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Host-associated microbiomes are emerging as important modifiers of brain activity and behavior. Metabolic,
immune, and neuronal pathways are proposed to mediate communication across the so-called microbiota-
gut-brain axis. However, strong mechanistic evidence, especially for direct signaling between microbes and
sensory neurons, is lacking. Here, we discuss microbial regulation of short-chain fatty acids, neurotransmit-
ters, as-yet-uncharacterized biochemicals, and derivatives of neuromodulatory drugs as important areas for
assessing microbial interactions with the nervous system.

We have co-evolved with trillions of indigenous microorganisms
that comprise the human microbiota. Over the past decade, the
notion that the microbiome is a key regulator of host physiology
and behavior has skyrocketed with the advancement of multi-
omics technologies, gnotobiotic tools, intersectional genetics,
and live imaging. Early studies linking alterations in the gut micro-
biome with neurobehavioral phenotypes launched the concept of
a microbiota-gut-brain axis whereby intestinal microbes influ-
ence brain and behavior through immune, neuronal, and meta-
bolic pathways. In particular, emerging evidence suggests that
select members of the microbiota have the ability to synthesize
and/or regulate various neurochemicals known to modulate
neurotransmission as well as a vast milieu of other metabolites
that may directly or indirectly impact neuronal activity. As such,
the role of mutualistic microbes in regulating sensory neuronal
communication along the gut-brain axis is of active scientific in-
terest. Microbial modulation of dietary molecules, neurotransmit-
ters, as-yet-uncharacterized metabolites, and neurological drugs
represent major areas for research toward uncovering mecha-
nisms for microbial modulation of neuronal activity (Figure 1).

Microbial Regulation of Short-Chain Fatty Acids

Early studies on feeding behavior, led by such pioneers as
Claude Bernard and Ivan Pavlov, laid the foundation for the
concept of a gut-brain axis through dietary modulation (Leulier
et al., 2017). With the advent of germ-free rodent models in
the 1920s (Gustafsson, 1946-1947), gut microbes were identi-
fied as important mediators of dietary metabolism and host
nutrition. Germ-free animals exhibited substantially deficient
levels of the short-chain fatty acids (SCFAs) butyrate, propio-
nate, acetate, and valerate in the intestine and blood, indi-
cating a crucial role for the microbiota in regulating local
and systemic SCFA bioavailability in the host (Hoverstad
and Midtvedt, 1986). Continued research in this area has
uncovered molecular mechanisms underlying microbial pro-
duction of SCFAs through their fermentation of complex poly-
saccharides, propelled by the discovery and characterization
of polysaccharide utilization loci present in Bacteroidetes
(Bjursell et al., 2006).

L)

Updates

A wealth of evidence has further demonstrated that alterations
in the microbiota and SCFAs are associated with conditions in
which food intake behaviors are dysregulated (Byrne et al,
2015). In particular, alterations in the gut microbiota are seen in
obese mice and humans, which correlate with alterations in the
levels of acetate and butyrate (Ridaura et al., 2013; Turnbaugh
et al., 2006). Propionate administration to patients with obesity
enhanced gut hormone secretion while reducing adiposity and
overall weight gain (Chambers et al., 2015). While some of the an-
imal studies highlight microbial regulation of appetite as a basis
for the observed differences in weight gain, exactly how microbial
regulation of SCFAs impacts host feeding behaviors remains un-
clear. The SCFA free fatty acid receptors 2 and 3 (FFAR2 and
FFARS, respectively) are expressed in the enteric nervous system
and the portal nerve, as well as various sensory ganglia (De Vad-
deretal., 2014; Egerod et al., 2018), suggesting a role for activa-
tion of the nervous system in mediating these effects. Consistent
with this, propionate feeding induces fos expression in the dorsal
vagal complex of the brainstem, the hypothalamus, and the spi-
nal cord (De Vadder et al., 2014), raising the question of whether
SCFA-induced stimulation of peripheral sensory neuronal activity
could mediate the effects of SCFAs on host feeding behavior.

As the list of host behaviors that are modified by the gut micro-
biome continues to grow (Vuong et al., 2017), a key open ques-
tion is the extent to which the microbial regulation of molecules
relating broadly to nutrition underlies the reported effects of
the microbiome on complex host behaviors, spanning homeo-
static feeding and social, stress-related, and cognitive domains.
SCFAs are fundamental molecules involved in regulating energy
homeostasis, and SCFA receptors are expressed by a wide va-
riety of non-neuronal cell subtypes as well. In immune cells, for
example, SCFAs can regulate T regulatory cell differentiation
(Arpaia et al., 2013; Furusawa et al., 2013; Smith et al., 2013)
and microglial maturation (Erny et al., 2017), whereas in enter-
oendocrine cells, SCFAs can stimulate the release of gut hor-
mones (Larraufie et al., 2018). In addition to promoting SCFAs,
the gut microbiota is integral to secondary metabolism of bile
acids, another class of diet-related metabolites for which
cognate receptors are expressed by various cell types, including
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Figure 1. Microbial Interactions with the Nervous System through the Regulation of Dietary Products, Neurotransmitters, Uncharacterized
Biochemicals, and Neuromodulatory Drugs

(A) Select bacteria from the gut microbiota produce short-chain fatty acids (SCFAs) and modify bile acids through dietary metabolism. Metabolites from the
microbiota can signal directly to mucosal afferent fibers of sensory neurons (left) or can signal to neurons via intermediate interactions with enteroendocrine or
epithelial cells (right).

(B) Select bacteria from the gut microbiota can directly synthesize, consume, or sense neurotransmitters such as serotonin (5-HT), dopamine (DA), gamma-
aminobutyric acid (GABA), and norepinephrine (NE) (center) or regulate host biosynthesis of neurotransmitters, like serotonin (5-HT) (center left). Microbially
modulated neurotransmitters have the potential to interact with sensory neurons (left) or be circulated humorally (right) to reach the blood-brain barrier.

(C) The physiological landscape for microbial interactions with the nervous system is complex. Emerging evidence suggests that microbial communities are
spatially structured (bottom), which yields “microbiogeographies” that vary in physiological function. In addition, the microbiome regulates various metabolites in
the host, many of which remain uncharacterized (center). Further complexity is introduced when considering the heterogeneity of host cell types within the
intestine, spanning various types of epithelial, endocrine, immune, and neuronal cells that are also spatially distributed and can vary temporally in their localization
via turnover and remodeling. Spatial maps of signaling receptors, especially those available for mediating neural communication across intestinal cell types, will
help inform functional pathways for microbe-host interactions.

(D) The microbiome is increasingly appreciated as an important modulator of xenobiotic metabolism, particularly for neuromodulatory drugs, including anti-
psychotics, anticholinergics, antidepressants, and opioids. Microbial transformation of drugs for neurological conditions could alter their absorption, distribution,
metabolism, and/or excretion in the host, with potential downstream consequences on host neural activity and symptoms of neurological disease.

578 Molecular Cell 78, May 21, 2020



Molecular Cell

subsets of sensory neurons, to regulate diverse host phenotypes
(Mertens et al., 2017). In light of their pleiotropic effects, studies
that dissect the precise signaling pathways by which SCFAs and
bile acids alter host behaviors are warranted. Efforts to deter-
mine the functional roles of specific neuronal pathways in
SCFA and bile acid signaling would be particularly illuminating
toward uncovering roles for the microbiota in regulating neuronal
activity via dietary metabolism.

Microbial Regulation of Neurochemicals

While the gut microbiota may affect host behavior through the
regulation of dietary metabolites, like SCFAs and bile acids,
emerging research indicates that select gut microbes also regu-
late levels of host neurotransmitters. The finding that microbes
can synthesize neurotransmitters is rooted in the first discovery
of chemical transmitters by Sir Henry Dale in the early 1900s (Va-
lenstein, 2002). In studying ergot on wheat rye, he discovered the
transmitter acetylcholine over a decade before it was extracted
from mammalian tissue. Together with George Barger, Dale
found that acetylcholine mimicked the effects of parasympa-
thetic nerve stimulation, suggesting chemically mediated
neurotransmission. It was realized later that the acetylcholine
itself was likely derived from Bacillus contaminants in the ergot
rather than from the ergot itself. Since this landmark discovery,
additional neurotransmitters, including norepinephrine (NE), se-
rotonin (5-HT), y-aminobutyric acid (GABA), and dopamine
(DA) have been found to be produced by bacteria in culture
and to be regulated by the microbiota in animals (Strandwitz,
2018). Despite these tantalizing associations, all kingdoms of
life produce the amino-acid derivatives that form common “neu-
rotransmitters,” raising the questions: What are the functional
roles of neurotransmitters in microbes, and can host-associated
microbes impact the nervous system through neurotransmitter
modulation?

As yet, only a few studies have examined the effects of canon-
ical neurotransmitters on bacterial physiology. One relatively
early series of studies revealed that the catecholamines NE
and epinephrine exhibit a structural similarity to the quorum-
sensing molecule autoinducer-3 and that, therefore, each stimu-
lates enterohemorrhagic E. coli motility and virulence (Clarke
et al., 2006). Researchers hypothesize that this direct effect of
NE and epinephrine on bacterial pathogenesis may contribute
to the ability of stress to increase susceptibility to infection.
More recently, a study utilizing in vitro co-culture screens and
metagenomic datasets revealed GABA-producing versus
GABA-consuming bacteria from the human gut microbiota
(Strandwitz et al., 2019). In particular, GABA synthesized by Bac-
teroides fragilis supported the growth of KLE1738, suggesting
that select neurotransmitters may serve as growth substrates
for bacteria. A separate study found that 5-HT promotes intesti-
nal colonization of the bacterium Turicibacter sanguinis, similarly
suggesting a role for a neurotransmitter in promoting microbial
fitness (Fung et al., 2019). Beyond these initial findings, little is
known regarding the extent of neurotransmitter modulation
across various members of the gut microbiota, the specific mi-
crobial genes and gene products used for their synthesis and
catabolism, and the molecular pathways underlying microbial
sensing and response to neurotransmitters. Integrated microbi-
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ological, biochemical, and bioinformatic approaches are needed
to support in silico predictions informed by multi-omic datasets,
in vitro determination of microbial gene and protein function, and
in vivo investigation of microbial community responses. Identi-
fying the molecular underpinnings for microbial synthesis, trans-
formation, and physiological response to neurotransmitters
would further enable mechanistic interrogation of the potential
consequences of microbiota-dependent neurotransmitter mod-
ulation on host physiology.

Despite evidence that select host-associated bacteria regu-
late neurotransmitter levels locally in the intestine and, in some
cases, systemically in the blood or distantly in the brain itself,
whether microbial modulation of neurotransmitters actually
influences neuronal activity and behavior remains poorly under-
stood. In mice, the gut microbiota is responsible for promoting
the biosynthesis of up to 60% of colonic and blood 5-HT levels
by enterochromaffin cells (ECs) in the intestinal epithelium
(Yano et al., 2015). In the intestine, microbially modulated 5-HT
activates intrinsic afferent primary neurons of the myenteric
plexus to promote gastrointestinal motility, but whether extrinsic
intestinally innervating nerves are also affected remains un-
known. Separate studies suggest that subsets of ECs may syn-
apse with 5-HT-receptive afferent fibers of chemosensory vagal
or dorsal root neurons (Bellono et al., 2017; Bohdrquez et al.,
2015), suggesting a direct path for microbial regulation of local
5-HT to impact the central nervous system. While evidence for
microbiome-gut-sensory neuronal signaling is currently lacking,
a growing number of studies reporting effects of the microbiome
on host behavior have applied subdiaphragmatic vagotomy to
demonstrate that severely impaired vagal signaling abrogates
microbial effects on behavior (Bravo et al., 2011; Sgritta et al.,
2019). Additional studies that circumvent the confounds of va-
gotomy and that carefully examine functional neuronal re-
sponses to microbially modulated neurochemicals are needed
to evaluate the potential for microbes to directly affect neural
activity. These efforts would be aided greatly by the develop-
ment of synthetic biological tools to identify, regulate, and
manipulate microbial genes for neurochemical modulation,
coupled with host gnotobiotic and intersectional genetic tools
for selective microbial colonization and targeted neurophysio-
logical assessments. In addition to evaluating sensory neuronal
pathways, efforts to examine the humoral transport of micro-
bially modulated neurochemicals or their precursors are war-
ranted. Consistent with this possibility, heavy-isotope-labeled
acetate in the colon enters the bloodstream, crosses the
blood-brain barrier, elevates hypothalamic acetate, and feeds
into GABA neuroglial cycling to increase central GABA produc-
tion (Frost et al., 2014). Novel tools to selectively label target
neuromodulators that are produced or regulated by the micro-
biota, along with technologies for spatiotemporal tracking in
animals, would help enable efforts to evaluate the ability of the
microbiota to impact distant sites in the central nervous system.

Uncharacterized Microbial Products and the Nervous
System

Aside from SCFAs, bile acids, and neurotransmitters, there are
likely many additional microbiota-dependent biochemicals that
have the potential to interact with neurons. The human
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microbiota regulates a vast repertoire of metabolites not only in
the intestinal lumen but also in the circulating blood and various
organ systems of the host. However, the identity, cognate recep-
tors, signaling pathways, and physiological functions of many
microbially modulated metabolites remain poorly understood
(Milshteyn et al., 2018). Recent functional metagenomics studies
have begun to reveal the scope of bacterial genes for metabolite
synthesis and signaling to the host. By screening cosmid meta-
genomic libraries, researchers identified host-associated bacte-
rial effector genes, which, upon bioassaying the gene products,
resulted in the discovery of commendamide, an N-acyl amide
capable of activating the host G-protein-coupled receptor
(GPCR; also referred to as GPR) G2A (Cohen et al., 2015).
Continuing their work on N-acyl amides, the researchers also
demonstrated that bacterially produced N-acyl serinol activated
the endocannabinoid receptor GPR119A (Cohen et al., 2017).
These studies illustrate that functional metagenomics can be a
powerful tool to not only discover novel bacterial metabolites
but also reveal how bacterial metabolites can affect host physi-
ology through mimicking endogenous GPCR ligands.

Recent studies have begun to identify GPCRs and orphan
receptors that are activated by bacterial metabolites in vitro. In
a screen of supernatants from individually cultured bacteria
from the human gut microbiota, receptors for DA, histamine,
and 5-HT were highly responsive to soluble bacterial products.
Among many additional candidates, bacterially derived phene-
thylamine and tyramine activated DA receptors, while bacterial
production of histamine itself activated histamine receptors
(Chen et al., 2019). In addition to these, as-yet-unidentified bac-
terial products activated a wide range of other neuropeptide and
hormone receptors, classically known to be expressed in the
nervous system. In another study, fractionated supernatants
from a simplified human microbiome consortium were similarly
found to robustly activate neurotransmitter GPCRs. In addition
to histamine itself, bacterially produced cadaverine, putrescine,
and agmatine also activated histamine receptors (Colosimo
et al., 2019). Bacterial supernatants containing 9,10-methylene-
hexadecanoic acid activated brain angiogenesis factor 1, while
12-methyltetradecanoic acid activated neuromedin receptor 1.
Overall, these studies provide proof of concept that select
microbial products could activate GPCRs known to be ex-
pressed by neurons.

Further research is required to identify specific microbial me-
tabolites that are capable of signaling to neurons and to deter-
mine whether they are bioavailable to the host when produced
by microbes within complex host-associated communities.
While existing studies demonstrate the potential for bacteria to
activate select GPCRs, the authentic identities of the bacterial
molecules that affect individual receptors remain largely un-
known. Additionally, our knowledge as yet relies primarily on
bacteria grown in culture, alone or in limited communities, raising
the question of whether there are additional molecules left unas-
sayed from microbes that were not cultured and whether the
data capture physiologically relevant outputs of complex micro-
bial community interactions. Culture-independent approaches
to screen metabolites directly from host biospecimens would
greatly aid in this regard. Beyond bacteria from the microbiome,
the roles for the mycobiome and virome in altering neuronal
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activity remain understudied. While sensory nerve fibers in the
skin directly sense infectious Candida albicans (Kashem et al.,
2015), whether non-pathogenic members of the mycobiome
influence neuronal activity is poorly understood. Moreover, bac-
teriophages alter levels of the neurotransmitters tryptamine
and tyramine in the gut (Hsu et al., 2019), but whether these
alterations ultimately impact neuronal activity is unclear. These
studies highlight a need for novel tools to selectively modulate
non-bacterial members of the microbiome in order to fully under-
stand the complex role of the entire microbiome in modulating
the host nervous system.

While initial evidence suggests that microbes are capable of
synthesizing molecules that could directly bind to neuron-rele-
vant GPCRs in vitro, additional research is needed to determine
whether they bind neuronal GPCRs in host tissues and to further
evaluate the physiological consequences of their signaling.
Accordingly, greater attention to spatial variations in metabolite
production and receptor activation in vivo is warranted. Microbial
communities exhibit distinct spatial structures, or “microbio-
geographies,” along and across the gastrointestinal tract
(Donaldson et al., 2016). In addition, recent single-cell RNA-
sequencing studies suggest that there is cellular, and potentially
spatial, heterogeneity in the receptor profiles of intestinally inner-
vating dorsal root and vagal neurons (Hockley et al., 2019; Kupari
et al., 2019). Advances in technologies for high-throughput in
situ microbial imaging, metabolite profiling, and GPCR mapping
would help to establish the physiological landscape of the
intestine to inform functional microbiome-nervous system
interactions.

Microbial Interactions with Drugs for Neurological
Disease

The finding that select microbes can synthesize, modulate,
sense, and/or respond to neurochemicals raises the question
of whether they would additionally interact with medical drugs
that modulate neurotransmission. The gut microbiota encodes
a diverse array of enzymes capable of metabolizing pharmaco-
logical agents, thus potentially influencing their bioavailability
to the host and contributing to the wide range of intra-patient
variability in drug efficacy. Early work describing how the pro-
cess of glucuronidation promotes drug clearance, coupled
with the identification of bacterial beta-glucuronidases from
gut microbes, have set the foundation for pioneering studies
on microbiomes as modulators of xenobiotic metabolism (Wal-
lace et al., 2010). Since then, xenobiotic metabolism by the mi-
crobiome has been extended to numerous drugs targeting
neurological indications. In sequencing studies of the human mi-
crobiota and culture-based screens of bacterial interactions
with common medications, many antipsychotics, antidepres-
sants, opioids, and anticholinergic drugs greatly affected
bacterial physiology and correlated with alterations in the
composition of the gut microbiota (Jackson et al., 2018; Maier
etal., 2018; Zimmermann et al., 2019a). While the distinct contri-
bution of the microbiota to the metabolism of drugs can be
difficult to quantify alongside host-derived enzymes carrying
out the same metabolic functions, a recent study utilized gnoto-
biotic, pharmacological, and bacterial genetic approaches to
disentangle microbial versus host xenobiotic transformations.
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By comparing the metabolism of the antiviral drug brivudine in
multiple tissues of germ-free mice that vary in a single micro-
biome-encoded enzyme, researchers were able to generate a
pharmacokinetic model to predict the contribution of the micro-
biota to features of drug metabolism, including oral bioavail-
ability, host drug-metabolizing activity, metabolite absorption,
and intestinal transit (Zimmermann et al., 2019b). This modeling
approach was further applied to dissect microbiota contribu-
tions to the metabolism of the antiviral drug sorivudine and the
benzodiazepine clonazepam (Zimmermann et al., 2019b).

Separate studies have utilized biochemical and metagenomic
approaches to identify particular bacterial species and novel
bacterial enzymes that modulate the metabolism of drugs,
including those for neurodegenerative diseases. The mainstay
treatment for Parkinson’s disease, levodopa (L-dopa), is a nat-
ural precursor of DA that, when administered peripherally, is
able to cross the blood-brain barrier for local conversion to
DA in the brain. However, the gastrointestinal tract is a site of
extensive metabolism of the drug, leading to reduced bioavail-
ability and unwanted side effects caused by elevations in pe-
ripheral DA. Informed by mechanisms for host metabolism of
DA, a recent study identified a novel interspecies pathway for
microbial metabolism of L-dopa, whereby Enterococcus faeca-
lis decarboxylates L-dopa to DA, which is subsequently dehy-
droxylated by Eggerthella lenta to m-tyramine (Maini Rekdal
et al., 2019). Remarkably, the presence of a single-nucleotide
polymorphism in the bacterial gene encoding dopamine dehy-
droxylase was predictive of the capacity for certain patients to
metabolize the drug. As such, the field has begun to appreciate
the microbiota as a potential therapeutic target not only to aid
in drug efficacy for the treatment of neurological disorders but
also as a means for developing additional personalized medical
treatments.

Despite these exciting advancements toward our under-
standing of the molecular mechanisms behind the microbial
metabolism of neuromodulatory drugs, a gap remains in our
understanding of the relevance of these findings to the clinic.
Few, if any, studies to date have rigorously assessed the symp-
tomatic outcomes resulting from altering the microbial meta-
bolism of drugs for neurological disorders. As a result, it re-
mains unclear whether these mechanisms are ultimately
impactful for clinically relevant outcomes in the host. Experi-
ments utilizing genetically tractable bacterial species alongside
gnotobiotic tools in animal models of disease are needed to
assess the role of microbe-specific functions on drug bioavail-
ability and neurobehavioral outcomes. Advancements such as
these are paramount for our ability to better understand roles
for the microbiome in regulating inter-patient variability in
responsiveness to drugs for neurological conditions and to
assess the potential to inform tractable strategies for clinical
intervention.

Conclusions

A growing body of evidence indicates that disruptions in host-
associated microbiomes can modify animal behavior and
further supports the notion of signaling across a microbiota-
gut-brain axis. To date, several studies highlight sensory
neuronal signaling, humoral metabolic communication, and im-
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munomodulation as likely direct and indirect pathways that
mediate microbiota-nervous system interactions, but studies
that clearly evaluate and dissect these signaling mechanisms
are lacking. Recent advances in sequencing, viral targeting,
and intersectional genetic and imaging tools, combined with
gnotobiotic and bacterial genetic systems, can better our un-
derstanding of the molecular and cellular mechanisms underly-
ing microbiota-gut-brain communication and the nuances that
arise from the coordinated signaling of heterogeneous cell
types in response to pleiotropic microbial cues. In particular,
studies profiling sensory neurons and intestinal epithelial cells
have uncovered the possibility for both direct and indirect acti-
vation of sensory neurons by microbiota-dependent dietary
products, neurotransmitters, and as-yet-uncharacterized me-
tabolites either through binding of receptors on afferent fibers
themselves or via signaling to enteroendocrine cells in the gut
epithelium. However, experiments that use conditional receptor
knockouts in specific neuronal or epithelial subpopulations and
gain- or loss-of-function constructs in bacteria may aid in iden-
tifying pathway-specific effects of microbial signals in regu-
lating host brain function and behavior. Additionally, few
studies to date have used in vivo electrophysiological- and ge-
neticallyencoded calcium-indicator-based tools to directly
assess the functional role of microbial-metabolite effects on
neuronal activity. Understanding the distinct circuitry and func-
tional signatures involved in mediating neuronal communication
along the gut-brain axis is imperative for our understanding of
how the gut microbiota modifies host physiology. While such
studies can be performed in animal models, an added chal-
lenge is in assessing the relevance of findings to human health
outcomes. Interrogating whether microbes from the human
microbiota interact with neuromodulatory drugs, and whether
such interactions have measurable consequences on drug effi-
cacy and clinical outcomes, may serve a tractable context.
Overall, the future offers the exciting prospect of uncovering
fundamental principles for how microbes and microbial
products are detected and interpreted by host sensory sys-
tems, toward understanding the co-evolution of animals with
their associated microbiomes.
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