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Abstract

The gut-brain axis plays a critical role in the maintenance of the gastrointestinal tract homeostasis.
Several enteric pathogens have developed strategies to sense neurochemical molecules to regulate
their virulence in the gut. Additionally, there is growing evidence that gut dysbiosis can strongly
affect host brain responses. Here we review different mechanisms that have been proposed to
mediate gut-brain axis communication using Citrobacter rodentium, a natural murine enteric
pathogen and one of the most widely used small animal models for studying host-microbe
interactions. We highlight studies that have identified specific pathways used by C. rodentium

to sense host neurochemicals during colonization as well as behavioral responses and brain
pathologies affected by pathogen colonization of the gut.
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Introduction

Many microbial-host interactions have been described across the years; however, recently,
the bidirectional crosstalk between the intestine and brain, referred to as “gut-brain axis”,
has received increase attention. Enteric pathogens are exposed to several neurochemicals
released in the gut and many of them can influence the pathogenesis of infectious diseases
[1,2]. There is also a growing appreciation on how enteric infections can impact brain
function and disease [3-6].

Citrobacter rodentium (CR) is the etiological agent of transmissible murine colonic
hyperplasia, and has been extensively used to study many aspects of enteric infections
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and host-pathogen interactions [7,8]. Importantly, CR is also a surrogate murine model

for enteropathogenic (EPEC) and enterohemorrhagic Escherichia coli (EHEC), two human
enteropathogens that poorly infect mice [9,10]. Similar to EPEC and EHEC, CR harbors
the locus of enterocyte effacement (LEE) pathogenicity island, which contains the genes
necessary for these pathogens to form attaching-and-effacing (AE) lesions on the gut
epithelium, a crucial process for colonization [11-13]. The LEE encodes a type three
secretion system that injects a plethora of effectors into the host cell, which act in a
coordinate manner to establish a replicative niche [14].

During colonization, CR can regulate its virulence program by sensing a diverse milieu of
microbiota and host-derived signals in the gut [1,7]. In this review, we focus specifically

in neurochemicals that directly modulate CR virulence and pathogenesis, while also being
cognizant that other signals can indirectly influence the host response to this enteropathogen
[15,16]. We discuss the current literature that evaluate CR infection, brain function and
neurological diseases at the gut-brain axis interface.

Role of neurochemicals on C. rodentium virulence and pathogenesis

Epinephrine/Norepinephrine

The catecholamines epinephrine (Epi) and norepinephrine (NE) play a central role in stress
responses in mammals, and directly act as neurotransmitters in both the central (CNS) and
peripheral nervous systems [17]. Epi and NE also play important roles in the gut physiology
and homeostasis. Whereas NE is locally produced by adrenergic neurons in the enteric
nervous system (ENS), Epi is mostly synthesized in the adrenal medulla but can reach the
gut through the bloodstream [18].

The presence of Epi/NE in the gut can also affect the physiology and virulence of different
pathogens [19,20], many of which use the bacterial adrenergic receptors QseC and QseE
to sense and respond to these neurotransmitters [21,22] (Fig. 1A). QseC and QseE are
membrane-bound histidine sensor kinases. Upon sensing Epi/NE, QseC and QseE are
phosphorylated and initiate a signaling cascade activating the expression of flagellar and
virulence genes [23]. Interestingly, the blockade of the QseC receptor by the antagonist
molecule LED209 reduces virulence of different bacterial pathogens, indicating that this
could be a promising anti-virulence approach [24-26].

A study conducted by Moreira and colleagues [27] showed that Epi and NE promote

CR virulence. Mice lacking the dopamine-beta-hydroxylase (Db47~) enzyme, which do

not produce either NE or Epi [18], depicted decreased CR-dependent gut colonization

and pathology, as well as reduced virulence gene expression. Furthermore, this study
demonstrated that both adrenergic sensors, QseC and QseE, are required by CR to sense and
respond to these neurotransmitters, since gseC and gseE mutants were attenuated for murine
infections. Although some studies suggest that catecholamines influence growth of certain
bacteria, including EHEC [19], such phenotype has not been observed in CR, suggesting that
the increased CR infection phenotype induced by Epi and NE is mediated by an upregulation
of virulence. Recently, it has also been shown that NE can increase a non-flagellar surface
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motility process in CR in a QseC-dependent manner [28]; however, it is still unclear whether
this new non-flagellar motility plays any role during murine infection.

Serotonin is a neurotransmitter derived from the amino acid tryptophan, and plays an
important role in the regulation of numerous physiological processes, including gut secretion
and peristalsis, behavior and neurological functions [29]. Over 90% of serotonin in the body
is synthesized in the gut, mostly by enterochromaffin (EC) cells, and different gut microbes
can modulate the production of this neurotransmitter [30-32].

Recently, Kumar, Russell and colleagues [33] showed that serotonin decreases virulence
gene expression in EHEC and CR, an effect mediated through the bacterial membrane-
bound sensor CpxA (Fig. 1B). This study also showed that increasing intestinal serotonin
levels, through genetic and pharmacological approaches, decreased LEE expression and
reduced CR loads in infected animals. Conversely, the inhibition of serotonin synthesis in
the gut resulted in a more severe murine infection. Of note, it has been previously reported
that CR infection resulted in increased levels of released serotonin in the gut [34], which
could represent a host response to this enteropathogen. It is also noteworthy that indole,
another tryptophan derivative that is very abundant in the gut, decreases CR virulence and
pathogenesis in a CpxA-dependent manner [35]. Taken together, these studies demonstrate
the relevance of the host-derived serotonin and the microbial-derived indole converging in
modulating CR pathogenesis.

Endocannabinoids

The endocannabinoid system is involved in several physiological processes, including the
regulation of brain activity and immune function [36,37]. This system is composed by
the cannabinoid receptors (CB1 and CB2), their lipid-based endogenous ligands (called
endocannabinoids, such as anandamide and 2-arachidonoylglycerol [2-AG]), and the
enzymes involved in the ligands’ synthesis and degradation [38]. Endocannabinoids exert
profound effects on gut physiology and immunity, showing anti-inflammatory activity in
different models of intestinal inflammation [38].

The impact of endocannabinoids on host susceptibility to enteric infections has been poorly
understood. However, a recent study by Ellermann and colleagues [39] demonstrated that
the endocannabinoid 2-AG directly inhibits virulence gene expression in EHEC and CR,
both /n vitroand /n vivo. By using murine models, the authors demonstrated that elevated
intestinal levels of 2-AG attenuate disease when the animals were infected with CR. This
study also showed that 2-AG can cross the bacterial outer membrane through FadL, involved
in the transport of long-chain fatty acids [40], and inhibit the activation of QseC, preventing
the expression of the virulence genes in CR (Fig. 1C). These data propose the modulation
of the endocannabinoid’s levels in the gut as a promising therapeutic approach for the
treatment of enteric diseases due to the anti-virulence and anti-inflammatory activities of
these endogenous molecules.
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C. rodentium infection, brain function and behavior

Stress effects on microbiota composition and C. rodentium infection

Effects of C.

Psychological stress has been shown to strongly affect gut physiology and composition
both, in human and mouse [41]. Furthermore, a high comorbidity between stress-related
psychiatric symptoms and gastrointestinal disorders has been reported [42—46]. This
comorbidity suggests a bidirectional interaction between stressful situations, gut physiology
and microbial composition.

In the past years, a series of studies have shown that different stressors can modify

the severity of CR infection. By using prolonged restraint stress (RST) conditions,

Bailey and colleagues [47] found that, while stress itself does not alter cytokine gene
expression in the colon, it renders the mice more susceptible to CR enteric infection.
Similar results were observed when mice were exposed to CR concurrently with the

RST conditions [48,49]. Regarding the potential mechanisms mediating this stress-enteric
pathogen infection interaction, the authors found that RST can significantly alter microbiota
composition, reducing the abundance of immunomodulatory bacteria, including members
from the Lactobacillus and Bifidobacterium genus, that could predispose to an increased
inflammatory response to a pathogen challenge [47,49,50]. Furthermore, alterations in
microbial-produced short chain fatty acids (SCFA), and their receptors were also observed,
suggesting a possible role of these molecules in mice susceptibility to CR infection [49].

In line with the effects of RST, another more ethologically relevant stress, social stress,

also increases the severity of CR-induced colitis. More specifically, mice challenged with
CR while undergoing social disruption (SD), a mouse model of social stress, showed a
sustained increase in pathogen loads and intestinal pathology [51-53]. Once again, these
changes would be mediated by an interaction between SD-induced microbial modifications
and alterations in SCFA levels and their receptors in the gut [51,53]. Furthermore, by using
KO mice for CCL2, a monocyte recruiting chemokine, the authors demonstrated that this
signal is required to the exacerbation in CR infectious colitis in SD-exposed mice [52].
Interestingly, CCL2mRNA levels in the colon of stressed mice can be reduced by treatment
with Lactobacillus reuteri, which attenuates the infection phenotype [52].

All together, these findings would support the idea of a stress-induced compositional change
in microbiota driving the enhancement in CR-induced pathology. However, other factors
seem to be involved and further studies are needed to really elucidate the mechanism
mediating this synergistic effect that stress has on enteric pathogen vulnerability.

rodentium infection on host behavioral responses and brain pathologies

Gut dysbiosis and certain gut microbes have been associated with alterations in behavioral
responses and with different brain pathologies [54,55]. However, there is ho much
information regarding the consequences that an infection with CR has for normal and
pathological brain responses. Among the scarce publication in this regard, Lyte and
colleagues [56] showed that soon after CR infection (7—8 hours after oral gavage), mice
showed an increase in anxiety-like behaviors that is independent of the induction of
circulating proinflammatory cytokines. While not specific mechanisms were dissected, the
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authors observed c-Fos protein activation in vagal ganglia neurons of CR-infected mice,
that would suggest a sensory vagal neuron-mediated pathway [56]. In contrast with these
short-term effects of CR infection in anxiety, no changes were observed after 10- or
30-days post pathogen administration [57]. However, previously infected animals showed
an increased susceptibility to the detrimental effects of a subsequent acute stress exposure,
showing worsened memory and learning dysfunctions, both 10 and 30 days after CR gavage,
compared to non-infected mice [57]. Brain-derived neurotrophic factor (BDNF) expression
was lower in the hippocampus of CR-exposed mice, pointing this growth factor reduction
as a plausible cause mediating memory impairment. All of these changes were associated
with alterations in microbiota composition and, in fact, were reversed by treatment with the
probiotic L. reuteri[57]. In line with this idea of gut microbes affecting memory formation,
the authors reported strong deficits as well as low BDNF hippocampi levels in germ-free
mice when compared to specific pathogen free (SPF) animals [57].

More recently, CR infection was shown to exacerbate ongoing brain pathology observed
after traumatic brain injury (TBI) in mice [58]. Infection with CR 28 days after a TBI
episode significantly increases the volume of the brain lesion, the peri-lesion microglial/
macrophage activation and the astrocyte reactivity and glial scar formation [58], suggesting
that and enteric infection, secondary to brain injury, could exacerbates cortical tissue loss
and neuroinflammation.

Finally, it has been recently demonstrated that, in genetically susceptible (Pink2~/~) mice,
a CR infection can trigger Parkinson’s disease-like symptoms [59]. PINK1 is a kinase
involved in initiating mitophagy, the process of degradation of mitochondria by autophagy.
In these knockout mice, CR infection induces the formation of anti-mitochondrial CD8*

T cells that can be detected in the central nervus system. Importantly, these cells have

the capacity of kill dopaminergic neurons in vitro. After repeated CR exposure, KO mice
show a sharp decrease in the density of dopaminergic axonal varicosities in the striatum
and were affected by motor impairment, phenotypes that are not observed in non-infected
Pink1™'~ mice or in their WT littermates [59]. While some differences among groups in
SCFA were detected, no significant alterations in microbiota diversity or composition were
observed between WT and Pink1~/~ mice before or after CR infection [60] which support
an immune-mediated mechanism as the principal component triggering the emergence of the
disease related symptoms.

Overall, these evidences point microbial composition and inflammation processes as the
main components involved in CR-induced changes in host brain and behavior. However,
there is still a percent of uncertainty in these bacterial-host interactions. The challenge

for future research would be to identify inflammation-independent processes and/or signals
involved in this gut-brain communication.

Concluding remarks and future considerations

Citrobacter rodentium (CR) is one of the most widely used surrogate for studying EHEC-
and EPEC-induced diseases. Furthermore, its utilization has allowed the identification of
crucial host-microbial interactions involved in pathogen colonization. More recently, CR
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infection has also become a valuable tool in gut-brain axis studies. The fact that CR senses
and responds to several different neurochemicals in the gut (/.e., catecholamines, serotonin
and endocannabinoids) suggests that the modulation of intestinal levels of these molecules,
as well as its bacterial sensors could be promising anti-virulence approaches for treatment of
enteric infections. On the other hand, rising amount of evidence is showing that CR infection
can also modulate brain function and host behavior by altering microbiota composition

and gut inflammation (Fig. 2). Clearly, much remains to be explored in this field, and the
challenge for future investigations should be the identification of new signals mediating
gut-brain communication and unraveling molecular mechanisms by which enteric infections
can affect neurological disorders and host behavior.
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Highlights
. Gut-brain crosstalk regulates pathogen colonization and host behavioral
responses
. Citrobacter rodentium senses gut neurochemical signals to regulate virulence
. C. rodentium infection-induced dysbiosis affects host behavioral responses
and brain disorders
. Animal models of stress are more susceptible to C. rodentium infection and

disease
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Figure 1:

Citrobacter rodentium can sense host neurochemical signals to regulate virulence. A)

Epinephrine (Epi) and norepinephrine (NE) are sensed by QseC and QseE which lead to
receptor autophosphorylation and subsequent expression of virulence genes. B) Serotonin

induces dephosphorylation of the bacteria CpxA receptor, which, in turn, inactivates

transcriptional factors required for virulence gene expression. C) The endocannabinoid 2-
AG functions as a competitive antagonist of the QseC receptor, blocking Epi/NE interaction,

and consequently, reducing CR virulence expression.
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Figure 2:

Gut-brain axis interactions observed in Citrobacter rodentium-infected mice. During
infection, CR can sense different host neurochemical signals (epinephrine [Epi]/

norepinephrine [NE], serotonin and 2-arachidonoylglycerol [2-AG]) to regulate virulence
gene expression and colonization of the gut. CR infection alters microbial composition
and increases gut inflammation inducing gut dysbiosis. Alterations in inflammation and

microbial composition have been related to changes in behavioral responses and brain

pathologies. At the same time, stressful situations and brain disorders have been related

to changes in gut physiology and microbiota composition which, in turn, affect CR

colonization and disease.
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