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Abstract

It is now established that the gut microbiome influences human neurology and behavior, and vice versa. Distinct
mechanisms underlying this bidirectional communication pathway, termed the gut-brain axis, are becoming
increasingly uncovered. This review summarizes recent interkingdom signaling research focused on gamma-
aminobutyric acid (GABA), a human neurotransmitter and ubiquitous signaling molecule found in bacteria,
fungi, plants, invertebrates, and mammals. We detail how GABAergic signaling has been shown to be a crucial
component of the gut-brain axis. We further describe how GABA is also being found to mediate interkingdom
signaling between algae and invertebrates, plants and invertebrates, and plants and bacteria. Based on these
emerging results, we argue that obtaining a complete understanding of GABA-mediated communication in the
gut-brain axis will involve deciphering the role of GABA signaling and metabolism within bacterial com-

munities themselves.
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Introduction

THE GUT MICROBIOME is a complex consortium of bacte-
rial species that colonize the gastrointestinal tract and
play critical roles in human health and disease. In addition to
its established roles in nutrient absorption, immunity, and
metabolism, there is a growing appreciation of the extent to
which the gut microbiome influences human neurology and
behavior. This concept of an overlap between microbiology
and neuroscience only began to gain traction in the 1990s,
when the field was referred to as microbial endocrinology.'™
Microbial endocrinology encompasses bidirectional inter-
kingdom signaling through a range of neuroactive com-
pounds, including neurotransmitters, steroids, neuropeptides,
gasotransmitters, and endocannabinoids. In this context,
variations in microbiome composition have been linked to
major depressive disorder, anxiety, and autism. For example,
psychiatric comorbidity has been cited to occur at rates as
high as 60% with inflammatory gastrointestinal disorders.*”
These findings, among others, have increased appreciation
for the ability of the microbiome to impact human neurology
and behavior, transforming the pioneering microbial endo-
crinology movement into the dynamic and emergent field of
the microbiome gut-brain axis (Fig. 1).

Animal models have indicated that communication along
the gut-brain axis likely occurs through the immune system
and the vagus nerve, and through bidirectional signaling
through neuroactive compounds.® One possibility is that
neuroactive compounds are being produced, sensed, and re-
sponded to by the resident gut microbiota, influencing mi-
crobiome composition and biology and modulating host
responses. Bacteria have been shown to produce and respond
to compounds traditionally thought of as human neuro-
transmitters, including gamma-aminobutyric acid (GABA),
serotonin, dopamine, and norepine=,phrine.6’7 However, while
it is clear that microbial composition of the resident micro-
biota can affect behavior, the specific mechanisms by which
this effect occurs are largely unknown in many cases. To fully
understand how the microbiome impacts human neurology
and behavior, and to leverage these impacts for therapeutic
applications, we must understand the underlying bacterial
mechanisms of neurotransmitter production and response.

At the same time, it is becoming increasingly clear that the
neuroactive compounds traditionally thought of as human
neurotransmitters may play unappreciated signaling roles in
bacterial communities themselves. This review will focus on
GABA, a prominent human neurotransmitter as well as a
ubiquitous signaling molecular in nature. GABA is produced
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by bacteria,®® fungi, plants, and invertebrates.
GABA-mediated interkingdom s1$naling has been observed
between algae and invertebrates,'” plants and fungi,'® plants
and insects,'® and plants and bacteria.zo In one example,
GABA, which is naturally produced by wounded plants, in-
creases expression of a quorum-sensing molecule de-
gradative enzyme and associated virulence in plant pathogen
Agrobacterium tumefaciens.”® The goal of this review is to
highlight emerging research, future directions, and potential
signaling roles for GABA in bacterial communities. This
knowledge will increase basic scientific understanding of the
many fields that intersect with microbiology and further en-
hance the potential to leverage these findings for human
therapeutic applications in the microbiome gut-brain axis.

Bacterial GABA Signaling and Human
Neurological Functions

GABA is a primary inhibitory neurotransmitter in mam-
mals, vertebrates, and invertebrate systerns.zl’22 Disruptions
in GABA signaling have well-studied causative roles in
neurological disorders like epilepsy, anxiety, autism, and
depression.”®~*® In addition to these established neurological
roles, GABA can function as a regulator of immune function
and blood pressure in mammals.”” Two major classes of
GABA receptors, GABA® and GABAB, are present
throughout the human and mouse GI tract, and have been
shown to contribute to intestinal motility and gastric
health.?®2° The positioning of these receptors may play a
crucial role in gut-brain axis communication and mechanistic

studies should take into account how GABA receptor distri-
bution may contribute to host sensing of GABA produced by
gut microbes.

There is growing evidence that enteric GABA production
by the microbiota can impact a variety of disease outcomes,
and the field is moving toward uncovering the specific
mechanisms through which microbial GABA may influence
human health, and vice versa. In one example, administration
of a GABA-producing Bifidobacterium dentium species
present in the human microbiome resulted in desensitized
sensory neuron activity in a rat model of visceral sensitivi-
ty.*® Administration of Bifidobacterium breve, a genetically
similar species that lacks glutamate decarboxylase (GAD),
did not have this effect. This group also showed that micro-
bial GAD expression is threefold enriched in the human GI
tract, compared to other sites in the body, indicating that the
gut microbiome is likely producing more GABA than the
oral, nasal, skin, or vaginal microbiomes.>* Furthermore,
administering a B. breve strain that recombinantly over-
expresses a GABA-synthesizing enzyme from B. dentium
resulted in a statistically significant increase in detectable
GABA levels in the cecal content of these animals, on the
order of 8-10ug GABA/g cecum. This result supports a
model wherein microbial GABA is not immediately de-
graded or converted in the intestinal lumen.*® As B. dentium
is a component of what is considered a healthy human mi-
crobiome, this is mechanistic evidence that microbial GABA
has the potential to lessen chronic abdominal pain.

In addition to neurological pain responses, there is evi-
dence that microbial GABA regulates emotional behavior
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and an anxiety response. Disruptions in GABAergic signal-
ing have been implicated in psychiatric anxiety disorders in
humans, and GABA” receptors are the target of antianxiety
pharmaceuticals like benzodiazapines.’! Germ-free mice
have been shown to have nearly twofold lower levels of
GABA in the stool and cardiac plasma, although the ability
of any microbial GABA to cross the blood-brain barrier is
unknown.*** The production of GABA microbiome Bac-
teroides genera is inversely correlated with the occurrence of
major depressive disorder and there is evidence that alterations
in GABA availability may fundamentally affect the compo-
sition of the microbiome.”® In one relevant example, feeding
mice a common probiotic strain Lactobacillus rhamnosus re-
duced stress- and anxiety-related behaviors and modulated
GABA” and GABA® mRNA expression in different areas of
the brain.>® The effects depended on an intact vagus nerve, and
did not occur is vagotomized mice, indicating direct evidence
that a GABA-producing probiotic strain is capable of causing
changes in the mouse brain and mouse behavior through the
vagus nerve. Vagus nerve stimulation is a medical procedure
that has been traditionally used to treat patients with epilepsy,
another neurological disorder in which GAB Aergic signaling
is known to be disrupted, in addition to some forms of
treatment-resistant depression.”” Together, these data show
that probiotic bacteria can modulate the GAB Aergic system in
mice through the vagus nerve.

There is also direct evidence that GABA availability may alter
microbiome composition, and that genes associated with GABA
production and consumption are widespread throughout the hu-
man microbiome. In seeking to understand the biological roles of
species within the microbiome consortia, some researchers have
underscored the importance of understanding how unculturable
species contribute to the microbiome organ. In one such study, a
new genus of Gram-positive bacterium belonging to the Rumi-
nococcaceae family and the group named Evtepia gabavorous
could only be cultured in the presence of the human microbiome
component Bacteroides fragilis.*> Surprisingly, GABA was re-
vealed to be the sole nutrient component B. fragilis was providing
to this previously unculturable isolate. Further metabolic research
into this organism revealed that it lacks the ability to utilize
common sugars and amino acids as a carbon source, and instead
utilizes GABA as a carbon energy source. This is the first report
of GABA as an essential bacterial nutrient. Genomic analyses
searching for GABA metabolic gene homologs revealed the
presence of hundreds of putative sole GABA producers, sole
consumers, and combination consumer-producers throughout the
human microbiome. This research implies that GABA avail-
ability may change the composition of the microbiome, as some
nonproducer species require it for growth. In addition, it shows
the extent to which GABA availability and bacterial metabolism
may affect interspecies competition, colonization, and the po-
tential ability of probiotic strains to colonize the GI tract.

Aside from gut-brain axis communication occurring
through alterations in microbial-produced GABA, diet-
induced alterations in microbiome composition may impact
GABAergic signaling. The translational benefit of manipu-
lating microbial GABA production is perhaps best exempli-
fied through the success of treating epilepsy with a ketogenic
(high fat and low carbohydrate) diet. A ketogenic diet has
been used for decades to treat epileptic seizures that do not
respond to conventional anticonvulsants,®® although the
mechanism underlying this phenomenon was unknown.
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A recent study used two different mouse models of epilepsy
to show that a ketogenic diet enriches for Akkermansia mu-
ciniphila and Parabacteroides, which are together necessary
and sufficient to ameliorate the threshold for seizures.*” This
effect is correlated with decreased levels of gamma-
glutamylated (GG) amino acids in the sera, which are human
neurotransmitter precursors thought to have increased
transport capacity across the blood—brain barrier compared to
non-GG counterparts. In addition to approximately twofold
decreased circulating GG amino acids, the tested animals also
had approximately threefold increased GABA/glutamate ra-
tios in the hippocampus. This work expands on previous
studies showing microbiota and diet can affect GABA levels
in the brain,*>*" and provide a causal mechanism by which
the ketogenic diet lowers seizure susceptibility. As different
diets are known to variably affect microbiome composition
between people, this work also provides a baseline for in-
vestigating whether enrichment for different microbial taxa
in patients may be functionally redundant. In the case of the
ketogenic diet, for example, different enriched taxa between
patients may result in the same physiological effect of de-
creased circulating GG amino acids.

Bacterial GABA Signaling Within
Bacterial Communities

While neuroactive compounds like GABA are commonly
known as human neurotransmitters, many neurotransmitters
exist across disparate biological kingdoms and take part in
adaptive and signaling mechanisms outside human physi-
ology. In addition to functioning as a synaptic neurotrans-
mitter, GABA is a ubiquitous signaling molecule in nature
that is produced by bacteria, fungi, plants, and invertebrates.
Archaea contain GABA-producing enzyme homologs,
although their function remains unclear.*? Due to their uni-
versal occurrence across biological kingdoms and ecosys-
tems, it has been argued that these compounds should more
accurately be thought of as ubiquitous biomediators as op-
posed to specifically synaptic neurotransmitters.” Acquiring a
complete understanding of microbial GABA signaling will
therefore require understanding bacterial GABA signaling,
which may have evolved outside the human body.

Bacterial genes for GABA metabolism and uptake were
first described in Escherichia coli and Pseudomonas fluor-
escens in the 1970s and 1980s.%**7 It is now known that
many species of bacteria produce, transport, and utilize
GABA as a carbon and nitrogen source.® While systems for
GABA transport vary between organisms, these genes have
been rigorously characterized in E. coli and Listeria
monocytogenes.43’47_49 These bacteria metabolize GABA
through a conserved pathway of enzymes known as the
GABA shunt.*® The components of the GABA shunt gener-
ally consist of a group of enzymes that convert GABA to
succinate for use in the tricarboxylic acid cycle (TCA) and
energy production. In both microbial species and mammals,
GABA is most commonly synthesized from L-glutamate by a
GAD enzyme.***® However, GABA can also be synthesized
from ornithine, arginine, and putrescine, and homologous
biosynthesis enzymes have been found in many human gut
bacteria.”>> Glutamate decarboxylation is the first step in the
GABA shunt, which ultimately catabolizes GABA to succi-
nate, feeding into the TCA cycle. After GABA is produced
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from glutamate by a GAD enzyme, it is converted to succinic
semialdehyde by a GABA aminotransferase, and then to
succinate by a succinic semialdehyde dehydrogenase. Some
bacteria contain multiple GAD enzymes with redundant
function, and some GABA-producing bacteria contain no
known GAD homologs. In general, the components and ac-
tivity of the GABA shunt vary even between different species
within the same genus, as is the case with Bacillus species.*®

The crucial role of GABAergic signaling in many human
diseases has resulted in increased commercial interest in
supplementing human diets with GABA as part of healthy
lifestyle branding.® GABA production by bacteria is often
studied in the context of food production, as GABA is found
in foods like cheeses, kimchi, and yogurt that often contain
probiotic strains of lactic acid-producing bacteria.® Food
scientists and engineers have sought to increase the levels of
GABA in various foods by recombinant engineering of mi-
crobial GABA-producing enzymes and optimization of mi-
crobial fermentation conditions during food production.’!~>?
Regulation of pH during fermentation has been shown to be
the most effective way of increasing microbial GABA pro-
duction, although the specific optimal pH range varies greatly
(pH 4.5-8) from species to species. The variation in GABA
production by different microbial species is thought to result
from different biochemical properties of the GAD enzyme,
among other differences in enzyme activity within the GABA
shunt. Taking into account a large amount of variation by
species, many microbial species have demonstrated maxi-
mum GABA production, a proxy for optimal GAD enzyme
activity, in a weak acidic pH range near pH 5.>*% In contrast,
many microbial GABA-consuming enzymes in the GABA
shunt, like GABA transaminase and succinic semialdehyde
dehydrogenase, have shown optimal activity in the more
weak alkaline pH range closer to 8.7°

In agreement with these findings, in the context of food
production, the primary known function of the GABA shunt,
aside from linking carbon and nitrogen metabolism, is main-
taining pH homeostasis in acidic environments.****®! In this
context, it follows that so many GABA-producing and GABA-
consuming bacterial homologs would be present in the acidic
portions (pH 5.7-7.4) of the human GI tract.>> Acid tolerance
is thought to occur when a molecule of glutamate is converted
to GABA by the GAD enzyme, consuming a proton and
causing the intracellular pH to rise. The resulting GABA is
either transported out of the cell or catabolized to succinate by
the GABA shunt. In one example, in gastric pathogen L.
monocytogenes, a double mutant in the bacterium’s two GAD
homologs is unable to survive when exposed to acidic porcine
and synthetic human gastric fluid, pH 2.5.°° In this organism,
the GAD enzyme and GABA shunt are thought to contribute to
survival within the acidic GI tract environment. The reduced
tolerance for acidic conditions that gad mutants exhibit is
thought to be caused by a reduced ability to regulate intra-
cellular pH, although this model has been debated.*®

Aside from its role in acid tolerance, there is growing evidence
that GABA may play roles in bacteria-plant signaling. For over a
decade, plant biologists have argued that extracellular GABA
may be a ubiquitous signaling molecule mediating plant inter-
actions with a variety of nonplant eukaryotes and prokary-
otes.'”%? In turn, it is possible that GABA mediates bacteria-
bacteria interactions as well as bacteria-plant interactions, aside
from its role as a metabolite. GABA production by plants has
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been implicated in plant development, ' immunity,®* and abiotic
stress tolerance to low light and high salinity.***® Wounded
plants increase GABA synthesis and wounding is required for
tumor formation during Agrobacterium tumefaciens infection
and subsequent crown gall disease.”’ Notably, GABA-mediated
signaling has been observed to decrease virulence in Plant
pathogens A. tumefaciens and Pseudomonas syringae®®®’ and
affect quorum-sensing molecule production in opportunistic
pathogen Pseudomonas aeruginosa.®® One study found that
imported GABA caused upregulation of a quorum sensing
hormone degradative enzyme in A. tumefaciens, thereby re-
ducing quorum sensing. In transgenic plants with elevated
GABA concentrations, A. tumefaciens showed decreased viru-
lence. GABA-mediated signaling between host plant and bac-
terial pathogen is complex, as a bacterial small RNA tightly
controls GABA import in A. tumefaciens, the first example of a
bacterial SRNA controlling a plant-derived signaling mole-
cule.®® In addition, proline, which also accumulates in crown
gall-diseased plant tumors, antagonizes GABA quenching of A.
tumefaciens quorum sensing.”® The complex nature of plant
pathogen GABA-mediated signaling implies there are likely
unknown GABA-mediated signaling pathways in many bacte-
ria. If bacteria have evolved unknown signaling mechanisms in
response to GABA, it is likely that those mechanisms could play
a role in complex microbial consortia like the human gut mi-
crobiome, in addition to the rhizome of plant roots.

Conclusion and Future Directions

Understanding how bacterial GABA impacts human health
will require discovering how GABA signaling operates within
bacterial communities themselves. It is becoming increasing
clear that the neuroactive compounds traditionally thought of as
human neurotransmitters play unappreciated signaling roles in
bacterial communities. Traditionally known as a human neuro-
transmitter, GABA is now appreciated to be ubiquitous signaling
molecular in nature that is produced by bacteria, archaea, fungi,
plants, and invertebrates. For example, it is already known that
wounded plants release large concentrations of GABA that cause
decreased quorum sensing and subsequent reduced virulence in
the associated bacterial communities. Work in this emergent
field will continue to transform the pioneering microbial endo-
crinology movement of the 1990s into the dynamic and emer-
gent field of the microbiome gut-brain axis. This knowledge will
increase basic scientific understanding of the many fields that
intersect with microbiology and further enhance the potential to
leverage these findings for human therapeutic applications.
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