

Accumulating evidence indicates that brain-resident and peripheral immune cells are
critically involved in orchestrating microbiota—gut-brain communication. The gut
microbiota regulate the developmentand function of microglia and astrocytes, which mediate
neurophysiological processes including neural development, neurotransmission, CNS
immune activation and blood-brain barrier integrity. The microbiota also modulate
peripheral immune responses, with important consequences for brain inflammation, injury
and behavior. Microbial influences on innate and adaptive immune activation in the
intestine, fetal-maternal interface and systemic circulation are associated with symptoms of
various neuroinflammatory, neurodegenerative and psychiatric disorders. Collectively, these
findings establish the CNS and peripheral immune systems as important cellular mediators
of communication across the microbiota—gut—brain axis. However, molecular mechanisms
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for how host—microbe interactions in the intestine remotely alter brain physiology remain
largely unclear. Future investigations are necessary to define specific microbe-derived
factors, immune effector functions and microbiota—immune pathways for modulating brain
function and behavior. These studies will reveal fundamental biological insights for brain

he

alth, with the potential to inform the development of new microbial and immune-based

therapeutic strategies for the treatment of neurological diseases.
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Effects of the microbiota on microglia and astrocyte biology. (a) Microglial maturation and
function are affected by the presence or absence of a complex microbiota. Compared to
conventionally colonized (specific pathogen—free, SPF) controls, mice reared in the absence

of microbial colonization (germ free, GF) have microglia with abnormal morphology, altered

gene expression and impaired functional response to stimulation. Similar microglial
abnormalities are seen in microbiota-depleted mice, produced by antibiotic treatment of SPF
mice (ABX) or colonization of GF mice with three bacterial taxa from a limited altered
Schaedler flora (ASF) consortium (B. distasonis, L. salivarius, and Clostridium cluster XIV).
Microglial abnormalities in GF mice are corrected by supplementation with short-chain fatty
acids (SCFAs), products of bacterial fermentation. (b) Microbial metabolites bind to the aryl
hydrocarbon receptor (AHR) in astrocytes, reducing symptoms of EAE. Type | interferon
signaling in astrocytes diminishes inflammation and decreases EAE clinical scores, and this
effect is reversed by antibiotic treatment. Particular tryptophan metabolites produced by the
microbiota stimulate AHR and reduce EAE clinical scores. This suggests that the microbiota
have a direct effect on AHR signaling and inflammation in astrocytes, which may have
relevance to multiple sclerosis, where patients show decreased tryptophan-derived
metabolites in sera. TNase, tryptophanase; IPA, indole-3-propionic acid; 1Ald, indole-3-
aldehyde; I13S, indoxyl-3-sulfate.
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Effects of the microbiota on peripheral immune cells and CNS function. Intestinal microbes

in the gastrointestinal tract regulate peripheral immune responses, CNS function and

behavior. Intestinal colonization by specific members of the microbiota is associated with
activation of pro- or anti-inflammatory CD4* T cell responses that regulate susceptibility to
EAE. The material immune activation (MIA) model of ASD leads to microbial dysbiosis
that is associated with elevated T17 cell responses, which are sufficient to trigger social
and behavioral defects. Mouse models of CNS injury (stroke, spinal cord injury) also appear
to be regulated by microbiota—immune interactions. Oral administration of probiotics can
elicit a population of Ly6C* monocytes that increase hippocampal neurogenesis and enhance
memory responses. Probiotics such as Bifidobacterium and Lactobacillus have potent anti-

inflammatory properties that reduce behaviors associated with anxiety and depression.

Furthermore, microbial infections can trigger antibody-dependent CNS autoimmunity and
promote neurodegeneration. Collectively, regulation of peripheral immune responses is a
critical pathway by which the intestinal microbiota and exogenous microbial challenges

influence CNS function and behavior. ABX, antibiotic treatment of SPF mice; IELs,
intraepithelial lymphocytes; LAG-3, lymphocyte activation gene-3.
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Crosstalk between the microbiota, immune system and CNS. Interactions between the
intestinal microbiota, peripheral immune system and CNS are essential for the maintenance
of host health. Recognition of microbial derived products such as microbe-associated

molecular patterns (MAMPS) and metabolic by-products of microbes (short chain fatty
acids, SCFAs) activates distinct immune pathways throughout the host. The microbiota and
immune system can independently or cooperatively regulate neurophysiology. Therefore, a
prevailing theme in studies aimed at understanding the microbiota—gut—brain axis involves
the role of intestinal microbes in modulating CNS function through CNS-resident and

peripheral immune pathways. Biochemical changes in the CNS can also lead to altered
microbial composition and immune cell responses through the HPA axis. Altogether, these

findings suggest that the microbiota, immune system and CNS communicate bidirectionally.
Future studies investigating the functional outcomes of these bidirectional interactions will

inform the development of new therapeutic strategies for the treatment of neurological
disorders. IFNy, interferon gamma; LPS, lipopolysaccharide; NLR, Nod-like receptor;
PGN, peptidoglycan; TLR, Toll-like receptor.

Nat Neurosci. Author manuscript; available in PMC 2020 January 14.

Debbie Maizels/Springer Nature



Page 24

Fung et al.

(2’ AK1aIXUe Pasealdap SnILaN[aY Snjj19eqooeT pue wnbuof *g J0 Uonelisiulupe 91101gold Japiosip AlIxuy
swoydwAs an1ssaldap Yim pare|aliod AjaAnebau winiiejoeqifesse-
9B328|[3UO|13/\ PUB 883IBII0I0UIWINY ‘8B3JE|[9J0N3Id ‘Seadelidsouyde] ‘aeadeydliojadisAlg ‘aeadeploisioeg :pasealdaq
SyT 9ea08|[aUdY 1Y ‘BeadeprUOWOoIAYdIOd ‘aBadR1Ia)0Bq0SN ‘9BaIRII0I0UIWEBPIDY ‘SIaISl/Y ‘9eadelialorqoIaiul pasealou]
98308|[2J91INS ‘9B8IR||AUO| |19/ ‘9830RI0J0UILIEPIDY ‘Seadelidsouyde] ‘aeade|[auayly ‘aeadeploialoeg pasealdad
aeadeya1ojadisAig ‘aeadeadodoujwny
98 ‘eadelidsouyoe] ‘aeadelIaloRgng ‘safelpLlsol) ‘9eaded00901dails ‘9eade||19egoIdR T ‘aeaulIa}orqo1I0)) ‘9BaUIdAWOUNY (pasealau]
lapiosip SUOIIPUOd
a Snj[198qo1oB T ‘WniI}BqoplIg pasealdsd anissaidap Jofely alreIydAsdoinaN
BJJ3UOIIIN ‘BI[II0NAd ‘SNII0I0IAAHS ‘SNII0IOIAYAEIS “WiNLIBqauAIoD ‘Snjf19eqojop] pasealdap (Jappe|q diyredoinau yum [0S
oan SN22020483UTF ‘BIYILISYIST “Bl1aISqa)y PaseaIdul 1appe|q dlyredonau yim [0S
seuowebayy ‘oLIGINAINGOPNasd ‘B1iNgasoy Pasealdap :aWOIPUAS [9MOg UOIN3U JOJOW JAMO] YHM |DS
(195)
T seuowebapy 191S1eld ‘OLIQINIAINGOPNaS Pasealdap :aWO0IPUAS [aMOg Uoinau Jojow Jaddn yum [0S Ainlul p1o9d Jeurds Ainlug
12 UOI193JUI [BJIA PUE [B1ISJOBQ UM UOIIRIJ0SSY  9SEasIp S,JawIayz|y
Sjuswudredwi JOJOW Y)IM 81e]81109 aeadelIaloegolaiug
S0T 9L30R|[810A31d :pasealdsd
9L908|[810A81d ‘WiNLIgIoBqI[RIgR pasealdad
slapiosip
ovT BLI)ORY0310.d ‘BLINGISOY ‘SNI20204d00 ‘EliNElq ‘pasesldu]  aseasip S,uosupjied anfesauabapoinaN
Winlig1oeqIfe9e ‘9eadeplolaloeg :pasesidad
6T SN22020UILWINY PASeaIdU]
wingoEqlBIdk4 ‘salaplolaloeg ‘Al pue BA|X SJI91SN|d BIPLISO|D :pasealdad
8eT gl1oy1196637 ‘sn220201da.)S pasealou]
BJJ810/31d ‘BIZINAI2ISIPY ‘SaPI0INIBGeIES ‘Pasesldn
1T Baloq ‘elinglq ‘snjiydowsasH ‘eueldoafyy ‘Seuowiopnasy (pasesiou]
9830809090UILINY ‘Beadelidsouyde] :pasealdsq
9eT 98329U01gIA0}INSB( :Pasealau]
seuowaLAing :pasealdad
GeT BISUBLLIBYYY 18108qIN3IQOURYISH -Pasealou] s1S049]9s a|di NN 9SeasIp suNWIWIoINY
sy sabueyod v101qo JoIW paTRINoSSY uollpuo) adA1 ABojoyred

siapJosip aueIydAsd pue [eaibojoinau Ui v101godiw Inb ayl ul suonelsyje payodey

T alqeL

Author Manuscript Author Manuscript

Author Manuscript

Author Manuscript

Nat Neurosci. Author manuscript; available in PMC 2020 January 14.



Page 25

Fung et al.

GST 11 pU® | SI9ISN|D WNIpPLISO[D :pasealou]
winiaorqopIg ‘WnLIg}oBqoulioy pasesldng
121 winiigorqoaloid ‘sajaploislors pasealou|
SN22020481UF “WNLISIEGOPIISG -Pasealdad
€GT Snj19eqojoeT pasesidu]
25T B3IBII0IOUILUNY ‘983IBIIASOUYIET ‘Bl341INS ‘PasesIdu]
LIIBJ[SUOI[IGN ‘SNI2020400D ‘BJ|310N31d ‘pasesIdnd
16T Snj19eqojoeT pasesidu]
BLIBYORAOPIIG 'S129090/AYdEIS ‘SNI2090}98] ‘SN29090}03.1S “SNf}198q0I9ET ‘SNI2020433UF “Pasealdd
0ST 9L30BLIBIIRY0IBIUT ‘SBUOWOIBY ‘SBUOLIOPNISH ‘Bl|810N31d ‘SBLOWIOIAYAIO ‘SapI0Ia)oBs ‘WNIpLSOlD ‘pasesldu]
67T gJ[a19)INS :pasealou|
0114 ‘SaINIILLLI/SIPI0IF}IBg Pasealdad
8T T JRISN|D ‘WNIPLIISOID ‘OLIQINOJINSAQ ‘Snjj198q03oeT ‘pasealou] wsnny
AIIXUe PaSeaIdap SHIE] WINLISJorqoPHIS PUR SHjIydowLIay] Sna20201dals ‘wnbuof
YT G ‘9NaIq wnliajoeqoplylg ‘Snaliebing snjjioeqoior ‘Ssnsoutell g ‘Snjiydopioe snjj1oeqooe ‘1ases snjj1oeqooeT 0 Uoleasiuiwpe d1301qold
sy sabueyd ©101qo 01w paTRINoSSY uollpuod adA1 ABojoyred

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Nat Neurosci. Author manuscript; available in PMC 2020 January 14.



	Abstract
	Development and function of brain resident immune cells
	Microglia
	Astrocytes
	Innate and adaptive immune cells in the CNS

	Peripheral immune cell responses and CNS interactions
	CNS inflammation and injury
	The humoral immune system and CNS autoimmunity
	Chronic inflammatory diseases
	Neurogenesis

	Associations with endophenotypes of neurological diseases
	Social communication and autism spectrum disorder
	Stress, anxiety and depression
	Neurodegeneration and aging

	Neuroimmune pathways for microbial communication with the CNS
	Bacteria-derived and host-derived products
	Neuronal signaling
	Neuroendocrine pathways

	Concluding remarks
	References
	Figure 1
	Figure 2
	Figure 3
	Table 1

