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A B S T R A C T   

Sensory nerve endings within the wall of the gastrointestinal (GI) tract may respond to bacterial signalling, 
providing the basis for key biological processes that underlie intestinal motility and microbial homeostasis. 
Enteric neurons and smooth muscle cells are well known to express an array of receptors, including G-protein 
coupled receptors and ligand-gated ion channels, that can sense chemical ligands and other bacterially-derived 
substances. These include short chain fatty acids, secondary bile acids and lipopolysaccharide. For neural 
detection of microbial activators to occur, luminal substances must first interact with enterocytes for direct 
signalling or cross paracellularly. Recent studies indicate that bacterial-derived microvesicles can cross the gut 
epithelial barrier and affect motility. This suggests a possible intercellular communication pathway between the 
GI tract and the ENS. We explore the idea that bacterial microvesicles can behave as a delivery package for 
communication between microbe and host.   

1. Introduction 

Gastrointestinal (GI) motility is essential for orderly digestion and 
appropriate absorption of ingested material, including the timely 
expulsion of unwanted waste material. A variety of propagating 
neurogenic motility patterns have been reported along the length of the 
GI tract that are dependent upon the enteric nervous system (ENS) 
(Spencer and Hu, 2020). These patterns are also thought to be modu-
lated by compounds within the lumen, including dietary components, 
bile acids (BA), and gut microbes. Although particular probiotic bacteria 
have been correlated with altered GI transit rate in humans (Krammer 
et al., 2011; Magro et al., 2014; Waller et al., 2011), the molecular 
mechanisms that lead to measurable changes in motility patterns are not 
well understood. Contributing to this complexity is that many different 
resident bacterial strains present in the colon may interact with specific 
subtypes of neurons in the ENS. The mechanisms by which bacteria may 
exert direct actions on GI motility are slowly being unravelled for both 
resident microbes and potential probiotics. Recent evidence indicates 
that bacterial-derived microvesicles are capable of GI epithelial para-
cellular transport (Jones et al., 2020) and modulating colonic motility 
(West et al., 2020). We discuss these new findings to consider micro-
vesicles as a biological delivery package that provides a communication 
route between the microbiota and the ENS. This may be either through 
direct activation of host receptors by bacterial membrane components or 

delivery and release of their content. 
Acceleration of GI transit has been reported for bacteria including: 

Bifidobacterium lactis DN-173,010 in fermented milk (Agrawal et al., 
2009), synbiotic yogurt (Malpeli et al., 2012), probiotics such as 
Lactobacillus casei Shirota (Krammer et al., 2011), Bifidobacterium ani-
malis subsp. lactis (B. lactis) HN019 in yogurt (Waller et al., 2011), or a 
combination of Lactobacillus acidophilus NCFM® and B. lactis HN019 in 
yogurt (Magro et al., 2014). From these studies it may be inferred that 
ingested bacteria affect colonic motility, but how they achieve this re-
mains to be determined. 

Colonic motility relies on intrinsic neural and myogenic mechanisms 
that work in concert with extrinsic neural and hormonal influences 
(Furness, 2012). Intrinsic neurons located within the myenteric plexus 
are embedded between the two muscle layers of the GI tract which co-
ordinate a variety of motor patterns, via activation of intrinsic motor 
neurons (Spencer and Hu, 2020). Although non-neuronal, the Interstitial 
Cells of Cajal (ICC) pacemaker cells are important for phasic myogenic 
contractions within the gastrointestinal tract (Kishi et al., 2020). Their 
electrical signalling underlies rhythmic muscle contractions (Dickens 
et al., 1999), which appear to be most relevant to segmentation motor 
patterns. Luminal substances may act directly or indirectly to modulate 
ENS function. The sensory component in the gut wall that detects 
chemical and mechanical stimuli is the intrinsic sensory neurons (Kunze 
et al., 1995). To activate receptor sites on sensory nerve endings (from a 
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luminal location), a digestive substance would first need to cross the 
epithelial cell layer of the mucosa (Fig. 1). For either the secreted 
products or cell components of gut microbes to affect the ENS they must 
first gain access via gut epithelial cells, some via small molecule trans-
porters (transcellular) and others via tight junctions (paracellular) 
which are accessible to those molecules smaller than 15 Å (= 1.5 nm) 
(Anderson and Van Itallie, 2009). Alternatively, such substances would 
bind to receptors on the luminal cell layer of the mucosa, such as 
enterochromaffin cells, and initiate signalling pathways that can acti-
vate receptors on enteric neurons (Hyland and Cryan, 2016). 

2. Bacteria-to-receptor signalling in GI motility 

Although the gut microbiota is important for homeostasis of 
gastrointestinal motility patterns for healthy colonic transit, there is no 
clearly defined microbiota profile for optimal colonic transit. Studies 
suggest that microbiota composition and diversity affect colonic transit 
time in a manner associated with microbial function (e.g. carbohydrate 
versus protein fermentation) and microbial metabolites (e.g. bile acid 
metabolites) (Dey et al., 2015; Roager et al., 2016). Emerging evidence 
suggests that colonic microbiota composition can be associated with 
neuronal hardwiring in the ENS, such as the maintenance of the pro-
portion of nitrergic neurons (Yarandi et al., 2020) and other enter-
oendocrine cell subpopulations (Aktar et al., 2020). Altered expression 
of nitric oxide synthase and choline-acetyltransferase in the myenteric 
plexus of germ-free mice was normalised by the resident microbe Bac-
teroides thetaiotaomicron VPI-5482 (Aktar et al., 2020). There is evidence 
that the transciption factor aryl hydrocarbon receptor provides a link 
between gut luminal factors and the ENS by regulating the intestinal 
neuronal circuits of motor neurons (Obata et al., 2020). 

Rodent models have been useful tools to address the mechanisms by 
which probiotic bacteria may modulate GI motility. The commonly used 
probiotic Lactobacillus rhamnosus GG (LGG) reduces GI transit time and 

increases stool frequency in mice (Chandrasekharan et al., 2019). When 
live bacteria are applied to ex vivo mouse colon, motility is decreased by 
L. rhamnosus JB-1 and mostly increased by Lactobacillus reuteri DSM 17, 
938 (Wu et al., 2013). It is not only live bacteria that alter colonic 
motility ex vivo however, as bacterial extracts can be sufficient to elicit a 
response. The active components can be of intracellular origin or cell 
membrane-derived. For example, cytoplasmic extract of Escherichia coli 
Nissle 1917 decreased motility in rat large intestine, whereas B. lactis 
HN019 had a delayed prokinetic effect (Dalziel et al., 2015, 2017). 

Outer membrane vesicles from commensal bacteria suggest new 
possibilities in communication from microbe to microbe and from 
microbe to host cell, and in regulation of physiological processes (Shen 
et al., 2012). While Gram-negative bacteria are able to produce outer 
membrane vesicles, gram positive bacteria (which lack an outer mem-
brane) are able to generate microvesicles derived from the cytoplasmic 
membrane (Yu et al., 2018). A recent development in our understanding 
of the active bacterial components able to induce changes in GI motility 
has been the finding that L. reuteri DSM-17938 microvesicles (20− 400 
nm diameter) also increase colonic propagating contraction frequency in 
ex vivo mouse colon (West et al., 2020). This indicates that microvesicle 
components of Gram-positive bacteria that include phospholipids, li-
poproteins, proteins and carbohydrates are sufficient to modulate 
motility (Brown et al., 2015). Acute application of L. rhamnosus JB-1 and 
its microvesicles to the lumen, reduced the amplitude of propagating 
neural contractions in ex vivo mouse colon. Although some microvesicle 
formation theories have been proposed, these are incompletely under-
stood (Brown et al., 2015). They contain both membrane and cyto-
plasmic components and, as an example, JB-1 microvesicle proteomic 
analysis has determined that 76 % of proteins are periplasmic, 13 % 
cytoplasmic, 10 % membrane-derived and negligible secreted (Al-Ne-
dawi et al., 2015). 

Microvesicles are becoming considered a biological delivery package 
of broad applicability, here specifically in transporting bacterially 

Fig. 1. Epithelial cells and enterochromaffin cells that 
comprise the lining of the gut wall are shown. Different types of 
bacteria (multi-colour) comprise the microbial community in 
the colon. The lipoplysaccharide (LPS) of Gram-negative bac-
teria can interact with toll-like receptors (TLR, red). Micro-
vesicles (MV) derived from bacterial membranes can cross the 
epithelial cell layer and also internalise in epithelial cells. 
Neurotransmitters and receptor modulators produced by gut 
bacteria or fermented food bacteria: γ-aminobutyric acid 
(GABA), serotonin (5-HT), tryptamine (Trypt), nitric oxide 
(NO), short chain fatty acids (SCFA), and bile acids (BA) might 
be able to activate apical membrane receptors or cross the cell 
layer and activate receptors on afferent neurons to modulate 
colonic motility. (Created with BioRender.com).   
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produced metabolites to host epithelial cells and expelling their contents 
via endocytosis. An in vitro study found that microvesicles from the 
probiotic Bacillus subtilis 168 were transported across a Caco-2 cell layer 
and retained their spherical form with 30 % efficiency over several hours 
(Rubio et al., 2020). Lactobacillus plantarum WCFS1 bacterial micro-
vesicles can internalise into Caco-2 cells (Li et al., 2017). Of significant 
physiological relevance is the finding that outer membrane vesicles of 
the commensal bacteria B. thetaiotaomicron VPI-5482 can cross an in-
testinal epithelial layer of organoid derived cells by a paracellular route 
(Jones et al., 2020). While this might require some shapeshifting to 
accommodate, this seems entirely possible given the dynamic nature of 
paraceullular tight junctions in passage of macromolecules via a low 
capacity leak pathway (Weber, 2012). 

Application of live JB-1 or microvesicles to GI epithelium elicited 
changes in enteric neuron activity, but this was not detected upon direct 
ENS addition (Al-Nedawi et al., 2015). While it seems likely that 
microvesicles cross the gut epithelial cell layer, it remains to be 
confirmed whether this occurs in vivo and the mechanism by which they 
and any cargo signalling molecules might be delivered to ENS receptor 
targets. 

3. Bacterial surface component interactions with toll-like 
receptors 

Bacterial microvesicles might provide a means of delivery of bacte-
rial membrane components to host receptors. Toll-like receptors (TLRs) 
in intestinal epithelial cell membranes recognise resident intestinal 
lumen bacteria and initiate intracellular signalling that affects GI 
motility. Located on enteric neurons, and on muscle and glial cell 
membranes, both TLR2 and TLR4 modulate motility. TLR4 recognises 
lipoploysaccharide (LPS) (Fig. 2), whereas TLR2 recognise lipopeptides 
and peptidoglycan (Akira et al., 2006). Furthermore, bacterial micro-
vesicles are able to stimulate TLR2 (Al-Nedawi et al., 2015). 

TLR4 deficient mice or those with an impaired LPS response have 
reduced fecal output (Caputi et al., 2017) and longer colonic bead 

expulsion time (Anitha et al., 2012). This is accompanied by a reduction 
in the number of colonic nitrergic neurons relative to cholinergic. Since 
nitrergic neurotransmission is a major inhibitory pathway in the ENS, 
this would be expected to reduce colonic relaxation. Furthermore, 
activation of TLR4 and NF-κB by low dose LPS improved the health of 
primary enteric neurons (Anitha et al., 2012). The association between 
the microbiota composition and normal GI transit in mice depends on 
signaling via a pathway involving the TLR2 receptor, determined using 
TLR-blocking antibodies, and also on markers of neurogenesis on nNOS 
enriched neurons (Yarandi et al., 2020). The probiotic Clostridium 
butyricum FERM BP-2789 increases TLR2 protein expression in ICC in 
vitro (Sui et al., 2018). 

4. Bacterial metabolites as neurotransmitters 

SCFA produced by gut bacteria from carbohydrate fermentation are 
an energy source for GI tissue (Cummings, 1981) as well as modulating 
colonic motility (Soret et al., 2010; Bajka et al., 2010). Increased 
diet-derived colonic butyrate is associated with increased fecal output 
(Bajka et al., 2010). Gut hormones glucagon-like peptide-1 (GLP-1) and 
peptide YY (PYY) are produced in the colon, modulate GI motility and 
can be released in response to SCFA and other microbial metabolites 
(Gribble and Reimann, 2019). For example, SCFA-induced secretion of 
GLP-1 can increase levels of colonic GLP-1, which slows intestinal transit 
(Wichmann et al., 2013). This is considered a physiological response to 
reduced energy levels because slowed transit allows increased time for 
nutrient absorption. Propionate (luminal) has been shown to slow 
colonic motility by co-agonism of free fatty acid receptors 2 and 3 (FFA2 
and FFA3), via PYY and ENS pathways, respectively (Tough et al., 
2018). This response was inhibited by a GLP-1 antagonist. 

Two potential receptor agonists in microvesicle signalling are those 
for γ-aminobutyric acid (GABA) and serotonin receptors, and possibly 
nitric oxide. GABA receptor modulators can be produced by bacteria 
cultured from human intestine (Barrett et al., 2012) and from lactic acid 
bacteria derived from fermented foods (Cui et al., 2020). Because they 

Fig. 2. Gram negative bacterial extracellular vesicle composed 
of outer membrane lipid bilayer only shown. The binding of 
lipopolysaccharide (LPS, coloured) to toll-like receptors (TLRs, 
red) on the enterocyte surface (brown) requires a series of 
molecular interactions that results in dimerization of TLR4 
with MD-2 (Lu et al., 2008). Initially LPS binds to an LBP 
protein, that together bind to CD14. The LPS is then transferred 
to MD-2 protein which resides near the TLR4 extracellular 
domain. (Created with BioRender.com).   
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are acid producers, they are likely to withstand stomach digestion and 
reach the colon following ingestion in food. GABA receptors A and C (ion 
channels) and B (G-protein-coupled receptors) are therefore potential 
modulatory targets. GABAA receptors are found on enteroendocrine 
cells, dendritic cells, macrophages and T cells, reviewed by Jin et al. 
(2013). GABA receptors are also expressed in the ENS where GABA may 
modulate GI motility, reviewed by Auteri et al. (2015). 

It is well accepted that acetylcholine (ACh) is the major enteric 
excitatory neurotransmitter in the ENS and release of ACh from the 
myenteric plexus induces muscle contraction by binding to postsynaptic 
smooth muscle muscarinic receptors (Furness, 2012). Because 90 % of 
serotonin in the body is produced by GI tract enterochromaffin cells, it is 
often presumed that serotonin (5-HT) is a prominent neurotransmitter in 
the ENS. However, there is scant evidence for this, despite 5-HT 
immunoreactivity present in about 1 % of enteric neurons (Costa 
et al., 1996). Although exogenous application of 5-HT potently stimu-
lates gut motility, and there are many different types of 5-HT receptors 
expressed on the ENS, serotonin has not been shown to be a neuro-
transmitter in mouse, human or rat intestine (Keating and Spencer, 
2019). Furthermore, total depletion of endogenous 5-HT does not block 
colonic motility (Sia et al., 2013). It is possible that 5-HT acts indirectly 
by affecting the release of acetylcholine or may instead act directly 
through receptors located in the myenteric plexus. 

The presence of serotonin receptors on the colonic epithelium is 
particularly relevant for the putative actions of bacteria and their 
secreted products. The 5-HT4 receptor is well studied in terms of its GI 
functions and is the biological target for promotility drugs to treat 
constipation, such as prucalopride. In rat and mouse colon, serotonin 
type 4 (5-HT4) receptors are found in subpopulations of enteric neurons, 
and are present at comparatively lower levels in circular and longitu-
dinal muscle layers, and in the ICC (Poole et al., 2006). Some gut bac-
teria are able to produce tryptophan-derived substances which may 
potentially act on the motility modulating 5-HT3A ion channel, for which 
tryptamine is a partial agonist (Rodriguez Araujo et al., 2020). 

Neuronal nitric oxide synthase is expressed by ENS neurons which 
synthesise nitric oxide (NO) from L-arginine. NO has a significant 
inhibitory effect on motility, inducing relaxation and commensal mi-
crobes are capable of producing NO with nitrate or nitrite as a substrate 
in the gut lumen (Sobko et al., 2005). However, the impact of micro-
bially produced NO on motility remains to be determined. 

The idea that bacteria produce GI-receptor agonists and their pre-
cursors is now accepted, but there is not yet direct evidence to show 
their physiological impact. The question as to whether neurotransmit-
ters and their precursors produced by bacteria can access epithelial 
membrane receptors at sufficient concentrations to affect ENS function 
may be answered if they are packaged into microvesicles capable of 
fusing with the plasma membrane. 

5. Concluding remarks 

Our knowledge of how bacterial-derived substances and micro-
vesicles might act to alter ENS function and thereby modulate GI 
motility is at a critical juncture, with a need for studies to investigate the 
physiological significance of such interactions. Supporting evidence 
would broaden the possibilities for delivery of probiotic therapies for GI 
motility dysfunction. 
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