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Abstract: The microbiota—gut-brain axis (MGBA) is a bidirectional signaling pathway mediating the
interaction of the microbiota, the intestine, and the central nervous system. While the MGBA plays
a pivotal role in normal development and physiology of the nervous and gastrointestinal system
of the host, its dysfunction has been strongly implicated in neurological disorders, where intestinal
dysbiosis and derived metabolites cause barrier permeability defects and elicit local inflammation
of the gastrointestinal tract, concomitant with increased pro-inflammatory cytokines, mobilization
and infiltration of immune cells into the brain, and the dysregulated activation of the vagus nerve,
culminating in neuroinflammation and neuronal dysfunction of the brain and behavioral abnormali-
ties. In this topical review, we summarize recent findings in human and animal models regarding the
roles of the MGBA in physiological and neuropathological conditions, and discuss the molecular,
genetic, and neurobehavioral characteristics of zebrafish as an animal model to study the MGBA. The
exploitation of zebrafish as an amenable genetic model combined with in vivo imaging capabilities
and gnotobiotic approaches at the whole organism level may reveal novel mechanistic insights into
microbiota—gut-brain interactions, especially in the context of neurological disorders such as autism
spectrum disorder and Alzheimer’s disease.
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1. Introduction

The microbiota—gut-brain axis (MGBA) is a bidirectional signaling cascade in which
efferent signaling pathways originating from the central nervous system (CNS) regulate
the activities of the intestine and the microbiota, while afferent signaling originating from
the microbiota and the intestines affects the development and the function of the CNS [1].
The MGBA mainly consists of gut microbiota residing in the intestinal lumen, intestinal
cells including enterocytes, enteroendocrine cells (EECs), goblet cells, and neurons and glia
in the CNS. Gut microbiota have been shown to be required for normal CNS homeostasis.
For example, germ-free (GF) mice have been reported to display hypermyelination in the
prefrontal cortex [2] and to have defective microglial maturation and functions [3]. The
actions of the MGBA are known to be mediated by metabolites and cytokines that are
generated by members of the gut microbiota or released from immune cells and intestinal
cells activated by them, or by the streamlined direct connections between the brainstem
and intestines via the vagus nerve [4]. Imbalances of the gut microbiota, referred to as
dysbiosis, and any associated malfunctions of the MGBA have been implicated in a vari-
ety of neurodevelopmental, neuropsychological, and neurodegenerative diseases. These
dysbiotic malfunctions have been closely associated with aberrant systemic inflammatory
responses and have been shown to culminate in the brain defects that lead to behavioral
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defects and neuronal dysfunctions [5]. Thus, a more detailed understanding of the under-
lying mechanisms and physiological roles of the MGBA in the etiopathology in diseases
will help to design novel therapeutics based on modulating MGBA activities. For these
purposes, the zebrafish has emerged as an excellent animal model system to address the
host—microbe interactions for both normal physiology and pathogenesis in vivo. In this
topical review, we summarize recent human and other animal model findings regarding
the MGBA and discuss the characteristics and utility of using zebrafish as an animal model
to study the MGBA.

2. MGBA Pathways

In a pioneering study, GF mice were shown to display exaggerated stress responses
and enhanced stress hormone levels that were reversed by the colonization of beneficial
bacteria or commensal microbiota, indicating that the gut bacteria play a critical role in
the regulation of brain function [6]. Subsequent studies showed that GF mice exhibited
hypermotor activity and reduced anxiety, concomitant with changes in gene expression
profiles that are important for brain development, and with changes in essential neuro-
transmitters, specifically in the striatum [7]. The permeability of both the gastrointestinal
barrier and the blood-brain barrier (BBB), separating luminal contents from the intestines
or blood vessel contents from the brain, respectively, should be tightly regulated by the
host to maintain their functional integrities, as the unchecked translocation of bacterial
components and metabolites could elicit detrimental inflammation in both the intestine and
the brain. Pro-inflammatory cytokines, such as tumor necrosis factor (TNF) and interferon
v (IENY), have been shown to regulate the functions of tight junctions [8-10]. The MGBA
pathways and important signaling mediators are summarized in Figure 1.

2.1. Regulation of Brain and Intestinal Permeability by the Microbiota

In GF mice, their intestinal barriers exhibited decreased permeability, with increased
expression of several tight junction proteins and immature structural features, which
were all reversed after associations with human commensal microbiota [11]. In addition,
the composition of gut bacteria can directly affect gut permeability by determining its
mucus layer properties [12], and pathogens such as Bacteroides fragilis and Vibrio cholerae
or probiotic strains such as Lactobacillus plantarum can change intestinal permeability by
regulating tight junction proteins [13], all indicating critical roles for gut microbiota in the
regulation of gut permeability. As a result, the changes in intestinal permeability affected
by infections or by exposure to dysbiotic products such as bacterial toxins and metabolites
can result in low-level chronic and systemic inflammation, eventually developing into a
variety of diseases [10,14].

The BBB in several brain areas is also regulated by the gut microbiota. However,
in contrast to the intestinal barrier, it became more permeable in GF mice, with reduced
expressions of endothelial tight junction proteins, and these were rescued after associating
with the commensal microbiota [15]. Exposure to short chain fatty acid (SCFA)-producing
bacteria or to butyrate treatment also reversed BBB permeability defects via the upregula-
tion of tight junction proteins, indicating the crucial involvement of bacterial SCFAs in BBB
permeability [15] as well as gut permeability [16].

2.2. Neuronal Communication via the Vagus Nerve

Both the expression of gamma-aminobutyric acid (GABA) receptors in the brain and
the improvements in anxiety and depression behaviors regulated by probiotic lactic acid
bacteria in mice have been shown to be mediated by the vagus nerve; this has been con-
firmed by vagotomy where the vagus nerve that connects the brain and the intestine is
surgically disconnected [17]. In addition, a subset of intestinal EECs, termed neuropods,
has been identified as forming physical synapses with the vagus nerve as part of a neu-
roepithelial circuit that can sense intestinal signals and convey that information directly to
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the brain [18]. A neuronal circuit via the vagal nerve has also been described in zebrafish
(see below).
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Figure 1. The bidirectional pathways of the microbiota—gut-brain axis (MGBA) involving the mi-
crobiota, the intestine, and the brain. Intestinal dysbiosis and derived metabolites in neuropatho-
logical conditions induce the barrier permeability defects and local inflammation with increased
pro-inflammatory cytokines, MAMPs (e.g., LPS), and activation of immune cells in the gastrointesti-
nal tract. These signaling mediators as well as microbial metabolites (e.g., SCFAs and Trp derivatives)
and hormones (e.g., GLP-1, PYY) can distantly affect the brain function via the humoral pathway. In
addition, dysregulated regulation of the vagus nerve can also directly modulate the brain function.
Together, these MGBA pathways culminate in regulating neuroinflammation and neuronal defects of
the brain and behavioral abnormalities. Refer to the text for details. 5-HT; 5-hydroxyltryptamine;
LPS, lipopolysaccharides; MAMPs, microbe-associated molecular patterns; SCFAs, short chain fatty
acids; Trp; tryptophan.

2.3. Immune Cell Infiltration into the Brain and Inflammatory Cytokines

Several types of innate immune cells are found in the brain, including residential mi-
croglia, perivascular macrophages, and infiltrating macrophages. The infiltrating macrophages
of the brain are derived from peripheral bone marrow pro-inflammatory monocytes that
transmigrate across the BBB and differentiate into activated macrophages [19]. Neuroinflam-
mation can provoke this type of infiltration, the hallmarks of which are activated microglia
as well as the increased expressions of pro-inflammatory cytokines and chemokines such as
interleukin-1p (IL-13), IL-6, IL-17, TNF«, and monocyte chemoattractant protein 1 (MCP1,
also called CCL2) in the inflamed brain [20,21]. The selective depletion of infiltrating mono-
cytes worsened the A(3 load in the Alzheimer’s disease (AD) brain [22] and infiltrating
macrophages were shown to have a higher phagocytic capacity against toxic molecules (i.e.,
Ap) in AD compared to residential microglia [20,21], indicating that monocyte infiltration
plays a critical role in A clearance. Neutrophils have also been shown to infiltrate into
the brain using mouse AD models, and were attracted to amyloid plaques in an LFA-1
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integrin-dependent manner [23,24]. Neutrophil depletion, or LFA-1 blockade, was reported
to reduce the neuropathological phenotypes and behavioral deficits in AD mouse mod-
els [24]. Furthermore, adaptive immune cells (e.g., clonally expanded CD8" T cells) have
been found in the cerebrospinal fluid (CSF), perivascular regions, and the parenchyma
of AD brains [25,26], although any functional significance and detailed infiltration routes
remain to be elucidated.

The neuroinflammation that promotes the infiltration of peripheral immune cells
into the brain is likely associated with MGBA function because systemic inflammation
elicited by acute infections or by gut dysbiosis, such as inflammatory bowel disease
(IBD), has been shown to be strongly associated with neuroinflammatory responses [27].
During dysbiosis, changes in beneficial or pathogenic bacteria and their metabolites (e.g.,
reduction of Faecalibacterium prausnitzii and its metabolite butyrate) may affect the integrity
of intestinal barriers by regulating tight junction protein expressions [28,29], eventually
resulting in the mobilization of activated immune cells in the intestine and the increased
expression of inflammatory cytokines [14]. Infiltration of peripheral immune cells into the
brain may be further facilitated by systemic inflammation because BBB permeability is
also compromised as a result [10]. Consistent with this process, gut dysbiosis was closely
associated with the infiltration of pro-inflammatory T helper 1 (Th1) cells into mouse brain
using the 5XFAD model and with microglia differentiating into the pro-inflammatory M1
type [30].

The infiltration of immune cells into the brain due to intestinal inflammation has also
been observed using a non-mammalian AD model. In a Drosophila model overexpressing
amyloid 342 (A342), a non-lethal enterobacterial infection promoted the infiltration of
hemocytes (invertebrate phagocytic immune cells) and induced neurodegeneration via the
TNF/JNK pathway due to enhanced oxidative stress [31].

2.4. MGBA Metabolites: SCFAs and Tryptophan Derivatives, Including Serotonin

Microbial metabolites have been proposed to be the mediators that link microbiota
changes to host metabolism in both normal physiology and disease [32]. The effects of
these metabolites on the CNS are via the activation of nerves innervating the intestine,
activation/mobilization of immune cells residing in the intestine, or by activating the
release of molecules (i.e., endocrine peptides and cytokines) via humoral pathways [33].
The SCFAs and tryptophan/serotonin (also known as 5-hydroxytryptamine or 5-HT) are
among the best characterized microbial metabolites that are important for MGBA function
and are discussed below.

2.4.1. SCFAs

SCFAs mainly consist of acetate, propionate, and butyrate derived from anaerobic
fermentation of dietary fibers by the intestinal microbiota. SCFAs are primarily transported
into colonocytes using monocarboxylate transporters (MCTs) or sodium-coupled mono-
carboxylate transporters (SMCTs) where the majority of SCFAs are metabolized as part of
energy production. Non-metabolized SCFAs can be released systemically and may have
distant functions in other organs, including the brain [33,34]. Not only serving as colono-
cyte energy sources, SCFAs generated from microbiota metabolic activity can modulate
enteric functions. For example, butyrate and acetate have been shown to protect intestinal
barrier integrity via an AMPK-mediated reassembly of tight junction proteins [28,35] and
to prevent bacterial internalization and translocation [36]. In addition, SCFAs have also
been reported to control the maturation of intestinal immune cells: butyrate produced
from F. prausnitzii regulated the balance of pro-inflammatory Th17 and anti-inflammatory
Treg in IBD [37] by inhibiting the histone deacetylase (HDAC) activity for the expression of
Foxp3, a critical regulator of T-cell differentiation [38,39]. A failure of intestinal homeostasis
regulation by SCFAs could result in both aberrant intestinal inflammation and systemic
inflammation.
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In addition, SCFAs may distantly influence the brain function by increasing the
mobilization of peripheral immune cells or the expression of inflammatory cytokines to
modulate systemic inflammation [14]. Alternatively, SCFAs have been shown to activate
their receptors (the free fatty-acid receptors, FFAR2 and FFAR3) and associated downstream
cAMP-PKA signaling in intestinal EECs, resulting in the release of humoral factors such
as GLP-1 and PYY into the circulation [40]. Via both humoral and vagal pathways, these
released peptides from EECs can then regulate cognitive function and emotional responses
as well as satiety in the brain [41]. Small proportions of SCFAs released into the circulation
have been shown to directly enter the brain via the BBB [42] owing to MCT expression in
the endothelial cells [33,43]. However, for the regulation of neuroinflammation, it is still
controversial whether SCFAs are pro- or anti-inflammatory signals as their influence may
be context-dependent [44].

2.4.2. Tryptophan Metabolites and Serotonin

An essential amino acid, tryptophan can be synthesized by several bacteria or provided
in food and metabolized to serotonin or kynurenine [32,45]. While serotonin is used as an
essential neurotransmitter for multiple biological functions (e.g., mood and cognition) in
the brain, it also has crucial roles in the transmission of motor and sensory signals in the
intestine. Indeed, approximately 95% of serotonin is produced in the gastrointestinal tract
(GIT), indicating its functional dominance in the GIT [46]. The serotonin released into the
surrounding regions of the intestine after many types of luminal stimulation regulates GI
motility and reflexes via local intrinsic primary afferent neurons and regulates extrinsic
primary afferent neurons (including vagal afferents) to affect distant CNS functions such
as feeding behaviors [47]. The bioavailability of serotonin must also be tightly regulated
using the serotonin reuptake transporter on both nerve endings and in intestinal epithelial
cells [48].

This enriched serotonin production in the GIT is based on interactions between the
microbiota and intestinal cells, as demonstrated by the reduced serotonin levels seen
in both plasma and colon samples from GF mice [49]. In fact, serotonin is produced
predominantly by enterochromalffin cells (ECs)—a major EEC subtype—in the intestine,
and can be activated by the metabolites of spore-forming bacteria [50] and by SCFAs from
the gut microbiota [51], concomitant with the increased expression of tryptophan hydrolase
1 (Tphl), a rate-limiting enzyme for 5-HT synthesis in ECs [46,48]. Myenteric interneurons
can also produce 5-HT by expressing Tph2 within the enteric nervous system, although
this source is quantitatively minor compared to EC production [46,48]. Although direct
evidence for 5-HT regulation of intestinal barrier permeability is rare, it has been reported
that treatment with 5-hydroxytryptophan (5-HTP), the precursor of 5-HT, regulated the
redistribution of the tight junction proteins and sugar permeability in specimens from
healthy humans, but not in specimens from IBS patients [52]. In addition, both indole
and indole-3-propionic acid (tryptophan derivatives catabolized by specific gut bacteria)
were shown to protect gut barrier function [53], suggesting the involvement of tryptophan
metabolites in the modulation of intestinal permeability.

Although serotonin can be released directly into the systemic circulation, it cannot
penetrate the brain. Instead, it is the availability of BBB-crossing tryptophan and the levels
of Tph enzymes in the brain that determine the biosynthesis levels of brain serotonin [54],
consistent with a positive correlation between the level of tryptophan in the circulation and
that in the hippocampus [55]. Serotonin synthesis can be shunted toward the kynurenine
pathway to produce neuroactive kynurenic pathway products such as kynurenic acid and
quinolinic acid [45,56], especially when the expression of indoleamine-2,3-dioxygenase
1 (IDO1), the rate-limiting enzyme for tryptophan catabolism, has been increased due to
inflammatory cytokines, producing the kynurenic pathway metabolites that can also be
served as competitors for regulating the serotonin level [54]. In the brain, kynurenic acid is
generally considered to be neuroprotective and quinolinic acid to be excitotoxic, while in
the intestine, kynurenic acid is considered to be anti-inflammatory and quinolinic acid to
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be pro-inflammatory via the regulation of NMDA receptors [57]. However, their exact roles
are likely to be dose- and context-dependent and remain to be explored further, especially
for microbiota interactions. Interestingly, 5-HT-expressing neurons in anamniotes such
as zebrafish are found in several areas of the brain, including the pretectal area, basal
forebrain, and hindbrain, but in amniotes they are only found in the hindbrain, although
the functional significance of this difference is unclear [54,58].

3. MGBA-Associated Neurological Disorders

Not only does it regulate the normal physiology in the brain, but the gut microbiota is
also implicated in pathological conditions of the nervous system via the various gut-brain
interactions described above. Acute systemic inflammation due to pathogen infections
of the intestine and low-grade chronic inflammation due to intestinal dysbiosis and its
derived products of bacterial toxins, metabolites, and cytokines [14] are known to be closely
associated with the progression of neurological disorders [59]. Below, the diverse roles of
the gut microbiota in autism spectrum disorder (ASD), representing a neurodevelopmental
disorder, and AD, representing a neurodegenerative disease, will be discussed in detail.

3.1. Autism. Spectrum Disorder: A Neurodevelopmental Disorder

ASD represents a group of neurodevelopmental disorders often diagnosed in child-
hood and characterized by impaired social interactions and repetitive/restrictive behaviors
that are frequently accompanied by intellectual disabilities and epilepsy [60]. The etiology
of ASD is both complex and heterogeneous, as ASD encompasses a range of symptoms with
genetic and environmental factors contributing to its pathogenesis. Large-scale exomic and
genomic sequencing of ASD patients has identified a number of candidate genes implicated
in neuronal connections, synaptic function, chromatin remodeling/transcription, and RNA
splicing [61-63]. Notably, a gestational inflammatory environment, such as an infection
during pregnancy, can dramatically affect neurodevelopmental and autistic outcomes [64].
Based on this idea, inflammatory challenges during pregnancy in animal models, such
as viral mimetic poly polyinosinic:polycytidylic acid (I:C) exposure, have been used suc-
cessfully to establish ASD models for mechanism studies, such as the maternal immune
activation mouse model (e.g., [65]).

For the pathobiology of ASD, neurodevelopmental defects in the brain have been the
main focus due to both the implication of ASD-susceptible genes in neuronal function and
the known morphological abnormalities of ASD brains [66,67]. However, it is also well
known that ASD patients have elevated systemic and brain inflammation indicated by
increased inflammatory cytokines (e.g., IL6, MCP1, IFN1, and TNFw), activated microglia,
and autoantibodies [64,68,69].

Considering that such abnormal inflammatory regulation is thought to be closely
linked to the gut microbiota, dysbiosis has been suggested as a main factor responsible for
ASD etiology, and this is also consistent with the comorbid gastrointestinal disturbances
of ASD patients and their vulnerability to infections [60,70-72]. In support of this idea,
GF animals have been reported to exhibit ASD-like traits (e.g., social avoidance and
repetitive behaviors) which were rescued by association of the conventional microbiota [73],
and both human patients and several ASD mouse models have been shown to have gut
dysbiosis [65,74-76]. In ASD dysbiosis, altered microbial populations and decreased
diversity have both been documented, with Clostridium spp. proposed to be the main
culprit by producing neurotoxins that are transported via the vagus nerve (e.g., [77]), but
consistent changes in microbiota profiles have yet to be identified [75]. The most direct
evidence for a causal relationship between the gut microbiota and ASD has come from
recent “humanized” ASD mouse models: the offspring from GF mice harboring a gut
microbiota from ASD-patients exhibited ASD-like phenotypes, and further transcriptomic
analyses identified aberrant alternative splicing of ASD-risk genes similar to that seen
in human ASD brains [78]. In support of a microbiota role (and their metabolites) for
such ASD-related phenotypes, ASD model mice were rescued by a variety of approaches,
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including the use of prebiotics/probiotics (Lactobacillus reuteri), antibiotics (vancomycin),
metabolites (GABA agonists taurine and 5-aminovaleric acid), specific diets (a ketogenic
diet), and microbial transfer therapy [74,78-80].

The etiology of ASD, especially as it relates to GI problems, is postulated to begin
with increased gut permeability (“leaky gut”) in the offspring due to gut dysbiosis under
conditions of elevated inflammation such as during maternal immune activation (MIA)
or with a high-fat diet (HFD) [8,65,81]. An increased level of toxic metabolites, such as 4-
ethylphenylsulfate (4-EHP) and 5-HT [65,82], or a decreased level of beneficial metabolites,
such as butyrate during dysbiosis [28], may also impact gut permeability by modulat-
ing the expression of tight junction proteins in the intestine [75]. Such a dysfunctional
intestinal permeability may allow for the unrestricted entry of dietary components, bac-
terial components, and metabolites that can elicit increased local intestinal inflammation
that is coupled with increased plasma levels of pro-inflammatory cytokines (e.g., IL-6),
resulting in systemic inflammation [14] or the permeability changes may directly disturb
vagus nerve-dependent signaling to the brain [17]. Notably, IL-6 has also been shown
to impair tight junctions by inducing pore-forming claudin-2 [83], further worsening gut
permeability. It is well established that systemic inflammation can disrupt BBB integrity
in neurological disorders [10]. As a result, the compromised BBB may be permissive to
peripheral pro-inflammatory cytokines (e.g., IL-6), metabolites (e.g., p-cresol and propi-
onate), or the infiltration of peripheral immune cells in ASD patients [84,85], with ensuing
increased neuroinflammation. Dysregulated neuroinflammation in ASD is known to play
a crucial role in its pathogenesis and is mediated by activated microglia and astrocytes that
impact dendritic branching, spine density, and neuronal connectivity as well as elevated
cytokine expression, finally leading to both cognitive and behavioral abnormalities [86,87].

Therefore, treating ASD by gut microbiota manipulation may offer more efficient
therapeutic approaches which include antibiotics, prebiotics, probiotics, beneficial metabo-
lites, a gluten-free diet, or fecal microbiota transplantation. For example, butyric acid
administration is known to ameliorate ASD phenotypes in both mouse models and human
patients, presumably by modulating mitochondrial function and neurotransmitter gene
expression; interestingly, other SCFAs (e.g., acetate and propionate) did not show any
rescue effect; rather, propionate has been used to reversibly induce ASD phenotypes and
to generate ASD animal models [75]. Furthermore, in several ASD models where mice
exhibited gut dysbiosis (e.g., maternal HFD-fed mice, BTBR mice, and shank3 knockout
mice) supplementation with L. reuteri was able to rescue the ASD-like social interactions,
although this was achieved by vagus nerve stimulation that activated oxytocin release
from specific neurons in the ventral tegmental area of the brain, and not by microbial
changes [74,88]. Both gluten-free and ketone-rich diets have been reported to rescue GI
abnormalities and ASD symptoms, probably by regulating mitochondria-associated energy
metabolism and oxidative stress [89] as well as by modulating the gut microbiota [90,91].
In addition, direct “microbial transfer therapy”, using two weeks of vancomycin treat-
ment followed by eight weeks of fecal microbiota transplantation, has been shown to
improve these gut abnormalities and autistic phenotypes and to change the abundance of
beneficial bacteria in ASD patients [92]. However, as these interventions may often have
unwanted side effects such as constipation, and sometimes have conflicting therapeutic
effects, more detailed mechanistic studies and optimization protocols are still required for
personalized applications.

3.2. Alzheimer’s Disease: A Neurodegeneration Problem

There are two forms of AD: early onset (EOAD, or familial) and late onset (LOAD),
with the latter accounting for more than 95% of cases that usually occur after the age of
65. AD is pathologically characterized by the accumulation of amyloid 3 (Af3) species and
phosphorylated tau protein, leading to the formation of neurotoxic amyloid plaques and
neurofibrillary tangles in the brain, respectively, in addition to neuroinflammation, loss of
synapses, cognitive impairment, and the eventual loss of neurons [93,94]. The non-genetic
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risk factors that are well known for AD include aging, some metabolic disorders, and
diets [95-97], and both large-scale genome-wide associated studies (GWAS) and whole-
genome sequencing of AD patients have identified more than 30 high-risk genetic loci for
the disease [98].

Previous studies have suggested that these risk factors—aging along with some
metabolic syndromes and diets—may contribute to AD pathogenesis through interactions
with the gut microbiota. It has been well established that these factors are tightly linked
to changes in the microbiome [99-101]. In addition, the host’s APOE alleles (especially
APOE4), representing the strongest AD genetic risk factor, have been correlated with both
an elevated innate immune response and changes in the butyrate-producing bacterial
populations and their metabolite profiles in human and mouse models [102,103]. Similarly,
several genetic risk genes for AD, including TREM2, CD33 (also known as SIGLEC-3),
and SHIP1 have also been implicated in intestinal inflammation [104-106], which can
directly or indirectly interact with the gut microbiota. The close relationship between
gut dysbiosis, systemic inflammation, and AD pathogenesis has been shown in a clinical
study where increases or decreases in the bacterial populations harboring either pro-
inflammatory (e.g., Escherichia/Shigella) or anti-inflammatory (e.g., Eubacterium rectale)
activities, respectively, were associated with systemic inflammation status and brain—
amyloid deposition in cognitively impaired patients [107]. Similarly, a population study of
IBD patients revealed that increased intestinal inflammation (likely coinciding with gut
dysbiosis) was associated with both a higher early onset risk of AD and a higher overall
incidence of AD [101]. Numerous correlational studies of gut dysbiosis in AD patients and
in AD mouse models (e.g., APP/PS1, 5XFAD, and P301L transgenic mice) have extensively
characterized changes in microbial populations, and these results have been summarized
in recent reviews [59,108,109]. The importance of the gut microbiota as a contributing
factor to AD has been functionally validated using GF and antibiotic-treated transgenic
AD mouse models that exhibited reduced AD-like symptoms [110,111].

In the multifactorial etiology of LOAD, brain inflammation, proposed as one of the
most crucial processes for its development [112], is known to be closely associated with
microbiota and permeability changes in the gut, as described above. In neurological dis-
orders, the GIT barrier has been found to be defective due to gut dysbiosis and altered
microbial metabolites such as SCFAs and tryptophan metabolites [14], and the integrity
of the BBB has also been shown to be compromised during the early stages of AD, ir-
respective of amyloid 3 and tau accumulations [113-115]. Neuroinflammation-related
activated microglia and the increased expression of pro-inflammatory cytokines in the
brain may both originate from such permeability defects in the GITs and brains of AD
patients. Such defects may also allow the direct entry of pro-inflammatory bacteria such as
oral pathogens (e.g., Porphyromonas gingivalis) and their endotoxic components/metabolites
into the brain [116,117]. For example, infiltrated lipopolysaccharide (LPS), a representative
microbe-associated molecular pattern molecule (MAMP), potentially originated from those
pathogens, has been shown to promote A production and aggregation as well as neuroin-
flammation [118,119] or to indirectly activate cells lining these barriers and the peripheral
nervous system to elicit systemic inflammation and facilitate immune cell infiltration into
the brain and inflammatory cytokines [120].

Interestingly, specific microbiota members in humans can also produce bacterial
amyloid proteins, such as Curli produced from the csgA gene in E. coli. These bacterial
amyloid proteins can prime amyloidosis and brain proteinopathies in neurodegenerative
diseases through cross-seeding activity to form (3-sheet structure-mediated toxic aggregates
in a “prion-like” fashion via the autonomic nervous system, or by eliciting gut inflammation
and releasing inflammatory mediators [121]. Although interactions between Curli and
amyloid 3 of AD have yet to be tested directly, it has recently been demonstrated that
Curli promoted the aggregation and pathology of a-synuclein, the protein responsible for
Parkinson’s disease progression in vitro and in vivo [122].
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4. Zebrafish as a Model System for MGBA Studies

The zebrafish model became popular for genetic studies due to its large clutch size,
small body size, genomic and physiological similarities to humans, its body transparency
optimal for in vivo imaging, powerful forward and reverse genetics, and the possibility of
in vivo chemical screening. These advantages allowed the zebrafish to become the main
model organism for studying developmental, physiological, and pathological processes,
and as a model with a large collection of mutants and transgenic animals that can visu-
alize both tissues of interest and signaling pathways, it can mimic a variety of human
disease conditions for understanding their underlying mechanisms [123]. Although the
molecular components and signaling pathways responsible for MGBA functionality (i.e.,
those of dysbiosis, dysfunctional immune cell activities, and aberrant metabolites) have
been identified mainly from mouse model studies, the zebrafish model has emerged as
an alternative and attractive vertebrate model with its advantages of being amenable to
genetic manipulations, allowing for real-time in vivo imaging capability at the whole or-
ganism level, and the availability of powerful and easy GF-rearing, gnotobiotic conditions.
Indeed, host gut microbiota interactions [124] and neurological disorders [125,126] that
mirror human conditions have been independently investigated using zebrafish. However,
the combined efforts of the characterization of recently developed zebrafish disease models
for ASD and AD, the establishment of microbial approaches including GF culture [127,128]
and metagenomic analyses of the microbiota [129,130], and the expansion of their neu-
robehavioral repertoires [131-134] may allow dissection of the signaling pathways for the
host-bacteria interactions in neurological disorders, discussed in the following sections.
The key advantages of the zebrafish model for studying the MGBA are summarized in
Figure 2.

| Genetic manipulation | Live in vivo imaging |

[ Brain || Intestine |

Gene of interest

‘_J” - ol

CRISPR-Cas9

Zebrafish advantages
for studying gut &brain axis

| Germ free experiment | | Behavior test
00000d -
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Figure 2. Key advantages of the zebrafish model for studying the MGBA. Refer to the text for details.
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4.1. The Zebrafish GIT and Associated Cell Types

Both the development and the organization of the zebrafish intestine have been well
documented in previous studies: although the zebrafish GIT lacks an acidic stomach, crypts,
Paneth cells, and classical microfold (M) cells, the anatomical, molecular, and functional
features of its GIT are largely conserved between mammals and zebrafish [135-137]. The
major cell types identified in the zebrafish GIT include absorptive enterocytes, mucin-
secreting goblet cells, hormone-releasing EECs, immune cells, smooth muscle cells, and
an enteric nerve system [135,138]. These cell types in the zebrafish GIT play pivotal and
distinct roles in coping with diverse environmental changes and can relay this information
to other organs, including the brain. For example, their EECs are capable of sensing
luminal contents while still producing and releasing hormones or signaling molecules that
can regulate physiological and homeostatic functions of the intestine and the brain [139].
These EECs can be dysfunctional, with morphological alterations after HFD feeding in a
larval model [140], and can secrete 5-HT in response to a pathogen infection (Edwardsiella
tarda) to activate enteric neurons and promote bacterial clearance mediated by the Trpal
receptor [141].

A zebrafish vagus nerve has also been described in both embryos and adults, forming
at approximately 3—4 dpf [142], and an afferent sensory circuit of the vagus (projecting to the
hindbrain via the nodose ganglion) was elegantly shown to be activated by both an E. Tarda
infection or its tryptophan metabolites [141]. The zebrafish enteric nervous system (ENS),
a neural crest-derived peripheral nervous system, consists of enteric neurons, a submu-
cosal/myenteric plexus, associated glia, and muscle layers. It has been shown to regulate
intestinal motility and to mediate connectivity between the CNS and the intestine, with
neurons secreting neurotransmitters such as serotonin, dopamine, histamine, acetylcholine,
and GABA, similar to mammals [143]. The developmental programs of the zebrafish ENS
have been well described using forward and reverse genetic studies, revealing the intricate
signaling pathways governing ENS genesis and function in both normal and pathological
contexts that are relevant to human conditions [144,145]. In addition, the zebrafish immune
system has shown a high level of homology to that of mammals: most immune cell lineages
in mammals (e.g., macrophages, neutrophils, and lymphocyte B/T cells) have also been
identified in zebrafish [146] and many mammalian immune-signaling pathways, immune
receptors (pattern recognition receptors such as TLRs), and inflammatory mediators such
as cytokines, interleukins, and complement are conserved in zebrafish [147].

4.2. Genetic Approaches to Loss-of-Function and Gain-of-Function Studies with Zebrafish
Transgenic Lines

4.2.1. Loss-of-Function Approaches

For both efficiency and convenience, morpholino oligonucleotides have been com-
monly used in zebrafish to transiently knock down the endogenous expressions of genes
of interest in loss-of-function studies [148]. These morpholinos can be designed to disturb
translation by binding to translation initiation sites, or to disturb RNA splicing by binding
to splicing sites, which affects zygotic or maternal zygotic expression of the mRNA, respec-
tively. Although a downside of morpholino administration is potential toxicity which can
give rise to unanticipated phenotypes and misinterpretations of the gene functions [149],
the technique can still be a useful loss-of-function genetic tool to quickly test gene function
as long as one carefully follows the guidelines for proper usage [150].

Permanent loss-of-function studies require zebrafish lines with mutant knockouts,
and the zebrafish model represents an ideal system to apply recent genome-editing tech-
nology. Traditionally, collections of zebrafish mutant lines with diverse phenotypes were
obtained by forward genetic screening using random mutagenesis, with large-scale mu-
tagenesis screening generating approximately 1500 mutant lines [151]. The generation
of gene-targeted zebrafish knockouts using reverse genetic approaches became avail-
able and popular when genome-editing technologies were adopted, beginning with zinc
finger nucleases (ZFNs), transcription activator-like effector nucleases (TALENSs), and
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most recently, clustered regularly interspaced short palindromic repeats (CRISPR) editing
which was originally identified as a bacterial defense system against phage infection and
was adapted to allow rapid and accurate target gene editing in vivo [152]. Ever since
the CRISPR/Cas9 system was successfully validated to produce zebrafish knockouts
in vivo [153], the technique has transformed zebrafish reverse-genetic approaches to allow
for the generation of mutants at will, and has also been applied to the introduction of
knockin mutations, the target-specific transcriptional regulation, and induction of precise
base-pair editing [154,155].

4.2.2. Gain-of-Function Approaches

Gain-of-function studies usually require the overexpression of genes of interest. Tran-
sient overexpression can be achieved by the direct in vitro microinjection of transcribed
mRNA encoding the protein of interest into one-cell zebrafish embryos. Although this is
not cell type-specific overexpression, mRNA-injected overexpression is a fast and valu-
able tool for functional gene analysis, and also can be used to verify a loss-of-function
phenotype in rescue experiments (e.g., [156]). Both long-term and tissue-specific gene
expression effects require permanent/stable expression in transgenic animals with cell
type or tissue specificity. Such stable transgenic animals, with germline transmission, can
be created with high efficiency by microinjecting plasmid DNA made using swappable
promoters, the genes of interest, and effectors (e.g., fluorescence proteins and recombina-
tion cassettes) using a transposon-based Tol2 kit [157] which can direct gene expression
in a tissue-specific manner. To make the use of cell type-specific expression even more
flexible, the Gal4/UAS binary system has been adopted because it permits any gene to
be expressed in a desired place and time by crossing tissue-specific Gal4 transgenic lines
with a UAS gene of interest [158]. However, Gal4 cytotoxicity and UAS methylation have
hampered any broader application of the Gal4/UAS system in zebrafish [159]. Attempts to
circumvent such GAL4/UAS system problems, such as fusing the Gal4 DNA-binding do-
main to heterologous transactivation domains, and optimizing the 5X UAS sequence [160],
or the use of alternative flexible binary systems such as the Cre/loxP system, the Flp /FRT
system, and the QF/QUAS system have also been developed and are still evolving in the
zebrafish research field [161-163].

4.2.3. Zebrafish Transgenic Lines and In Vivo Imaging of Host-Bacterial Interactions

Due to the optical transparency of the zebrafish embryo throughout its development,
and the capability for real-time in vivo imaging at high resolution, reporter transgenic lines
that can visualize immune cells and immune signaling will become great assets for dissect-
ing interactions between host immune cells and bacteria, in addition to dissecting gut-brain
signaling. Several fluorescently tagged transgenic lines have been established that have
labeled myeloid cells (neutrophils, macrophages, and microglia), lymphocytes (B cells and
T cells), and intestinal cells (enterocytes and EECs) that are summarized in Tables 1 and 2.
The use of these same cell type-specific promoters can also drive the expression of a variety
of advanced genetically encoded fluorescent proteins (e.g., photoconvertible Kaede or Den-
dra) and genetically encoded neurotransmitter sensors (e.g., dopamine and norepinephrine)
that have been developed by coupling neurochemical-sensing G-protein-coupled receptors
(GPCRs) with a circular-permutated fluorescent protein (Table 3). Such transgenic zebrafish
lines have been suitable for in vivo cell tracking to reveal direct communications between
the gut microbiota and the brain by UV photoconversion of Kaede in a non-invasive man-
ner [164] and for the in vivo monitoring of dynamic zebrafish larval brain responses to
dopamine stimulation in real time [165]. In addition, a tissue-specific ablation strategy;,
where nfsB encoding nitroreductase B (NTR) converts prodrugs (e.g., metronidazole) into
cytotoxic metabolites and ablates cells expressing NTR, can also be applied to explore
the functional roles of specific gut-derived cell types during brain development [164].
Therefore, the exploitation of these powerful genetic approaches combined with a variety
of in vivo imaging techniques for monitoring both cellular behavior and signaling path-
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ways in whole zebrafish may reveal novel mechanistic insights into microbiota—gut-brain
interactions, especially in the context of neurological disorders such as ASD and AD.

Table 1. Zebrafish transgenic reporter lines labeling various immune cell types.

Cell Type Promoter (Gene Name) Zebrafish Transgenic Line Features References
Mveloid cell Spilb/pu.l (Spi—l Tg(spilb.‘GAL4,UAS.‘EGFP) GFP or RFP expression []66]
y proto-oncogene b) Tg(spilb:GAL4,UAS:TagRFP) combined with other UAS lines
Tg(mpx:GFP) GFP or mCherry [167]
. mpx (myeloid-specific peroxidase) .
Neutrophil Tg(mpx:mCherry) expression [168]
lyz (lysozyme) Tg(lyz:EGFP) GFP expression [169]
Dendra2 converted by UV
Tg(mpegl:dendra2) from green to [170]
mpegl.1 (macrophage expressed 1, red for cell tracking
tandem duplicate 1) E on of . CEP
. : xpression of membrane-
Tg(mpegl: GFP-CAAX) in macrophages [166]
mfap (microfibril . . Expression of membrane-YFP
associated protein 4) TgtmfaptdLanYFP-CAAX) in macrophages [170]
Macrophage TgBAC(csflra:GFP) GFP expression [171]
csflra/fms (colony mCherry expression
stimulating factor 1 . conditional cell ablation by
receptot, a) Tg(fms::nfsB-mCherry) metronidazole [172]
treatment
GFP expression
irg1 (immunoresponsive gene 1) Tg(irgl:EGFP) Expression of activated [173]
macrophages
. . i expression of membrane-GFP in ’
apoeb (apolipoprotein Eb) Tg(apoeb:lyn-EGFP) microglia [174]
. . Microglia precursor expression
Microglia )
(the resident innate immune 5167?7 (solute cartier Tg(slc7a7:Kaede) Kaede converted by UV [172]
cells in the brain) family 7 member 7) from green to
red for cell tracking
P fg}pio(f ;;delglc TgBAC(p2ry12:p2ry12-GFP) GFP expression [175]
Ick (LCK proto-oncogene,
T cell Src family Tg(Ick:GFP) GFP expression [171]
tyrosine kinase)
ighm
B cell (immunoglobulin heavy Tg(IgM1:eGFP) GFP expression [176]
constant mu)
r‘(?,jgi‘; i""e’;‘ggf is!1 (ISL LIM Homeobox 1) Tq(isl1:EGEP) a subset of isl1+ cells [141]
TgBAC(cldn15la-GFP);
enterocyte cldn15la (claudin 15-like a) Tg(-0.349cldn15la: absorption [177,178]
mCherry)
neurodl (Neuronal TgBAC(neurod1:EGFP) intestinal hormone rel [140]
enteroendocrine Differentiation 1) Tg(neurod1:RFP) estinal hormone release
nkx2.2a (NK2 homeobox 2a) Tg(nkx2.2a:mEGFP) intestinal hormone release [179]
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Table 2. Zebrafish transgenic reporter lines to monitor the spatial and temporal activities of immune-signaling components.

Immune-Signaling Component Description Zebrafish Transgenic Line =~ References
mydss Tolliike receptor (L&) Tg(myd8 ECFP) o)
(myeloid differentiation response gene 88) P Tg(myd88:DsRED?2)

—-mediated signaling

(nuclear factor x-light chain enhancer of activated B cells)

NF-«xB

transcription factor;
activated by Tg(NF-xB:EGFP) [181]
bacteria-derived cytokines

(in terleii{lirﬁ; 1 beta) pro-inflammatory cytokine TgBAC(il1B:eGFP) [182]
tnf-a . .
pro-inflammatory cytokine Tg(tnf-a:GFP) [183]

(tumor necrosis factor a)

Table 3. Zebrafish transgenic reporter lines for neurotransmitter sensors and genetically modified fluorescent proteins.

MGBA Cell Types Description Zebrafish Transgenic Line References
dopamine in vivo dopamine sensor Tgq(elval3: DA1m) [165]
norepinephrine in vivo norepinephrine sensor Tg(HuC:GRABNE1m) [184]
Kaede UV-photoconvertible sensor Tg(Gal4-VP16;UAS:EGFP) X Tg(UAS:Kaede) [164]
CaMPARI UV-photoconvertible calcium sensor Tg(neurod1:CaMPARI) [141]

4.3. The Gut Microbiota of Zebrafish in MGBA Studies

In zebrafish, intestinal colonization by microbes from the surrounding environment
begins at approximately 3—4 dpf as the mouth opens and the GIT matures [129]. The core
microbiota indigenous to the zebrafish GIT, dominated by phyla Proteobacteria and Fu-
sobacteria, have been shown to be determined by selective pressure from the zebrafish
host based on comparative composition analyses of the gut microbiota in mouse-zebrafish
reciprocal transplantation, domesticated strains, and wild-caught zebrafish [185,186]. Al-
though the exact taxonomies of the microbial communities in humans, mice, and zebrafish
differ, there is a trend towards interspecies conservation at the phylum level [187,188].
In addition, host responses to gut colonization by microbiota have been reported to be
significantly shared between zebrafish and mouse models [189], and zebrafish, mouse, and
human microbiomes are known to have similar abundances of functional pathways (i.e.,
DEG pathways) [130] which suggests that functional and mechanistic findings using the
zebrafish microbiota may have direct translational implications for understanding human
microbiota functions.

Roles for gut microbiota in GIT development and function have been investigated
using several zebrafish models, and our mechanistic understanding of host gut microbiota
interactions has benefited from using both GF and microbial reassociation approaches. The
protocol for rearing zebrafish larvae under GF conditions for up to 8-9 dpf has been well
established [127,189,190]. Although gross morphology was normal, GF zebrafish larvae
exhibited defective proliferation and differentiation of intestinal epithelial cells (e.g., deple-
tion of goblet cells and EECs, immature glycan expression, and a lack of intestinal alkaline
phosphatase activity at the brush border) which could be rescued by reassociation with gut
microbes [189,190]. It was also found that the residential gut microbiota decreased their
own potential toxicity by inducing the expression of the intestinal alkaline phosphatase
(iap) gene localized in the brush border of the intestine to detoxify LPS, and because GF
zebrafish larvae failed to induce iap, they were rendered hypersensitive to LPS [191]. The
gut microbiota can also contribute to the functional regulation of the immune system, as
shown by the NFkB-dependent and tissue-specific immune-signaling changes seen after
microbial colonization compared to GF controls that were visualized in vivo in real-time
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using Tg(NFkB:EGFP) transgenic zebrafish larvae [181] and by the dramatic induction of
the intestinal serum amyloid A (saa) gene upon microbial colonization that contributed to
innate immunity by suppressing the aberrant activation of neutrophils [178].

Novel mechanistic findings about how the microbiota can regulate host metabolism
have also been made using zebrafish models. For example, metabolically, the presence
of the microbiota promoted fat uptake and the formation of lipid droplets upon feeding
that was concomitant with phylum Firmicutes enrichment [192] and “silenced” EECs by
damaging their nutrient-sensing ability under HFD conditions, concomitant with the genus
Acinetobacter blooming [140]. In addition, probiotic Lactobacillus treatment modulated the
gut microbiota composition and the gene expression signature of glucose metabolism in
8 dpf zebrafish larvae, resulting in both reduced glucose levels and feeding behaviors,
presumably through the increased formation of SCFAs by gut microbiota activity [193]. For
modelling type 2 diabetes in adult zebrafish, changes in both microbial compositions and
gene expression profiles towards more diabetes-related patterns have also been reported,
consistent with mammalian models [194]. For toxicology research, the GF zebrafish model
has been used to address interactions between the gut microbiota and the metabolism of
xenobiotics such as chemical drugs and toxic pollutants [195], which has broadened the
applicability of zebrafish microbial studies in combination with the power of both GF and
reassociation experimental designs.

Similar to GF mice exhibiting increased locomotion, decreased anxiety, impaired
memory, and decreased social behavior in neurodevelopmental and neurobehavioral
studies [7,196], GF-reared or antibiotic-treated zebrafish larvae have consistently shown
hyperactivity and anxiolytic activity based on locomotion and thigmotaxis assays, respec-
tively, which could be rescued by their exposure to commensal microbiota (“convention-
alization”) or to specific bacteria [197,198]. In addition, supplementing larval and adult
zebrafish with Lactobacillus species demonstrated that these probiotic bacteria conferred
anxiolytic effects and increased shoaling, and these behavioral effects were accompanied
by changes in both microbial composition and gene expression profiles in the brain related
to neurotransmitter signaling and Brain-Derived Neurotrophic Factor (BDNF) [199,200],
suggesting this zebrafish model as a platform for validating the potential use of probiotics
for neurobehavioral effects.

4.4. Zebrafish Models for the Neurological Diseases ASD and AD
4.4.1. The Zebrafish ASD Model Representing a Neurodevelopmental Disorder

Zebrafish models for ASD have been well established using chemical treatments
or genetic manipulations followed by neurobehavioral assays to assess a range of core
autism-like phenotypes, including disturbances of social behavior, inhibitory avoidance,
aggression, anxiety, and repetitive behaviors [201,202]. For chemical treatments, the gluta-
matergic N-methyl-D-aspartate (NMDA) receptor antagonist MK-801, the dopamine D1
receptor antagonist SCH23390, and the epilepsy and bipolar disorder drug valproic acid
have been used to evoke ASD-like symptoms in rodents [203] and have also been applied
to zebrafish for modeling ASD [204,205]. For genetic modeling analogous to rodent ASD
models which were established by overexpressing ASD-risk genes such as kctd13, bbs7,
and cep290, or by knocking down/knocking out dyrkla, corola, fam57ba, gdpd3, hirip3, kif22,
maz, ppp4ca, shank3, fmrl, and cntnap2, zebrafish ASD models have been successfully gen-
erated by targeting a similar set of ASD-susceptibility genes using genetic manipulations
(reviewed in [126,206]).

As an example, the zebrafish dyrklaa knockout mutant (an ASD-causative gene also
implicated in Down syndrome) exhibited a smaller brain size with increased cell death,
abnormal brain activity, and social interaction deficits reminiscent of typical ASD symp-
toms [207]. The shank3b knockout mutant, another zebrafish ASD model, also showed
impaired and repetitive locomotion behavior and social interaction defects, together with
decreased expressions of synaptic proteins [208], while shank3a/b double knockouts ex-
hibited gastrointestinal motility defects with reduction of serotonin-positive EECs [209].
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However, despite extensive experimental evidence in both human and mouse models
supporting the involvement of microbial composition dysbiosis in ASD pathogenesis
(reviewed in [78,210], zebrafish studies on the role of the gut microbiota underpinning
ASD pathogenesis are surprisingly lacking, except for a very recent report that tested
the requirement of early microbial colonization for acquiring social interaction behaviors:
zebrafish reared under GF conditions, followed by colonization at 7 dpf, exhibited social
behavior defects as a result of aberrant axonal arbor complexity in the ventral nucleus of
the ventralis telencephali (Vv) and neuronal connectivity defects. These defects were also
accompanied by a decreased abundance of microglia in the forebrain, highlighting a key
role for microglia in the mediation of microbiota signaling and neuronal development [211].

4.4.2. The Zebrafish AD Model Representing a Neurodegenerative Disease

Similar to their use in rodent models of AD, the accumulation of A(342 peptides and
the aggregation of phosphorylated tau protein have been employed to generate zebrafish
AD models either by direct A42 peptide injections into the brain or by the overexpression
of amyloid (342 or a phosphorylation-prone mutant form of tau protein to create stable
transgenic zebrafish. Initial studies showed that direct injections of Ap42 into the hindbrain
ventricle induced cognitive deficits and tau phosphorylation which could be rescued by
lithium, a GSK3p inhibitor [212]. Since then, research has shown that Af342 injections
into the brain ventricle during both larval and adult stages have validated the chaperone
activity of gold nanoparticles to mitigate Af toxicity using a larval locomotion assay
and an avoidance test [213] and has also revealed A {342 molecular pathways regulating
the sleep/awake cycle [214]. By taking advantage of the regenerative capacity of the
adult zebrafish brain after Ap42 brain injection, IL4 was identified as an activator of
neural stem cell proliferation for regeneration after Ap-induced neuronal death in the
adult brain by suppressing serotonin levels to disinhibit the BDNF-NFkB signaling axis
for regeneration [215,216]. As the tryptophan metabolic pathway is well conserved in
teleosts, including zebrafish [54], zebrafish models may be useful tools to better understand
the contributions of tryptophan metabolism to brain tissue regeneration in neurological
diseases at a systemic level and in the context of the MGBA axis.

Stable zebrafish AD transgenic lines have been generated mostly to model tauopathy,
with neuron-specific overexpression of human TAU mutations. Among these, a repre-
sentative zebrafish tauopathy model overexpressed human TAU with a P301L mutation
in the nervous system using the Gal4-UAS system [217]. This model recapitulated tau
pathology, with aberrant phosphorylation, neurofibrillary tangle formation, increased
neuronal cell death, and locomotion defects. Furthermore, the candidacies of GSK3p3
inhibitors were successfully validated using this model by assessing the amelioration of tau
phenotypes with candidate treatments [217]. Another zebrafish tauopathy model, using
the overexpression of TAU with a rare mutation (A127T), exhibited defective motor axons
and proteasome dysfunction concomitant with insoluble tau protein accumulation that
could be rescued by activating autophagy [218]. It is noteworthy that even with identical
mutations, TAU expressions do not always induce tauopathy phenotypes, even with tau
protein phosphorylation as reported by [219]. Importantly, given the central importance of
AD within the scope of neurodegenerative diseases, and the long history of using several
model organisms in AD research, the wide uses of zebrafish AD and tauopathy models are
still to be established and further improved in order to recapitulate human AD pathology
more precisely. These factors currently hamper the application of zebrafish AD models to
MGBA studies.

5. Future Directions

Over the last few decades our understanding of the interactions between the mi-
crobiota, the gastrointestinal tract, and the brain that can affect both the physiology and
pathology of neurodevelopmental and neurodegenerative conditions has been significantly
broadened, with rodents predominantly being used as animal models. As a model organ-



Cells 2021, 10, 566

16 of 25

References
Lynch, S.V.; Pedersen, O. The Human Intestinal Microbiome in Health and Disease. N. Engl. ]. Med. 2016, 375, 2369-2379.

1.

2.

[CrossRef]

ism, the zebrafish is beginning to be used for MGBA studies, based on their molecular,
genetic, and neurobehavioral advantages and the ability of zebrafish models to recapitulate
neurological disorders. One could imagine the development of a platform for “humanized”
zebrafish ASD models, where gut microbiomes from human ASD patients would be ex-
posed to an array of GF-reared knockout and knockin zebrafish and a high-throughput
chemical screening would be performed based on ASD-relevant phenotypes for personal-
ized medicine targeting. By taking advantage of improved genetic zebrafish models that
can better recapitulate the diverse neurological symptoms of human patients with faster,
more reliable, and convenient assays, we expect that the combination of a high-resolution
in vivo imaging at the whole animal level and established microbial manipulations will
lead to novel mechanistic insights into the neuronal circuits and MGBA components in
the near future that will lead to a better understanding of neurological disorders and
innovative therapeutic approaches.

Author Contributions: J.-G.L., H.-J.C., Y.-M.]. and ]J.-S.L. all designed the format, figures, and
tables and wrote the manuscript. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by National Research Foundation (NRF) and National Re-
search Council of Science & Technology (NST) of Ministry of Science and ICT of Korea (NRF-
2019R1A2C1010661, CRC-15-04-KIST) and KRIBB Research Initiative Program.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Acknowledgments: Authors thank Binna Lim for helping to prepare the illustrations of the graphical
abstract.

Conflicts of Interest: The authors declare that they have no competing interests.
Abbreviations

5-HT 5-hydroxytryptamine

AD Alzheimer’s disease

Ap42 amyloid 342

ASD autism spectrum disorder
BBB blood-brain barrier

CNS central nervous system
CSF cerebrospinal fluid

EECs enteroendocrine cells

GF germ-free

GIT gastrointestinal tract
GABA  gamma-aminobutyric acid
IBD inflammatory bowel disease
IFNy interferon y

LPS lipopolysaccharides

MAMP  microbe-associated molecular pattern
MGBA  microbiota—gut-brain Axis

SCFAs  short chain fatty acids

TNF tumor necrosis factor

Hoban, A E; Stilling, R.M.; Ryan, FJ.; Shanahan, F,; Dinan, T.G.; Claesson, M.].; Clarke, G.; Cryan, ].F. Regulation of prefrontal
cortex myelination by the microbiota. Transl. Psychiatry 2016, 6. [CrossRef] [PubMed]


http://doi.org/10.1056/NEJMra1600266
http://doi.org/10.1038/tp.2016.42
http://www.ncbi.nlm.nih.gov/pubmed/27045844

Cells 2021, 10, 566 17 of 25

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Erny, D.; Hrabe de Angelis, A.L,; Jaitin, D.; Wieghofer, P.; Staszewski, O.; David, E.; Keren-Shaul, H.; Mahlakoiv, T.; Jakobshagen,
K.; Buch, T.; et al. Host microbiota constantly control maturation and function of microglia in the CNS. Nat. Neurosci. 2015, 18,
965-977. [CrossRef]

Sampson, T.R.; Mazmanian, S.K. Control of brain development, function, and behavior by the microbiome. Cell Host Microbe 2015,
17,565-576. [CrossRef]

Morais, L.H.; Schreiber, H.L.t.; Mazmanian, S.K. The gut microbiota-brain axis in behaviour and brain disorders. Nat. Rev.
Microbiol. 2020. [CrossRef]

Sudo, N.; Chida, Y.; Aiba, Y.; Sonoda, J.; Oyama, N.; Yu, X.N.; Kubo, C.; Koga, Y. Postnatal microbial colonization programs the
hypothalamic-pituitary-adrenal system for stress response in mice. J. Physiol. 2004, 558, 263-275. [CrossRef]

Diaz Heijtz, R.; Wang, S.; Anuar, E; Qian, Y.; Bjorkholm, B.; Samuelsson, A.; Hibberd, M.L.; Forssberg, H.; Pettersson, S. Normal
gut microbiota modulates brain development and behavior. Proc. Natl. Acad. Sci. USA 2011, 108, 3047-3052. [CrossRef]

Turner, J.R. Intestinal mucosal barrier function in health and disease. Nat. Rev. Immunol. 2009, 9, 799-809. [CrossRef]
Odenwald, M.A.; Turner, J.R. The intestinal epithelial barrier: A therapeutic target? Nat. Rev. Gastroenterol. Hepatol. 2017, 14, 9-21.
[CrossRef] [PubMed]

Varatharaj, A.; Galea, I. The blood-brain barrier in systemic inflammation. Brain Behav. Immun. 2017, 60, 1-12. [CrossRef]
[PubMed]

Hayes, C.L.; Dong, J.; Galipeau, H.]J.; Jury, J.; McCarville, J.; Huang, X.; Wang, X.Y.; Naidoo, A.; Anbazhagan, A.N.; Libertucci, J.;
et al. Commensal microbiota induces colonic barrier structure and functions that contribute to homeostasis. Sci. Rep. 2018, 8,
14184. [CrossRef]

Jakobsson, H.E.; Rodriguez-Pineiro, A.M.; Schutte, A.; Ermund, A.; Boysen, P.; Bemark, M.; Sommer, E.; Backhed, F.; Hansson,
G.C,; Johansson, M.E. The composition of the gut microbiota shapes the colon mucus barrier. EMBO Rep. 2015, 16, 164-177.
[CrossRef] [PubMed]

Bischoff, S.C.; Barbara, G.; Buurman, W.; Ockhuizen, T.; Schulzke, ].D.; Serino, M.; Tilg, H.; Watson, A.; Wells, ] M. Intestinal
permeability—a new target for disease prevention and therapy. BMC Gastroenterol. 2014, 14, 189. [CrossRef] [PubMed]

Kelly, ].R.; Kennedy, PJ.; Cryan, J.F,; Dinan, T.G.; Clarke, G.; Hyland, N.P. Breaking down the barriers: The gut microbiome,
intestinal permeability and stress-related psychiatric disorders. Front. Cell. Neurosci. 2015, 9, 392. [CrossRef] [PubMed]
Braniste, V.; Al-Asmakh, M.; Kowal, C.; Anuar, E; Abbaspour, A.; Toth, M.; Korecka, A.; Bakocevic, N.; Ng, L.G.; Kundu, P; et al.
The gut microbiota influences blood-brain barrier permeability in mice. Sci. Transl. Med. 2014, 6. [CrossRef]

Ploger, S.; Stumpff, E.; Penner, G.B.; Schulzke, ].D.; Gabel, G.; Martens, H.; Shen, Z.; Gunzel, D.; Aschenbach, J.R. Microbial
butyrate and its role for barrier function in the gastrointestinal tract. Ann. N. Y. Acad. Sci. 2012, 1258, 52-59. [CrossRef]

Bravo, J.A.; Forsythe, P.; Chew, M.V.; Escaravage, E.; Savignac, HM.; Dinan, T.G.; Bienenstock, J.; Cryan, J.F. 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, 16050-16055. [CrossRef]

Kaelberer, M.M.; Buchanan, K.L.; Klein, M.E.; Barth, B.B.; Montoya, M.M.; Shen, X.; Bohorquez, D.V. A gut-brain neural circuit for
nutrient sensory transduction. Science 2018, 361. [CrossRef]

Fani Maleki, A.; Rivest, S. Innate Immune Cells: Monocytes, Monocyte-Derived Macrophages and Microglia as Therapeutic
Targets for Alzheimer’s Disease and Multiple Sclerosis. Front. Cell Neurosci. 2019, 13, 355. [CrossRef]

Malm, T.; Koistinaho, M.; Muona, A.; Magga, J.; Koistinaho, J. The role and therapeutic potential of monocytic cells in Alzheimer’s
disease. Glia 2010, 58, 889-900. [CrossRef]

Theriault, P; E1Ali, A.; Rivest, S. The dynamics of monocytes and microglia in Alzheimer’s disease. Alzheimers Res. Ther. 2015, 7,
41. [CrossRef] [PubMed]

Michaud, J.P.; Bellavance, M. A.; Prefontaine, P.; Rivest, S. Real-time in vivo imaging reveals the ability of monocytes to clear
vascular amyloid beta. Cell Rep. 2013, 5, 646—653. [CrossRef]

Baik, S.H.; Cha, M.Y.; Hyun, Y.M.; Cho, H.; Hamza, B.; Kim, D.K.; Han, S.H.; Choi, H.; Kim, K.H.; Moon, M.; et al. Migration of
neutrophils targeting amyloid plaques in Alzheimer’s disease mouse model. Neurobiol. Aging 2014, 35, 1286-1292. [CrossRef]
Zenaro, E.; Pietronigro, E.; Della Bianca, V.; Piacentino, G.; Marongiu, L.; Budui, S.; Turano, E.; Rossi, B.; Angiari, S.; Dusi, S.; et al.
Neutrophils promote Alzheimer’s disease-like pathology and cognitive decline via LFA-1 integrin. Nat. Med. 2015, 21, 880-886.
[CrossRef]

Togo, T.; Akiyama, H.; Iseki, E.; Kondo, H.; Ikeda, K.; Kato, M.; Oda, T.; Tsuchiya, K.; Kosaka, K. Occurrence of T cells in the brain
of Alzheimer’s disease and other neurological diseases. J. Neuroimmunol. 2002, 124, 83-92. [CrossRef]

Gate, D.; Saligrama, N.; Leventhal, O.; Yang, A.C.; Unger, M.S.; Middeldorp, J.; Chen, K.; Lehallier, B.; Channappa, D.; De Los
Santos, M.B.; et al. Clonally expanded CD8 T cells patrol the cerebrospinal fluid in Alzheimer’s disease. Nature 2020, 577, 399-404.
[CrossRef] [PubMed]

Paouri, E.; Georgopoulos, S. Systemic and CNS Inflammation Crosstalk: Implications for Alzheimer’s Disease. Curr. Alzheimer
Res. 2019, 16, 559-574. [CrossRef]

Peng, L.; Li, Z.R.; Green, R.S.; Holzman, LR; Lin, ]. Butyrate enhances the intestinal barrier by facilitating tight junction assembly
via activation of AMP-activated protein kinase in Caco-2 cell monolayers. . Nutr. 2009, 139, 1619-1625. [CrossRef]

Lobionda, S.; Sittipo, P.; Kwon, H.Y.; Lee, Y.K. The Role of Gut Microbiota in Intestinal Inflammation with Respect to Diet and
Extrinsic Stressors. Microorganisms 2019, 7, 271. [CrossRef] [PubMed]


http://doi.org/10.1038/nn.4030
http://doi.org/10.1016/j.chom.2015.04.011
http://doi.org/10.1038/s41579-020-00460-0
http://doi.org/10.1113/jphysiol.2004.063388
http://doi.org/10.1073/pnas.1010529108
http://doi.org/10.1038/nri2653
http://doi.org/10.1038/nrgastro.2016.169
http://www.ncbi.nlm.nih.gov/pubmed/27848962
http://doi.org/10.1016/j.bbi.2016.03.010
http://www.ncbi.nlm.nih.gov/pubmed/26995317
http://doi.org/10.1038/s41598-018-32366-6
http://doi.org/10.15252/embr.201439263
http://www.ncbi.nlm.nih.gov/pubmed/25525071
http://doi.org/10.1186/s12876-014-0189-7
http://www.ncbi.nlm.nih.gov/pubmed/25407511
http://doi.org/10.3389/fncel.2015.00392
http://www.ncbi.nlm.nih.gov/pubmed/26528128
http://doi.org/10.1126/scitranslmed.3009759
http://doi.org/10.1111/j.1749-6632.2012.06553.x
http://doi.org/10.1073/pnas.1102999108
http://doi.org/10.1126/science.aat5236
http://doi.org/10.3389/fncel.2019.00355
http://doi.org/10.1002/glia.20973
http://doi.org/10.1186/s13195-015-0125-2
http://www.ncbi.nlm.nih.gov/pubmed/25878730
http://doi.org/10.1016/j.celrep.2013.10.010
http://doi.org/10.1016/j.neurobiolaging.2014.01.003
http://doi.org/10.1038/nm.3913
http://doi.org/10.1016/S0165-5728(01)00496-9
http://doi.org/10.1038/s41586-019-1895-7
http://www.ncbi.nlm.nih.gov/pubmed/31915375
http://doi.org/10.2174/1567205016666190321154618
http://doi.org/10.3945/jn.109.104638
http://doi.org/10.3390/microorganisms7080271
http://www.ncbi.nlm.nih.gov/pubmed/31430948

Cells 2021, 10, 566 18 of 25

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Wang, X.; Sun, G.; Feng, T.; Zhang, ].; Huang, X.; Wang, T.; Xie, Z.; Chu, X.; Yang, J.; Wang, H. Sodium oligomannate therapeutically
remodels gut microbiota and suppresses gut bacterial amino acids-shaped neuroinflammation to inhibit Alzheimer’s disease
progression. Cell Res. 2019, 29, 787-803. [CrossRef]

Wu, S.C.; Cao, Z.S.; Chang, K.M.; Juang, J.L. Intestinal microbial dysbiosis aggravates the progression of Alzheimer’s disease in
Drosophila. Nat. Commun. 2017, 8, 24. [CrossRef]

Sharon, G.; Garg, N.; Debelius, J.; Knight, R.; Dorrestein, P.C.; Mazmanian, S.K. Specialized metabolites from the microbiome in
health and disease. Cell Metab. 2014, 20, 719-730. [CrossRef]

Dalile, B.; Van Oudenhove, L.; Vervliet, B.; Verbeke, K. The role of short-chain fatty acids in microbiota—gut-brain communication.
Nat. Rev. Gastroenterol. Hepatol. 2019, 1, 461-478. [CrossRef]

Silva, Y.P; Bernardi, A.; Frozza, R.L. The Role of Short-Chain Fatty Acids From Gut Microbiota in Gut-Brain Communication.
Front. Endocrinol. 2020, 11, 25. [CrossRef]

Elamin, E.E.; Masclee, A.A.; Dekker, J.; Pieters, H.].; Jonkers, D.M. Short-chain fatty acids activate AMP-activated protein kinase
and ameliorate ethanol-induced intestinal barrier dysfunction in Caco-2 cell monolayers. J. Nutr. 2013, 143, 1872-1881. [CrossRef]
Lewis, K.; Lutgendorff, F.; Phan, V.; Soderholm, J.D.; Sherman, PM.; McKay, D.M. Enhanced translocation of bacteria across
metabolically stressed epithelia is reduced by butyrate. Inflamm. Bowel Dis. 2010, 16, 1138-1148. [CrossRef]

Zhou, L.; Zhang, M.; Wang, Y.; Dorfman, R.G.; Liu, H.; Yu, T.; Chen, X.; Tang, D.; Xu, L.; Yin, Y;; et al. Faecalibacterium prausnitzii
Produces Butyrate to Maintain Th17/Treg Balance and to Ameliorate Colorectal Colitis by Inhibiting Histone Deacetylase 1.
Inflamm. Bowel Dis. 2018, 24, 1926-1940. [CrossRef]

Furusawa, Y.; Obata, Y.; Fukuda, S.; Endo, T.A.; Nakato, G.; Takahashi, D.; Nakanishi, Y.; Uetake, C.; Kato, K.; Kato, T.;
et al. Commensal microbe-derived butyrate induces the differentiation of colonic regulatory T cells. Nature 2013, 504, 446—450.
[CrossRef]

Arpaia, N.; Campbell, C.; Fan, X.; Dikiy, S.; van der Veeken, J.; deRoos, P.; Liu, H.; Cross, J.R.; Pfeffer, K.; Coffer, PJ.; et al.
Metabolites produced by commensal bacteria promote peripheral regulatory T-cell generation. Nature 2013, 504, 451-455.
[CrossRef] [PubMed]

Covasa, M.; Stephens, R.W.; Toderean, R.; Cobuz, C. Intestinal Sensing by Gut Microbiota: Targeting Gut Peptides. Front.
Endocrinol. 2019, 10, 82. [CrossRef] [PubMed]

Katsurada, K.; Yada, T. Neural effects of gut- and brain-derived glucagon-like peptide-1 and its receptor agonist. J. Diabetes
Investig. 2016, 7, 64-69. [CrossRef]

Kim, S.W.; Hooker, ].M.; Otto, N.; Win, K.; Muench, L.; Shea, C.; Carter, P.; King, P.; Reid, A.E.; Volkow, N.D.; et al. Whole-body
pharmacokinetics of HDAC inhibitor drugs, butyric acid, valproic acid and 4-phenylbutyric acid measured with carbon-11
labeled analogs by PET. Nucl. Med. Biol. 2013, 40, 912-918. [CrossRef]

Vijay, N.; Morris, MLE. Role of monocarboxylate transporters in drug delivery to the brain. Curr. Pharm. Des. 2014, 20, 1487-1498.
[CrossRef] [PubMed]

Park, J.; Wang, Q.; Wu, Q.; Mao-Draayer, Y.; Kim, C.H. Bidirectional regulatory potentials of short-chain fatty acids and their
G-protein-coupled receptors in autoimmune neuroinflammation. Sci. Rep. 2019, 9, 8831. [CrossRef]

Kennedy, PJ.; Cryan, ].E; Dinan, T.G.; Clarke, G. Kynurenine pathway metabolism and the microbiota-gut-brain axis. Neurophar-
macology 2017, 112, 399-412. [CrossRef]

Gershon, M.D.; Tack, J. The serotonin signaling system: From basic understanding to drug development for functional GI
disorders. Gastroenterology 2007, 132, 397—414. [CrossRef]

Sikander, A.; Rana, S.V.; Prasad, K.K. Role of serotonin in gastrointestinal motility and irritable bowel syndrome. Clin. Chim. Acta
2009, 403, 47-55. [CrossRef] [PubMed]

Shajib, M.S.; Baranov, A.; Khan, W.I. Diverse Effects of Gut-Derived Serotonin in Intestinal Inflammation. ACS Chem. Neurosci.
2017, 8, 920-931. [CrossRef] [PubMed]

Wikoff, W.R.; Anfora, A.T; Liu, J.; Schultz, P.G.; Lesley, S.A ; Peters, E.C.; Siuzdak, G. Metabolomics analysis reveals large effects
of gut microflora on mammalian blood metabolites. Proc. Natl. Acad. Sci. USA 2009, 106, 3698-3703. [CrossRef]

Yano, ].M.; Yu, K.; Donaldson, G.P,; Shastri, G.G.; Ann, P.; Ma, L.; Nagler, C.R.; Ismagilov, R.F.; Mazmanian, S.K.; Hsiao, E.Y.
Indigenous bacteria from the gut microbiota regulate host serotonin biosynthesis. Cell 2015, 161, 264-276. [CrossRef]

Reigstad, C.S.; Salmonson, C.E.; Rainey, ].F,, 3rd; Szurszewski, ].H.; Linden, D.R.; Sonnenburg, J.L.; Farrugia, G.; Kashyap, P.C.
Gut microbes promote colonic serotonin production through an effect of short-chain fatty acids on enterochromaffin cells. FASEB
J. 2015, 29, 1395-1403. [CrossRef]

Keszthelyi, D.; Troost, FJ.; Jonkers, D.M.; van Eijk, H.M.; Lindsey, PJ.; Dekker, ].; Buurman, W.A.; Masclee, A.A. Serotonergic
reinforcement of intestinal barrier function is impaired in irritable bowel syndrome. Aliment. Pharmacol. Ther. 2014, 40, 392-402.
[CrossRef]

Roager, HM.; Licht, T.R. Microbial tryptophan catabolites in health and disease. Nat. Commun. 2018, 9. [CrossRef]

Hoglund, E.; Overli, O.; Winberg, S. Tryptophan Metabolic Pathways and Brain Serotonergic Activity: A Comparative Review.
Front. Endocrinol. 2019, 10, 158. [CrossRef] [PubMed]

Clarke, G.; Grenham, S.; Scully, P; Fitzgerald, P.; Moloney, R.D.; Shanahan, F,; Dinan, T.G.; Cryan, J.E. The microbiome-gut-brain
axis during early life regulates the hippocampal serotonergic system in a sex-dependent manner. Mol. Psychiatry 2013, 18, 666-673.
[CrossRef]


http://doi.org/10.1038/s41422-019-0216-x
http://doi.org/10.1038/s41467-017-00040-6
http://doi.org/10.1016/j.cmet.2014.10.016
http://doi.org/10.1038/s41575-019-0157-3
http://doi.org/10.3389/fendo.2020.00025
http://doi.org/10.3945/jn.113.179549
http://doi.org/10.1002/ibd.21177
http://doi.org/10.1093/ibd/izy182
http://doi.org/10.1038/nature12721
http://doi.org/10.1038/nature12726
http://www.ncbi.nlm.nih.gov/pubmed/24226773
http://doi.org/10.3389/fendo.2019.00082
http://www.ncbi.nlm.nih.gov/pubmed/30837951
http://doi.org/10.1111/jdi.12464
http://doi.org/10.1016/j.nucmedbio.2013.06.007
http://doi.org/10.2174/13816128113199990462
http://www.ncbi.nlm.nih.gov/pubmed/23789956
http://doi.org/10.1038/s41598-019-45311-y
http://doi.org/10.1016/j.neuropharm.2016.07.002
http://doi.org/10.1053/j.gastro.2006.11.002
http://doi.org/10.1016/j.cca.2009.01.028
http://www.ncbi.nlm.nih.gov/pubmed/19361459
http://doi.org/10.1021/acschemneuro.6b00414
http://www.ncbi.nlm.nih.gov/pubmed/28288510
http://doi.org/10.1073/pnas.0812874106
http://doi.org/10.1016/j.cell.2015.02.047
http://doi.org/10.1096/fj.14-259598
http://doi.org/10.1111/apt.12842
http://doi.org/10.1038/s41467-018-05470-4
http://doi.org/10.3389/fendo.2019.00158
http://www.ncbi.nlm.nih.gov/pubmed/31024440
http://doi.org/10.1038/mp.2012.77

Cells 2021, 10, 566 19 of 25

56.

57.

58.
59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

O’Mahony, S.M; Clarke, G.; Borre, Y.E.; Dinan, T.G.; Cryan, ].E. Serotonin, tryptophan metabolism and the brain-gut-microbiome
axis. Behav. Brain Res. 2015, 277, 32-48. [CrossRef] [PubMed]

Kaszaki, J.; Erces, D.; Varga, G.; Szabo, A.; Vecsei, L.; Boros, M. Kynurenines and intestinal neurotransmission: The role of
N-methyl-D-aspartate receptors. J. Neural Transm. 2012, 119, 211-223. [CrossRef]

Lillesaar, C. The serotonergic system in fish. J. Chem. Neuroanat 2011, 41, 294-308. [CrossRef]

Liu, S.; Gao, J.; Zhu, M,; Liu, K.; Zhang, H.L. Gut Microbiota and Dysbiosis in Alzheimer’s Disease: Implications for Pathogenesis
and Treatment. Mol. Neurobiol. 2020, 57, 5026-5043. [CrossRef] [PubMed]

Casanova, M.F; Frye, R.E.; Gillberg, C.; Casanova, E.L. Editorial: Comorbidity and Autism Spectrum Disorder. Front. Psychiatry
2020, 11. [CrossRef]

De Rubeis, S.; He, X.; Goldberg, A.P.; Poultney, C.S.; Samocha, K.; Cicek, A.E.; Kou, Y.; Liu, L.; Fromer, M.; Walker, S.; et al.
Synaptic, transcriptional and chromatin genes disrupted in autism. Nature 2014, 515, 209-215. [CrossRef]

Yuen, RK.; Merico, D.; Bookman, M.; Howe, J.L.; Thiruvahindrapuram, B.; Patel, R.V.; Whitney, J.; Deflaux, N.; Bingham, J.; Wang,
Z.; et al. Whole genome sequencing resource identifies 18 new candidate genes for autism spectrum disorder. Nat. Neurosci. 2017,
20, 602-611. [CrossRef]

Grove, ].; Ripke, S.; Als, T.D.; Mattheisen, M.; Walters, R.K.; Won, H.; Pallesen, J.; Agerbo, E.; Andreassen, O.A.; Anney, R.; et al.
Identification of common genetic risk variants for autism spectrum disorder. Nat. Genet. 2019, 51, 431-444. [CrossRef] [PubMed]
Meltzer, A.; Van de Water, J. The Role of the Immune System in Autism Spectrum Disorder. Neuropsychopharmacology 2017, 42,
284-298. [CrossRef]

Hsiao, E.Y.; McBride, S.W.; Hsien, S.; Sharon, G.; Hyde, E.R.; McCue, T.; Codelli, J.A.; Chow, J.; Reisman, S.E.; Petrosino, J.E,; et al.
Microbiota modulate behavioral and physiological abnormalities associated with neurodevelopmental disorders. Cell 2013, 155,
1451-1463. [CrossRef] [PubMed]

Yenkoyan, K.; Grigoryan, A.; Fereshetyan, K.; Yepremyan, D. Advances in understanding the pathophysiology of autism spectrum
disorders. Behav. Brain Res. 2017, 331, 92-101. [CrossRef]

Hashem, S.; Nisar, S.; Bhat, A.A.; Yadav, S.K.; Azeem, M.W.; Bagga, P.; Fakhro, K.; Reddy, R.; Frenneaux, M.P.; Haris, M. Genetics
of structural and functional brain changes in autism spectrum disorder. Transl. Psychiatry 2020, 10, 229. [CrossRef] [PubMed]
Gladysz, D.; Krzywdzinska, A.; Hozyasz, K.K. Inmune Abnormalities in Autism Spectrum Disorder-Could They Hold Promise
for Causative Treatment? Mol. Neurobiol. 2018, 55, 6387-6435. [CrossRef] [PubMed]

Siniscalco, D.; Schultz, S.; Brigida, A.L.; Antonucci, N. Inflammation and Neuro-Immune Dysregulations in Autism Spectrum
Disorders. Pharmaceuticals 2018, 11, 56. [CrossRef] [PubMed]

Mayer, E.A.; Padua, D.; Tillisch, K. Altered brain-gut axis in autism: Comorbidity or causative mechanisms? Bioessays 2014, 36,
933-939. [CrossRef]

Samsam, M.; Ahangari, R.; Naser, S.A. Pathophysiology of autism spectrum disorders: Revisiting gastrointestinal involvement
and immune imbalance. World . Gastroenterol. 2014, 20, 9942-9951. [CrossRef] [PubMed]

Vuong, H.E.; Hsiao, E.Y. Emerging Roles for the Gut Microbiome in Autism Spectrum Disorder. Biol. Psychiatry 2017, 81, 411-423.
[CrossRef]

Desbonnet, L.; Clarke, G.; Shanahan, F,; Dinan, T.G.; Cryan, ].E. Microbiota is essential for social development in the mouse. Mol.
Psychiatry 2014, 19, 146-148. [CrossRef]

Buffington, S.A.; Di Prisco, G.V.; Auchtung, T.A.; Ajami, N.J.; Petrosino, ].F.; Costa-Mattioli, M. Microbial Reconstitution Reverses
Maternal Diet-Induced Social and Synaptic Deficits in Offspring. Cell 2016, 165, 1762-1775. [CrossRef] [PubMed]

Fattorusso, A.; Di Genova, L.; Dell’Isola, G.B.; Mencaroni, E.; Esposito, S. Autism Spectrum Disorders and the Gut Microbiota.
Nutrients 2019, 11, 521. [CrossRef]

Xu, M,; Xu, X,; Li, J.; Li, E. Association Between Gut Microbiota and Autism Spectrum Disorder: A Systematic Review and
Meta-Analysis. Front. Psychiatry 2019, 10, 473. [CrossRef] [PubMed]

Bolte, E.R. Autism and Clostridium tetani. Med. Hypotheses 1998, 51, 133—-144. [CrossRef]

Sharon, G.; Cruz, N.J.; Kang, D.-W.; Gandal, M.].; Wang, B.; Kim, Y.-M.; Zink, E.M.; Casey, C.P.; Taylor, B.C.; Lane, C.J. Human
gut microbiota from autism spectrum disorder promote behavioral symptoms in mice. Cell 2019, 177, 1600-1618. [CrossRef]
[PubMed]

Sandler, R.H.; Finegold, S.M.; Bolte, E.R.; Buchanan, C.P.; Maxwell, A.P,; Vaisanen, M.L.; Nelson, M.N.; Wexler, H.M. Short-term
benefit from oral vancomycin treatment of regressive-onset autism. J. Child. Neurol. 2000, 15, 429-435. [CrossRef]

Li, Q.; Han, Y.; Dy, A.B.C,; Hagerman, R.J. The Gut Microbiota and Autism Spectrum Disorders. Front. Cell Neurosci. 2017, 11, 120.
[CrossRef]

Rohr, M.W,; Narasimhulu, C.A.; Rudeski-Rohr, T.A ; Parthasarathy, S. Negative Effects of a High-Fat Diet on Intestinal Permeabil-
ity: A Review. Adv. Nutr. 2020, 11, 77-91. [CrossRef]

Israelyan, N.; Margolis, K.G. Serotonin as a link between the gut-brain-microbiome axis in autism spectrum disorders. Pharmacol.
Res. 2018, 132, 1-6. [CrossRef]

Suzuki, T.; Yoshinaga, N.; Tanabe, S. Interleukin-6 (IL-6) regulates claudin-2 expression and tight junction permeability in
intestinal epithelium. J. Biol. Chem. 2011, 286, 31263-31271. [CrossRef] [PubMed]


http://doi.org/10.1016/j.bbr.2014.07.027
http://www.ncbi.nlm.nih.gov/pubmed/25078296
http://doi.org/10.1007/s00702-011-0658-x
http://doi.org/10.1016/j.jchemneu.2011.05.009
http://doi.org/10.1007/s12035-020-02073-3
http://www.ncbi.nlm.nih.gov/pubmed/32829453
http://doi.org/10.3389/fpsyt.2020.617395
http://doi.org/10.1038/nature13772
http://doi.org/10.1038/nn.4524
http://doi.org/10.1038/s41588-019-0344-8
http://www.ncbi.nlm.nih.gov/pubmed/30804558
http://doi.org/10.1038/npp.2016.158
http://doi.org/10.1016/j.cell.2013.11.024
http://www.ncbi.nlm.nih.gov/pubmed/24315484
http://doi.org/10.1016/j.bbr.2017.04.038
http://doi.org/10.1038/s41398-020-00921-3
http://www.ncbi.nlm.nih.gov/pubmed/32661244
http://doi.org/10.1007/s12035-017-0822-x
http://www.ncbi.nlm.nih.gov/pubmed/29307081
http://doi.org/10.3390/ph11020056
http://www.ncbi.nlm.nih.gov/pubmed/29867038
http://doi.org/10.1002/bies.201400075
http://doi.org/10.3748/wjg.v20.i29.9942
http://www.ncbi.nlm.nih.gov/pubmed/25110424
http://doi.org/10.1016/j.biopsych.2016.08.024
http://doi.org/10.1038/mp.2013.65
http://doi.org/10.1016/j.cell.2016.06.001
http://www.ncbi.nlm.nih.gov/pubmed/27315483
http://doi.org/10.3390/nu11030521
http://doi.org/10.3389/fpsyt.2019.00473
http://www.ncbi.nlm.nih.gov/pubmed/31404299
http://doi.org/10.1016/S0306-9877(98)90107-4
http://doi.org/10.1016/j.cell.2019.05.004
http://www.ncbi.nlm.nih.gov/pubmed/31150625
http://doi.org/10.1177/088307380001500701
http://doi.org/10.3389/fncel.2017.00120
http://doi.org/10.1093/advances/nmz061
http://doi.org/10.1016/j.phrs.2018.03.020
http://doi.org/10.1074/jbc.M111.238147
http://www.ncbi.nlm.nih.gov/pubmed/21771795

Cells 2021, 10, 566 20 of 25

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.
99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

De Angelis, M.; Piccolo, M.; Vannini, L.; Siragusa, S.; De Giacomo, A.; Serrazzanetti, D.L; Cristofori, F.; Guerzoni, M.E.; Gobbetti,
M.; Francavilla, R. Fecal microbiota and metabolome of children with autism and pervasive developmental disorder not otherwise
specified. PLoS ONE 2013, 8, €76993. [CrossRef] [PubMed]

Fiorentino, M.; Sapone, A.; Senger, S.; Camhi, S.S.; Kadzielski, S.M.; Buie, T.M.; Kelly, D.L.; Cascella, N.; Fasano, A. Blood-brain
barrier and intestinal epithelial barrier alterations in autism spectrum disorders. Mol. Autism. 2016, 7, 49. [CrossRef]

Matta, S.M.; Hill-Yardin, E.L.; Crack, PJ. The influence of neuroinflammation in Autism Spectrum Disorder. Brain Behav. Immun.
2019, 79, 75-90. [CrossRef]

Saurman, V.; Margolis, K.G.; Luna, R.A. Autism Spectrum Disorder as a Brain-Gut-Microbiome Axis Disorder. Dig. Dis. Sci. 2020,
65, 818-828. [CrossRef] [PubMed]

Sgritta, M.; Dooling, S.W.; Buffington, S.A.; Momin, E.N.; Francis, M.B.; Britton, R.A.; Costa-Mattioli, M. Mechanisms Underlying
Microbial-Mediated Changes in Social Behavior in Mouse Models of Autism Spectrum Disorder. Neuron 2019, 101, 246-259.e6.
[CrossRef]

Napoli, E.; Duenas, N.; Giulivi, C. Potential therapeutic use of the ketogenic diet in autism spectrum disorders. Front. Pediatrics
2014, 2, 69. [CrossRef]

Newell, C.; Bomhof, M.R; Reimer, R.A; Hittel, D.S.; Rho, ].M.; Shearer, J. Ketogenic diet modifies the gut microbiota in a murine
model of autism spectrum disorder. Mol. Autism. 2016, 7, 37. [CrossRef]

Ristori, M.V.; Quagliariello, A.; Reddel, S.; Ianiro, G.; Vicari, S.; Gasbarrini, A.; Putignani, L. Autism, Gastrointestinal Symptoms
and Modulation of Gut Microbiota by Nutritional Interventions. Nutrients 2019, 11, 2812. [CrossRef]

Kang, D.W.; Adams, ].B.; Gregory, A.C.; Borody, T.; Chittick, L.; Fasano, A.; Khoruts, A.; Geis, E.; Maldonado, J.; McDonough-
Means, S.; et al. Microbiota Transfer Therapy alters gut ecosystem and improves gastrointestinal and autism symptoms: An
open-label study. Microbiome 2017, 5, 10. [CrossRef] [PubMed]

Selkoe, D.J.; Hardy, J. The amyloid hypothesis of Alzheimer’s disease at 25 years. EMBO Mol. Med. 2016, 8, 595-608. [CrossRef]
[PubMed]

Long, ].M.; Holtzman, D.M. Alzheimer Disease: An Update on Pathobiology and Treatment Strategies. Cell 2019, 179, 312-339.
[CrossRef] [PubMed]

Hou, Y; Dan, X.; Babbar, M.; Wei, Y.; Hasselbalch, S.G.; Croteau, D.L.; Bohr, V.A. Ageing as a risk factor for neurodegenerative
disease. Nat. Rev. Neurol. 2019, 15, 565-581. [CrossRef] [PubMed]

Hu, N.; Yu, ].T; Tan, L.; Wang, Y.L.; Sun, L.; Tan, L. Nutrition and the risk of Alzheimer’s disease. Biomed. Res. Int. 2013, 2013.
[CrossRef] [PubMed]

Razay, G.; Vreugdenhil, A.; Wilcock, G. The metabolic syndrome and Alzheimer disease. Arch. Neurol. 2007, 64, 93-96. [CrossRef]
[PubMed]

Neuner, S.M.; Tcw, J.; Goate, A.M. Genetic architecture of Alzheimer’s disease. Neurobiol. Dis. 2020, 143. [CrossRef]

DeJong, E.N.; Surette, M.G.; Bowdish, D.M.E. The Gut Microbiota and Unhealthy Aging: Disentangling Cause from Consequence.
Cell Host Microbe 2020, 28, 180-189. [CrossRef]

Dabke, K.; Hendrick, G.; Devkota, S. The gut microbiome and metabolic syndrome. J. Clin. Investig. 2019, 129, 4050—-4057.
[CrossRef]

Zhang, M.; Zhao, D.; Zhou, G.; Li, C. Dietary Pattern, Gut Microbiota, and Alzheimer’s Disease. |. Agric. Food Chem. 2020, 68,
12800-12809. [CrossRef]

Gale, S.C.; Gao, L.; Mikacenic, C.; Coyle, S.M.; Rafaels, N.; Murray Dudenkov, T.; Madenspacher, ]. H.; Draper, D.W.; Ge, W.; Aloor,
J.J.; et al. APOepsilon4 is associated with enhanced in vivo innate immune responses in human subjects. J. Allergy Clin. Immunol.
2014, 134, 127-134. [CrossRef] [PubMed]

Tran, T.T.T.; Corsini, S.; Kellingray, L.; Hegarty, C.; Le Gall, G.; Narbad, A.; Muller, M.; Tejera, N.; O'Toole, PW.; Minihane, A.M.;
et al. APOE genotype influences the gut microbiome structure and function in humans and mice: Relevance for Alzheimer’s
disease pathophysiology. FASEB J. 2019, 33, 8221-8231. [CrossRef] [PubMed]

Correale, C.; Genua, M.; Vetrano, S.; Mazzini, E.; Martinoli, C.; Spinelli, A.; Arena, V.; Peyrin-Biroulet, L.; Caprioli, F.; Passini,
N.; et al. Bacterial sensor triggering receptor expressed on myeloid cells-2 regulates the mucosal inflammatory response.
Gastroenterology 2013, 144, 346-356. [CrossRef] [PubMed]

Fernandes, S.; Iyer, S.; Kerr, W.G. Role of SHIP1 in cancer and mucosal inflammation. Ann. N. Y. Acad. Sci. 2013, 1280, 6-10.
[CrossRef] [PubMed]

Lubbers, J.; Rodriguez, E.; van Kooyk, Y. Modulation of Inmune Tolerance via Siglec-Sialic Acid Interactions. Front. Immunol.
2018, 9, 2807. [CrossRef]

Cattaneo, A.; Cattane, N.; Galluzzi, S.; Provasi, S.; Lopizzo, N.; Festari, C.; Ferrari, C.; Guerra, U.P.; Paghera, B.; Muscio, C.
Association of brain amyloidosis with pro-inflammatory gut bacterial taxa and peripheral inflammation markers in cognitively
impaired elderly. Neurobiol. Aging 2017, 49, 60-68. [CrossRef]

Kowalski, K.; Mulak, A. Brain-Gut-Microbiota Axis in Alzheimer’s Disease. ]. Neurogastroenterol. Motil. 2019, 25, 48-60. [CrossRef]
[PubMed]

Seo, D.O.; Holtzman, D.M. Gut Microbiota: From the Forgotten Organ to a Potential Key Player in the Pathology of Alzheimer’s
Disease. J. Gerontol. A Biol. Sci. Med. Sci. 2020, 75, 1232-1241. [CrossRef] [PubMed]


http://doi.org/10.1371/journal.pone.0076993
http://www.ncbi.nlm.nih.gov/pubmed/24130822
http://doi.org/10.1186/s13229-016-0110-z
http://doi.org/10.1016/j.bbi.2019.04.037
http://doi.org/10.1007/s10620-020-06133-5
http://www.ncbi.nlm.nih.gov/pubmed/32056091
http://doi.org/10.1016/j.neuron.2018.11.018
http://doi.org/10.3389/fped.2014.00069
http://doi.org/10.1186/s13229-016-0099-3
http://doi.org/10.3390/nu11112812
http://doi.org/10.1186/s40168-016-0225-7
http://www.ncbi.nlm.nih.gov/pubmed/28122648
http://doi.org/10.15252/emmm.201606210
http://www.ncbi.nlm.nih.gov/pubmed/27025652
http://doi.org/10.1016/j.cell.2019.09.001
http://www.ncbi.nlm.nih.gov/pubmed/31564456
http://doi.org/10.1038/s41582-019-0244-7
http://www.ncbi.nlm.nih.gov/pubmed/31501588
http://doi.org/10.1155/2013/524820
http://www.ncbi.nlm.nih.gov/pubmed/23865055
http://doi.org/10.1001/archneur.64.1.93
http://www.ncbi.nlm.nih.gov/pubmed/17210814
http://doi.org/10.1016/j.nbd.2020.104976
http://doi.org/10.1016/j.chom.2020.07.013
http://doi.org/10.1172/JCI129194
http://doi.org/10.1021/acs.jafc.9b08309
http://doi.org/10.1016/j.jaci.2014.01.032
http://www.ncbi.nlm.nih.gov/pubmed/24655576
http://doi.org/10.1096/fj.201900071R
http://www.ncbi.nlm.nih.gov/pubmed/30958695
http://doi.org/10.1053/j.gastro.2012.10.040
http://www.ncbi.nlm.nih.gov/pubmed/23108068
http://doi.org/10.1111/nyas.12038
http://www.ncbi.nlm.nih.gov/pubmed/23551094
http://doi.org/10.3389/fimmu.2018.02807
http://doi.org/10.1016/j.neurobiolaging.2016.08.019
http://doi.org/10.5056/jnm18087
http://www.ncbi.nlm.nih.gov/pubmed/30646475
http://doi.org/10.1093/gerona/glz262
http://www.ncbi.nlm.nih.gov/pubmed/31738402

Cells 2021, 10, 566 21 0f 25

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.
138.

Minter, M.R; Zhang, C.; Leone, V,; Ringus, D.L.; Zhang, X.; Oyler-Castrillo, P.; Musch, M.W.; Liao, F; Ward, ].F,; Holtzman, D.M.; et al.
Antibiotic-induced perturbations in gut microbial diversity influences neuro-inflammation and amyloidosis in a murine model of
Alzheimer’s disease. Sci. Rep. 2016, 6, 30028. [CrossRef] [PubMed]

Harach, T.; Marungruang, N.; Duthilleul, N.; Cheatham, V.; Mc Coy, K.; Frisoni, G.; Neher, J.; Fak, F; Jucker, M.; Lasser, T.
Reduction of Abeta amyloid pathology in APPPS] transgenic mice in the absence of gut microbiota. Sci. Rep. 2017, 7. [CrossRef]
[PubMed]

Kirstic, D.; Knuesel, I. Deciphering the mechanism underlying late-onset Alzheimer disease. Nat. Rev. Neurol. 2013, 9, 25-34.
[CrossRef]

Bowman, G.L.; Kaye, ].A.; Moore, M.; Waichunas, D.; Carlson, N.E.; Quinn, ].F. Blood-brain barrier impairment in Alzheimer
disease: Stability and functional significance. Neurology 2007, 68, 1809-1814. [CrossRef]

Montagne, A.; Barnes, S.R.; Sweeney, M.D.; Halliday, M.R.; Sagare, A.P,; Zhao, Z.; Toga, A.W.; Jacobs, R.E.; Liu, C.Y.; Amezcua, L.;
et al. Blood-brain barrier breakdown in the aging human hippocampus. Neuron 2015, 85, 296-302. [CrossRef]

Nation, D.A.; Sweeney, M.D.; Montagne, A.; Sagare, A.P.; D'Orazio, L.M.; Pachicano, M.; Sepehrband, E,; Nelson, A.R.; Buennagel,
D.P; Harrington, M.G.; et al. Blood-brain barrier breakdown is an early biomarker of human cognitive dysfunction. Nat. Med.
2019, 25, 270-276. [CrossRef]

Zhao, Y.; Cong, L.; Jaber, V.; Lukiw, W.J. Microbiome-Derived Lipopolysaccharide Enriched in the Perinuclear Region of
Alzheimer’s Disease Brain. Front. Immunol. 2017, 8, 1064. [CrossRef]

Dominy, S.S.; Lynch, C.; Ermini, E; Benedyk, M.; Marczyk, A.; Konradi, A.; Nguyen, M.; Haditsch, U.; Raha, D.; Griffin, C.; et al.
Porphyromonas gingivalis in Alzheimer’s disease brains: Evidence for disease causation and treatment with small-molecule
inhibitors. Sci. Adv. 2019, 5. [CrossRef] [PubMed]

Sheng, ].G.; Bora, S.H.; Xu, G.; Borchelt, D.R.; Price, D.L.; Koliatsos, V.E. Lipopolysaccharide-induced-neuroinflammation increases
intracellular accumulation of amyloid precursor protein and amyloid beta peptide in APPswe transgenic mice. Neurobiol. Dis.
2003, 14, 133-145. [CrossRef]

Bulgart, H.R.; Neczypor, E.W.; Wold, L.E.; Mackos, A.R. Microbial involvement in Alzheimer disease development and progres-
sion. Mol. Neurodegener. 2020, 15, 42. [CrossRef]

Brown, G.C. The endotoxin hypothesis of neurodegeneration. J. Neuroinflammation 2019, 16, 180. [CrossRef] [PubMed]
Friedland, R.P.; Chapman, M.R. The role of microbial amyloid in neurodegeneration. PLoS Pathog. 2017, 13. [CrossRef] [PubMed]
Sampson, T.R.; Challis, C.; Jain, N.; Moiseyenko, A.; Ladinsky, M.S.; Shastri, G.G.; Thron, T.; Needham, B.D.; Horvath, I.; Debelius,
J.W,; et al. A gut bacterial amyloid promotes alpha-synuclein aggregation and motor impairment in mice. Elife 2020, 9. [CrossRef]
Santoriello, C.; Zon, L.I. Hooked! Modeling human disease in zebrafish. J. Clin. Investig. 2012, 122, 2337-2343. [CrossRef]
[PubMed]

Flores, EM.; Nguyen, A.T.; Odem, M.A_; Eisenhoffer, G.T.; Krachler, A.M. The zebrafish as a model for gastrointestinal tract-
microbe interactions. Cell Microbiol. 2020, 22. [CrossRef]

Fontana, B.D.; Mezzomo, N J.; Kalueff, A.V.; Rosemberg, D.B. The developing utility of zebrafish models of neurological and
neuropsychiatric disorders: A critical review. Exp. Neurol. 2018, 299, 157-171. [CrossRef]

Sakai, C.; ljaz, S.; Hoffman, E.]. Zebrafish Models of Neurodevelopmental Disorders: Past, Present, and Future. Front. Mol.
Neurosci. 2018, 11, 294. [CrossRef]

Pham, L.N.; Kanther, M.; Semova, I.; Rawls, ].F. Methods for generating and colonizing gnotobiotic zebrafish. Nat. Protoc. 2008, 3,
1862. [CrossRef]

Melancon, E.; Gomez De La Torre Canny, S.; Sichel, S.; Kelly, M.; Wiles, T.].; Rawls, ].E,; Eisen, ].S.; Guillemin, K. Best practices for
germ-free derivation and gnotobiotic zebrafish husbandry. Methods Cell Biol. 2017, 138, 61-100. [CrossRef]

Stephens, W.Z.; Burns, A.R.; Stagaman, K.; Wong, S.; Rawls, ].F.; Guillemin, K.; Bohannan, B.]. The composition of the zebrafish
intestinal microbial community varies across development. ISME |. 2016, 10, 644—654. [CrossRef] [PubMed]

Gaulke, C.A ; Beaver, L.M.; Armour, C.R.; Humphreys, L.R.; Barton, C.L.; Tanguay, R.L.; Ho, E.; Sharpton, T.]. An integrated gene
catalog of the zebrafish gut microbiome reveals significant homology with mammalian microbiomes. BioRxiv 2020. [CrossRef]
Orger, M.B.; de Polavieja, G.G. Zebrafish Behavior: Opportunities and Challenges. Annu. Rev. Neurosci. 2017, 40, 125-147.
[CrossRef] [PubMed]

Basnet, RM.; Zizioli, D.; Taweedet, S.; Finazzi, D.; Memo, M. Zebrafish larvae as a behavioral model in neuropharmacology.
Biomedicines 2019, 7, 23. [CrossRef] [PubMed]

Kalueff, A.V,; Gebhardt, M.; Stewart, A.M.; Cachat, ].M.; Brimmer, M.; Chawla, ].S.; Craddock, C.; Kyzar, E.J.; Roth, A.; Landsman,
S.; et al. Towards a comprehensive catalog of zebrafish behavior 1.0 and beyond. Zebrafish 2013, 10, 70-86. [CrossRef]

Vaz, R.; Hofmeister, W.; Lindstrand, A. Zebrafish models of neurodevelopmental disorders: Limitations and benefits of current
tools and techniques. Int. J. Mol. Sci. 2019, 20, 1296. [CrossRef]

Wallace, K.N.; Akhter, S.; Smith, E.M.; Lorent, K.; Pack, M. Intestinal growth and differentiation in zebrafish. Mech. Dev. 2005, 122,
157-173. [CrossRef] [PubMed]

Wang, Z.; Du, J.; Lam, S.H.; Mathavan, S.; Matsudaira, P.; Gong, Z. Morphological and molecular evidence for functional
organization along the rostrocaudal axis of the adult zebrafish intestine. BMC Genom. 2010, 11, 392. [CrossRef] [PubMed]
Brugman, S. The zebrafish as a model to study intestinal inflammation. Dev. Comp. Immunol. 2016, 64, 82-92. [CrossRef]
Wallace, K.N.; Pack, M. Unique and conserved aspects of gut development in zebrafish. Dev. Biol. 2003, 255, 12-29. [CrossRef]


http://doi.org/10.1038/srep30028
http://www.ncbi.nlm.nih.gov/pubmed/27443609
http://doi.org/10.1038/srep41802
http://www.ncbi.nlm.nih.gov/pubmed/28176819
http://doi.org/10.1038/nrneurol.2012.236
http://doi.org/10.1212/01.wnl.0000262031.18018.1a
http://doi.org/10.1016/j.neuron.2014.12.032
http://doi.org/10.1038/s41591-018-0297-y
http://doi.org/10.3389/fimmu.2017.01064
http://doi.org/10.1126/sciadv.aau3333
http://www.ncbi.nlm.nih.gov/pubmed/30746447
http://doi.org/10.1016/S0969-9961(03)00069-X
http://doi.org/10.1186/s13024-020-00378-4
http://doi.org/10.1186/s12974-019-1564-7
http://www.ncbi.nlm.nih.gov/pubmed/31519175
http://doi.org/10.1371/journal.ppat.1006654
http://www.ncbi.nlm.nih.gov/pubmed/29267402
http://doi.org/10.7554/eLife.53111
http://doi.org/10.1172/JCI60434
http://www.ncbi.nlm.nih.gov/pubmed/22751109
http://doi.org/10.1111/cmi.13152
http://doi.org/10.1016/j.expneurol.2017.10.004
http://doi.org/10.3389/fnmol.2018.00294
http://doi.org/10.1038/nprot.2008.186
http://doi.org/10.1016/bs.mcb.2016.11.005
http://doi.org/10.1038/ismej.2015.140
http://www.ncbi.nlm.nih.gov/pubmed/26339860
http://doi.org/10.1101/2020.06.15.153924
http://doi.org/10.1146/annurev-neuro-071714-033857
http://www.ncbi.nlm.nih.gov/pubmed/28375767
http://doi.org/10.3390/biomedicines7010023
http://www.ncbi.nlm.nih.gov/pubmed/30917585
http://doi.org/10.1089/zeb.2012.0861
http://doi.org/10.3390/ijms20061296
http://doi.org/10.1016/j.mod.2004.10.009
http://www.ncbi.nlm.nih.gov/pubmed/15652704
http://doi.org/10.1186/1471-2164-11-392
http://www.ncbi.nlm.nih.gov/pubmed/20565988
http://doi.org/10.1016/j.dci.2016.02.020
http://doi.org/10.1016/S0012-1606(02)00034-9

Cells 2021, 10, 566 22 of 25

139.

140.

141.

142.

143.

144.
145.

146.

147.

148.
149.

150.

151.
152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

Moran-Ramos, S.; Tovar, A.R.; Torres, N. Diet: Friend or foe of enteroendocrine cells-how it interacts with enteroendocrine cells.
Adv. Nutr. 2012, 3, 8-20. [CrossRef]

Ye, L.; Mueller, O.; Bagwell, J.; Bagnat, M.; Liddle, R.A.; Rawls, ].F. High fat diet induces microbiota-dependent silencing of
enteroendocrine cells. Elife 2019, 8. [CrossRef]

Ye, L.; Bae, M.; Cassilly, C.D.; Jabba, S.V.; Thorpe, D.W.; Martin, A.M.; Lu, H.Y,; Wang, J.; Thompson, J.D.; Lickwar, C.R; et al.
Enteroendocrine cells sense bacterial tryptophan catabolites to activate enteric and vagal neuronal pathways. Cell Host Microbe
2020. [CrossRef]

Olsson, C.; Holmberg, A.; Holmgren, S. Development of enteric and vagal innervation of the zebrafish (Danio rerio) gut. J. Comp.
Neurol. 2008, 508, 756-770. [CrossRef] [PubMed]

Kulkarni, S.; Ganz, J.; Bayrer, J.; Becker, L.; Bogunovic, M.; Rao, M. Advances in Enteric Neurobiology: The “Brain” in the Gut in
Health and Disease. . Neurosci. 2018, 38, 9346-9354. [CrossRef]

Shepherd, L; Eisen, J. Development of the zebrafish enteric nervous system. Methods Cell Biol. 2011, 101, 143-160. [CrossRef]
Ganz, J. Gut feelings: Studying enteric nervous system development, function, and disease in the zebrafish model system. Dev.
Dyn. 2018, 247, 268-278. [CrossRef]

Trede, N.S.; Langenau, D.M.; Traver, D.; Look, A.T.; Zon, L. The use of zebrafish to understand immunity. Immunity 2004, 20,
367-379. [CrossRef]

Oosterhof, N.; Boddeke, E.; van Ham, T.]. Immune cell dynamics in the CNS: Learning from the zebrafish. Glia 2015, 63, 719-735.
[CrossRef] [PubMed]

Nasevicius, A.; Ekker, S.C. Effective targeted gene ‘knockdown’ in zebrafish. Nat. Genet. 2000, 26, 216-220. [CrossRef]

Robu, M.E.; Larson, ]J.D.; Nasevicius, A.; Beiraghi, S.; Brenner, C.; Farber, S.A.; Ekker, S.C. p53 activation by knockdown
technologies. PLoS Genet. 2007, 3, €78. [CrossRef]

Stainier, D.Y.R; Raz, E.; Lawson, N.D.; Ekker, S.C.; Burdine, R.D.; Eisen, ].S.; Ingham, PW.; Schulte-Merker, S.; Yelon, D.; Weinstein,
B.M.; et al. Guidelines for morpholino use in zebrafish. PLoS Genet. 2017, 13, e1007000. [CrossRef]

Niisslein-Volhard, C. The zebrafish issue of development. Development 2012, 139, 4099-4103. [CrossRef]

Sertori, R.; Trengove, M.; Basheer, E; Ward, A.C.; Liongue, C. Genome editing in zebrafish: A practical overview. Brief. Funct.
Genom. 2016, 15, 322-330. [CrossRef] [PubMed]

Hwang, W.Y.; Fu, Y,; Reyon, D.; Maeder, M.L.; Tsai, S.Q.; Sander, ].D.; Peterson, R.T; Yeh, ].R.; Joung, ] K. Efficient genome editing
in zebrafish using a CRISPR-Cas system. Nat. Biotechnol. 2013, 31, 227-229. [CrossRef]

Liu, K; Petree, C.; Requena, T.; Varshney, P; Varshney, G.K. Expanding the CRISPR Toolbox in Zebrafish for Studying Develop-
ment and Disease. Front. Cell Dev. Biol. 2019, 7, 13. [CrossRef]

Wierson, W.A.; Welker, ].M.; Almeida, M.P,; Mann, C.M.; Webster, D.A.; Torrie, M.E.; Weiss, T.].; Kambakam, S.; Vollbrecht, M.K.;
Lan, M. Efficient targeted integration directed by short homology in zebrafish and mammalian cells. Elife 2020, 9. [CrossRef]
Cho, H.-J.; Lee, ].-G.; Kim, J.-H.; Kim, S.-Y.; Huh, Y.H.; Kim, H.-].; Lee, K.-S.; Yu, K.; Lee, J.-S. Vascular defects of DYRK1A
knockouts are ameliorated by modulating calcium signaling in zebrafish. Dis. Models Mech. 2019, 12. [CrossRef] [PubMed]
Kwan, K.M.; Fujimoto, E.; Grabher, C.; Mangum, B.D.; Hardy, M.E.; Campbell, D.S.; Parant, ].M.; Yost, H.].; Kanki, ].P.; Chien,
C.B. The Tol2kit: A multisite gateway-based construction kit for Tol2 transposon transgenesis constructs. Dev. Dyn. 2007, 236,
3088-3099. [CrossRef] [PubMed]

Scheer, N.; Campos-Ortega, ].A. Use of the Gal4-UAS technique for targeted gene expression in the zebrafish. Mech. Dev. 1999, 80,
153-158. [CrossRef]

Goll, M.G.; Anderson, R.; Stainier, D.Y.; Spradling, A.C.; Halpern, M.E. Transcriptional silencing and reactivation in transgenic
zebrafish. Genetics 2009, 182, 747-755. [CrossRef] [PubMed]

Zhang, Y.; Ouyang, J.; Qie, J.; Zhang, G.; Liu, L.; Yang, P. Optimization of the Gal4/UAS transgenic tools in zebrafish. Appl.
Microbiol. Biotechnol. 2019, 103, 1789-1799. [CrossRef]

Boniface, E.J.; Lu, J.; Victoroff, T.; Zhu, M.; Chen, W. FlEx-based transgenic reporter lines for visualization of Cre and Flp activity
in live zebrafish. Genesis 2009, 47, 484-491. [CrossRef]

Subedi, A.; Macurak, M.; Gee, S.T.; Monge, E.; Goll, M.G.; Potter, C.J.; Parsons, M.].; Halpern, M.E. Adoption of the Q
transcriptional regulatory system for zebrafish transgenesis. Methods 2014, 66, 433—440. [CrossRef]

Carney, T.J.; Mosimann, C. Switch and Trace: Recombinase Genetics in Zebrafish. Trends Genet. 2018, 34, 362-378. [CrossRef]
[PubMed]

Davison, ].M.; Akitake, C.M.; Goll, M.G.; Rhee, ]. M.; Gosse, N.; Baier, H.; Halpern, M.E.; Leach, S.D.; Parsons, M.]. Transactivation
from Gal4-VP16 transgenic insertions for tissue-specific cell labeling and ablation in zebrafish. Dev. Biol. 2007, 304, 811-824.
[CrossRef] [PubMed]

Sun, F; Zeng, ].; Jing, M.; Zhou, ].; Feng, J.; Owen, S.E; Luo, Y.; Li, F.; Wang, H.; Yamaguchi, T.; et al. A Genetically Encoded
Fluorescent Sensor Enables Rapid and Specific Detection of Dopamine in Flies, Fish, and Mice. Cell 2018, 174, 481-496.e419.
[CrossRef]

Villani, A.; Benjaminsen, J.; Moritz, C.; Henke, K.; Hartmann, J.; Norlin, N.; Richter, K.; Schieber, N.L.; Franke, T.; Schwab, Y.; et al.
Clearance by Microglia Depends on Packaging of Phagosomes into a Unique Cellular Compartment. Dev. Cell 2019, 49, 77-88.e7.
[CrossRef]


http://doi.org/10.3945/an.111.000976
http://doi.org/10.7554/eLife.48479
http://doi.org/10.1016/j.chom.2020.11.011
http://doi.org/10.1002/cne.21705
http://www.ncbi.nlm.nih.gov/pubmed/18393294
http://doi.org/10.1523/JNEUROSCI.1663-18.2018
http://doi.org/10.1016/B978-0-12-387036-0.00006-2
http://doi.org/10.1002/dvdy.24597
http://doi.org/10.1016/S1074-7613(04)00084-6
http://doi.org/10.1002/glia.22780
http://www.ncbi.nlm.nih.gov/pubmed/25557007
http://doi.org/10.1038/79951
http://doi.org/10.1371/journal.pgen.0030078
http://doi.org/10.1371/journal.pgen.1007000
http://doi.org/10.1242/dev.085217
http://doi.org/10.1093/bfgp/elv051
http://www.ncbi.nlm.nih.gov/pubmed/26654901
http://doi.org/10.1038/nbt.2501
http://doi.org/10.3389/fcell.2019.00013
http://doi.org/10.7554/eLife.53968
http://doi.org/10.1242/dmm.037044
http://www.ncbi.nlm.nih.gov/pubmed/31043432
http://doi.org/10.1002/dvdy.21343
http://www.ncbi.nlm.nih.gov/pubmed/17937395
http://doi.org/10.1016/S0925-4773(98)00209-3
http://doi.org/10.1534/genetics.109.102079
http://www.ncbi.nlm.nih.gov/pubmed/19433629
http://doi.org/10.1007/s00253-018-09591-0
http://doi.org/10.1002/dvg.20526
http://doi.org/10.1016/j.ymeth.2013.06.012
http://doi.org/10.1016/j.tig.2018.01.004
http://www.ncbi.nlm.nih.gov/pubmed/29429760
http://doi.org/10.1016/j.ydbio.2007.01.033
http://www.ncbi.nlm.nih.gov/pubmed/17335798
http://doi.org/10.1016/j.cell.2018.06.042
http://doi.org/10.1016/j.devcel.2019.02.014

Cells 2021, 10, 566 23 of 25

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

Wang, Z.; Lin, L.; Chen, W.; Zheng, X.; Zhang, Y.; Liu, Q.; Yang, D. Neutrophil plays critical role during Edwardsiella piscicida
immersion infection in zebrafish larvae. Fish. Shellfish Immunol. 2019, 87, 565-572. [CrossRef]

Rosowski, E.E.; Deng, Q.; Keller, N.P.; Huttenlocher, A. Rac2 Functions in Both Neutrophils and Macrophages To Mediate Motility
and Host Defense in Larval Zebrafish. . Immunol. 2016, 197, 4780-4790. [CrossRef]

Thakur, P.C.; Davison, J.M.; Stuckenholz, C.; Lu, L.; Bahary, N. Dysregulated phosphatidylinositol signaling promotes
endoplasmic-reticulum-stress-mediated intestinal mucosal injury and inflammation in zebrafish. Dis. Model. Mech. 2014, 7,
93-106. [CrossRef]

Walton, E.M.; Cronan, M.R.; Beerman, R.W.; Tobin, D.M. The Macrophage-Specific Promoter mfap4 Allows Live, Long-Term
Analysis of Macrophage Behavior during Mycobacterial Infection in Zebrafish. PLoS ONE 2015, 10, €138949. [CrossRef] [PubMed]
Dee, C.T.; Nagaraju, R.T.; Athanasiadis, E.I; Gray, C.; Fernandez Del Ama, L.; Johnston, S.A.; Secombes, C.J.; Cvejic, A.; Hurlstone,
A.F. CD4-Transgenic Zebrafish Reveal Tissue-Resident Th2- and Regulatory T Cell-like Populations and Diverse Mononuclear
Phagocytes. J. Immunol. 2016, 197, 3520-3530. [CrossRef]

Rossi, F; Casano, A.M.; Henke, K.; Richter, K.; Peri, F. The SLC7A7 Transporter Identifies Microglial Precursors prior to Entry into
the Brain. Cell Rep. 2015, 11, 1008-1017. [CrossRef]

Sanderson, L.E.; Chien, A.T.; Astin, ].W.; Crosier, K.E.; Crosier, P.S.; Hall, C.J. An inducible transgene reports activation of
macrophages in live zebrafish larvae. Dev. Comp. Immunol. 2015, 53, 63-69. [CrossRef]

Peri, E; Nusslein-Volhard, C. Live imaging of neuronal degradation by microglia reveals a role for vO0-ATPase al in phagosomal
fusion in vivo. Cell 2008, 133, 916-927. [CrossRef] [PubMed]

Sieger, D.; Moritz, C.; Ziegenhals, T.; Prykhozhij, S.; Peri, F. Long-range Ca2+ waves transmit brain-damage signals to microglia.
Dev. Cell 2012, 22, 1138-1148. [CrossRef] [PubMed]

Page, D.M.; Wittamer, V.; Bertrand, J.Y.; Lewis, K.L.; Pratt, D.N.; Delgado, N.; Schale, S.E.; McGue, C.; Jacobsen, B.H.; Doty, A.;
et al. An evolutionarily conserved program of B-cell development and activation in zebrafish. Blood 2013, 122, 1-11. [CrossRef]
Alvers, A.L.,; Ryan, S.; Scherz, PJ.; Huisken, ].; Bagnat, M. Single continuous lumen formation in the zebrafish gut is mediated by
smoothened-dependent tissue remodeling. Development 2014, 141, 1110-1119. [CrossRef] [PubMed]

Murdoch, C.C.; Espenschied, S.T.; Matty, M.A.; Mueller, O.; Tobin, D.M.; Rawls, J.F. Intestinal Serum amyloid A suppresses
systemic neutrophil activation and bactericidal activity in response to microbiota colonization. PLoS Pathog. 2019, 15, e1007381.
[CrossRef]

Troll, J.V,; Hamilton, M.K.; Abel, M.L.; Ganz, J.; Bates, ].M.; Stephens, W.Z.; Melancon, E.; van der Vaart, M.; Meijer, A.H.; Distel,
M.; et al. Microbiota promote secretory cell determination in the intestinal epithelium by modulating host Notch signaling.
Development 2018, 145. [CrossRef]

Hall, C.; Flores, M.V,; Chien, A.; Davidson, A.; Crosier, K.; Crosier, P. Transgenic zebrafish reporter lines reveal conserved Toll-like
receptor signaling potential in embryonic myeloid leukocytes and adult immune cell lineages. J. Leukoc Biol. 2009, 85, 751-765.
[CrossRef]

Kanther, M.; Sun, X.; Muhlbauer, M.; Mackey, L.C.; Flynn, E.J., 3rd; Bagnat, M.; Jobin, C.; Rawls, J.F. Microbial colonization
induces dynamic temporal and spatial patterns of NF-kappaB activation in the zebrafish digestive tract. Gastroenterology 2011,
141, 197-207. [CrossRef]

Ogryzko, N.V.; Lewis, A.; Wilson, H.L.; Meijer, A.H.; Renshaw, S.A.; Elks, PM. Hif-1alpha-Induced Expression of Il-1beta Protects
against Mycobacterial Infection in Zebrafish. J. Immunol. 2019, 202, 494-502. [CrossRef]

Tsarouchas, T.M.; Wehner, D.; Cavone, L.; Munir, T.; Keatinge, M.; Lambertus, M.; Underhill, A.; Barrett, T.; Kassapis, E.;
Ogryzko, N.; et al. Dynamic control of proinflammatory cytokines Il-1beta and Tnf-alpha by macrophages in zebrafish spinal
cord regeneration. Nat. Commun. 2018, 9, 4670. [CrossRef] [PubMed]

Feng, J.; Zhang, C.; Lischinsky, J.E.; Jing, M.; Zhou, J.; Wang, H.; Zhang, Y.; Dong, A.; Wu, Z.; Wu, H.; et al. A Genetically Encoded
Fluorescent Sensor for Rapid and Specific In Vivo Detection of Norepinephrine. Neuron 2019, 102, 745-761. [CrossRef]

Rawls, J.F.; Mahowald, M.A; Ley, R.E.; Gordon, ]J.I. Reciprocal gut microbiota transplants from zebrafish and mice to germ-free
recipients reveal host habitat selection. Cell 2006, 127, 423-433. [CrossRef] [PubMed]

Roeselers, G.; Mittge, E.K.; Stephens, W.Z,; Parichy, D.M.; Cavanaugh, C.M.; Guillemin, K.; Rawls, ].F. Evidence for a core gut
microbiota in the zebrafish. ISME J. 2011, 5, 1595-1608. [CrossRef]

Kostic, A.D.; Howitt, M.R.; Garrett, W.S. Exploring host-microbiota interactions in animal models and humans. Genes Dev. 2013,
27,701-718. [CrossRef]

de Abreu, M.S.; Giacomini, A.; Sysoev, M.; Demin, K.A.; Alekseeva, P.A.; Spagnoli, S.T.; Kalueff, A.V. Modeling gut-brain
interactions in zebrafish. Brain Res. Bull. 2019, 148, 55-62. [CrossRef] [PubMed]

Rawls, J.F.; Samuel, B.S.; Gordon, J.I. Gnotobiotic zebrafish reveal evolutionarily conserved responses to the gut microbiota.
Proc. Natl. Acad. Sci. USA 2004, 101, 4596-4601. [CrossRef] [PubMed]

Bates, ].M.; Mittge, E.; Kuhlman, J.; Baden, K.N.; Cheesman, S.E.; Guillemin, K. Distinct signals from the microbiota promote
different aspects of zebrafish gut differentiation. Dev. Biol. 2006, 297, 374-386. [CrossRef]

Bates, ].M.; Akerlund, J.; Mittge, E.; Guillemin, K. Intestinal alkaline phosphatase detoxifies lipopolysaccharide and prevents
inflammation in zebrafish in response to the gut microbiota. Cell Host Microbe 2007, 2, 371-382. [CrossRef]

Semova, I.; Carten, J.D.; Stombaugh, J.; Mackey, L.C.; Knight, R.; Farber, S.A.; Rawls, ].F. Microbiota regulate intestinal absorption
and metabolism of fatty acids in the zebrafish. Cell Host Microbe 2012, 12, 277-288. [CrossRef]


http://doi.org/10.1016/j.fsi.2019.02.008
http://doi.org/10.4049/jimmunol.1600928
http://doi.org/10.1242/dmm.012864
http://doi.org/10.1371/journal.pone.0138949
http://www.ncbi.nlm.nih.gov/pubmed/26445458
http://doi.org/10.4049/jimmunol.1600959
http://doi.org/10.1016/j.celrep.2015.04.028
http://doi.org/10.1016/j.dci.2015.06.013
http://doi.org/10.1016/j.cell.2008.04.037
http://www.ncbi.nlm.nih.gov/pubmed/18510934
http://doi.org/10.1016/j.devcel.2012.04.012
http://www.ncbi.nlm.nih.gov/pubmed/22632801
http://doi.org/10.1182/blood-2012-12-471029
http://doi.org/10.1242/dev.100313
http://www.ncbi.nlm.nih.gov/pubmed/24504339
http://doi.org/10.1371/journal.ppat.1007381
http://doi.org/10.1242/dev.155317
http://doi.org/10.1189/jlb.0708405
http://doi.org/10.1053/j.gastro.2011.03.042
http://doi.org/10.4049/jimmunol.1801139
http://doi.org/10.1038/s41467-018-07036-w
http://www.ncbi.nlm.nih.gov/pubmed/30405119
http://doi.org/10.1016/j.neuron.2019.02.037
http://doi.org/10.1016/j.cell.2006.08.043
http://www.ncbi.nlm.nih.gov/pubmed/17055441
http://doi.org/10.1038/ismej.2011.38
http://doi.org/10.1101/gad.212522.112
http://doi.org/10.1016/j.brainresbull.2019.03.003
http://www.ncbi.nlm.nih.gov/pubmed/30890360
http://doi.org/10.1073/pnas.0400706101
http://www.ncbi.nlm.nih.gov/pubmed/15070763
http://doi.org/10.1016/j.ydbio.2006.05.006
http://doi.org/10.1016/j.chom.2007.10.010
http://doi.org/10.1016/j.chom.2012.08.003

Cells 2021, 10, 566 24 of 25

193.

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

216.

217.

Falcinelli, S.; Rodiles, A.; Unniappan, S.; Picchietti, S.; Gioacchini, G.; Merrifield, D.L.; Carnevali, O. Probiotic treatment reduces
appetite and glucose level in the zebrafish model. Sci. Rep. 2016, 6, 18061. [CrossRef]

Okazaki, F.; Zang, L.; Nakayama, H.; Chen, Z.; Gao, Z.J.; Chiba, H.; Hui, S.P,; Aoki, T.; Nishimura, N.; Shimada, Y. Microbiome
Alteration in Type 2 Diabetes Mellitus Model of Zebrafish. Sci. Rep. 2019, 9, 867. [CrossRef] [PubMed]

Bertotto, L.B.; Catron, T.R.; Tal, T. Exploring interactions between xenobiotics, microbiota, and neurotoxicity in zebrafish.
Neurotoxicology 2020, 76, 235-244. [CrossRef] [PubMed]

Luczynski, P.; McVey Neufeld, K.A.; Oriach, C.S.; Clarke, G.; Dinan, T.G.; Cryan, ].F. Growing up in a Bubble: Using Germ-Free
Animals to Assess the Influence of the Gut Microbiota on Brain and Behavior. Int. |. Neuropsychopharmacol. 2016, 19. [CrossRef]
Davis, D.J.; Bryda, E.C.; Gillespie, C.H.; Ericsson, A.C. Microbial modulation of behavior and stress responses in zebrafish larvae.
Behav. Brain Res. 2016, 311, 219-227. [CrossRef]

Phelps, D.; Brinkman, N.E.; Keely, S.P.; Anneken, E.M.; Catron, T.R.; Betancourt, D.; Wood, C.E.; Espenschied, S.T.; Rawls, ].E,; Tal,
T. Microbial colonization is required for normal neurobehavioral development in zebrafish. Sci. Rep. 2017, 7, 11244. [CrossRef]
[PubMed]

Davis, D.J.; Doerr, HM.; Grzelak, A.K.; Busi, S.B.; Jasarevic, E.; Ericsson, A.C.; Bryda, E.C. Lactobacillus plantarum attenuates
anxiety-related behavior and protects against stress-induced dysbiosis in adult zebrafish. Sci. Rep. 2016, 6, 33726. [CrossRef]
Borrelli, L.; Aceto, S.; Agnisola, C.; De Paolo, S.; Dipineto, L.; Stilling, R-M.; Dinan, T.G.; Cryan, J.E; Menna, L.F,; Fioretti, A.
Probiotic modulation of the microbiota-gut-brain axis and behaviour in zebrafish. Sci. Rep. 2016, 6, 30046. [CrossRef] [PubMed]
Kalueff, A.V.; Stewart, A.M.; Gerlai, R. Zebrafish as an emerging model for studying complex brain disorders. Trends Pharmacol.
Sci. 2014, 35, 63-75. [CrossRef] [PubMed]

Meshalkina, D.A ; Kizlyk, M.N.; Kysil, E.V.; Collier, A.D.; Echevarria, D.J.; Abreu, M.S.; Barcellos, L.J.; Song, C.; Warnick, J.E.;
Kyzar, E.J. Zebrafish models of autism spectrum disorder. Exp. Neurol. 2018, 299, 207-216. [CrossRef]

Sailer, L.; Duclot, F.; Wang, Z.; Kabbaj, M. Consequences of prenatal exposure to valproic acid in the socially monogamous prairie
voles. Sci. Rep. 2019, 9, 2453. [CrossRef] [PubMed]

Maaswinkel, H.; Zhu, L.; Weng, W. Assessing social engagement in heterogeneous groups of zebrafish: A new paradigm for
autism-like behavioral responses. PLoS ONE 2013, 8, €75955. [CrossRef] [PubMed]

Chen, J.; Lei, L.; Tian, L.; Hou, E; Roper, C.; Ge, X.; Zhao, Y.; Chen, Y,; Dong, Q.; Tanguay, R.L. Developmental and behavioral
alterations in zebrafish embryonically exposed to valproic acid (VPA): An aquatic model for autism. Neurotoxicol. Teratol. 2018, 66,
8-16. [CrossRef] [PubMed]

Rea, V,; Van Raay, TJ. Using Zebrafish to Model Autism Spectrum Disorder: A Comparison of ASD Risk Genes Between Zebrafish
and Their Mammalian Counterparts. Front. Mol. Neurosci. 2020, 13. [CrossRef]

Kim, O.-H.; Cho, H.-J.; Han, E.; Hong, T.I; Ariyasiri, K.; Choi, J.-H.; Hwang, K.-S.; Jeong, Y.-M.; Yang, S.-Y.; Yu, K. Zebrafish
knockout of Down syndrome gene, DYRK1A, shows social impairments relevant to autism. Mol. Autism. 2017, 8, 50. [CrossRef]
Liu, C.X,; Li, C.Y;; Hu, C.C; Wang, Y,; Lin, J.; Jiang, Y.H.; Li, Q.; Xu, X. CRISPR/Cas9-induced shank3b mutant zebrafish display
autism-like behaviors. Mol. Autism. 2018, 9, 23. [CrossRef]

James, D.M.; Kozol, R.A ; Kajiwara, Y.; Wahl, A.L.; Storrs, E.C.; Buxbaum, ].D.; Klein, M.; Moshiree, B.; Dallman, J.E. Intestinal
dysmotility in a zebrafish (Danio rerio) shank3a;shank3b mutant model of autism. Mol. Autism. 2019, 10, 3. [CrossRef]

Liu, F; Li, J.; Wu, E; Zheng, H.; Peng, Q.; Zhou, H. Altered composition and function of intestinal microbiota in autism spectrum
disorders: A systematic review. Transl. Psychiatry 2019, 9, 43. [CrossRef]

Bruckner, J.J.; Stednitz, S.J.; Grice, M.Z.; Larsch, J.; Tallafuss, A.; Washbourne, P.,; Eisen, J.S. The microbiota promotes social
behavior by neuro-immune modulation of neurite complexity. BioRxiv 2020. [CrossRef]

Nery, L.R;; Eltz, N.S.; Hackman, C.; Fonseca, R.; Altenhofen, S.; Guerra, H.N.; Freitas, V.M.; Bonan, C.D.; Vianna, M.R. Brain
intraventricular injection of amyloid-beta in zebrafish embryo impairs cognition and increases tau phosphorylation, effects
reversed by lithium. PLoS ONE 2014, 9, e105862. [CrossRef] [PubMed]

Javed, I; Peng, G.; Xing, Y.; Yu, T.; Zhao, M.; Kakinen, A ; Faridi, A.; Parish, C.L.; Ding, F; Davis, T.P; et al. Inhibition of amyloid
beta toxicity in zebrafish with a chaperone-gold nanoparticle dual strategy. Nat. Commun. 2019, 10, 3780. [CrossRef] [PubMed]
Ozcan, G.G,; Lim, S.; Leighton, P; Allison, W.T.; Rihel, J. Sleep is bi-directionally modified by amyloid beta oligomers. Elife 2020,
9, €53995. [CrossRef]

Bhattarai, P.; Thomas, A.K.; Cosacak, M.L; Papadimitriou, C.; Mashkaryan, V.; Froc, C.; Reinhardt, S.; Kurth, T.; Dahl, A.; Zhang, Y.;
et al. IL4/STAT6 Signaling Activates Neural Stem Cell Proliferation and Neurogenesis upon Amyloid-beta42 Aggregation in
Adult Zebrafish Brain. Cell Rep. 2016, 17, 941-948. [CrossRef]

Bhattarai, P.; Cosacak, M.I.; Mashkaryan, V.; Demir, S.; Popova, S.D.; Govindarajan, N.; Brandt, K.; Zhang, Y.; Chang, W.; Ampatzis,
K.; et al. Neuron-glia interaction through Serotonin-BDNF-NGEFR axis enables regenerative neurogenesis in Alzheimer’s model
of adult zebrafish brain. PLoS Biol. 2020, 18, €3000585. [CrossRef] [PubMed]

Paquet, D.; Bhat, R.; Sydow, A.; Mandelkow, E.M.; Berg, S.; Hellberg, S.; Falting, J.; Distel, M.; Koster, RW.; Schmid, B.; et al.
A zebrafish model of tauopathy allows in vivo imaging of neuronal cell death and drug evaluation. J. Clin. Investig. 2009, 119,
1382-1395. [CrossRef]


http://doi.org/10.1038/srep18061
http://doi.org/10.1038/s41598-018-37242-x
http://www.ncbi.nlm.nih.gov/pubmed/30696861
http://doi.org/10.1016/j.neuro.2019.11.008
http://www.ncbi.nlm.nih.gov/pubmed/31783042
http://doi.org/10.1093/ijnp/pyw020
http://doi.org/10.1016/j.bbr.2016.05.040
http://doi.org/10.1038/s41598-017-10517-5
http://www.ncbi.nlm.nih.gov/pubmed/28894128
http://doi.org/10.1038/srep33726
http://doi.org/10.1038/srep30046
http://www.ncbi.nlm.nih.gov/pubmed/27416816
http://doi.org/10.1016/j.tips.2013.12.002
http://www.ncbi.nlm.nih.gov/pubmed/24412421
http://doi.org/10.1016/j.expneurol.2017.02.004
http://doi.org/10.1038/s41598-019-39014-7
http://www.ncbi.nlm.nih.gov/pubmed/30792426
http://doi.org/10.1371/journal.pone.0075955
http://www.ncbi.nlm.nih.gov/pubmed/24116082
http://doi.org/10.1016/j.ntt.2018.01.002
http://www.ncbi.nlm.nih.gov/pubmed/29309833
http://doi.org/10.3389/fnmol.2020.575575
http://doi.org/10.1186/s13229-017-0168-2
http://doi.org/10.1186/s13229-018-0204-x
http://doi.org/10.1186/s13229-018-0250-4
http://doi.org/10.1038/s41398-019-0389-6
http://doi.org/10.1101/2020.05.01.071373
http://doi.org/10.1371/journal.pone.0105862
http://www.ncbi.nlm.nih.gov/pubmed/25187954
http://doi.org/10.1038/s41467-019-11762-0
http://www.ncbi.nlm.nih.gov/pubmed/31439844
http://doi.org/10.7554/eLife.53995
http://doi.org/10.1016/j.celrep.2016.09.075
http://doi.org/10.1371/journal.pbio.3000585
http://www.ncbi.nlm.nih.gov/pubmed/31905199
http://doi.org/10.1172/JCI37537

Cells 2021, 10, 566 25 of 25

218.

219.

Lopez, A; Lee, S.E.; Wojta, K.; Ramos, E.M.; Klein, E.; Chen, J.; Boxer, A.L.; Gorno-Tempini, M.L.; Geschwind, D.H.; Schlotawa, L.; et al.
A152T tau allele causes neurodegeneration that can be ameliorated in a zebrafish model by autophagy induction. Brain 2017, 140,
1128-1146. [CrossRef]

Cosacak, M.I; Bhattarai, P; Bocova, L.; Dzewas, T.; Mashkaryan, V.; Papadimitriou, C.; Brandt, K.; Hollak, H.; Antos, C.L.; Kizil, C.
Human TAU(P301L) overexpression results in TAU hyperphosphorylation without neurofibrillary tangles in adult zebrafish
brain. Sci. Rep. 2017, 7, 12959. [CrossRef]


http://doi.org/10.1093/brain/awx005
http://doi.org/10.1038/s41598-017-13311-5

	Introduction 
	MGBA Pathways 
	Regulation of Brain and Intestinal Permeability by the Microbiota 
	Neuronal Communication via the Vagus Nerve 
	Immune Cell Infiltration into the Brain and Inflammatory Cytokines 
	MGBA Metabolites: SCFAs and Tryptophan Derivatives, Including Serotonin 
	SCFAs 
	Tryptophan Metabolites and Serotonin 


	MGBA-Associated Neurological Disorders 
	Autism. Spectrum Disorder: A Neurodevelopmental Disorder 
	Alzheimer’s Disease: A Neurodegeneration Problem 

	Zebrafish as a Model System for MGBA Studies 
	The Zebrafish GIT and Associated Cell Types 
	Genetic Approaches to Loss-of-Function and Gain-of-Function Studies with Zebrafish Transgenic Lines 
	Loss-of-Function Approaches 
	Gain-of-Function Approaches 
	Zebrafish Transgenic Lines and In Vivo Imaging of Host-Bacterial Interactions 

	The Gut Microbiota of Zebrafish in MGBA Studies 
	Zebrafish Models for the Neurological Diseases ASD and AD 
	The Zebrafish ASD Model Representing a Neurodevelopmental Disorder 
	The Zebrafish AD Model Representing a Neurodegenerative Disease 


	Future Directions 
	References

