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The importance of the gut microbiome in central nervous system (CNS) diseases has

long been recognized; however, research into this connection is limited, in part, owing

to a lack of convincing mechanisms because the brain is a distant target of the gut.

Previous studies on the brain revealed that most of the CNS diseases affected by

the gut microbiome are closely associated with microglial dysfunction. Microglia, the

major CNS-resident macrophages, are crucial for the immune response of the CNS

against infection and injury, as well as for brain development and function. However,

the current understanding of the mechanisms controlling the maturation and function of

microglia is obscure, especially regarding the extrinsic factors affecting microglial function

during the developmental process. The gut microflora has been shown to significantly

influence microglia from before birth until adulthood, and the metabolites generated

by the microbiota regulate the inflammation response mediated by microglia in the

CNS; this inspired our hypothesis that microglia act as a critical mediator between the

gut microbiome and CNS diseases. Herein, we highlight and discuss current findings

that show the influence of host microbiome, as a crucial extrinsic factor, on microglia

within the CNS. In addition, we summarize the CNS diseases associated with both the

host microbiome and microglia and explore the potential pathways by which the gut

bacteria influence the pathogenesis of CNS diseases. Our work is thus a comprehensive

theoretical foundation for studies on the gut-microglia connection in the development

of CNS diseases; and provides great potential for researchers to target pathways

associated with the gut-microglia connection and overcome CNS diseases.
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BACKGROUND

Microglia—the major brain-resident macrophages—are
involved in a myriad of processes as the first line of defense
against injury and infections, including brain development, brain
function, and immune response, in the central nervous system
(CNS) (1). Consistent with these diverse roles, microglial
dysfunction has been shown to be involved in the initiation or
progression of multiple CNS diseases, including Alzheimer’s
disease (AD), Parkinson’s disease (PD), and even autism
spectrum disorder (ASD) and depression (2–7). Despite their
critical role, their regulatory dynamics during brain development
are poorly understood. Several intrinsic factors, such as the
fractalkine receptor CX3C chemokine receptor (CX3CR1),
MAF BZIP transcription factor B (MafB), and molecules of the
complement system, have been found to control the function
of microglia (1, 5, 8, 9). However, our understanding of the
mechanisms that regulate the maturation and function of
microglia in vivo is limited, especially those involving extrinsic
signals, such as those from the gut microbiome. Indeed, the
mammalianmicrobiome is a signal that integrates environmental
cues.

The gut microbiome has been showed to be a crucial signal
for multiple biological processes, especially in maintaining the
function of CNS, including brain circuitry, neurophysiology,
and behavior (10–12). Indeed, the gut-brain axis is a crucial
connection associated with multiple CNS diseases (11, 13, 14).
The most comprehensive and typical example of this is the
generation of host serotonin. In detail, the gut microbiota has
been suggested to regulate the biosynthesis of host serotonin,
affecting multiple aspects of host behavior in mice and humans
(15–17). Furthermore, the gut microbiota has been shown to
regulate the permeability of the blood-brain barrier (BBB) (18,
19). Moreover, a recent study has identified a lifelong close
correlation between the brain metabolome and the intestinal
microbiome in rats (20). Nevertheless, the detailed mechanisms
linking the host microbiome and specific CNS diseases are
poorly understood. Gut dysbiosis was identified as a crucial
factor in animal models of AD and ASD (11, 13); furthermore,
germ-free (GF) mice exhibited an excessive stress response (10,
21). These results suggested that several factors significant for
CNS dysfunction may be controlled or generated by the gut
microbiome. Indeed, in addition to acting as the regulators
of peripheral immune function, studies have revealed that the
microbiome controls the maturation and immune response of
microglia (1, 12, 22, 23). Given that microglia are crucial for CNS
immune response, the prior notion that the brain is “immune-
privileged” is losing traction (24).

Notably, most microbiome-associated CNS diseases are
closely related to the dysfunction of microglia, including AD,
PD, MS, depression, and ASD (11, 23), suggesting that microglia
may be a potential mediator that link the host microbiome
with CNS diseases; however, confirming this hypothesis requires
further studies to be conducted. Depression is a microglia-
associated disorder because microglial dysfunction is often
observed in the brains of patients suffering from depression
(25). In addition, the gut microbiome has been suggested

to be associated with depression in rodent models (26–29).
Moreover, several specific metabolites, generated by the gut
microbiome, control the inflammatory response of astrocytes
in the experimental autoimmune encephalomyelitis (EAE)
mouse model of multiple sclerosis (MS) by activating microglia
(23). Collectively, microglia may be crucial mediators in the
interaction between CNS diseases and the gut microbiota.

However, the detailed mechanisms controlling the maturation
of microglia in vitro and in vivo remain uncertain; in particular,
the mechanisms through which the microbiome affects microglia
are only partially understood. Therefore, a comprehensive
investigation of the regulation of signaling between microglia
and the microbiome may uncover information with tremendous
clinical implications for the treatment of several CNS diseases. In
this review, we highlight and discuss the recent findings, showing
how the host microbiome acts as a crucial environmental factor
to control the function and maturation of microglia from before
birth until adulthood. In addition, we describe several CNS
diseases associated with both the microbiome and microglia in
animal (mainly focused on mice) and humans. Our work, thus,
provides a comprehensive theoretical foundation for the role of
the gut microbiome in the function of microglia; this will provide
a more comprehensive understanding of the role of gut flora, as
extrinsic signals, in regulating CNS diseases via modulating the
maturation and responses of microglia within the CNS.

MICROGLIA STRONGLY AFFECT CNS
ARCHITECTURE AND FUNCTION

Microglia are major players in maintaining the health of the
CNS, controlling embryonic wiring, and regulating cell death
and survival (5, 30–33). During prenatal development, microglia
are the first glial cells to migrate to the CNS, where they
participate in the formation of CNS architecture, including
neurogenesis, synapse shaping, and excitotoxicity prevention (4),
as summarized in Table 1.

Macrophages reprogram their functions in response to
pathogens, tissue damage, and lymphocyte interactions through
polarization (49). As the major brain-resident macrophages,
microglia also have the capacity to be polarized to M1-
like or M2-like monocytes (4). Notably, phagocytic M2
phenotype microglia are sub-classified into M2a, M2b or M2c
in the absence of inflammation (50) and induce a Th2-like
response, M1 and M2 represent a spectrum of activation
patterns and not separate cell subtypes. In general, M1-
polarized microglia exert cytotoxic effects on specific cells in
vitro, such as neurons and oligodendrocytes, whereas M2-
polarized cells promote neurite outgrowth, exhibit phagocytic
capacity (51–53), and support CNS remyelination by driving
oligodendrocyte differentiation (54). However, overlapping
phenotypes that co-expressed M1 and M2 markers were
identified in most human inflammatory and neurodegenerative
diseases; therefore, there is limited evidence on microglia
polarization in these diseases (55, 56). Nevertheless, substantial
evidence has demonstrated that microglia play multiple roles
in homeostatic and pathological conditions of the CNS, similar
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TABLE 1 | Major functions of microglia in maintaining health in the CNS.

Function Microglia related process Mediators References

Neurogenesis Guiding neurons and axons during the formation of

neural circuits in prenatal development

- (34)

Integral components in neurogenic niches CXCL12; CXCR4; ATP (35, 36)

Elimination of apoptotic neural stem cells and

excess newborn progenitor cells

TAM; Gas6; Protein S (37, 38)

Age-associated reduction in neural stem cell

proliferation

Proinflammatory cytokines secreted by

microglia

(39)

Shaping Synapses Synaptic pruning or connectivity C1q; C3; CR3 (Microglia); CX3CR1

(Microglia); CX3CL1

(40, 41)

(42, 43)

Synaptic plasticity Proinflammatory cytokines; ROS; NO;

Neurotrophic factors; BDNF; IL-1β

(44, 45)

Synaptic transmission Glutamate; NADPH oxidase; NADPH

receptor; PP2A; AMPA receptor;

(46)

Synapse activity during neuropathic pain

transmission

ATP; BDNF; Trk; KCC2 (Cation-chloride

cotransporter KCC2)

(47)

Excitotoxicity prevention Protection against NMDA-induced toxicity ATP; P2X7; TNF-α (48)

CXCL12, C-X-C motif chemokine 12; CXCR4, C-X-C chemokine receptor type 4; TAM, Tyro3, Axl, and Mertk receptors; Gas6, Growth arrest–specific 6; C1q, Complement component

1q; C3, Complement component 3; CR3, Complement receptor 3; CX3CR1, CX3C chemokine receptor 1; CX3CL1, C-X3-C motif chemokine ligand 1; PP2A, Protein phosphatase 2A;

AMPA,α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; BDNF, Brain-derived neurotrophic factor; Trk, Neurotrophic receptor tyrosine kinase; P2X7, P2X purinoceptor 7; TNF-α,

Tumor necrosis factor alpha.

to other tissue-resident macrophages (4). Besides, microglia are
the first line of defense against extrinsic microbial infection
and injury in the nervous system (22, 57). To perform this
role, microglia continuously probe the peripheral environment
using a series of receptors and signaling molecules collectively
known as sensome genes, which are primarily expressed
by the so-called “resting” microglia with high motility (58,
59). Once injury signals are sensed, resting microglia are
activated and quickly move toward the indicated sites (60,
61). The phenotypes of these reactive microglia are different,
depending on the specific signal and action of the modulators
that activated the microglia (62). For instance, when the
CNS was infected with the herpes simplex virus (HSV)-
1, microglia were identified as the major source of HSV-1-
induced chemokine production, including that of CXC ligand
10 (CXCL10), CC ligand 2 (CCL2), and CXCL9, all of
which led to peripheral immune cell infiltration into the
brain (63). In contrast, HSV-1 infection in CNS led to
prolonged activation of microglial cells and retention of T
lymphocyte, suggesting that microglia activation contributes to
the neuropathological sequelae observed in herpes encephalitis
patients (64). However, this does not mean that microglial
activation is always beneficial for maintaining the health of
the host CNS (65). Indeed, mounting evidence indicated that
microglial overactivation contributes to neuronal damage in
neurodegenerative diseases. Particularly, reactive oxygen species
(ROS), generated from overactivated microglia in response to
certain environmental toxins and endogenous proteins, causes
neurotoxicity (65, 66).

Given the dual and critical roles of microglia in the CNS, the
regulatory mechanisms of microglia are now a major research
focus. Microglia originate from hematopoietic stem cells in the
yolk sac, and are the first neurons generated at approximately

embryonic day 9.5 (E9.5) in mice (9); they then expand and
self-renew during adulthood and differentiate to play multiple
crucial functions in the CNS (4, 9, 32, 67). The detailed
transcriptional program controlling the differentiation process
remains unclear, although several factors showed a potential
role in their differentiation. Spi1 (encoding PU.1), Csf1r, and
interferon regulatory factor 8 (IRF8) are the primary microglial
transcription and survival genes, all of which are essential for
the development of microglia from erythromyeloid progenitors
in the yolk sac in mice (8, 9, 68).

GUT MICROBIOTA AFFECTS PRENATAL
AND ADULT MICROGLIA

Our current in vitro and in vivo knowledge of the mechanisms
controlling microglia is limited. There is a critical gap in
our understanding of the environmental factors that control
the maturation and function of microglia in vivo. The gut
microbiota is most associated with extrinsic signals, such as
life style, regional strain pools, and has gained considerable
attention from researchers, because the human intestine contains
a wide range of microbial cells with major roles in multiple
host biological processes, including food digestion and pathogen
invasion blocking, to maintain general good health (10–12).
Moreover, the gut flora influences multiple peripheral immune
cells (69) and modulates hematopoietic stem cells and myeloid
precursors in the bone marrow to maintain systemic populations
of neutrophils in circulation (70). Bone marrow-derived splenic
macrophage and monocyte populations were also found to be
reduced in GF mice compared with controls (71). Of note, the
microbiome appears to play a role in CNS diseases, along with
microglia, as discussed in the following section, suggesting a
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potential association between microbiota and microglia in the
development of CNS diseases.

Indeed, the host gut microbiota has been suggested to control
the maturation and function of microglia (1, 12, 22, 72). An
experimental demonstration of the association betweenmicroglia
and the microbiome was first performed by Erny et al. (22),
who were inspired by numerous studies on the interactions
between the CNS and the gastrointestinal system. In their study,
GF mice displayed significant microglial defects, with altered
cell proportions and an immature phenotype, including more
segments, longer processes, and greater numbers of branching
and terminal points. This defective microglia phenotype was also
observed in other mice with altered microbiota, including the
altered Schaedler flora (ASF) mice, which harbored only three
bacterial strains (73), and the acute microbiome-depleted mice,
following treatment with short-term broad-spectrum antibiotics.
Collectively, microglia in conventionally colonized mice would
require continuous input from the gut microbiome; this input
appeared to be associated with bacterial complexity. In that study
(22), treatment with antibiotics failed to increase the number
of microglia, in contrast with the effect observed in adult GF
mice. Moreover, the expression of Ddit4, a regulator of cell
growth, proliferation, and survival, was markedly elevated in the
microglia of adult GF mice; in contrast, Ddit4 expression was
unaffected in antibiotic-treated mice (Table 2). Several reasons
may contribute to the different effect of altering host microbiota
between antibiotics-treated mice and GF mice. Firstly, microglia
originate from the yolk sac, and their proliferation in adult
mice was observed solely in brain-resident microglia (9). The
GF mice lacked gut microbiota since birth; it is possible that
the host microbiome influences prenatal microglia formation,
thus contributing to the emergence of defective microglia
in adult mice, which has already been confirmed in a later
study (12). Secondly, the antibiotics utilized in the study
(22) may have directly targeted microglia in the brain in
a microbiota-independent manner. Indeed, several antibiotics,
such as minocycline, have been shown to cross the BBB and
regulate the activity of microglia, independent of the abundance
of the microbiota (75). Furthermore, topical application of
aminoglycoside antibiotics has been shown to enhance the
host’s innate immune response against viral infections in a
microbiota-independent manner (76). Of the antibiotics used
in that study (22), only metronidazole was able to cross the
BBB (77). Therefore, further research is required to test whether
treatment with metronidazole only can affect microglial function
independent of the abundance of the gut microbiome. Thirdly,
Iba1 was selected as a specific indicator of microglia in their study
(22); however, it is not an ideal indicator for microglia because
multiple myeloid cells are known to express Iba1, including
perivascular cells, choroid plexus macrophages, and meningeal
macrophages (78), thus, a more specific marker, such as P2Y12,
is required to label microglia to analyze their abundance and
morphology (79). Therefore, the observed reduction in Iba-
1+ parenchymal microglia in the CNS of GF mice, which was
not observed in the antibiotic-treated mice, may have been
due to the label of Iba1 in other myeloid cells within the
brain.

TABLE 2 | Dominant microglial factors in GF and ABX-treated mice at 6–10

weeks of age.

Microglia-associated

factors

Function of indicated

factor (References)

GF ABX

Spi1 (encodes PU.1) Central microglial transcription

and survival factor (68)

↑ -

Ddit4 Activation of cell proliferation (74) ↑ →

Csf1r Central microglial transcription

and survival factor (8)

↑ -

CSF1R Surface factors of microglia

downregulated during

maturation (22)

↑ -

F4/80 As above (22) ↑ ↑

CD31 As above (22) ↑ →

Ddit4, DNA damage-inducible transcript 4; Spi1, Spleen focus forming virus (SFFV)

proviral integration oncogene; Csf1r, Colony stimulating factor 1 receptor; F4/80, adhesion

G protein-coupled receptor E1 (Aliases); CD31, Platelet/endothelial cell adhesionmolecule

1 (Aliases); GF, germ-free; ABX, antibiotics; ↑ means upregulation, → means unaltered,

and – means uncertain.

Moreover, the consequence of defective microglia on viral
genes expression and virus loading in the CNS of GF mice or
antibiotic-treated mice was not determined as the researchers
only assessed the immune response of microglia under GF
conditions by analyzing the levels of several immune response
genes after exposing the animals to either bacteria or lymphocytic
viruses (22). However, microglia are the first line of defense
against extrinsic microbial infection in the CNS; thus, the
final functional consequences of microglial malformation and
immaturity under GF conditions or after antibiotic treatment
require further study.

Furthermore, the detailed mechanism underlying the
regulation of microglia by the gut microbiota requires further
research. Although microglia express many pattern-recognition
receptors that recognize microbial-associated molecular patterns
(MAMPs), no changes in microglia morphology and maturation
were found in the absence of several MAMPs, which were
recognized by toll-like receptor 3 (TLR3), TLR7, and TLR9 (22),
suggesting that commensal microbes may regulate the function
of microglia in a MAMP-independent manner. Finally, it has
been indicated that short-chain fatty acids (SCFAs) produced by
the microbiota through the catabolism of complex carbohydrates
(22, 80), are involved in the regulation of microglia maturation
(12). Given that GF mice exhibited an increased permeability of
the BBB (18) and that SCFAs have been shown to cross the BBB
(81, 82), it was not surprising that SCFA administration largely
restored microglial activity under GF conditions (Figure 1).
Current receptors known to recognize SCFAs, including FFAR2
[also called G protein-coupled receptor (GPR) 43], FFAR3
(also called GPR 41), and GPR109A, are expressed by multiple
immune cells and intestinal epithelial cells (80). However,
FFAR2 is not expressed in any adult brain cell, although the
microglia of mice lacking FFAR2 exhibited defects and the
receptors were not essential for SCFA to enter the CNS (83–85).
Of note, microglia activity can be modulated by receptors of
proinflammatory and anti-inflammatory cytokines in the CNS
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FIGURE 1 | Potential mechanisms by which intestinal microbiota regulate the maturation and function of microglia. (a) Short-chain fatty acids (SCFAs) generated by

the gut microbiota cross the blood-brain barrier (BBB) via the circulatory system of the host, and target microglia to regulate their function or maturation. (b) Immune

cells expressing receptors that recognize SCFAs can migrate to the brain via the BBB after signaling by SCFAs that originate from the gut flora. (c) The gut microbiota

may communicate directly with brain-resident microglia via the vagus nerve. (d) Before receptors recognizing SCFAs are expressed, other bacterial metabolites or

microbe-associated molecular patterns (MAMPs) generated by the gut microbiota can cross the BBB and target microglia to regulate their function or maturation. (e)

Peripheral macrophages that can recognize the relevant metabolites or MAMPs can migrate to the brain via the BBB after receiving signals from bacterial metabolites

or MAMPs released by the gut flora. Black lines indicated that the corresponding pathways were recognized in a prior study, and red lines represented uncertain

pathway. Black lines represent known pathways and red lines indicated uncertain pathways.

and in circulation; SCFAs are crucial regulators of nuclear
factor-κB (NF-κB) activity and proinflammatory innate immune
responses (80, 86). Therefore, in the absence of a receptor
expressed on the microglia, that can recognize SCFAs, the
possibility that other metabolites from the gut microbiota
directly regulate microglia cannot be excluded. SCFAs may
control the activity of microglia through other peripheral
myeloid cells that express FFAR2, recognize signals from SCFAs,
and migrate to the brain or secrete specific factors that can

cross the BBB to regulate microglia within the CNS (Figure 1).
Propionate, a major SCFA, exhibited protective effects on the
BBB by recognizing FFAR3 on the surface of endothelial cells in
a recent study (19), indirectly supporting the notion that SCFAs,
as gut-derived microbial metabolites, may be crucial mediators
in the gut-brain connection. Other bacterial metabolites or
MAMPs generated by the gut microbiota may cross the BBB and
directly regulate microglial function (Figure 1), especially when
the receptors that recognize SCFAs are not yet expressed, given
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that microbiota may control the microglia before birth (12).
Peripheral macrophages that can recognize target metabolites
or MAMPs can cross the BBB and migrate to the brain after
receiving signals such as bacterial metabolites or MAMPs
generated by gut flora (Figure 1). The gut can connect directly
to the CNS through the vagus nerve, and the modulation of
microglia through external vagus nerve stimulation was found
in a murine model of AD (87, 88); the role this link plays in
the gut-microglia connection remains uncertain (Figure 1).
Further study is warranted to determine the signaling pathways
of the gut microbiome that ensure the maturation and function
of microglia. Despite these unresolved questions, this study
provided evidence that the gut microbiome is closely associated
with the maturation of microglia, and that SCFAs are crucial
mediators of the association between the gut microbiome and
microglia.

In addition to affecting the microglia of adult mice, the
maternal microbiome has emerged as a significant regulator of
prenatal microglia in a sex-specific manner (12); this is not
surprising as the male and female microglia behave differently
during the embryonic phase. Under normal conditions, for pain
perception, microglia in rodents exhibited sexually dimorphic
properties and showed differences in colonization rates in males
and females (89–92). Based on data from RNA-sequencing
(RNA-seq), the increased expression of genes in microglia
from E18.5, and in adult female mice, was associated with the
apoptotic process, response to lipopolysaccharides (LPS), and
inflammatory response (12, 92). This suggests that microglia
were in a more immune-activated state in females; this is in line
with a previous study, illustrating that females showed stronger
innate and adaptive immune responses (93). In that study (12),
the microglia from GF mice exhibited increased ramification
and production during the embryonic stages, which is based
on the fact that no other differences were observed in the
development of embryos from GF mice and specific-pathogen-
free (SPF) controls. Under GF conditions, the microglia of male
mice were affected more strongly in utero; in the adult phase,
the host microbiota exhibited a more profound effect on the
microglia of female mice. Transcriptome data indicated that
1,216 differentially expressed genes (DEGs) were observed in
E18.5 male microglia between control and GF embryos, while
only 20 DEGs were found in female microglia at the same
phase. These DEGs included immune response-associated genes,
such as Ly86 and Aoah, which are involved in the response to
LPS, raising the possibility that maternal microbiota primes the
microglia for their response to postnatal challenges. In contrast,
the variation in DEGs was reversed between the sexes in adults;
the number of DEGs in adult female microglia between GF and
control mice was 433, but only 26 DEGs were observed in adult
male microglia. Acute microbiome perturbation with antibiotic
administration produced a reversed effect between the sexes in
the microglia of adult mice; this effect was distinct from that
in the control and GF mice (12). More DEGs were observed
between themicroglia of SPF and antibiotic-treatedmice inmales
than in females. In addition, there was no significant difference
in the density and morphology of microglia from antibiotic-
treated and control adult mice (P60, where P0 is the day of

birth). Confronted with the different effects of treatment with
antibiotics and GF conditions on the microglia, Thion et al.
thought that the primary effect of gut flora on microglia may
have been caused by the long-term absence of the microbiota,
i.e., under GF conditions. Of note, specific antibiotics utilized
to clear commensal microbiota affected the microglia directly
in a microbiota-independent manner; for example, minocycline
is known to directly regulate microglia (75). However, the
study (12) did not include detailed information regarding the
antibiotics used; thus, we cannot exclude the possibility that
this direct function of the antibiotics on microglia probably
diminished the effect mediated by the absence of microbiota.
Additionally, given that their RNA-seq data displayed several
DEGs between different sexes that were dominantly present
on the X and Y chromosomes, sex chromosome-associated
genes may have interfered with the effects of the antibiotics on
microglia, contributing to the differences between the antibiotic-
treatedmice andGFmice. Of note, consistent with the differences
between GF and control adult mice, the DEGs in antibiotic-
treated female adult mice were primarily associated with the
regulation of transcription. However, DEGs in antibiotic-treated
male adult mice were mainly associated with the immune
response, which was distinct fromGF adult male mice. Moreover,
that study (12) failed to determine the specific bacterial cluster
or clusters that affect microglia in the brain. It can be difficult
to screen one bacterial species, given that seeding a specific
species of bacteria into the host may greatly alter the composition
of the host microbiota but not sole change the number of
specific bacteria. However, it seems that the microbiome is
unlikely to directly affect prenatal microglia, as most evidence
has indicated that fetuses live in an environment devoid of
any bacteria before birth, although there is a hypothesis that
the first bacteria in the microbiota take root before birth (94).
This indicated that indirect signaling may have occurred from
intrauterine microorganisms or microbiota-generated factors
from the mother via the umbilical cord during the later phases
of embryonic development.

Taken together, the gut microbiota does regulate the function
of microglia although the comprehensive mechanism remains
uncertain. Of note, several studies revealed the potential
mechanism by which the gut microbiome controls the function
of microglia. Serotonin (5-hydroxytryptamine, 5-HT) is known
as an important neurotransmitter in the brain and a vital factor
in neurogenesis; it is primarily derived (about 90%) from the
brain and the gastrointestinal system (95). Indigenous bacteria
within the gut produce metabolites that signal enterochromaffin
cells, which are a major producer of 5-HT in the digestive
tract (16, 17). Until recently, the BBB was generally thought
to be impermeable to 5-HT; however, new evidence has shown
that 5-HT might cross the endothelial cells of the BBB using
a serotonin transporter (15, 96). Moreover, 5-HT regulates
microglial development via 5-HT2B receptors (97); therefore, it
is possible that the gut microbiota affects the brain microglia via
5-HT. The gut microbiome is closely related to the maturation
of microglia; several bacterial metabolites such as SCFAs may act
as crucial mediators. These findings reinforce the view that the
gut flora has a wide range of effects, especially on the immune
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response mediated by microglia in the CNS; this is supported by
a study showing that differences in themicrobiota composition of
wild and laboratory mice modified their immune responses (98).

THE GUT MICROBIOME AND MICROGLIA
AFFECT SEVERAL CNS DISEASES

Given the importance of the microglia in the CNS,
it is not surprising that microglial dysfunction results
in neurodevelopmental, neurodegenerative, and
neuroinflammatory diseases such as AD, PD, and MS (2–
5, 88). A potential linker in this association is nitric oxide
(NO) that can be generated by activated microglia (99). Indeed,
during neuropathogenesis, microglia enter a hyperactive state
in which they exacerbate the progression of neuropathogenesis
by generating a series of factors including induced nitric
oxide synthase (iNOS), chemokines, and cytokines (6).
Notably, aberrant NO pathways have been implicated in
several neurological disorders, including AD and PD (6).
Furthermore, several microglia-associated genes are related to
neurological and neuropsychiatric disorders in humans and
mice, including CD33 and CXC3R1 (100–102). Commensal
bacteria have emerged as a crucial factor in controlling the
function and maturation of microglia; this role is mediated by
the generation of SCFAs to a certain extent, as mentioned above
(12, 22, 57). The host microbiota has also been found to be a
critical regulator of neurogenesis, neurophysiology, myelination,
and exploratory behavior (11, 81, 103, 104). The microbiome or
its disruption has been shown to contribute to CNS diseases such
as ASD, AD, MS, and PD, all of which are also affected by host
microglia, as described below (11). Therefore, microglia that lie
at the interface between environmental signals and the brain may
be the critical link between the microbiome and CNS diseases.

AD
AD is a common cognitive degenerative disease characterized
by the accumulation of phosphorylated tau/tangles and amyloid
plaques consisting of amyloid β (Aβ), a cleavage product of
amyloid precursor protein (APP) (105, 106). Microglia are
known to be related with AD and are majorly involved in
the alteration of the levels of many AD-associated factors.
Specifically, the phagocytic ability of microglia against Aβ

aggregates can be enhanced by apolipoprotein E (ApoE), whose
polymorphism has been suggested to be closely related to
sporadic AD (107, 108). ApoE can be produced by microglia
to some extent through regulation by peroxisome proliferator-
activated receptor γ (PPARγ) and liver X receptor (LXR) (108).
Both PPARγ and LXR can form heterodimers with PXR, and
agonists of PPARγ and PXR can reverse some neuropathological
changes and restore cognitive ability, as well as shrink the Aβ

plaque burden, which depends upon ApoE and microglia (4,
108–110). Although soluble Aβ peptides and small amounts
of seeded Aβ plaques are cleared by microglia under normal
conditions (as mentioned above), microglia are incapable of
removing excessive Aβ aggregates that chronically activate and
damage both neurons and microglia during the progression of

pathological Aβ accumulation (4). Triggering receptor expressed
on myeloid cells 2 (TREM2), a promoter for the activation of
microglia (M2-like) and phagocytosis, is also a risk factor for late-
onset of AD (111). In a study identifying new susceptibility loci
for AD, the microglia-associated genes CD33 and ABCA7 were
identified as two novel susceptibility genes (100, 101).

The gut microbiome is also closely related to AD in mice
model and humans, although the detailed regulatorymechanisms
surrounding this association require further research (6, 112–
115). Different gut bacteria, such as Escherichia coli, Salmonella
enterica, S. typhimurium, Bacillus subtilis, Mycobacterium
tuberculosis, and Staphylococcus aureus (6), generate a significant
concentration of amyloids and LPS (116). E. coli endotoxin
potentiates the formation of Aβ in vitro, and as Aβ exceeds
a certain threshold, it self-propagates, both of which may
further compromise CNS function (6). As a result of aging, the
gastrointestinal epithelium and BBB are more permeable to small
molecules, which is exacerbated by alterations in tight junctions
that result from changes in the gut microbiota when Bacteroidetes
outnumbers Firmicutes and Bifidobacterium (6). From such
perspective, it is reasonable that the migration of amyloids and
leukocytes from the gut to the brain is more prominent in aging
individuals. Notably, amyloids can activate the microglia to cause
prolonged inflammation (116, 117). Of note, activated microglia
can produce APP in response to exhausted neuronal excitation
by NO and APP from the gut, which further contributes to AD
pathogenesis (116) (Figure 2). APP overexpression is associated
with the upregulation of peroxynitrite, which can transform into
NO, and activated microglia also produce high concentrations of
inducible NO synthase (Figure 2); this supports the hypothesis
that NO generated by activated microglia is closely related to
Aβ deposition (99). Importantly, the gut is the main site of
NO generation, and the generation of high concentrations of
NO is mediated by several bacterial species (Figure 2). For
example, gut lactobacteria, bifidobacteria, and E.coli Nissle 1917
can generate NO through the conversion of nitrite and nitrate
(6). Moreover, NO produced in the gastrointestinal system can
be scavenged by hemoglobin in red blood cells, thereby entering
the peripheral vasculature and crossing the BBB into the cerebral
vasculature (118), initiating a vicious cycle, as demonstrated in
Figure 2.

Given that the gut flora controls the maturation and
function of microglia (12, 22), it is likely that microglial
activation controlled by gut microbiota could be strongly
associated with AD. Indeed, the proportion of Allobaculum
and Akkermansia in the gut was found to be reduced in an
APP/PS1 mouse model of AD, along with an increase in the
proportion of Rikenellaceae (112). Of note, colonization of GF
APP transgenic mice by the microbiota from conventionally-
raised APP transgenic mice through the fecal route increased
cerebral Aβ pathology (113). AD occurs in the elderly and aged
individuals exhibit a different microbiome, which supports
the possibility that altered microbiome mediated by aging
is associated with the initiation and development of AD.
Additionally, another study confirmed the modulation of
microglia through external vagus nerve stimulation in a
murine model of AD (88) (Figure 2). However, whether
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FIGURE 2 | NO and APP generated by microglia and several gut-specific microbes accelerate the development of AD pathogenesis. Chronically activated microglia

contribute to the progression of neurodegenerative diseases such as AD. Several gut-specific microbes are able to generate NO and APP, which activate microglia

and further exacerbate the development of AD. Specifically, NO generated by gut flora, can be carried to the brain by RBC. APP secreted by gut flora can cross the

BBB via the RAGE receptor. After reaching the CNS, both NO and APP activate the microglia, which exhibit an ameboid form. Activated microglia can then secrete

several risk factors for AD, including iNOS, chemokines, cytokines, APP, and NO, which further accelerate the pathogenesis of AD. iNOS, inducible nitric oxide

synthase; NO, nitric oxide; RBC, red blood cell; RAGE, receptor for advanced glycosylation products.

the microbiota affects the progression of AD through
several bacterial species or their associated factors remains
unresolved.

MS
MS is a chronic inflammatory demyelinating disease of the
CNS with heterogeneous histopathological features (119–
121). In an EAE rat model of MS, relapse was characterized
by an imbalance of monocyte activation profiles toward the
M1 phenotype and the suppression of immunomodulatory
M2 macrophages and/or microglia at lesion sites (122, 123).
In addition, several microglia-associated genes, such as

TNFRSF1A and IRF8, were also found to be associated with
MS (122, 124). Moreover, TGFα and VEGF-B produced by
microglia modulate the pathogenic activities of astrocytes in
the EAE mouse model of MS and humans (23). In detail, TGFα
acts via the Erbb1 receptor and suppresses the pathogenic
activities of astrocytes to limit EAE development, whereas
VEGF-B activates FLT-1 signaling in astrocytes and worsens
EAE (Figure 3). More specifically, metabolites of dietary
tryptophan, generated by gut microbiota, modulate the
production of TGFα and VEGF-B by microglia through an aryl
hydrocarbon(AhR) receptor-mediated mechanism to further
regulate CNS inflammation (23).
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FIGURE 3 | The microbial metabolism of dietary Trp regulates the

inflammatory response of astrocytes by microglia in EAE mouse model of MS

through the AHR generated within microglia. Metabolism of dietary Trp by

microbiota generates AHR agonists, which cross the BBB into the brain to

activate microglia through an AHR-mediated mechanism within the microglia.

In detail, these AHR agonists function as ligands for the AHR expressed in the

microglia to bind the genes encoding VEGF-B and TGF-α, as indicated, to

facilitate TGF-α transcription and to inhibit VEGF-B expression. Notably,

VEGF-B increases the inflammatory activation of astrocytes to control the

development of EAE. In contrast, TGF-α weakens the inflammatory activation

of astrocytes to worsen EAE. Of note, both of Akkermansia and

Parabacteroides distasonis, MS associated microbiota, may be the producer

of AHR agonist, which required to be further researched. AHR, aryl

hydrocarbon receptor; Trp, tryptophan; MS, multiple sclerosis; EAE,

experimental autoimmune encephalomyelitis.

Commensal bacteria can also affect the autoreactivity of
peripheral immune cells to CNS self-antigens, and thus, great
attention has been focused on the contribution of the microbiota
to MS pathogenesis (69, 120, 121, 125). Moreover, there is
a significant increase in some taxa such as Akkermansia and
reduction in other taxa such as Parabacteroides distasonis in

untreated MS patients, while whether these bacteria regulate
the microglia mediated inflammatory response through a
mechanism by which the metabolites of tryptophan AhR ligands
remains uncertain (Figure 3). However, AhR ligands are solely
produced by a few bacteria, such as Peptostreptococcus russellii
and Lactobacillus spp (126). Moreover, microbiota transplants
from MS patients into GF mice resulted in worsening the
symptoms of EAE compared with those in mice transplanted
with microbiota from healthy controls (121). Additionally, on
transplanting the microbiota to a transgenic mouse model of
spontaneous brain autoimmunity, MS twin-derived microbiota
induced a significantly higher incidence of autoimmunity than
the healthy twin-derived microbiota (120). A majority of
MS patients harbor antibodies against certain gastrointestinal
antigens that are not found in healthy individuals, which further
supports the possibility that alterations in the immune status
of the brain against gut microbiota may be associated with MS
(127). In an experimental model of MS, GF mice exhibited
complete protection, which may have resulted from attenuated
Th17 and B cell responses (128). The short-term effect of
microbiota removal by treatment with antibiotics also attenuated
EAE progression by inducing T cell, B cell, and immature natural
killer (iNK), and regulatory T cell (Treg) responses (125, 129).

The close relationship between the gut microbiota and MS
was also found in Theiler’s murine encephalomyelitis virus
(TMEV)-induced demyelinating disease (IDD), another relevant
MS model (57). Unlike the effect showed by the gut microbiome
exhibited in the previously mentioned MS model, antibiotic
administration exaggerated the progression and severity of
TMEV-IDD. A study into the mechanisms of this effect revealed
that antibiotic-treated mice displayed lower levels of CD4+ and
CD8+ T cells in their cervical and mesenteric lymph nodes.
Furthermore, the activation ofmicroglia was enhanced in TMEV-
infected mice following treatment with antibiotics. Collectively,
microglia act as crucial mediators in the connection between
the microbiome and MS. However, the detailed mechanism
underlying gut microbiota regulation of MS remains uncertain.

Depression
Despite the abundance of research on the mechanisms of
depression as a psychiatric disease, our current understanding
of depression is limited. One hypothesis claims that depression
is a microglial disorder because microglial dysfunction has been
commonly observed in the brain at the onset of depression
(25). Minocycline, an antibacterial agent known to inhibit the
activation of microglia after crossing the BBB, has been shown
to significantly diminish depressive behaviors in rodents and
humans (130, 131). Given that the gut microbiome affects the
maturation of microglia, it is not clear whether the effect of
minocycline is due to its antimicrobial properties by destroying
gut microbiota or due to the direct inhibition of microglia.
Microglia exhibit varying degrees of activation in patients with
schizophrenia and depression, especially those who are suicidal
(132). This was also confirmed in animal models of depression,
although the pathophysiological role of microglial activation has
not been clearly confirmed (25, 132–134). Studies of rodent
models showed that the gut microbiome is also involved in the
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development of depression (26–29), and beta diversity of the
gut microbiome was significantly different between depressed
and control patients. Of note, administration of Bifidobacterium
infantis reversed experimentally created anxiety and depression
in GF mice (26), and Bifidobacterium infantis is defined as a
“psychobiotic” because of its antidepressant effect (135). GF mice
transplanted with fecal microbiota from depressed mice also
exhibited depressive-like phenotypes, which was confirmed in a
rat depressionmodel (29, 136). Treatment with antibiotics during
the first year of life is also closely correlated to depression later in
the life of humans (137). Probiotic supplementation was shown
to improve the symptoms of anxiety and depression, especially
Lactobacillus helveticus Ns8, which improved the behavioral,
cognitive, and biochemical aberrations caused by chronic
restraint stress (138, 139). However, the detailed mechanisms
behind this association remain unclear, especially whether these
results were mediated by the known interaction between the gut
microbiome andmicroglia, direct effect of other unknown factors
generated by gut bacteria, or a combination of the two.

PD
PD, a progressive neurodegenerative disease with motor and
non-motor symptoms, is associated with misfolded α-synuclein
seeds that assemble into fibrillary inclusions and with the loss
of dopaminergic neurons in the substantia nigra (4, 140). α-
synuclein, generated from neuron-derived exosomes, triggers
the activation of microglia, which may accelerate lethality by
the TAM-dependent phagocytosis of distressed spinal motor
neurons (9). The mice lacking CX3CR1, a microglial-associated
inflammation factor, exhibited a higher loss of neuron cells than
control mice in a PD model established by 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine (141).

From the perspective of gut microbiology, PD patients
exhibited significantly different microbial populations compared
with healthy controls (142–144). PD patients displaying
the tremor-dominant phenotype had significantly lower
Enterobacteriaceae than those with more severe postural
and gait instability, suggesting that the relative abundance
of specific bacteria is sufficient to distinguish between the
different forms of PD (143). Several microbial molecules that
mimic host structures promote an immune response during the
development of AD and PD (145–147). Of note, gut microbiome
regulates movement disorders in mice and alterations in the
human microbiome represent a risk factor for PD (140). In
detail, antibiotic treatment ameliorates while microbial re-
colonization promotes the pathophysiology of PD in adult
animals. Administration of specific microbial metabolites to
GF mice promotes neuroinflammation, and colonization of
α-Syn-overexpressing mice with microbiota from PD-affected
patients enhances physical impairments compared to microbiota
transplants from healthy humans (140). However, given that
there is no definite association among microglia, microbiota, and
PD, the detailed underlying mechanisms remain uncertain.

ASD
ASD, a disorder associated with neurodevelopmental difficulties
and mood disorders, is also associated with microglial
dysfunction. Current understanding of the role of microglia

in ASD is focused on the excessive microglia-mediated loss of
synaptic tissue, which has been shown to contribute to patients
suffering from Rett syndrome, an X-linked form of ASD (148).
The gut microbiome in ASD patients exhibited differences in
species variety and complexity compared with neurotypical
controls (149–156). Generally, the gut microbiome of ASD
patients exhibited more diversity and an abundance of Clostridia
species (149–151, 155), but lacked several beneficial bacterial
populations, such as Prevotella (154). In addition, Sutterella was
found in intestinal biopsies of children with ASD presenting with
gastrointestinal symptoms, while it was absent in control samples
(152). Moreover, microbiota transfer therapy (MTT) alters the
gut ecosystem and significantly improves GI and behavioral
symptoms of ASD (157). Overall bacterial diversity and the
abundance of Bifidobacterium, Prevotella, and Desulfovibrio
among other taxa increased following MTT. Collectively, these
studies indicate a potential relationship between the microbiome
(or specific microbes) and the brain in ASD patients; as to
whether microglia function as a mediator in this relationship
remains uncertain. However, augmenting the microbiome with a
specific microbe may be beneficial for ASD patients.

Abnormal Behavior
Microglial dysfunction is also closely associated with host
abnormal behavior(13, 102, 158). Indeed, microglia interact
with the nervous and endocrine systems during development,
in which prostaglandin E2 (PGE2), generated through the
aromatization of estradiol, plays a role (158). Additionally,
mice lacking microglia-specific genes, such as CX3CR1, a
chemokine receptor, exhibited impaired brain connectivity and
abnormal social behavior because of defective neuron-microglia
signaling (102). Of note, modifying the host microbiome with
antibiotic or probiotic treatment also has a profound effect
on the development of individuals, with long-lasting effects
on host behavior in humans and animals (137, 159–161).
Antibiotic administration during the first year of life may
result in negative neurocognitive outcomes in later phases of
life, including behavioral difficulties (137). Additionally, another
study indicated that 7-day administration of nonabsorbable
antibiotics was adequate to decrease anxiety-like behavior in
mice (21). In contrast, short-term treatment with vancomycin
failed to lead to anxiety- and depressive-like behaviors in
neonate rats (16, 162), suggesting that the effect of gut dysbiosis
on host behavior varies in different animals and depleting
the microbiome in the short-term may not always impact
behavior (162–164). In addition, compared to SPF mice, GF
mice displayed several phenotypes associated with behavior (10,
21, 165–169). Moreover, several bacterial species improved the
symptoms of stress, anxiety, and depressive-like behavior, as well
as facilitating improvements in social behavior, communication,
and cognitive function in animal models (13, 27, 163, 165, 170–
174). Notably, several probiotic strains in rodents produced
behavioral effects in a vagus nerve activation-dependent manner
(175). Given that the vagus nerve also regulates the function of
microglia at specific disease states, it may play a crucial role in
the gut-microglia connection in abnormal behavior (Figure 2).

Collectively, the gut-microglia connection is clearly
implicated in many CNS diseases, although the detailed
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mechanisms controlling many of these associations remain to
be determined. Of note, CNS disease-associated microRNAs
have been shown to be closely related to the gut microbiome
(176). MicroRNAs act as translational repressors to regulate
gene translation and have also been implicated in anxiety-
like behaviors (176). A previous study revealed that the gut
microbiome regulates microRNA expression in the amygdala,
affecting factors such as miR-183-5p and miR-206-3p, both
of which are implicated in influencing anxiety levels and the
expression of neurotrophins such as brain-derived neurotrophic
factor (176). Moreover, in a study identifying region-specific
miRNA-mRNA networks in the dorsal raphe nucleus and
amygdala of high-responder/low-responder rats, miR-206-3p
was shown to be associated with microglia and the immune
response (177). Collectively, microRNAs may be potential
mediators in the function of the gut-microglia connection
in CNS diseases. In addition, in relation to the gut-microglia
connection, HSV has clinically been associated with several
neurodegenerative diseases, such as AD and MS, with uncertain
mechanisms (106, 178). Of note, as a neurotropic virus, HSV-
1 was also found to infect enteric neurons in addition to
affecting the CNS, leading to gut dysbiosis (179). This may
increase the abundance of several NO- and APP-generating
bacteria, which remains uncertain. Consequently, NO and
APP cross the BBB to activate microglia, thereby accelerating
the progression of CNS diseases (Figure 2); HSV-1 may,
therefore, be considered as a chronic risk factor for the
development of several neurodegenerative diseases, especially
AD (178).

CONCLUSIONS AND FUTURE
DIRECTIONS

Research over the past few years has revealed that the
development of a healthy brain requires crucial pre- and post-
natal events that integrate environmental cues, especially the
gut microbiome (11). The gut microbiome has been shown
to influence various aspects of CNS biology through multiple
mechanisms, including the alteration of both neurotransmitter
levels (17) and BBB permeability (18). Furthermore, gut
microbiome is closely associated with CNS diseases such as
AD, depression, PD, and even ASD (11). However, most
research to date has only demonstrated that different proportions
of bacteria genera are associated with several CNS diseases;
our understanding of the detailed signaling pathways through
which the microbiome modulates CNS diseases remains poor.
Importantly, microglia may be the crucial mediators linking
gut microbiome and CNS diseases, given that microglia are
crucial immune cells in the CNS, and their dysfunction has been
shown to be related to most CNS-associated diseases. Moreover,
emerging studies have revealed that the gut microbiome controls
the maturation and function of microglia (12, 22) although
the detailed mechanisms are yet to be elucidated. Indeed, as
summarized by this study, multiple CNS diseases, such as AD,
PD, and ASD, that are closely associated with microglia are
also related to the gut flora. Additionally, indirect evidence

supports the notion that the microbiota may affect the brain
by modulating the microglia. For example, prostaglandin D2,
which is produced by microglia, acts on the DP1 receptor
in astrocytes to induce astrogliosis and demyelination (180).
Microglia are known to participate in the demyelination process
and the gut microbiome is also involved in myelination because
myelin-related transcripts were found to be increased in the
prefrontal cortex of the brains of GF mice and antibiotic-
treated mice as compared to control mice (181, 182). However,
the possibility that the gut microbiome-mediated effect on
myelination is associated with microglia cannot be excluded
and requires further research. Furthermore, just as several CNS
diseases have shown significant sexual bias—such as ASD, which
affects males at a higher rate (183, 184)—the composition of the
gut microbiome and microglia also exhibits sexually dimorphic
properties. Thus, it is essential to determine whether the gut-
microglia connection contributes to the progression of CNS
diseases with a sex bias. It is possible that the microbiome
affects CNS diseases by modulating microglia; however, extensive
research is required to confirm this. Therefore, it is critical
to determine the importance of the gut-microglia connection
in CNS diseases and to clearly define the specific mechanisms
involved. Furthermore, understanding the interactions between
specific microbial species and microglia would be significant
for developing a novel therapeutic strategy for the treatment
of neurological disorders in humans. Recently, the Kallyope
company was allowed to continue its work on harnessing
the communication pathways between the gut and the brain
to develop novel therapies for various illnesses of the CNS.
However, further studies are required to determine whether
probiotics can be exploited to improve microglial function and,
ultimately, alleviate CNS diseases.

AUTHOR CONTRIBUTIONS

YilW conception, design, collection and/or assembly of
references, discussion, interpretation, and manuscript writing.
ZW and YuW collection and/or assembly of references,
interpretation, and manuscript writing. FL, XS, JJ, SQ, and
RW collection and/or assembly of references. FJ, KK, and
YifW conception, design, interpretation, and final approval of
manuscript. YilW, ZW, and YuW contributed equally to this
article.

FUNDING

This work was supported by grants from the National
Natural Science Foundation of China (nos. 81573471); the Key
Laboratory of Virology of Guangzhou, China (201705030003);
Key Projects of Biological Industry Science & Technology of
Guangzhou China (grant no. 201504291048224); Guangzhou
Industry, University and Research Collaborative Innovation
Major Project (nos. 201604020178 and 201704030087); and The
Public Service Platform of South China Sea for R&D Marine
Biomedicine Resources, Marine Biomedical Research Institute,
Guangdong Medical University, Zhanjiang, China.

Frontiers in Immunology | www.frontiersin.org 11 October 2018 | Volume 9 | Article 2325

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Wang et al. Roles of Gut-Microglia Connection in CNS Diseases

REFERENCES

1. Matcovitchnatan O, Winter DR, Giladi A, Vargas AS, Spinrad A, Sarrazin S,
et al. Microglia development follows a stepwise program to regulate brain
homeostasis. Science (2016) 353:aad8670. doi: 10.1126/science.aad8670

2. Derecki NC, Katzmarski N, Kipnis J, Meyerluehmann M. Microglia as a
critical player in both developmental and late-life CNS pathologies. Acta
Neuropathol. (2014) 128:333–45. doi: 10.1007/s00401-014-1321-z

3. Shemer A, Jung S. Differential roles of resident microglia and infiltrating
monocytes in murine CNS autoimmunity. Semin Immunopathol. (2015)
37:613–23. doi: 10.1007/s00281-015-0519-z

4. Colonna M, Butovsky O. Microglia function in the central nervous system
during health and neurodegeneration. Annu Rev Immunol. (2016) 35:441–
68. doi: 10.1146/annurev-immunol-051116-052358

5. Hong S, Dissing-Olesen L, Stevens B. New insights on the role of microglia
in synaptic pruning in health and disease. Curr Opin Neurobiol. (2016)
36:128–34. doi: 10.1016/j.conb.2015.12.004

6. Jky T. Gut microbiota, nitric oxide and microglia as pre-requisites
for neurodegenerative disorders. ACS Chem. Neurosci. (2017) 8:1438–47.
doi: 10.1021/acschemneuro.7b00176

7. Voet S, Mc Guire C, Hagemeyer N, Martens A, Schroeder A, Wieghofer
P, et al. A20 critically controls microglia activation and inhibits
inflammasome-dependent neuroinflammation. Nat Commun. (2018)
9:2036. doi: 10.1038/s41467-018-04376-5

8. Kierdorf K, Prinz M. Factors regulating microglia activation. Front Cell

Neurosci. (2013) 7:44. doi: 10.3389/fncel.2013.00044
9. Prinz M, Priller J. Microglia and brain macrophages in the molecular age:

from origin to neuropsychiatric disease.Nat Rev Neurosci. (2014) 15:300–12.
doi: 10.1038/nrn3722

10. Heijtz RD, Samuelsson A, Pettersson S, Wang S, Anuar F, Qian Y, et al.
Normal gut microbiota modulates brain development and behavior. Proc
Natl Acad Sci USA. (2011) 108:3047–52. doi: 10.1073/pnas.1010529108

11. Sharon G, Sampson TR, Geschwind DH, Mazmanian SK. The central
nervous system and the gut microbiome. Cell (2016) 167:915–32.
doi: 10.1016/j.cell.2016.10.027

12. Thion MS, Low D, Silvin A, Chen J, Grisel P, Schulte-Schrepping J,
et al. Microbiome influences prenatal and adult microglia in a sex-specific
manner. Cell (2018) 172:500–16 e16. doi: 10.1016/j.cell.2017.11.042

13. Hsiao EY, Mcbride SW, Hsien S, Sharon G, Hyde ER, Mccue T,
et al. Microbiota modulate behavioral and physiological abnormalities
associated with neurodevelopmental disorders. Cell (2013) 155:1451–63.
doi: 10.1016/j.cell.2013.11.024

14. Kundu P, Blacher E, Elinav E, Pettersson S. Our gut microbiome: the evolving
inner self. Cell (2017) 171:1481–93. doi: 10.1016/j.cell.2017.11.024

15. Janušonis S. Serotonin dynamics in and around the central nervous system:
is autism solvable without fundamental insights? Int J Dev Neurosci. (2014)
39:9–15. doi: 10.1016/j.ijdevneu.2014.05.009

16. O’mahony SM, Clarke G, Borre YE, Dinan TG, Cryan JF. Serotonin,
tryptophan metabolism and the brain-gut-microbiome axis. Behav. Brain
Res. (2015) 277:32–48. doi: 10.1016/j.bbr.2014.07.027

17. Yano JM, Yu K, Donaldson GP, Shastri GG, Ann P, Ma L, et al. Indigenous
bacteria from the gut microbiota regulate host serotonin biosynthesis. Cell
(2015) 161:264–76. doi: 10.1016/j.cell.2015.09.017

18. Braniste V, Alasmakh M, Kowal C, Anuar F, Abbaspour A, Tóth M, et al.
The gut microbiota influences blood-brain barrier permeability in mice. Sci
Transl Med. (2014) 6:263ra158. doi: 10.1126/scitranslmed.3009759

19. Hoyles L, Snelling T, Umlai UK, Nicholson JK, Carding SR, Glen
RC, et al. Microbiome–host systems interactions: protective effects of
propionate upon the blood–brain barrier. Microbiome (2018) 6:55.
doi: 10.1186/s40168-018-0439-y

20. Chen T, You Y, Xie G, Zheng X, Zhao A, Liu J, et al. Strategy for an association
study of the intestinal microbiome and brain metabolome across the lifespan
of rats. Anal Chem. (2018) 90:2475–83. doi: 10.1021/acs.analchem.7b02859

21. Bercik P, Denou E, Collins J, Jackson W, Lu J, Jury J, et al. The
intestinal microbiota affect central levels of brain-derived neurotropic
factor and behavior in mice. Gastroenterology (2011) 141:599–609.
doi: 10.1053/j.gastro.2011.04.052

22. Erny D, Al HDA, Jaitin D, Wieghofer P, Staszewski O, David E, et al. Host
microbiota constantly control maturation and function of microglia in the
CNS. Nat Neurosci. (2015) 18:965–77. doi: 10.1038/nn.4030

23. Rothhammer V, Borucki DM, Tjon EC, Takenaka MC, Chao C-C, Ardura-
Fabregat A, et al. Microglial control of astrocytes in response to microbial
metabolites. Nature (2018) 557:724–8. doi: 10.1038/s41586-018-0119-x

24. Louveau A, Smirnov I, Keyes TJ, Eccles JD, Rouhani SJ, Peske JD, et al.
Structural and functional features of central nervous system lymphatics.
Nature (2015) 523:337–41. doi: 10.1038/nature14432

25. Yirmiya R, Rimmerman N, Reshef R. Depression as a microglial disease.
Trends Neurosci. (2015) 38:637–58. doi: 10.1016/j.tins.2015.08.001

26. Desbonnet L, Garrett L, Clarke G, Kiely B, Cryan JF, Dinan TG.
Effects of the probiotic Bifidobacterium infantis in the maternal
separation model of depression. Neuroscience (2010) 170:1179–88.
doi: 10.1016/j.neuroscience.2010.08.005

27. Bravo JA, Forsythe P, ChewMV, Escaravage E, Savignac HM, Dinan TG, et al.
Ingestion of Lactobacillus strain regulates emotional behavior and central
GABA receptor expression in a mouse via the vagus nerve. Proc Natl Acad
Sci USA. (2011) 108:16050–5. doi: 10.1073/pnas.1102999108

28. Mello BS, Monte AS, Mcintyre RS, Soczynska JK, Custódio CS, Cordeiro
RC, et al. Effects of doxycycline on depressive-like behavior in mice after
lipopolysaccharide (LPS) administration. J Psychiatr Res. (2013) 47:1521–9.
doi: 10.1016/j.jpsychires.2013.06.008

29. Zheng P, Zeng B, Zhou C, Liu M, Fang Z, Xu X, et al. Gut
microbiome remodeling induces depressive-like behaviors through a
pathway mediated by the host’s metabolism. Mol Psychiatry (2016) 21:786–
96. doi: 10.1038/mp.2016.44

30. Reemst K, Noctor SC, Lucassen PJ, Hol EM. The indispensable roles of
microglia and astrocytes during brain development. Front Hum Neurosci.

(2016) 10:566. doi: 10.3389/fnhum.2016.00566
31. Tay TL, Savage J, Hui CW, Bisht K, Tremblay M. Microglia across the

lifespan: from origin to function in brain development, plasticity and
cognition. J Physiol. (2016) 595:1929–45. doi: 10.1113/JP272134

32. Thion MS, Garel S. On place and time: microglia in embryonic and
perinatal brain development. Curr Opin Neurobiol. (2017) 47:121–30.
doi: 10.1016/j.conb.2017.10.004

33. Wolf SA, Boddeke HWGM, Kettenmann H. Microglia in
physiology and disease. Annu Rev Physiol. (2017) 79:619–43.
doi: 10.1146/annurev-physiol-022516-034406

34. Paola S, Thion MS, Sonia G. Neuronal and microglial regulators of
cortical wiring: usual and novel guideposts. Front Neurosci. (2015) 9:248.
doi: 10.3389/fnins.2015.00248

35. Li Y, Du X, Du J. Resting microglia respond to and regulate neuronal activity
in vivo. Commun Integr Biol. (2013) 6:e24493. doi: 10.4161/cib.24493

36. Arnò B, Grassivaro F, Rossi C, Bergamaschi A, Castiglioni V, Furlan
R, et al. Neural progenitor cells orchestrate microglia migration and
positioning into the developing cortex. Nat Commun. (2014) 5:5611.
doi: 10.1038/ncomms6611

37. Fourgeaud L, Través PG, Tufail Y, Lealbailey H, Lew ED, Burrola PG, et al.
TAM receptors regulate multiple features of microglial physiology. Nature
(2016) 532:240–4. doi: 10.1038/nature17630

38. Luo C, Koyama R, Ikegaya Y. Microglia engulf viable newborn cells in the
epileptic dentate gyrus. Glia (2016) 64:1508–17. doi: 10.1002/glia.23018

39. Solano FR,Mahesula S, Apple D, Raghunathan R, Dugan A, Cardona A, et al.
Neurogenic niche microglia undergo positional remodeling and progressive
activation contributing to age-associated reductions in neurogenesis. Stem
Cells Dev. (2016) 25:542–55. doi: 10.1089/scd.2015.0319

40. Stevens B, Allen NJ, Vazquez LE, Howell GR, Christopherson KS, Nouri N,
et al. The classical complement cascade mediates CNS synapse elimination.
Cell (2007) 131:1164–78. doi: 10.1016/j.cell.2007.10.036

41. Schafer DP, Lehrman EK, Kautzman AG, Koyama R, Mardinly AR,
Yamasaki R, et al. Microglia sculpt postnatal neural circuits in an
activity and complement-dependent manner. Neuron (2012) 74:691–705.
doi: 10.1016/j.neuron.2012.03.026

42. Paolicelli RC, Gross CT. Synaptic pruning by microglia is
necessary for normal brain development. Science (2011) 333:1456–8.
doi: 10.1126/science.1202529

Frontiers in Immunology | www.frontiersin.org 12 October 2018 | Volume 9 | Article 2325

https://doi.org/10.1126/science.aad8670
https://doi.org/10.1007/s00401-014-1321-z
https://doi.org/10.1007/s00281-015-0519-z
https://doi.org/10.1146/annurev-immunol-051116-052358
https://doi.org/10.1016/j.conb.2015.12.004
https://doi.org/10.1021/acschemneuro.7b00176
https://doi.org/10.1038/s41467-018-04376-5
https://doi.org/10.3389/fncel.2013.00044
https://doi.org/10.1038/nrn3722
https://doi.org/10.1073/pnas.1010529108
https://doi.org/10.1016/j.cell.2016.10.027
https://doi.org/10.1016/j.cell.2017.11.042
https://doi.org/10.1016/j.cell.2013.11.024
https://doi.org/10.1016/j.cell.2017.11.024
https://doi.org/10.1016/j.ijdevneu.2014.05.009
https://doi.org/10.1016/j.bbr.2014.07.027
https://doi.org/10.1016/j.cell.2015.09.017
https://doi.org/10.1126/scitranslmed.3009759
https://doi.org/10.1186/s40168-018-0439-y
https://doi.org/10.1021/acs.analchem.7b02859
https://doi.org/10.1053/j.gastro.2011.04.052
https://doi.org/10.1038/nn.4030
https://doi.org/10.1038/s41586-018-0119-x
https://doi.org/10.1038/nature14432
https://doi.org/10.1016/j.tins.2015.08.001
https://doi.org/10.1016/j.neuroscience.2010.08.005
https://doi.org/10.1073/pnas.1102999108
https://doi.org/10.1016/j.jpsychires.2013.06.008
https://doi.org/10.1038/mp.2016.44
https://doi.org/10.3389/fnhum.2016.00566
https://doi.org/10.1113/JP272134
https://doi.org/10.1016/j.conb.2017.10.004
https://doi.org/10.1146/annurev-physiol-022516-034406
https://doi.org/10.3389/fnins.2015.00248
https://doi.org/10.4161/cib.24493
https://doi.org/10.1038/ncomms6611
https://doi.org/10.1038/nature17630
https://doi.org/10.1002/glia.23018
https://doi.org/10.1089/scd.2015.0319
https://doi.org/10.1016/j.cell.2007.10.036
https://doi.org/10.1016/j.neuron.2012.03.026
https://doi.org/10.1126/science.1202529
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Wang et al. Roles of Gut-Microglia Connection in CNS Diseases

43. Hoshiko M, Arnoux I, Avignone E, Yamamoto N, Audinat E. Deficiency of
the microglial receptor CX3CR1 impairs postnatal functional development
of thalamocortical synapses in the barrel cortex. J Neurosci. (2012) 32:15106–
11. doi: 10.1523/JNEUROSCI.1167-12.2012

44. Parkhurst CN, Yang G, Ninan I, Savas JN, Rd YJ, Lafaille JJ,
et al. Microglia promote learning-dependent synapse formation
through brain-derived neurotrophic factor. Cell (2013) 155:1596–609.
doi: 10.1016/j.cell.2013.11.030

45. Vezzani A, Viviani B. Neuromodulatory properties of inflammatory
cytokines and their impact on neuronal excitability. Neuropharmacology

(2015) 96:70–82. doi: 10.1016/j.neuropharm.2014.10.027
46. Collingridge GL, Peineau S. Strippers reveal their depressing

secrets: removing AMPA receptors. Neuron (2014) 82:3–6.
doi: 10.1016/j.neuron.2014.03.019

47. Coull JA, Beggs S, BoudreauD, BoivinD, TsudaM, Inoue K, et al. BDNF from
microglia causes the shift in neuronal anion gradient underlying neuropathic
pain. Nature (2005) 438:1017–21. doi: 10.1038/nature04223

48. Masuch A, Shieh CH, Van RN, Van CD, Biber K. Mechanism of microglia
neuroprotection: involvement of P2X7, TNFÎ±, and valproic acid. Glia
(2016) 64:76–89. doi: 10.1002/glia.22904

49. Biswas SK, Mantovani A. Macrophage plasticity and interaction with
lymphocyte subsets: cancer as a paradigm. Nat Immunol. (2010) 11:889–96.
doi: 10.1038/ni.1937

50. Mantovani A, Sica A, Sozzani S, Allavena P, Vecchi A, Locati
M. The chemokine system in diverse forms of macrophage
activation and polarization. Trends Immunol. (2004) 25:677–86.
doi: 10.1016/j.it.2004.09.015

51. Kigerl KA, Gensel JC, Ankeny DP, Alexander JK, Donnelly DJ,
Popovich PG. Identification of two distinct macrophage subsets
with divergent effects causing either neurotoxicity or regeneration
in the injured mouse spinal cord. J Neurosci. (2009) 29:13435–44.
doi: 10.1523/JNEUROSCI.3257-09.2009

52. Hu X, Li P, Guo Y, Wang H, Leak RK, Chen S, et al. Microglia/macrophage
polarization dynamics reveal novel mechanism of injury
expansion after focal cerebral ischemia. Stroke (2012) 43:3063–70.
doi: 10.1161/STROKEAHA.112.659656

53. Wang Y, Huang G, Vogel P, Neale G, Reizis B, Chi H. Transforming
growth factor beta-activated kinase 1(TAK1)-dependent checkpoint in the
survival of dendritic cells promotes immune homeostasis and function.
Proc Natl Acad Sci USA. (2012) 109:343–52. doi: 10.1073/pnas.11156
35109

54. Miron VE, Boyd A, Zhao JW, Yuen TJ, Ruckh JM, Shadrach JL, et al.
M2 microglia and macrophages drive oligodendrocyte differentiation
during CNS remyelination. Nat. Neurosci. (2013) 16:1211–8. doi: 10.1038/
nn.3469

55. Dal BA, Bradl M, Frischer J, Kutzelnigg A, Jellinger K, Lassmann H.
Multiple sclerosis and Alzheimer’s disease. Ann Neurol. (2008) 63:174–83.
doi: 10.1002/ana.21240

56. Vogel DY, Vereyken EJ, Glim JE, Heijnen PD, Moeton M, Valk PVD,
et al. Macrophages in inflammatory multiple sclerosis lesions have
an intermediate activation status. J Neuroinflammation (2013) 10:809.
doi: 10.1186/1742-2094-10-35

57. Carrillosalinas FJ, Mestre L, Mecha M, Feliú A, Del CR, Villarrubia
N, et al. Gut dysbiosis and neuroimmune responses to brain infection
with Theiler’s murine encephalomyelitis virus. Sci. Rep. (2017) 7:44377.
doi: 10.1038/srep44377

58. Nimmerjahn A, Kirchhoff F, Helmchen F. Resting microglial cells are highly
dynamic surveillants of brain parenchyma in vivo. Science (2005) 308:1314–
8. doi: 10.1126/science.1110647

59. Hickman SE, Kingery ND, Ohsumi TK, Borowsky ML, Wang LC, Means
TK, et al. The microglial sensome revealed by direct RNA sequencing. Nat
Neurosci. (2013) 16:1896–905. doi: 10.1038/nn.3554

60. Davalos D, Grutzendler J, Yang G, Kim JV, Zuo Y, Jung S, et al. Atp mediates
rapid microglial response to local brain injury in vivo. Nat. Neurosci. (2005)
8:752–8. doi: 10.1038/nn1472

61. Sieger D, Moritz C, Ziegenhals T, Prykhozhij S, Peri F. Long-range Ca2+
waves transmit brain-damage signals to microglia. Dev Cell (2012) 22:1138–
48. doi: 10.1016/j.devcel.2012.04.012

62. Hanisch UK, Kettenmann H. Microglia: active sensor and versatile effector
cells in the normal and pathologic brain. Nat Neurosci. (2007) 10:1387–94.
doi: 10.1038/nn1997

63. Marques CP, Hu S, ShengW, Lokensgard JR.Microglial cells initiate vigorous
yet non-protective immune responses during HSV-1 brain infection. Virus
Res. (2006) 121:1–10. doi: 10.1016/j.virusres.2006.03.009

64. Marques CP, Cheeran MC, Palmquist JM, Hu S, Urban SL, Lokensgard
JR. Prolonged microglial cell activation and lymphocyte infiltration
following experimental herpes encephalitis. J Immunol. (2008) 181:6417.
doi: 10.4049/jimmunol.181.9.6417

65. Block ML, Zecca L, Hong JS. Microglia-mediated neurotoxicity:
uncovering the molecular mechanisms. Nat Rev Neurosci. (2007) 8:57–69.
doi: 10.1038/nrn2038

66. Babior BM. Phagocytes and oxidative stress. Am J Med. (2000) 109:33–44.
doi: 10.1016/S0002-9343(00)00481-2

67. Tay TL, Mai D, Dautzenberg J, Fernándezklett F, Lin G, Sagar, et al. A new
fate mapping system reveals context-dependent random or clonal expansion
of microglia. Nat. Neurosci. (2017) 20:793–803. doi: 10.1038/nn.4547

68. Kierdorf K, Erny D, Goldmann T, Sander V, Schulz C, Perdiguero EG,
et al. Microglia emerge from erythromyeloid precursors via Pu.1- and Irf8-
dependent pathways. Nat. Neurosci. (2013) 16:273–80. doi: 10.1038/nn.3318

69. Round JL, Mazmanian SK. The gut microbiota shapes intestinal immune
responses during health and disease. Nat Rev Immunol. (2009) 9:313–23.
doi: 10.1038/nri2515

70. Deshmukh HS, Liu Y, Menkiti OR, Mei J, Dai N, O’leary CE, et al.
The microbiota regulates neutrophil homeostasis and host resistance to
Escherichia coli K1 sepsis in neonatal mice. Nat. Med. (2014) 20:524–30.
doi: 10.1038/nm.3542

71. Khosravi A, Yáñez A, Price JG, Chow A, Merad M, Goodridge HS, et al. Gut
microbiota promote hematopoiesis to control bacterial infection. Cell Host
Microbe (2014) 15:374–81. doi: 10.1016/j.chom.2014.02.006

72. Louveau A, Kipnis J. Sex, Gut, and Microglia. Dev Cell (2018) 44:137–8.
doi: 10.1016/j.devcel.2018.01.003

73. Stecher B, Chaffron S, Käppeli R, Hapfelmeier S, Freedrich S, Weber TC,
et al. Like will to like: abundances of closely related species can predict
susceptibility to intestinal colonization by pathogenic and commensal
bacteria. PLoS Pathog. (2010) 6:e1000711. doi: 10.1371/journal.ppat.1000711

74. Sofer A, Lei K, Johannessen CM, Ellisen LW. Regulation of mTOR and
Cell Growth in Response to Energy Stress by REDD1. Mol Cell Biol. (2005)
25:5834–45. doi: 10.1128/MCB.25.14.5834-5845.2005

75. Yong VW, Wells J, Giuliani F, Casha S, Power C, Metz LM. The
promise of minocycline in neurology. Lancet Neurol. (2004) 3:744–51.
doi: 10.1016/S1474-4422(04)00937-8

76. Gopinath S, Kim MV, Rakib T, Wong PW, Van Zandt M, Barry NA, et al.
Topical application of aminoglycoside antibiotics enhances host resistance to
viral infections in a microbiota-independent manner. Nat Microbiol. (2018)
3:611–21. doi: 10.1038/s41564-018-0138-2

77. Nau R, SöRgel F, and Eiffert H. Penetration of drugs through the
blood-cerebrospinal fluid/blood-brain barrier for treatment of central
nervous system infections. Clin MicrobiolRev. (2010) 23:858–883.
doi: 10.1128/CMR.00007-10

78. Prinz M, Priller J, Sisodia SS, Ransohoff RM. Heterogeneity of CNS myeloid
cells and their roles in neurodegeneration. Nat Neurosci. (2011) 14:1227–35.
doi: 10.1038/nn.2923

79. Mildner A, Huang H, Radke J, Stenzel W, Priller J. P2Y12 receptor is
expressed on human microglia under physiological conditions throughout
development and is sensitive to neuroinflammatory diseases. Glia (2017)
65:375–87. doi: 10.1002/glia.23097

80. RooksMG, GarrettWS. Gutmicrobiota, metabolites and host immunity.Nat
Rev Immunol. (2016) 16:341–52. doi: 10.1038/nri.2016.42

81. Huuskonen J, Suuronen TT, Kyrylenko S, Salminen A. Regulation of
microglial inflammatory response by sodium butyrate and short-chain fatty
acids. Br J Pharmacol. (2004) 141:874–80. doi: 10.1038/sj.bjp.0705682

82. Frost G, Sleeth ML, Sahuriarisoylu M, Lizarbe B, Cerdan S, Brody L, et al.
The short-chain fatty acid acetate reduces appetite via a central homeostatic
mechanism. Nat Commun. (2014) 5:3611. doi: 10.1038/ncomms4611

83. Brown AJ, Goldsworthy SM, Barnes AA, Eilert MM, Tcheang L, Daniels
D, et al. The orphan G protein-coupled receptors GPR41 and GPR43 are

Frontiers in Immunology | www.frontiersin.org 13 October 2018 | Volume 9 | Article 2325

https://doi.org/10.1523/JNEUROSCI.1167-12.2012
https://doi.org/10.1016/j.cell.2013.11.030
https://doi.org/10.1016/j.neuropharm.2014.10.027
https://doi.org/10.1016/j.neuron.2014.03.019
https://doi.org/10.1038/nature04223
https://doi.org/10.1002/glia.22904
https://doi.org/10.1038/ni.1937
https://doi.org/10.1016/j.it.2004.09.015
https://doi.org/10.1523/JNEUROSCI.3257-09.2009
https://doi.org/10.1161/STROKEAHA.112.659656
https://doi.org/10.1073/pnas.1115635109
https://doi.org/10.1038/nn.3469
https://doi.org/10.1002/ana.21240
https://doi.org/10.1186/1742-2094-10-35
https://doi.org/10.1038/srep44377
https://doi.org/10.1126/science.1110647
https://doi.org/10.1038/nn.3554
https://doi.org/10.1038/nn1472
https://doi.org/10.1016/j.devcel.2012.04.012
https://doi.org/10.1038/nn1997
https://doi.org/10.1016/j.virusres.2006.03.009
https://doi.org/10.4049/jimmunol.181.9.6417
https://doi.org/10.1038/nrn2038
https://doi.org/10.1016/S0002-9343(00)00481-2
https://doi.org/10.1038/nn.4547
https://doi.org/10.1038/nn.3318
https://doi.org/10.1038/nri2515
https://doi.org/10.1038/nm.3542
https://doi.org/10.1016/j.chom.2014.02.006
https://doi.org/10.1016/j.devcel.2018.01.003
https://doi.org/10.1371/journal.ppat.1000711
https://doi.org/10.1128/MCB.25.14.5834-5845.2005
https://doi.org/10.1016/S1474-4422(04)00937-8
https://doi.org/10.1038/s41564-018-0138-2
https://doi.org/10.1128/CMR.00007-10
https://doi.org/10.1038/nn.2923
https://doi.org/10.1002/glia.23097
https://doi.org/10.1038/nri.2016.42
https://doi.org/10.1038/sj.bjp.0705682
https://doi.org/10.1038/ncomms4611
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Wang et al. Roles of Gut-Microglia Connection in CNS Diseases

activated by propionate and other short chain carboxylic acids. J Biol Chem.

(2003) 278:11312–9. doi: 10.1074/jbc.M211609200
84. Gautier EL, Shay T, Miller J, Greter M, Jakubzick C, Ivanov S, et al. Gene-

expression profiles and transcriptional regulatory pathways that underlie the
identity and diversity of mouse tissue macrophages. Nat Immunol. (2012)
13:1118–28. doi: 10.1038/ni.2419

85. Borre YE, O’keeffe GW, Clarke G, Stanton C, Dinan TG, Cryan
JF. Microbiota and neurodevelopmental windows: implications
for brain disorders. Trends Mol. Med. (2014) 20:509–18.
doi: 10.1016/j.molmed.2014.05.002

86. Hesse M, Modolell M, Flamme ACL, Schito M, Fuentes JM, Cheever
AW, et al. Differential regulation of nitric oxide synthase-2 and arginase-
1 by Type 1/Type 2 cytokines in vivo: granulomatous pathology is shaped
by the pattern of l-arginine metabolism. J Immunol. (2001) 167:6533–44.
doi: 10.4049/jimmunol.167.11.6533

87. Forsythe P, Bienenstock J, KunzeWA.Vagal Pathways for Microbiome-Brain-

Gut Axis Communication. New York, NY: Springer (2014).
88. Kaczmarczyk R, Tejera D, Simon BJ, Heneka MT. Microglia modulation

through external vagus nerve stimulation in a murine model of Alzheimer’s
disease. J Neurochem. (2018) 146:76–85. doi: 10.1111/jnc.14284

89. Schwarz JM, Sholar PW, Bilbo SD. Sex differences in microglial
colonization of the developing rat brain. J Neurochem. (2012) 120:948–63.
doi: 10.1111/j.1471-4159.2011.07630.x

90. Lenz KM, Mccarthy MM. A starring role for microglia
in brain sex differences. Neuroscientist (2015) 21:306–21.
doi: 10.1177/1073858414536468

91. Mapplebeck JC, Beggs S, Salter MW. Sex differences in pain:
a tale of two immune cells. Pain (2016) 157(Suppl. 1):S2–6.
doi: 10.1097/j.pain.0000000000000389

92. Hanamsagar R, Alter MD, Sullivan H, Bolton JL, Bilbo SD. Generation of
a microglial developmental index in mice and in humans reveals a sex
difference in maturation and immune reactivity. Glia (2017) 65:1504–20.
doi: 10.1002/glia.23176

93. Klein SL, Flanagan KL. Sex differences in immune responses. Nat Rev

Immunol. (2016) 16:626–38. doi: 10.1038/nri.2016.90
94. Willyard C. Could baby’s first bacteria take root before birth? Nature (2018)

553:264–6. doi: 10.1038/d41586-018-00664-8
95. Veeman MT, Newmansmith E, Elnachef D, Smith WC. The ascidian

mouth opening is derived from the anterior neuropore: reassessing the
mouth/neural tube relationship in chordate evolution. Dev Biol. (2010)
344:138–49. doi: 10.1016/j.ydbio.2010.04.028

96. Marc DT, Ailts JW, Campeau DCA, Bull MJ, Olson KL. Neurotransmitters
excreted in the urine as biomarkers of nervous system activity: validity
and clinical applicability. Neurosci Biobehav Rev. (2011) 35:635–44.
doi: 10.1016/j.neubiorev.2010.07.007

97. Kolodziejczak M, Béchade C, Gervasi N, Irinopoulou T, Banas SM, Cordier
C, et al. Serotoninmodulates developmental microglia via 5-HT2B receptors:
potential implication during synaptic refinement of retinogeniculate
projections. ACS Chem Neurosci. (2015) 6:1219–30. doi: 10.1021/cn5003489

98. Rosshart SP, Vassallo BG, Angeletti D, HutchinsonDS,Morgan AP, Takeda K,
et al. Wild mouse gut microbiota promotes host fitness and improves disease
resistance. Cell (2017) 171:1015–28. doi: 10.1016/j.cell.2017.09.016

99. Asiimwe N, Yeo SG, Kim MS, Jung J, Jeong NY. Nitric oxide: exploring the
contextual link with Alzheimer’s disease. Oxidat Med Cell Longevity (2016)
2016:1–10. doi: 10.1155/2016/7205747

100. Hollingworth P, Harold D, Sims R, Gerrish A, Lambert JC, Carrasquillo MM,
et al. Common variants at ABCA7, MS4A6A/MS4A4E, EPHA1, CD33 and
CD2AP are associated with Alzheimer’s disease.Nat Genet. (2011) 43:429–35.
doi: 10.1038/ng.803

101. Naj AC, Jun G, Beecham GW, Wang LS, Vardarajan BN, Buros J, et al.
Common variants at MS4A4/MS4A6E, CD2AP, CD33 and EPHA1 are
associated with late-onset Alzheimer’s disease. Nat Genet. (2011) 43:436–41.
doi: 10.1038/ng.801

102. Zhan Y, Paolicelli RC, Sforazzini F, Weinhard L, Bolasco G, Pagani F,
et al. Deficient neuron-microglia signaling results in impaired functional
brain connectivity and social behavior. Nat Neurosci. (2014) 17:400–6.
doi: 10.1038/nn.3641

103. Mayer EA, Knight R, Mazmanian SK, Cryan JF, Tillisch K. Gut microbes
and the brain: paradigm shift in neuroscience. J Neurosci. (2014) 34:15490–6.
doi: 10.1523/JNEUROSCI.3299-14.2014

104. Ogbonnaya ES, Clarke G, Shanahan F, Dinan TG, Cryan JF, O’leary OF. Adult
hippocampal neurogenesis is regulated by the microbiome. Biol. Psychiatry
(2015) 78:7–9. doi: 10.1016/j.biopsych.2014.12.023

105. Iqbal K, Alonso ADC, Chen S, Chohan MO, El-Akkad E, Gong CX, et al.
Tau pathology in Alzheimer disease and other tauopathies. BBA Mol Basis

Dis. (2005) 1739:198–210. doi: 10.1016/j.bbadis.2004.09.008
106. Hogestyn JM, Mock DJ, Mayerproschel M. Contributions of neurotropic

human herpesviruses herpes simplex virus 1 and human herpesvirus 6 to
neurodegenerative disease pathology. Neural Regen Res. (2018) 13: 211–21.
doi: 10.4103/1673-5374.226380

107. Mosher KI, Wyss-Coray T. Microglial dysfunction in brain aging
and Alzheimer’s disease. Biochem Pharmacol. (2014) 88:594–604.
doi: 10.1016/j.bcp.2014.01.008

108. Hyman BT, Holtzman DM. Apolipoprotein E levels and Alzheimer risk. Ann
Neurol. (2015) 77:204–5. doi: 10.1002/ana.24355

109. Mandrekarcolucci S, Karlo JC, Landreth GE. Mechanisms underlying
the rapid peroxisome proliferator-activated receptor-γ-mediated
amyloid clearance and reversal of cognitive deficits in a murine
model of Alzheimer’s disease. J Neurosci. (2012) 32:10117–28.
doi: 10.1523/JNEUROSCI.5268-11.2012

110. Price AR, Xu G, Siemienski ZB, Smithson LA, Borchelt DR, Golde TE,
et al. Comment on “ApoE-directed therapeutics rapidly clear β-amyloid
and reverse deficits in AD mouse models”. Science (2013) 340:924–924.
doi: 10.1126/science.1234089

111. Guerreiro R, Wojtas A, Bras J, Carrasquillo M, Rogaeva E, Majounie E, et al.
TREM2 variants in Alzheimer’s disease. N Engl J Med. (2013) 368:117–27.
doi: 10.1056/NEJMoa1211851

112. Harach T, Marungruang N, Dutilleul N, Cheatham V, Coy KDM, Neher JJ,
et al. Reduction of Alzheimer’s disease beta-amyloid pathology in the absence
of gut microbiota. arXiv:1509.02273 (2015).

113. Harach T, Marungruang N, Duthilleul N, Cheatham V, Mc Coy KD,
Frisoni G, et al. Reduction of Abeta amyloid pathology in APPPS1
transgenic mice in the absence of gut microbiota. Sci Rep. (2017) 7:41802.
doi: 10.1038/srep41802

114. Vogt NM, Kerby RL, Dillmcfarland KA, Harding SJ, Merluzzi AP, Johnson
SC, et al. Gut microbiome alterations in Alzheimer’s disease. Sci Rep. (2017)
7:13537. doi: 10.1038/s41598-017-13601-y.

115. Kong Y, Jiang B, and Luo X. Gut microbiota influences Alzheimer’s disease
pathogenesis by regulating acetate in Drosophila model. Future Microbiol.

(2018) 13:1117–28 doi: 10.2217/fmb-2018-0185
116. Pistollato F, Sumalla CS, Elio I, Masias VM, Giampieri F, Battino M. Role

of gut microbiota and nutrients in amyloid formation and pathogenesis of
Alzheimer disease. Nutr Rev. (2016) 74:624–34. doi: 10.1093/nutrit/nuw023

117. Heneka MT, Golenbock DT, Latz E. Innate immunity in Alzheimer’s disease.
Nat Immunol. (2015) 16:229–36. doi: 10.1038/ni.3102

118. Banks WA. The blood-brain barrier: connecting the gut and the brain. Regul
Pept. (2008) 149:11–4. doi: 10.1016/j.regpep.2007.08.027

119. Lassmann H. Pathology and disease mechanisms in different stages of
multiple sclerosis. J Neurol Sci. (2013) 333:1–4. doi: 10.1016/j.jns.2013.05.010

120. Berer K, Gerdes LA, Cekanaviciute E, Jia X, Xiao L, Xia Z, et al.
Gut microbiota from multiple sclerosis patients enables spontaneous
autoimmune encephalomyelitis in mice. Proc Natl Acad Sci USA. (2017)
114:10719–24. doi: 10.1073/pnas.1711233114

121. Cekanaviciute E, Yoo BB, Runia TF, Debelius JW, Singh S, Nelson CA, et al.
Gut bacteria from multiple sclerosis patients modulate human T cells and
exacerbate symptoms in mouse models. Proc Natl Acad Sci USA. (2017)
114:10713–8. doi: 10.1073/pnas.1711235114

122. Mikita J, Dubourdieucassagno N, Deloire MS, Vekris A, Biran M, Raffard G,
et al. Altered M1/M2 activation patterns of monocytes in severe relapsing
experimental rat model of multiple sclerosis. Amelioration of clinical status
by M2 activated monocyte administration. Mult Scler. (2011) 17:2–15.
doi: 10.1177/1352458510379243

123. Zabala A, Vazquez-Villoldo N, Rissiek B, Gejo J, Martin A, Palomino
A, et al. P2X4 receptor controls microglia activation and favors

Frontiers in Immunology | www.frontiersin.org 14 October 2018 | Volume 9 | Article 2325

https://doi.org/10.1074/jbc.M211609200
https://doi.org/10.1038/ni.2419
https://doi.org/10.1016/j.molmed.2014.05.002
https://doi.org/10.4049/jimmunol.167.11.6533
https://doi.org/10.1111/jnc.14284
https://doi.org/10.1111/j.1471-4159.2011.07630.x
https://doi.org/10.1177/1073858414536468
https://doi.org/10.1097/j.pain.0000000000000389
https://doi.org/10.1002/glia.23176
https://doi.org/10.1038/nri.2016.90
https://doi.org/10.1038/d41586-018-00664-8
https://doi.org/10.1016/j.ydbio.2010.04.028
https://doi.org/10.1016/j.neubiorev.2010.07.007
https://doi.org/10.1021/cn5003489
https://doi.org/10.1016/j.cell.2017.09.016
https://doi.org/10.1155/2016/7205747
https://doi.org/10.1038/ng.803
https://doi.org/10.1038/ng.801
https://doi.org/10.1038/nn.3641
https://doi.org/10.1523/JNEUROSCI.3299-14.2014
https://doi.org/10.1016/j.biopsych.2014.12.023
https://doi.org/10.1016/j.bbadis.2004.09.008
https://doi.org/10.4103/1673-5374.226380
https://doi.org/10.1016/j.bcp.2014.01.008
https://doi.org/10.1002/ana.24355
https://doi.org/10.1523/JNEUROSCI.5268-11.2012
https://doi.org/10.1126/science.1234089
https://doi.org/10.1056/NEJMoa1211851
https://doi.org/10.1038/srep41802
https://doi.org/10.1038/s41598-017-13601-y.
https://doi.org/10.2217/fmb-2018-0185
https://doi.org/10.1093/nutrit/nuw023
https://doi.org/10.1038/ni.3102
https://doi.org/10.1016/j.regpep.2007.08.027
https://doi.org/10.1016/j.jns.2013.05.010
https://doi.org/10.1073/pnas.1711233114
https://doi.org/10.1073/pnas.1711235114
https://doi.org/10.1177/1352458510379243
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Wang et al. Roles of Gut-Microglia Connection in CNS Diseases

remyelination in autoimmune encephalitis. EMBO Mol. Med. (2018)
10:e8743. doi: 10.15252/emmm.201708743

124. De Jager PL, Jia X, Wang J, De Bakker PI, Ottoboni L, Aggarwal NT, et al.
Meta-analysis of genome scans and replication identify CD6, IRF8 and
TNFRSF1A as new multiple sclerosis susceptibility loci. Nat Genet. (2009)
41:776–82. doi: 10.1038/ng.401

125. Ochoarepáraz J, Mielcarz DW, Ditrio LE, Burroughs AR, Foureau
DM, Haquebegum S, et al. Role of gut commensal microflora in the
development of experimental autoimmune encephalomyelitis. J Immunol.

(2009) 183:6041–50. doi: 10.4049/jimmunol.0900747
126. Agus A, Planchais J, Sokol H. Gut microbiota regulation of tryptophan

metabolism in health and disease. Cell Host Microbe (2018) 23:716–24.
doi: 10.1016/j.chom.2018.05.003

127. Banati M, Csecsei P, Koszegi E, Nielsen HH, Suto G, Bors L, et al.
Antibody response against gastrointestinal antigens in demyelinating
diseases of the central nervous system. Eur J Neurol. (2013) 20:1492–5.
doi: 10.1111/ene.12072

128. Berer K, Mues M, Koutrolos M, Rasbi ZA, Boziki M, Johner C,
et al. Commensal microbiota and myelin autoantigen cooperate
to trigger autoimmune demyelination. Nature (2011) 479:538–41.
doi: 10.1038/nature10554

129. Yokote H, Miyake S, Croxford JL, Oki S, Mizusawa H, Yamamura
T. NKT cell-dependent amelioration of a mouse model of multiple
sclerosis by altering gut flora. Am J Pathol. (2008) 173:1714–23.
doi: 10.2353/ajpath.2008.080622

130. Molinahernández M, Tellezalcántara NP, Pérezgarcía J, Oliveralopez JI,
Jaramillojaimes MT. Antidepressant-like actions of minocycline combined
with several glutamate antagonists. Prog Neuropsychopharmacol Biol

Psychiatry (2008) 32:380–6. doi: 10.1016/j.pnpbp.2007.09.004
131. Zheng LS, Kaneko N, Sawamoto K. Minocycline treatment ameliorates

interferon-alpha- induced neurogenic defects and depression-like behaviors
in mice. Front Cell Neurosci. (2015) 9:5. doi: 10.3389/fncel.2015.00005

132. Steiner J, Bielau H, Brisch R, Danos P, Ullrich O, Mawrin C, et al.
Immunological aspects in the neurobiology of suicide: elevated microglial
density in schizophrenia and depression is associated with suicide. J Psychiatr
Res. (2008) 42:151–7. doi: 10.1016/j.jpsychires.2006.10.013

133. Steiner J, Walter M, Gos T, Guillemin GJ, Bernstein HG, Sarnyai Z, et al.
Severe depression is associated with increased microglial quinolinic acid
in subregions of the anterior cingulate gyrus: evidence for an immune-
modulated glutamatergic neurotransmission? J Neuroinflammation (2011)
8:94. doi: 10.1186/1742-2094-8-94

134. Torres-Platas SG, Cruceanu C, Chen GG, Turecki G, Mechawar N. Evidence
for increased microglial priming and macrophage recruitment in the dorsal
anterior cingulate white matter of depressed suicides. Brain Behav Immun.

(2014) 42:50–9. doi: 10.1016/j.bbi.2014.05.007
135. Dinan TG, Quigley EM. Probiotics in the treatment of depression:

science or science fiction? Aust N Z J Psychiatry (2011) 45:1023–5.
doi: 10.3109/00048674.2011.613766

136. Kelly JR, Borre Y, O’ BC, Patterson E, El AS, Deane J, et al.
Transferring the blues: depression-associated gut microbiota induces
neurobehavioural changes in the rat. J. Psychiatr. Res. (2016) 82:109–18.
doi: 10.1016/j.jpsychires.2016.07.019

137. Slykerman RF, Thompson J, Waldie KE, Murphy R, Wall C, Mitchell EA.
Antibiotics in the first year of life and subsequent neurocognitive outcomes.
Acta Paediatr. (2017) 106:87–94. doi: 10.1111/apa.13613

138. Liang S, Wang T, Hu X, Luo J, Li W, Wu X, et al. Administration of
Lactobacillus helveticusNS8 improves behavioral, cognitive, and biochemical
aberrations caused by chronic restraint stress. Neuroscience (2015) 310:561–
77. doi: 10.1016/j.neuroscience.2015.09.033

139. Pirbaglou M, Katz J, Souza RJD, Stearns JC, Motamed M, Ritvo P. Probiotic
supplementation can positively affect anxiety and depressive symptoms: a
systematic review of randomized controlled trials. Nutr Res. (2016) 36:889–
98. doi: 10.1016/j.nutres.2016.06.009

140. Sampson TR, Debelius JW, Thron T, Janssen S, Shastri GG, Ilhan ZE,
et al. Gut microbiota regulate motor deficits and neuroinflammation
in a model of Parkinson’s disease. Cell (2016) 167:1469–480.e12.
doi: 10.1016/j.cell.2016.11.018

141. Cardona AE, Pioro EP, Sasse ME, Kostenko V, Cardona SM, Dijkstra IM,
et al. Control of microglial neurotoxicity by the fractalkine receptor. Nat
Neurosci. (2006) 9:917–24. doi: 10.1038/nn1715

142. Keshavarzian A, Green SJ, Engen PA, Voigt RM, Naqib A, Forsyth CB, et al.
Colonic bacterial composition in Parkinson’s disease. Movement Disorders

(2015) 30:1351–60. doi: 10.1002/mds.26307
143. Scheperjans F, Aho V, Pereira PA, Koskinen K, Paulin L, Pekkonen E, et al.

Gut microbiota are related to Parkinson’s disease and clinical phenotype.
Mov Disord. (2015) 30:350–8. doi: 10.1002/mds.26069

144. Qian Y, Yang X, Xu S, Wu C, Song Y, Qin N, et al. Alteration of the fecal
microbiota in Chinese patients with Parkinson’s disease. Brain Behav Immun.

(2018) 70:194–202. doi: 10.1016/j.bbi.2018.02.016
145. Friedland RP. Mechanisms of molecular mimicry involving the

microbiota in neurodegeneration. J Alzheimers Dis. (2015) 45:349–62.
doi: 10.3233/JAD-142841

146. Hill JM, Lukiw WJ. Microbial-generated amyloids and Alzheimer’s disease
(AD). Front Aging Neurosci. (2015) 7:9. doi: 10.3389/fnagi.2015.00009

147. Caputi V, Giron MC. Microbiome-gut-brain axis and toll-like receptors in
Parkinson’s disease. Int J Mol Sci. (2018) 19:1689. doi: 10.3390/ijms19061689

148. Schafer DP, Heller CT, Georgia G, Molly H, Christopher G, Timothy H,
et al. Microglia contribute to circuit defects inMecp2 nullmice independent
of microglia-specific loss of Mecp2 expression. Elife (2016) 5:e15224.
doi: 10.7554/eLife.15224

149. Johnson E, Haake DA. Gastrointestinal microflora studies in late-onset
autism. Clin Infect Dis. (2002) 35:S6–16. doi: 10.1086/341914

150. Parracho HM, Bingham MO, Gibson GR, Mccartney AL. Differences
between the gut microflora of children with autistic spectrum disorders
and that of healthy children. J Med Microbiol. (2005) 54:987–91.
doi: 10.1099/jmm.0.46101-0

151. Finegold SM, Dowd SE, Gontcharova V, Liu CX, Henley KE, Wolcott
RD, et al. Pyrosequencing study of fecal microflora of autistic and control
children. Anaerobe (2010) 16:444–53. doi: 10.1016/j.anaerobe.2010.06.008

152. Williams BL, HornigM, Buie T, BaumanML, Cho PM,Wick I, et al. Impaired
carbohydrate digestion and transport and mucosal dysbiosis in the intestines
of children with autism and gastrointestinal disturbances. PLoS ONE (2011)
6:e24585. doi: 10.1371/journal.pone.0024585

153. Williams BL, Hornig M, Parekh T, Lipkin WI. Application of novel
PCR-based methods for detection, quantitation, and phylogenetic
characterization of Sutterella species in intestinal biopsy samples from
children with autism and gastrointestinal disturbances. MBio (2012)
3:54–64. doi: 10.1128/mBio.00261-11

154. Kang DW, Jin GP, Ilhan ZE, Wallstrom G, Labaer J, Adams JB,
et al. Reduced incidence of prevotella and other fermenters in
intestinal microflora of autistic children. PLoS ONE (2013) 8:e68322.
doi: 10.1371/journal.pone.0068322

155. Popovic M, Hartogh MD, Zhang L, Poon M, Lam H, Bedard G, et al.
Fecal microbiota and metabolome of children with autism and pervasive
developmental disorder not otherwise specified. PLoS ONE (2013) 8:e76993.
doi: 10.1371/journal.pone.0076993

156. Son JS, Zheng LJ, Rowehl LM, Tian X, Zhang Y, Zhu W, et al. Comparison
of fecal microbiota in children with autism spectrum disorders and
neurotypical siblings in the simons simplex collection. PLoS ONE (2015)
10:e0137725. doi: 10.1371/journal.pone.0137725

157. Kang DW, Adams JB, Gregory AC, Borody T, Chittick L, Fasano A,
et al. Microbiota Transfer Therapy alters gut ecosystem and improves
gastrointestinal and autism symptoms: an open-label study. Microbiome

(2017) 5:10. doi: 10.1186/s40168-016-0225-7
158. Lenz KM, Nugent BM, Haliyur R, Mccarthy MM. Microglia are essential

to masculinization of brain and behavior. J Neurosci. (2013) 33:2761–72.
doi: 10.1523/JNEUROSCI.1268-12.2013

159. Zeissig S, Blumberg RS. Life at the beginning: perturbation of the microbiota
by antibiotics in early life and its role in health and disease. Nat Immunol.

(2014) 15:307–10. doi: 10.1038/ni.2847
160. Blaser MJ. Antibiotic use and its consequences for the normal microbiome.

Science (2016) 352:544–5. doi: 10.1126/science.aad9358
161. Kuperman AA, Koren O. Antibiotic use during pregnancy: how bad is it?

BMCMed. (2016) 14:91. doi: 10.1186/s12916-016-0636-0

Frontiers in Immunology | www.frontiersin.org 15 October 2018 | Volume 9 | Article 2325

https://doi.org/10.15252/emmm.201708743
https://doi.org/10.1038/ng.401
https://doi.org/10.4049/jimmunol.0900747
https://doi.org/10.1016/j.chom.2018.05.003
https://doi.org/10.1111/ene.12072
https://doi.org/10.1038/nature10554
https://doi.org/10.2353/ajpath.2008.080622
https://doi.org/10.1016/j.pnpbp.2007.09.004
https://doi.org/10.3389/fncel.2015.00005
https://doi.org/10.1016/j.jpsychires.2006.10.013
https://doi.org/10.1186/1742-2094-8-94
https://doi.org/10.1016/j.bbi.2014.05.007
https://doi.org/10.3109/00048674.2011.613766
https://doi.org/10.1016/j.jpsychires.2016.07.019
https://doi.org/10.1111/apa.13613
https://doi.org/10.1016/j.neuroscience.2015.09.033
https://doi.org/10.1016/j.nutres.2016.06.009
https://doi.org/10.1016/j.cell.2016.11.018
https://doi.org/10.1038/nn1715
https://doi.org/10.1002/mds.26307
https://doi.org/10.1002/mds.26069
https://doi.org/10.1016/j.bbi.2018.02.016
https://doi.org/10.3233/JAD-142841
https://doi.org/10.3389/fnagi.2015.00009
https://doi.org/10.3390/ijms19061689
https://doi.org/10.7554/eLife.15224
https://doi.org/10.1086/341914
https://doi.org/10.1099/jmm.0.46101-0
https://doi.org/10.1016/j.anaerobe.2010.06.008
https://doi.org/10.1371/journal.pone.0024585
https://doi.org/10.1128/mBio.00261-11
https://doi.org/10.1371/journal.pone.0068322
https://doi.org/10.1371/journal.pone.0076993
https://doi.org/10.1371/journal.pone.0137725
https://doi.org/10.1186/s40168-016-0225-7
https://doi.org/10.1523/JNEUROSCI.1268-12.2013
https://doi.org/10.1038/ni.2847
https://doi.org/10.1126/science.aad9358
https://doi.org/10.1186/s12916-016-0636-0
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Wang et al. Roles of Gut-Microglia Connection in CNS Diseases

162. Amaral FA, Sachs D, Costa VV, Fagundes CT, Cisalpino D, Cunha
TM, et al. Commensal microbiota is fundamental for the development
of inflammatory pain. Proc Natl Acad Sci USA. (2008) 105:2193–7.
doi: 10.1073/pnas.0711891105

163. Bercik P, Park AJ, Sinclair D, Khoshdel A, Lu J, Huang X, et al. The anxiolytic
effect of Bifidobacterium longum NCC3001 involves vagal pathways for
gut–brain communication. Neurogastroenterol Motil. (2011) 23:1132–9.
doi: 10.1111/j.1365-2982.2011.01796.x

164. O’mahony SM, Felice VD, Nally K, Savignac HM, Claesson MJ, Scully
P, et al. Disturbance of the gut microbiota in early-life selectively
affects visceral pain in adulthood without impacting cognitive or
anxiety-related behaviors in male rats. Neuroscience (2014) 277:885–901.
doi: 10.1016/j.neuroscience.2014.07.054

165. Gareau MG, Wine E, Rodrigues DM, Cho JH, Whary MT, Philpott DJ, et al.
Bacterial infection causes stress-induced memory dysfunction in mice. Gut.
(2011) 60:307–17. doi: 10.1136/gut.2009.202515

166. Neufeld KM, Kang N, Bienenstock J, Foster JA. Reduced
anxiety-like behavior and central neurochemical change in
germ-free mice. Neurogastroenterol Motil. (2011) 23:255–64.
doi: 10.1111/j.1365-2982.2010.01620.x

167. Desbonnet L, Clarke G, Shanahan F, Dinan TG, Cryan JF. Microbiota
is essential for social development in the mouse. Mol Psychiatry (2014)
19:146–8. doi: 10.1038/mp.2013.65

168. Tim A, Henrike R, Yu Q, Hans F, Diaz HR. Host microbiota
modulates development of social preference in mice.Microb Ecol Health Dis.

(2015) 26:29719. doi: 10.3402/mehd.v26.29719.
169. Luczynski P, Neufeld MV, Oriach CS, Clarke G, Dinan TG, Cryan JF.

Growing up in a bubble: using germ-free animals to assess the influence
of the gut microbiota on brain and behavior. Int J Neuropsychopharmacol.

(2016) 19:pyw020. doi: 10.1093/ijnp/pyw020
170. Sudo N, Chida Y, Aiba Y, Sonoda J, Oyama N, Yu

XN, et al. Postnatal microbial colonization programs the
hypothalamic&ndash;pituitary&ndash;adrenal system for stress response in
mice. J Physiol. (2004) 558:263–75. doi: 10.1113/jphysiol.2004.063388

171. Ait-Belgnaoui A, Durand H, Cartier C, Chaumaz G, Eutamene
H, Ferrier L, et al. Prevention of gut leakiness by a probiotic
treatment leads to attenuated HPA response to an acute psychological
stress in rats. Psychoneuroendocrinology (2012) 37:1885–95.
doi: 10.1016/j.psyneuen.2012.03.024

172. Aitbelgnaoui A, Colom A, Braniste V, Ramalho L, Marrot A, Cartier C, et al.
Probiotic gut effect prevents the chronic psychological stress-induced brain
activity abnormality in mice. Neurogastroenterol Motil. (2014) 26:510–20.
doi: 10.1111/nmo.12295

173. Buffington SA, Di PG, Auchtung TA, Ajami NJ, Petrosino JF, Costa-
Mattioli M. Microbial reconstitution reverses maternal diet-induced
social and synaptic deficits in offspring. Cell (2016) 165:1762–75.
doi: 10.1016/j.cell.2016.06.001

174. Sun J, Wang F, Ling Z, Yu X, Chen W, Li H, et al. Clostridium
butyricum attenuates cerebral ischemia/reperfusion injury in diabetic
mice via modulation of gut microbiota. Brain Res. (2016) 1642:180–8.
doi: 10.1016/j.brainres.2016.03.042

175. Perez-Burgos A, Wang B, Mao YK, Mistry B, McVey Neufeld KA,
Bienenstock J, et al. Psychoactive bacteria Lactobacillus rhamnosus (JB-
1) elicits rapid frequency facilitation in vagal afferents. Am J Physiol

Gastrointest Liver Physiol. (2013) 304:G211–20. doi: 10.1152/ajpgi.001
28.2012

176. Hoban AE, Stilling RM, Moloney GM, Moloney RD, Shanahan F, Dinan
TG, et al. Microbial regulation of microRNA expression in the amygdala
and prefrontal cortex. Microbiome (2017) 5:102. doi: 10.1186/s40168-017-
0321-3

177. Cohen JL, Ata AE, Jackson NL, Rahn EJ, Ramaker RC, Cooper S, et al.
Differential stress induced c-Fos expression and identification of region-
specific miRNA-mRNA networks in the dorsal raphe and amygdala of
high-responder/low-responder rats. Behav Brain Res. (2017) 319:110–23.
doi: 10.1016/j.bbr.2016.11.015

178. Readhead B, Haure-Mirande JV, Funk CC, Richards MA, Shannon P,
Haroutunian V, et al. Multiscale analysis of independent Alzheimer’s cohorts
finds disruption of molecular, genetic, and clinical networks by human
Herpesvirus. Neuron (2018) 99:64–82.e7. doi: 10.1016/j.neuron.2018.05.023

179. Brun P, Qesari M, Marconi PC, Kotsafti A, Porzionato A, Macchi V,
et al. Herpes simplex virus type 1 infects enteric neurons and triggers gut
dysfunction via macrophage recruitment. Front Cell Infect Microbiol. (2018)
8:74. doi: 10.3389/fcimb.2018.00074

180. Mohri I, Taniike M, Taniguchi H, Kanekiyo T, Aritake K, Inui T,
et al. Prostaglandin D2-mediated microglia/astrocyte interaction enhances
astrogliosis and demyelination in twitcher. J Neurosci. (2006) 26:4383–93.
doi: 10.1523/JNEUROSCI.4531-05.2006

181. Gacias M, Gaspari S, Santos PM, Tamburini S, Andrade M, Zhang
F, et al. Microbiota-driven transcriptional changes in prefrontal cortex
override genetic differences in social behavior. Elife (2016) 5:e13442.
doi: 10.7554/eLife.13442

182. Hoban AE, Stilling RM, Ryan FJ, Shanahan F, Dinan TG, Claesson MJ,
et al. Regulation of prefrontal cortex myelination by the microbiota. Transl
Psychiatry (2016) 6:e774. doi: 10.1038/tp.2016.42

183. Mccarthy MM, Wright CL. Convergence of sex differences and the
neuroimmune system in autism spectrum disorder. Biol Psychiatry (2017)
81:402–10. doi: 10.1016/j.biopsych.2016.10.004

184. Nelson LH, Lenz KM. The immune system as a novel regulator of sex
differences in brain and behavioral development. J Neurosci Res. (2017)
95:447–61. doi: 10.1002/jnr.23821

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Wang, Wang, Wang, Li, Jia, Song, Qin, Wang, Jin, Kitazato and

Wang. This is an open-access article distributed under the terms of the Creative

Commons Attribution License (CC BY). The use, distribution or reproduction in

other forums is permitted, provided the original author(s) and the copyright owner(s)

are credited and that the original publication in this journal is cited, in accordance

with accepted academic practice. No use, distribution or reproduction is permitted

which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org 16 October 2018 | Volume 9 | Article 2325

https://doi.org/10.1073/pnas.0711891105
https://doi.org/10.1111/j.1365-2982.2011.01796.x
https://doi.org/10.1016/j.neuroscience.2014.07.054
https://doi.org/10.1136/gut.2009.202515
https://doi.org/10.1111/j.1365-2982.2010.01620.x
https://doi.org/10.1038/mp.2013.65
https://doi.org/10.3402/mehd.v26.29719.
https://doi.org/10.1093/ijnp/pyw020
https://doi.org/10.1113/jphysiol.2004.063388
https://doi.org/10.1016/j.psyneuen.2012.03.024
https://doi.org/10.1111/nmo.12295
https://doi.org/10.1016/j.cell.2016.06.001
https://doi.org/10.1016/j.brainres.2016.03.042
https://doi.org/10.1152/ajpgi.00128.2012
https://doi.org/10.1186/s40168-017-0321-3
https://doi.org/10.1016/j.bbr.2016.11.015
https://doi.org/10.1016/j.neuron.2018.05.023
https://doi.org/10.3389/fcimb.2018.00074
https://doi.org/10.1523/JNEUROSCI.4531-05.2006
https://doi.org/10.7554/eLife.13442
https://doi.org/10.1038/tp.2016.42
https://doi.org/10.1016/j.biopsych.2016.10.004
https://doi.org/10.1002/jnr.23821
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

	The Gut-Microglia Connection: Implications for Central Nervous System Diseases
	Background
	Microglia Strongly Affect CNS Architecture and Function
	Gut Microbiota Affects Prenatal and Adult Microglia
	The Gut Microbiome and Microglia Affect Several CNS Diseases
	AD
	MS
	Depression
	PD
	ASD
	Abnormal Behavior

	Conclusions and Future Directions
	Author Contributions
	Funding
	References


