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SUMMARY

Despite recently established contributions of the intestinal microbiome to human
health and disease, our understanding of bacteria-host communication pathways
with regard to the gut-brain axis remains limited. Here we provide evidence that
intestinal neurons are able to “sense” bacteria independently of the host immune
system. Using supernatants from cultures of the opportunistic pathogen Staphy-
lococcus aureus (S. aureus) we demonstrate the release of mediators with neuro-
modulatory properties at high population density. These mediators induced a
biphasic response in extrinsic sensory afferent nerves, increased membrane
permeability in cultured sensory neurons, and altered intestinal motility and
secretion. Genetic manipulation of S. aureus revealed two key quorum sensing-
regulated classes of pore forming toxins that mediate excitation and inhibition
of extrinsic sensory nerves, respectively. As such, bacterial mediators have the
potential to directly modulate gut-brain communication to influence intestinal
symptoms and reflex function in vivo, contributing to homeostatic, behavioral,
and sensory consequences of infection.

INTRODUCTION

Neurons of the peripheral nervous system play important roles in the detection of potentially harmful stim-
uli. Activation of specialized somatosensory fibers in the skin by such stimuli initiates pain and escape re-
flexes (Woolf, 2018). Visceral sensory neurons transmit information from the internal organs to the brain and
have important functions in the regulation of homeostasis, food intake, mood, and memory (Furness et al.,
2013; Laietal., 2017). Symptoms of neuronal dysfunction such as illness, behavior, and chronic visceral pain,
are frequently associated with infections (Brierley and Linden, 2014). Until recently, it was thought that such
dysfunction resulted from an over- or inappropriate activation of the immune system. In this scenario, me-
diators released from immune cells during inflammation activate sensory neurons signaling to the brain and
spinal cord (Hughes et al., 2013; Campaniello et al., 2017). Although this mechanism undoubtedly contrib-
utes to the late stages of inflammation, recent studies suggest that somatosensory pain during the early
stages of infection correlates with bacterial load and results from a direct interaction between bacteria
and neurons independent of the inflammatory response (Chiu et al., 2013; Blake et al., 2018).

The gastrointestinal (Gl) tract constitutes a large reservoir of bacteria, viruses, archaea, and fungi, which is
also known as the microbiome. These microbes have the potential to interact with visceral sensory neurons,
especially if there is a breakdown in the mucosal epithelial barrier, as occurs in disease (David et al., 2014,
Kelly et al., 2017). In addition to these extrinsic neurons, the intestine is densely innervated by neurons of
the enteric nervous system that are important for the regulation of intestinal motility and secretion (Furness
et al., 2013). The extent to which bacterial mediators directly interact with either of these populations of
intestinal neurons is not known. A direct interaction of bacterial metabolites with sensory neurons, howev-
er, could not only contribute to the diverse neuronal symptoms during bacterial infections but also mediate
pathophysiological consequences of changes of the microbiome composition (Filling et al., 2019).

Studies investigating the neuromodulatory potential of substances produced by bacteria have largely
focused on cell-wall components. Lipopolysaccharide, polysaccharide A, and peptidoglycans from Lacto-
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motility (Wang et al., 2010; Mao et al., 2013). These bacteria also affect brain activation patterns, as well as
emotional and exploratory behavior (Bercik et al., 2011; Bravo et al., 2011; Bharwani et al., 2020). However,
cell-wall glycolipids are not alone in mediating the effects of commensal and pathogenic strains of bacteria
contributing to neuronal symptoms of infection and intestinal dysbiosis. Different strains produce largely
different exoproteomes and metabolites depending on their genetic background and environmental
cues via quorum sensing (QS) (Chapman et al., 2017; Burgui et al., 2018). Staphylococcus aureus
(S. aureus) is particularly rich in the variety of virulence factors it secretes to manipulate the host's immune
response and ensure bacterial survival (Tam and Torres, 2019). QS refers to the process of bacteria-to-bac-
teria communication, and because of the high bacterial density in the intestine, QS-regulated bacterial me-
diators are likely to play an important role in gut signaling.

QS-regulated genes are usually activated at high bacterial density and include pathogenicity-related
genes such as exotoxins (Mukherjee and Bassler, 2019). Exotoxins have long been studied for their immu-
nogenicrole (Los et al., 2013) but more recently have also been shown to be instrumental in pain hypersen-
sitivity during S. aureus and Streptococcus pneumonia infection (Chiu et al., 2013; Blake et al., 2018). In
S. aureus, QS activates the transcription factor Accessory gene regulator (Agr)A, which regulates the
expression of a number of genes. This includes virulence factors such as formylated peptides, pore-forming
toxins (PFTs) (hemolysins, leucocidins, and phenol-soluble modulins) and bacterial proteases (Wang et al.,
2007). These toxins were shown to increase intracellular calcium and action potential firing in cultured sen-
sory neurons (Chiu et al., 2013; Blake et al., 2018). The importance of such exotoxins for intestinal physi-
ology and gut-brain communication, however, is currently unknown.

S. aureus is an opportunistic pathogen that is present in about one-third of the population. It is well recog-
nized as a skin and nose bacterium, but reports show that the Gl tract is a major reservoir that is thought to
increase the risk for recurrent infection (Chang and Lin, 2016). A particularly high prevalence has been re-
ported for hospitalized patients including children in neonatal intensive care (Acton et al., 2009; Nakao
etal., 2014). Because S. aureus has also been associated with irritable bowel syndrome and food poisoning
(Rinttild et al., 2011; Denayer et al., 2017), we hypothesized that S. aureus modulates intestinal neuron ac-
tivity. Our objective was to use supernatants from S. aureus cultures to determine the effect on intestinal
function and signaling. Using a genetic approach, with access to a library of S. aureus mutants, we identified
a pivotal role for the Agr. Agr-regulated mediators had distinct effects on afferent nerve activity. The PFT
a-hemolysin (Hla) contributed to S. aureus supernatant-induced excitation, whereas phenol-soluble mod-
ulins were found to predominantly drive inhibition. These and other mediators were also involved in the
effects of S. aureus supernatants on intestinal secretion and motility.

RESULTS

Modulation of Intestinal Afferent Sensitivity by Soluble Mediators from S. aureus

Small intestinal afferents generate action potentials spontaneously in the absence of additional stimula-
tion. Bath application of 20% v/v supernatants of cultures from S. aureus (SSA) induced a biphasic afferent
response with an initial excitation followed by profound inhibition (Figure 1A). The increase in nerve activity
was maximal until about 30 min after supernatant application and was followed by inhibition after 60 min,
which in many cases resulted in complete silencing of afferent firing. Bacteria-free growth medium (BF-GM)
was used as a vehicle control and resulted in a small degree of excitation that was significantly below that
caused by SSA and persisted for the duration of the experiment, with no apparent inhibition (Figures 1B
and STA). This observation is consistent with SSA containing a number of mediators that cause excitation
and/or inhibition of afferent firing.

Next, we determined the extent to which excitation and inhibition were dependent on mediator concen-
tration. With 10% v/v SSA, the response profile was similar to that seen at 20% v/v (Figure 1B). Both, exci-
tation and inhibition were not significantly different to 20% SSA. Bath application of 5% SSA induced a level
of excitation that was comparable to 10% and 20% SSA; however, the inhibitory effect was significantly
reduced (Figure 1B). As excitation but not inhibition was supramaximal at 5%, this suggests that they are
mediated by different mediators within SSA.

In addition to spontaneous activity, afferent discharge of small intestinal afferents can be evoked by

luminal distension as a result of the activation of distinct populations of low- and high-threshold fibers
(Rong et al., 2004). We investigated the effect of SSA on mechanosensitive intestinal afferent fibers by
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Figure 1. Bath Application of Supernatants from S. aureus (SSA) Strain JE2 Modulates Intestinal Sensory Nerve
Activity (NA)

(A) Example trace of an experiment where 20% (v/v) SSA was applied for 90 min during which period the segment was
distended every 15 min. Neurogram (top), firing frequency (mid), and intraluminal pressure (lower) were recorded
throughout the experiment. Schematic in the top right corner indicates the usage of SSA-JE2 at high bacterial density.
(B) The top panel shows the response profile of nerve activity during the application of different SSA concentrations or
bacteria-free growth media (BF-GM). An initial increase of spontaneous discharge above BF-GM-induced changes was
observed when 5%, 10%, or 20% (v/v) SSA were applied. Inhibition only occurred at higher concentrations. SSA-induced
inhibition at 90 min but not excitation (15 min) was significantly different between 5% and 20% (v/v) SSA (lower panel).
(C and D) SSA alter mechanosensitivity of small intestinal afferent nerves. (C) Distension-induced nerve activity decreased
during prolonged (>45 min, fourth SSA distension) bath application of 10% or 20% (v/v) SSA. (D) Inhibition of both
components of mechanosensitivity (LT, low threshold; HT, high threshold) contributed to the reduction of the distension
response at late time points (distension 7, 90-min application), whereas only the HT component was significantly reduced
at earlier time points. Data are median + interquartile range. Non-parametric tests (Kruskal-Wallis test with Dunn’s post-
hoc analysis or two-sided Mann-Whitney test) were performed on data from N mice. N (5% SSA) = 11, N (10% SSA) = 18, N
(20% SSA) = 14, N (BF-GM) = 16.

comparing the response to luminal distension before and during application of SSA. Under control con-
ditions, we observed a 3.1-fold (median) increase of nerve activity in response to a control distension of
30 mmHg (Figure 1A). During SSA application (20% v/v), mechanosensitivity was profoundly inhibited,
and in fact, sensitivity to distension was almost completely attenuated 75 min after SSA application (Fig-
ure 1C). This reduction of mechanosensitivity was concentration dependent and was not observed during
vehicle application (Figures 1C and 1D). When we analyzed the change of nerve activity at 15 and 30 mmHg
separately to investigate the low-threshold and high-threshold components, we found that both were
reduced (Figure 1D), suggesting that SSA does not target distinct subpopulations of mechanosensitive
fibers.
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Heat-Labile QS-Regulated Mediators Excite and Inhibit Afferent Nerve Activity

SSA had a profound effect on spontaneous firing and mechanosensitivity of small intestinal afferents. We
hypothesized that SSA contain soluble factors that exert a direct influence on afferent signaling from the Gl
tract and designed subsequent experiments to identify the nature of these mediators.

In experiments with SSA that were heated to 90°C for 15 min before bath application, the excitatory and
inhibitory effects of SSA on spontaneous intestinal afferent firing were significantly attenuated (Figure 2A).
AUC of the excitatory and inhibitory effects of SSA were determined as per Figure S2. Heat-treated SSA
continued to inhibit mechanosensitivity, but to a lesser extent than the untreated SSA (Figure 2B). This in-
dicates that both heat-stable and heat-labile mediators contribute to the effect of SSA on intestinal afferent
firing with the latter having a predominant effect on spontaneous afferent firing and the former also influ-
encing mechanosensitivity.

Environmental cues significantly affect SSA composition with population density being particularly impor-
tant for determining the pattern of mediator expression (Chapman et al., 2017). The S-shaped ODggo-time
relationship represents log, exponential, and stationary phases of bacterial growth (Figure S1C). SSA taken
after various incubation periods excited afferent firing (Figure 2C). This was most pronounced with SSAs
from 24-h cultures (with high optical density [OD]). The magnitude of inhibition increased progressively
with increasing culture time (Figure 2D) and OD (Figure S1B). This suggests that it is S. aureus mediators
released during the stationary growth phase (high OD) that exert a profound dual influence on intestinal
afferent firing. Because high density activates QS mechanisms in bacteria, which increases the expression
of exoproteins, our data are consistent with secreted proteins influencing afferent excitability.

In S. aureus, it is the accessory gene regulator (agr) system including the transcription factor AgrA that is partic-
ularlyimportant for the QS-associated changes of protein expression. To confirm the importance of QS, we took a
genetic approach and prepared SSA from an S. aureus JE2 mutant with a dysfunctional AgrA gene (SAUSA_1992;
Centre for Staphylococcal Research, Nebraska library). Remarkably, SSA-AgrA™ (20% v/v) had no effect on spon-
taneous afferent firing, nor did it affect either the low-threshold or high-threshold component of the mechano-
sensitive response to distension (Figures 2E and 2F). This complete dependence on AgrA is consistent with
the finding that stationary phase mediators are necessary for any modulation of afferent firing.

Distinct Mediators Excite or Inhibit Afferent Activity

The transcription factor AgrA regulates the expression of genes that contribute to the pathogenesis of
S. aureus such as PFTs and bacterial enzymes (LaSarre and Federle, 2013). The Nebraska library comprises
JE2 mutants with dysfunctional genes encoding individual factors (Fey et al., 2013) and thus allows the
study of their contribution to disease or in our case afferent sensitivity. In a candidate approach, we initially
focused on heat-labile components because of our findings using heat-treated SSA.

a-Hemolysin (Hla) Contributes to Initial Increase of Nerve Activity

The JE2 wild-type strain produces large quantities of the PFTs Hla and Panton-Valentine leucocidin (Pvl).
Both have been shown to increase intracellular calcium in sensory neurons and human neutrophils, respec-
tively (Labandeira-Rey et al., 2007; Chiu et al., 2013; Cardot-Martin et al., 2015), and thus were chosen as a
prime candidate for direct effects of SSA on intestinal afferent nerves. SSA prepared from the Hla-deficient
JE2 mutant (SAUSA300_1058, SSA-Hla™) did not induce the initial increase of nerve activity (Figure 3A left).
The excitatory effect of SSA-Hla™ was significantly attenuated compared with wild-type SSA-JE2 (Figure 3A,
middle). Similarly, the excitatory effect of SSA from the Pvl-deficient mutant (SAUSA300_1382, SSA-PvI7)
appeared to be smaller than the overall excitatory effect induced by SSA-JE2 (Figure 3A middle), but
the difference was not statistically significant. Both SSA-Hla™ and SSA-PvI™ continued to inhibit sponta-
neous firing at later time points and also reduced mechanosensitivity of afferent firing (Figure 3Aright, Fig-
ure 3B). These findings suggest that it is Hla that has direct effects on small intestinal nerve activity and is
the predominant factor mediating the excitatory effect of SSA. Pvl plays a minor role, which may reflect the
lower sensitivity of murine compared with human primary cells to this mediator (Spaan et al., 2017).

Phenol-Soluble Modulins Contribute to Inhibition of Spontaneous Firing and Mechanosensitivity

SSA lacking individual AgrA-regulated components (Hla, Pvl) continued to inhibit spontaneous firing and
mechanosensitivity, which suggests that interaction of intestinal nerves with several mediators produced
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Figure 2. S. Aureus Produces Heat-Sensitive Soluble Mediators at Late Stages of Bacterial Growth that Modulate
Small Intestinal Nerve Activity

(A and B) Heat treatment reduces the neuromodulatory effect of SSA. (A) Heating abolishes the effect of SSA on
spontaneous discharge. Both excitatory (middle) and inhibitory (right) effects were significantly reduced. (B) Heat
treatment does not entirely reverse the SSA-induced inhibition of mechanosensitivity.

(C and D) Bacteria were incubated for different periods and supernatants applied to small intestinal afferent nerves. (C)
Response profile of afferent nerves during the bath application of 20% (v/v) SSA obtained after different incubation
periods. (D) SSA obtained after 24 h of incubation had the largest effects on afferent NA. SSA from short-term cultures (<6
h) tended to increase nerve activity at 30 min (left) but did not reduce spontaneous firing at later time points (right).
Schematic indicates the usage of supernatants from cultures with different bacterial density representing different stages
of bacterial growth.

(E and F) The release of neuromodulatory substances in S. aureus is dependent on quorum sensing-activated gene
regulation (schematic). (E) SSA from the quorum sensing mutant (agrA~) had no effect on spontaneous discharge. In the
absence of AgrA, excitation (middle panel) and inhibition (right panel) were significantly alleviated. (F) SSA-AgrA™ did not
reduce mechanosensitivity. NA, nerve activity; AUC, area under the curve. Data are median + interquartile range. Non-
parametric tests (Kruskal-Wallis test with Dunn'’s post-hoc analysis or two-sided Mann-Whitney test) were performed on
recordings from N mice. N(2-6) = 9, N(8-12) = 16, N(14-18) = 12, N(24) = 11, N (= 24) = 14, N(JE2) = 22, N(heat-treated) = 8,
N(AgrA) = 14.
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Figure 3. Investigation of the Contribution of Individual Soluble Mediators to the Excitatory and Inhibitory Effect
of SSA

(A and B) Contribution of individual toxins to the neuromodulatory effects of SSA (schematic). (A) The absence of
a-hemolysin (Hla) or Pantom-Valentine leucocidin (Pvl) decreases the excitatory component (middle panel), which was
significant for Hla. The inhibitory component was not affected by a lack of Hla or Pvl (right panel). (B) Mechanosensitivity
decreases during incubation with SSA from wild-type JE2 as well as its hla~ and pvl™ mutants.

(C and D) Phenol-soluble modulins (Psms) contribute to the inhibitory effects of SSA. (C) SSA lacking Psms continue to
increase spontaneous discharge (left and middle panels). The inhibitory effect of SSA-JE2 was significantly reduced in the
absence of Psms (right panel). Psm-deficient SSAs were used in three sets of experiments, which are represented by the
shape of the data point. No inhibition (AUC >0) was observed in 9 of 11 (81.2%, circles), 7 of 17 (41.2%, diamonds) and 4 of
6(66.7%, triangles). The response to the JE2-derived wild-type for the psm mutant (WT psm) was not significantly different
from the JE2 used as a control in other experiments. (D) Mechanosensitivity was partially rescued when Psms were not
present in SSA-JE2. N(Psm) = 34, N(Psm WT) = 8, N (JE2) = 41.

(E and F) Protease-deficient SSA continue to modulate small intestinal nerve activity. (E) Response profile of NA during
application of SSA lacking bacterial proteases (left panel). Excitation was not alleviated (middle panel). Inhibition was
not observed in some experiments with protease-deficient SSA, but the alleviation was not significant (right panel). The
response to the JE-derived wild-type for the protease mutant (protease WT) was not significantly different from the JE2
used in previous experiments. (F) Protease-deficient SSA decreased mechanosensitivity similar to wild-type SSA. NA,
nerve activity; AUC, area under the curve. Data are median + interquartile range. Non-parametric tests (Kruskal-Wallis
test with Dunn’s post-hoc analysis or two-sided Mann-Whitney test) were performed on preparations from N mice.
N(UE2) = 22, N(Hla) = 13, N(Pvl) = 8, N(protease) = 15, N(protease WT) = 4.
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by S. aureus is involved in the complex effects of SSA. Nerve inhibition could be the result of alterations in
membrane permeability, especially because the JE2 strain produces large quantities of amphipathic sub-
stances with a high affinity for lipids. Phenol-soluble modulins (Psms) constitute a group of seven short pep-
tides with an a-helical structure (Wang et al., 2007) that can insert into liquid-disordered membrane do-
mains. A mutant lacking the seven Psms is not available in the Nebraska library but has been generated,
validated, and generously provided by Michael Otto (NIH).

SSA from this mutant (SSA-Ps™) excited small intestinal sensory nerves to a degree, which was similar to the
wild-type (Figure 3C). With regard to inhibition, we observed a particularly large variability of the responses
to SSA from this mutant (Figure 3C). Overall, however, the inhibitory effect of SSA was significantly reduced
by the lack of Psms (Figure 3D). This suggests that Psms contribute to inhibition of spontaneous nerve
firing, at least in most animals. In others, additional factors also contribute to the inhibitory effect of
SSA. To verify the predominant role of Psm in inhibiting nerve activity, we recorded from nerves innervating
the proximal colon where bacterial density is higher than in the small intestine. In agreement with our find-
ings in the small intestine, SSA-JE2 caused a similar biphasic response pattern consisting of an excitatory
and inhibitory phase, although the degree of excitation was smaller and the onset of inhibition occurred
earlier. This profound inhibition of colonic afferents was absent in 80% of experiments using Psm-deficient
SSA (Figure S4). With regard to targeting subpopulations of mechanosensitive afferent fibers, we found
that there was a selective effect of Psms on low-threshold fibers (Figure S3B). Those continued to fire at
higher rates when SSA lacking Psms were applied compared with SSA-JE2. At later time points, however,
both low- and high-threshold components of the response were significantly higher during SSA-Psm™
compared with SSA-JE2 application (Figure S3C), which indicates that Psms reduce the distention-induced
firing across a range of mechanosensitive populations.

Bacterial Proteases Have a Limited Role in the Effects of SSA on Afferent Nerve Activity

In addition to exotoxins, AgrA regulates the expression of bacterial proteases. These are essential for tis-
sue invasion during pathogenesis, and proteases have previously been shown to modulate intestinal sen-
sory signaling (Adams et al., 2011; Delmas et al., 2011).

We obtained a JE2 mutant missing 10 of S. aureus’s major proteases (Kolar et al., 2013), which include
cysteine and metallo- and serine proteases. In the intestine, serine proteases have been shown previously
to activate sensory neurons (Buhner et al., 2018). SSA from the protease-deficient mutant (SSA-Prot™)
evoked a biphasic effect on spontaneous afferent firing similar to that seen with wild-type SSA. The onset
of inhibition tended to be delayed and the degree of inhibition attenuated (Figure 3E), although not signif-
icantly. The profound attenuation of mechanosensitivity induced by SSA-JE2 persisted with SSA-Prot™ (Fig-
ure 3F). Overall, this suggests that S. aureus’s proteases do not play a major role in SSA-mediated neuro-
modulation, and if anything may contribute to inhibition rather than excitation as seen in previous studies
(Cenac, 2013).

SSA-Mediated Changes of Membrane Permeability

We identified PFTs as major neuromodulatory molecules in SSA. Therefore, we quantified SSA-induced
changes of membrane permeability using propidium iodide (Pl) fluorescence in primary cultures of sensory
neurons. SSA caused a marked increase in Pl fluorescence (Figures 4A and 4B). This effect was concentra-
tion dependent, and at 5% and 10% v/v dilution, the majority of cells responded (Figure 4C left). The
average response latency was also concentration dependent and decreased dose dependently (Figure 4C
right). An increase of the concentration above 1% v/v had no further impact on the dfluorescence per cover-
slip as a measure of overall responsiveness. Higher concentrations decreased the variability of the response
latency, which was high at low concentrations (Figure 4C right).

Our next aim was to establish which components in SSA mediated the increase of Pl fluorescence and thus
applied SSA from different S. aureus mutants. At a concentration of 10%, SSA-AgrA~ and SSA-Psm™ did not
increase Pl fluorescence (Figure 4B) indicating that AgrA regulates the production of components that
change membrane permeability with a major role for Psms. At a concentration of 10% SSA, the lack of
Hla (SSA-Hla™) did not significantly affect the response pattern (Figure 4D right) or the dfluorescence per
coverslip compared with SSA-JE2 (not shown). There were, however, significant differences in the number
of responding cells and their response latency between SSA-Hla™ and SSA-JE2 (Figure 4D, left) at a
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Figure 4. Effect of Soluble Mediators from SSA on Cell Membrane Permeability

(A and B) Dorsal root ganglia (DRG) neurons were isolated and incubated with propidium iodide (Pl). Pl fluorescence was recorded during application of SSA.
(A) Example images before (left) and after (right) application of SSA. (B) SSA (10% v/v) from S. aureus JE2 but not the AgrA or Psm-deficient mutants increase
Pl fluorescence.

(C) The change of fluorescence (left) per coverslip as a measure for the number of responding cells increases concentration dependently. In contrast, the
response latency (right) of responding cells decreases.

(D) SSA lacking Hla continue to increase Pl fluorescence (right), but at a concentration of 5% v/v, the response latency was significantly longer compared with
wild-type SSA-JE2.

(E-H) Spinal localization and peripheral projection affect the response latency to 1% (v/v) SSA-JE2. The mRNA expression (Exp) of putative receptors for Hla
and Psm was investigated in these subpopulations. (E) Thoracolumbar (TL) DRG had longer response latencies than lumbosacral (LS) DRG and nodose
ganglia (NG): median(LS) = 237.1 s, median(TL) = 355 s, median(NG) = 280 s. (F) Neurons that project to the viscera were identified by intraperitoneal
injection of the green fluorescent tracer CTB-488 (schematic on the right; constitutes a composite from http://ctrgenpath.net/static/atlas/mousehistology/
Windows/digestive/mousediagram.html and Sanders et al., 2012: Regulation of gastrointestinal motility-insights from smooth muscle biology). Visceral
neurons from TL and LS DRG had shorter response latencies. (G) DRG express mRNA for Adam10, Sgms1, and formyl peptide receptors (Fprs); p values for
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Figure 4. Continued

Kruskal-Wallis test per gene. (H) Receptors for Hla were expressed in isolated visceral neurons at all levels of the spinal cord. Fpr expression was below
the detection limit in these experiments.

AU, arbitrary unit. Data are median =+ interquartile range (C, D, E, and F) or mean + SEM (G and H). Non-parametric statistical analysis (Kruskal-Wallis test
with Dunn'’s post-hoc analysis or two-sided Mann-Whitney test) was performed; n numbers as indicated (coverslips in or cells) obtained from N = 4-5 animals.

concentration of 5% v/v, indicating that Hla also contributes to SSA-induced changes of membrane
permeability.

We hypothesized that the variability of response latencies reflected heterogeneity in dorsal root ganglia
(DRG) neuronal subtypes and their visceral targets. We therefore compared response latencies between
sensory neurons from the nodose ganglion (NG), thoracolumbar (TL), and lumbosacral (LS) DRG. TL neu-
rons had significantly higher response latencies than LS neurons (Figure 4E). They also tended to respond
later than NG neurons, although this was not significant (Figure 4E). We identified abdominal visceral neu-
rons through intraperitoneal injection of the fluorescent tracer CTB-488 (Peeters et al., 2006) and compared
response latencies between labeled and unlabeled neurons. Traced LS neurons were more susceptible to
SSA compared with traced neurons from other sensory ganglia. Labeled LS and TL neurons had signifi-
cantly shorter response latencies than unlabeled neurons, whereas the response latencies of traced and
untraced neurons in the NG were not statistically different (Figure 4F). This suggests that viscera-projecting
DRG neurons have greater susceptibility to SSA.

We next analyzed the mRNA expression of the putative receptors for Psms and Hla in these neuronal pop-
ulations (Figures 4G and 4H). These include formyl peptide receptors (FPRs), a disintergrin and metallopro-
tease 10 (ADAM10), and sphingosine, which is synthesized by sphingomyelin synthase 1 (SGMS-1) (Inosh-
ima et al.,, 2011; Schreiner et al., 2013; Virreira Winter et al., 2016). The expression of Fpr2 and Fpr3 was
higherin NG and LS neurons compared with TL neurons, whereas Adam10 and Sgms 1 were more uniformly
expressed (Figure 4G). This indicates that afferents projecting via pelvic and nodose pathways are more
susceptible to SSA and express higher amounts of the Psm receptors Fpr2 and Fpr3 than splanchnic affer-
ents from TL DRG. For comparison, we also examined expression in intestinal tissue and found across the
board a lower level of expression in the gut wall compared with DRG (Figure 5A).

Modulation of Epithelial Secretion and Motility

In a final series of experiments, we sought to determine the functional consequence of SSA on intestinal
secretion and motility, which are in part regulated by intrinsic intestinal neurons. Serosal application of
10% v/v SSA-JE2 induced a profound increase of short circuit currents (SCC), reflecting electrolyte secre-
tion, which was characterized by an initial steep increase that plateaued after approximately 10 min (Fig-
ure 5B). At lower concentrations (1%,Figure S5), the overall increase (AUC) as well as the slope of the early
response was significantly smaller than at 10% SSA-JE2. SSA from the different mutants had a differential
effect on SCC. A significant reduction in AUC and initial slope was observed with the QS mutant (SSA-
AgrA~™). SSA lacking either Hla or Psm also had a smaller prosecretory effect than SSA-JE2, but this differ-
ence was only significant for SSA-Hla™ (Figure 5C), which indicates that Hla plays a major role SSA-induced
secretion.

Distension-induced colonic motility consists of motor complexes with large amplitude contractions inter-
spersed by periods of quiescence (Figure 5D). Bath-applied SSA-JE2 (5%) significantly reduced contraction
amplitude compared with the BF-GM vehicle (Figure 5E, top). This inhibitory effect was not observed when
SSA were prepared from the JE2 QS mutant (SSA-AgrA™), further highlighting the profound effect of QS-
regulated virulence factors on intestinal function. In sharp contrast to the reduction of contraction ampli-
tude, frequency of contractions was unaffected by SSA (Figure 5E, bottom).

DISCUSSION

In the present study, we have used a genetic approach to demonstrate a role of bacterial QS-regulated
genes in bacteria-gut-brain communication. Two classes of heat-labile membrane-interacting toxins, Hla
and phenol-soluble modulins, were found to contribute to excitation and inhibition of small intestinal
and colonic afferent firing. Hla and phenol-soluble modulins also modulate epithelial secretion and
motility.
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Figure 5. Soluble Mediators in SSA-JE2 Affect Intestinal Function

(A) mRNA for Adam 10, Sgms1, and Fprs is expressed in intestinal tissue. The expression level is lower than in dorsal root
ganglia (p values). The abundance Fpor mRNA was lower than those of Sgms1 mRNA and Adam 10 mRNA (letters). AU,
arbitrary unit. Data are mean &+ SEM (N = 4-5 mice). For whole DRG, data from Figure 4F excluding NG were averaged; p
values for Kruskal-Wallis test per gene.

(B and C) SSA (10% v/v) were applied to mucosa-submucosa preparations from mouse small intestine in Ussing chambers
and short circuit currents (SCC) were recorded. (B) Aligned overlay of SCC measurements (mean + SEM) for different
S. aureus mutants. (C) The SSA-induced increase of AUC was significantly smaller in the AgrA mutant compared with wild-
type JE2 (left). The slope of SSA-induced increase SCC was smaller when AgrA-as well as Hla-deficient supernatants were
applied. Data are median + interquartile range N (JE2) = 13, N(Hla) = 8, N(AgrA) = 8, N(Psm) = 6 from seven animals.
(D and E) SSA (5% v/v) were bath applied and colonic contractions induced by distension. (D) Example trace for motility
recordings where SSA were applied for 60 min directly after inducing migrating motor complexes (MMC) in the colon
followed by a 30-min washout period. Contraction amplitude and number were determined in the 15-min interval at the
end of the incubation period. (E) SSA-JE2 decreased contraction amplitude, which was reverted when the quorum
sensing regulator AgrA was mutated (top panel). The number of MMC (bottom panel) was not statistically different
between SSA-JE2, SSA-AgrA’, and bacteria-free growth medium (BF-GM). Data are median =+ interquartile range.
N(AgrA) = 5; N(BF-GM) = 8, and N(JE2) = 17 preparations. One preparation per mouse.

Non-parametric statistical analysis (Kruskal-Wallis test with Dunn’s post-hoc analysis or two-sided Mann-Whitney test) was
performed.
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Bacteriological Approach to Investigate Host-Pathogen Interaction

To study a direct interaction between bacterial mediators and neurons, we used supernatants of bacterial
cultures with well-described genotypes containing a number of secreted virulence factors. Previous studies
have applied supernatants from mucosal biopsies or fecal samples to isolated neurons and intestinal
nerves to investigate mechanisms underlying changes of visceral sensitivity (Ibeakanma et al., 2011; Val-
dez-Morales et al., 2013; Sessenwein et al., 2017) and have identified a role for both host and bacteria-
derived mediators, respectively (Ibeakanma and Vanner, 2010; Valdez-Morales et al., 2013). Others have
used individual mediators in a more targeted approach to provide a more mechanistic analysis (Ochoa-
Cortes et al., 2010; Dinic et al., 2018). In this study, we demonstrated that selective genetic modification
of bacteria in combination with electrophysiological recordings is a powerful tool to “dissect out” the
contribution of individual mediators in modulating intestinal sensory function.

Pathways Contributing to Bacteria-Neuron Communication

Our study provides evidence for a direct interaction between exotoxins secreted by S. aureus and intestinal
neurons. Previously, neuronal activation in response to microbes has been attributed to the bacterial
release of neurotransmitters (Pokusaeva et al., 2017; Bhattarai et al., 2018; Strandwitz et al., 2019), bacterial
cell-wall components, or metabolites. Cell-wall components either directly activate neurons (Mao et al.,
2013) or induce the release of neuropeptides, ATP, or cytokines from epithelial orimmune cells (Gourbeyre
etal., 2015). Bacterial metabolites such as short-chain fatty acids, tryptophan metabolites, and trace amines
can activate neurons through a plethora of receptors (Korecka et al., 2016; Cohen et al., 2017; Obata et al.,
2020). Our study adds exotoxins regulated by QS to this growing list of bacterial neuromodulatory
mediators.

Our data are consistent with a direct effect of bacterial mediators on sensory signaling. However, there is
potential for enterochromaffin (EC) cells and resident immune cells, particularly mast cells, to be interme-
diaries in the signaling pathway. Indeed, mast cells are implicated in the diarrhea triggered by S. aureus
peptidoglycan (Feng et al., 2007), but this is unlikely to contribute to the heat-labile effects observed
here. Certainly mast cell mediators including 5-hydroxytryptamine, histamine, and mast cell tryptase in su-
pernatant from patients with irritable bowel syndrome can exert an excitatory influence on both extrinsic
afferents (Cenac et al., 2007; Song et al.,, 2015) and intrinsic submucosal neurons (Buhner et al., 2009,
2018). Moreover, mast cells are in close proximity to sensory nerve endings, and thus degranulation prod-
ucts will have ready access to these nerve endings (Gupta and Harvima, 2018). However, these mast cell
effects are generally excitatory, whereas inhibition of afferent firing was a predominant finding in these
studies. In addition, the effects on peripheral afferent firing were mirrored in the DRG preparations devoid
of EC cells and mast cells. Our finding that intestinal neurons express putative receptors for these media-
tors further supports this novel concept by which bacteria may alter intestinal function and gut-brain
communication.

Phenol-Soluble Modulins (Psms)

Our experiments using supernatants from a mutant S. aureus lacking Psms (SSA-Psm™) suggest a major role
of Psms in bacteria-induced modulation of gut-brain axis. The inhibition of spontaneous and distension-
evoked afferent firing induced by wild-type SSA as well as SSA-induced membrane permeabilization of
DRG neurons was markedly attenuated using Psm-deficient SSA. Psms are a group of short amphipathic
peptides highly expressed by pathogenic S. aureus (Wang et al., 2007) and have been shown to effectively
lyse human neutrophils, erythrocytes, and T cells (Wang et al., 2007; Laabei et al., 2014). Others have found
that Psm-a.3 induces calcium transients and action potential firing in cultured neurons (Blake et al., 2018),
which might imply an excitatory rather than inhibitory effect. Psms have also been shown to increase intra-
cellular calcium via interaction with the formyl peptide receptor (Rautenberg et al., 2011), again consistent
with an excitatory effect. We and others have found that Fprs are expressed in sensory ganglia and they
were also detected in some colon-innervating DRG neurons (Hockley et al., 2018). It is possible that the
excitatory effect leads to a longer-term excitotoxicity and inhibition of firing. However, as in our study exci-
tation persists in the absence of inhibition, these would appear not to be linked. In contrast, it may be that
receptors other than Fprs are involved in Psm-mediated nerve inhibition. Their structural similarity to B-de-
fensins and other ligands of the human mas-related G-protein-coupled receptor MRGPRX2 (Bader et al.,
2014) suggests that MRGPRs are involved in Psm-mediated effects (Nakamura et al., 2013). Functional
Mrgprs have recently been implicated in visceral hypersensitivity. Ligands for Mrgpral, Mrgprc11, and
Mrgpd excited colonic afferents and isolated DRG neurons (Bautzova et al., 2018; Castro et al., 2019), which
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suggest that Psms activate different mechanisms because they inhibited sensory afferents. Psms can also
change the properties of the cell membrane (Laabei et al., 2014). This has recently been shown to be the
mechanism by which QS metabolites produced by Pseudomonas aeruginosa activate an immune response
(Song et al., 2018).

a-Hemolysin (Hla)

In contrast to the prominent role of Psms in inhibition, we found that Hla contributes to excitation of intes-
tinal afferents. Thus, SSA from the Hla mutant of S. aureus caused a monophasic inhibition. These obser-
vations are consistent with previous studies showing that Hla can induce action potential firing and calcium
transients in primary sensory neurons (Chiu et al., 2013). Our observation that Hla-deficient SSA continued
to increase Pl in DRG neurons also suggests that it is ion influx through pores formed by Hla that directly
increases neuronal excitability. Given its pore-forming capacity, it is intriguing that Hla, in contrast to Psms,
did not contribute to inhibition of intestinal nerve activity. This might indicate that Hla-induced pores are
less disruptive for the cell membrane. Indeed, Hla pores have a defined structure that allows the passage of
ions (Ca®*, K*) and nucleotides (Menestrina, 1986; Vandenesch et al., 2012). Our finding that Adam10is ex-
pressed in sensory neurons suggests a possible mechanism of action of Hla. Adam10is a membrane-bound
metalloprotease that is implicated in Hla pore formation. Adam10 is required for Hla binding and also
needed for Hla-mediated cytotoxicity (Wilke and Wardenburg, 2010).

In addition to Hla, other PFTs such as Pvl could also contribute to the excitation caused by SSA. We found
that Pvl-deficient SSA tended to induce attenuated excitation compared with wild-type SSA (SSA-JE2).
Blake et al. (2018) reported that the two-component leucocidin HIgAB can activate DRG neurons contrib-
uting to pain signaling (Blake et al., 2018). Our data suggest that multiple mechanisms contribute to pore
formation and may have redundant and synergistic functions (Los et al., 2013). In both this and the previous
studies, however, it was Hla that played the major role in increased intestinal afferent firing and sponta-
neous pain during S. aureus infection, respectively, which may imply that the large excitatory response
in our study directly reflects a nociceptive signal.

Proteases

Recent studies have shown an inhibitory effect of commensal strains of bacteria on DRG excitability, which
was mediated by serine proteases acting on PAR4 receptors (Sessenwein et al., 2017) and may contribute to
their pain regulating effects. In our microbiological approach, we used strains of S. aureus devoid of bac-
terial proteases to investigate protease involvement in intestinal afferent signaling. We found that SSA
from these bacteria continued to generate a biphasic afferent response with excitation followed by inhibi-
tion. The inhibitory effect was attenuated, but this was not significantly different from wild-type. However,
in about half of the experiments the inhibitory effect was absent using the protease mutant. This variability
is inherent in studies of bacteria-host interaction because of the marked effect of population density and
environmental factors in the secretion of virulence factors (Blake et al., 2018). Thus, bacterial proteases may
not directly contribute to sensory signaling. However, because bacterial proteases are important virulence
factors for tissue invasion itis possible that, in vivo, they facilitate the penetration of neuromodulatory com-
ponents to nerve terminals situated beneath the mucosal epithelium.

Functional Relevance

We have identified a novel communication pathway between bacteria and intestinal neurons utilizing exo-
secreted mediators. In vivo these and other mediators will activate the host's immune system, which will
also contribute to neural signaling following release of a variety of inflammatory mediators. The relative
extent to which direct and indirect mechanisms contribute to the overall neural response must await in vivo
studies but is likely to vary depending on the extent and stage of infection. Indeed, an in vivo investigation
of somatic pain assessed using the limb withdrawal reflex observed an initial period of hypersensitivity that
mirrored the bacterial load followed by a later phase associated with recruitment of an inflammatory
response (Chiu et al., 2013). In the Gl tract, these bacterial mediators have the potential to directly influence
intestinal symptoms and reflex function in vivo, and together with immune-mediated changes of neuronal
activity may contribute to homeostatic, behavioral, and sensory consequences of infection.

It was notable that viscera-projecting DRG neurons had a greater susceptibility to SSA than those that

innervate other tissues. Afferents projecting via the nodose and pelvic pathways were also more suscepti-
ble to SSA and expressed higher amounts of the Psm receptors Fpr2 and Fpr3 than splanchnic afferents.
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This is important as these pathways innervate the respective oral and aboral ends of the Gl tract, suggest-
ing that these visceral neurons act as “sentinels” to notify us of the consumption, and induce the expulsion
of opportunistic pathogens. This potentially provides an evolutionary mechanism to reduce the harmful ef-
fects of pathogen ingestion.

Accordingly, bacterial mediators may also induce important reflex functions including altered secretion,
motility, and neuro-immune interactions, by interacting with other targets within the gut wall such as
enteric neurones, smooth muscle cells, and epithelium. In terms of secretion, SSA-JE2 caused a profound
increase of transepithelial ion movements as revealed by changes in short-circuit current. Like the neuro-
modulatory effects described above, this was dependent on QS-regulated molecules because the
response was attenuated in the AgrA mutant. It was the Hla-deficient SSA that exerted the most significant
attenuation of SSA-induced secretion. Hla has been shown to induce epithelial damage via Adam 10-medi-
ated cleavage of cell-adhesion proteins such as E-cadherin (von Hoven et al., 2016). Virulence factors in
SSA-JE2 were also found to modulate colonic contractile activity. Wild-type SSA caused a reduction of
the amplitude of colonic motor complexes. This again was lost using SSA from the QS mutant. AgrA-regu-
lated molecules have been shown to be important for intestinal colonization of S. aureus (Piewngam et al.,
2018). Interestingly, commensal and probiotic bacteria can also inhibit contractions (Massi et al., 2006;
Guarino et al., 2008; Gong et al., 2017), but this is mediated by cell-wall glycolipids (Mao et al., 2013).

In conclusion, our findings constitute a paradigm shift in our thinking about the microbiota-gut-brain axis.
In contrast to previous views in which the focus is on immune activation, we suggest that a direct interaction
between intestinal neurons and QS-regulated bacterial mediators is involved in sensory signaling during
bacterial infections. Additionally, interaction of these components with intrinsic intestinal neurons and
epithelial and smooth muscle cells may underlie symptoms such as diarrhea and dysmotility. The depen-
dence on growth phase mediators and QS mechanism reflects the complex interplay between bacteria
and their host.

Limitations of the Study

In this study we confirmed that neurons contribute to intestinal bacterial sensing and microbiota-gut-brain
axis through direct interaction with soluble molecules released by bacteria. Although using an in vitro
approach provided a unique opportunity to intricately dissect these mechanisms in isolation, independent
of the host immune system, in vivo there is scope for bacteria to interact directly with the immune system,
which may provide secondary modulation of neuronal excitability. We used a novel genetic approach using
supernatants from cultures of S. aureus to identify potential neuromodulators (Hla, phenol-soluble modu-
lins) that are likely to directly influence intestinal symptoms and reflex function in vivo. Whether such me-
diators contribute to common symptoms associated with pathophysiological conditions of the Gl tract is
yet to be determined and will be an exciting area for future research.

Resource Availability
Lead Contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the lead contact, Prof David Grundy, d.grundy@sheffield.ac.uk.

Materials Availability

This study did not generate new unique reagents.

Data and Code Availability

The original unprocessed data of live cell imaging and electrophysiological recordings are contained in
very large files that can only be read with specialist software. These are available from the corresponding
authors upon request. All raw data are available upon reasonable request and will be provided in a timely
manner.

METHODS

All methods can be found in the accompanying Transparent Methods supplemental file.
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Figure S1: Effect of growth stage on nerve response profile to SSA, Related to Figure 1, Figure
2, Figure 3.

A) Comparison of the excitatory effect of SSA-JE2 produced in two different bacterial growth media.
SSA prepared in tryptic soy broth (TSB) significantly increased nerve activity (NA) relative to vehicle.
The difference between brain heart infusion buffer (BHI) and SSA-JE2 prepared in this growth medium
was not significantly different. The pairwise comparisons between TSB and BHI as well as JE2-TSB
and JE2-BHI were not significantly different.

Data are median % interquartile range. N(TSB) = 17, N(TSB-JE2) = 22, N(BHI) = 4, N(BHI-JE2) = 11,
Two-sided Mann-Whitney Tests

B) Data presented in Fig 2 was analysed by optical density (as an estimate for bacterial growth) of SSA
rather than time of incubation. SSA with high optical density decreased nerve activity during long-term
application. This inhibition was reduced when SSA with lower optical density were applied.

Data are median * interquartile range. N(BHI) = 4, N(OD<7) = 6, N(OD <10) = 32, N(OD>10) =21

C) Correlation of optical density and time of incubation. After a lag phase, bacteria enter exponential
growth stage by about 3 hours and during that time optical density increases rapidly from OD =2 to OD
= 7. Longer incubation reduces the growth rate (increase of OD) and optical density plateaus. This is
referred to as stationary phase.
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Figure S2: SSA-(20 % v/v)-induced changes of nerve activity, Related to Figure 1, Figure 2,
Figure 3
A) Example trace for N = 15 preparations and how the integrated excitatory activity (B, left) and

inhibitory activity (B, right) were calculated as area under the curve (AUC). NA: nerve activity. Data are
median * interquartile range.
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Figure S3: Psms contribute to the inhibition of mechanosensitivity induced by SSA-JE2, Related
to Figure 3.

A) The distension response profile of small intestinal nerves before application of SSA is characterized
by the sequential activation of low threshold (LT), wide dynamic range (WDR) and high threshold (HT)
afferent fibres. The effect of SSA on these aspects of mechanosensitivity were investigated by
integrating the pressure-induced increase of afferent discharge as depicted.

B) Comparison of distension-induced firing 15 min after SSA-psm™ or SSA-JE2 application. Only the
mechanosensitivity of the LT component was differently affected by SSA-psm- and SSA-JE2. The
higher activity indicates a reduction of the SSA-JE2 induced inhibition of mechanosensitivity. A similar
trend was observed for WDR and HT components but the SSA-induced alteration of mechanosensitivity
was not significantly different between SSA lacking psm and wildtype suggesting that psms in SSA-JE2
have a bigger impact on low threshold fibres during short term application.

C) Distension-induced firing of LT, WDR and HT components was significantly higher when SSA lacking
psms were applied for 75 min which means that the extent of SSA-JE2-induced inhibition of
mechanosensitivity is dependent on the abundance of psms. In a small nhumber of experiments with
SSA-psm’, the distension response of WDR and HT component was reduced to a similar degree as in
experiments with SSA-JE2.

Data from experiments where SSA-psm™ inhibited spontaneous firing are indicated as squares. The
distension response of JE2 represents SSA-JE2 (circles) and SSA from the wildtype used for the
generation of the psm-deficient JE2 (triangles). There was no significant difference between these two
variants of JE2.

AUC: area under the curve. Data are median + interquartile range. Non-parametrical statistical analysis
(Two-sided Mann-Whitney test) was performed on data from N(Psm") = 32, N(JE2) = 37
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Figure S4: Response of nerves innervating the proximal colon to SSA, related to Figure 2,
Figure 3
A) Response profile of colonic afferent nerves to SSA-JE2 and SSA-psm". Data for SSA-JE2 was
obtained from animals in Sheffield. Experiments with SSA-psm™ were performed at SAHMRI. As in the
small intestine, the response profiles induced by SSA-JE2 and SSA-psm” were different. Nerve activity
was normalised to baseline before SSA application.
B) Comparison of the early (left part of the panel) and late (right part of the panel) effect of SSAs on
colonic afferents. There was no statistical difference with regard to the excitatory effect of SSA-JE2 and
SSA-psm’. The SSA-induced changes of nerve activity during long term application were significantly

different although the response to SSA-psm-” was also variable.
Data are median * interquartile range. Non-parametric statistical analysis (Two-sided Mann-Whitney

Test) was performed per time point on data from N(JE2) =9, N(Psm) = 11 mice, one recording per
mouse
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Figure S5: Serosal application of SSA increases short circuit currents, Related to Figure 5
Different concentrations (v/v) of SSA-JE2 were applied to mucosa-submucosa preparations from
mouse small intestine in Ussing Chambers. The area under the curve (A) and the slope (B) were
significantly increased.

Data are median + interquartile range N(1 %) = 5 preparations, N(5 %) = 5 preparations, N(10 %) =
13 preparations from seven animals, p value represents Kruskall Wallis statistic



Transparent Methods

Mice

In this study, experiments were performed at the University of Sheffield (UK)
and the South Australian Health and Medical Research Institute (SAHMRI, Adelaide,
Australia). All animal experiments were performed according to the Animal Scientific
Procedure Act 1986 (UK) and approved by the Animal Ethics Committee of The
University of Adelaide (Australia) and Sheffield (UK). Throughout the study, adult male
C57BI/6J mice (10-20 weeks) were used and kept under specific pathogen-free
conditions. They were fed a standard chow with free access to water and housed in
group cages with up to 5 animals. Male mice were used for this study to avoid any
confounding influences resulting from variations in gut function and sensory signalling
during the oestrus cycle (Hogan et al., 2012).

Retroqgrade tracing from the viscera

AlexaFluor488-conjugated cholera toxin subunit B (CTB-488, 250 ug) was
injected into the lower left abdominal quadrant of anaesthetised C57BIl/6 (2-4 %
isoflurane) animals to enable identification of neurons that innervate the intestine for
Pl live imaging and gRT-PCR (Peeters et al., 2006). Mice were subcutaneously
injected with analgesic (Buprenorphine; 2.7 ug/30 g) and antibiotic (Ampicillin;
50 mg/kg) as they regained consciousness and housed individually for 3-5 days. IP
injection of tracer has been validated previously by our group and was chosen
because it labels the majority of intestine-innervating neurons without any
surgery-induced phenotypic changes. Then, animals were subsequently euthanised
using CO2 and exsanguination (Australian animal regulation) and retrogradely-labelled
neurons were readily identifiable in the harvested ganglia.

Afferent nerve recordings

C57BI/6J mice were humanly killed by isoflurane inhalation followed by cervical
dislocation (UK) or increasing CO2 exposure and exsanguination (Australia). The
intestine was removed from the animal and placed into Krebs solution (mM: NaCl 120,
KCI 5.9, MgSO4 1.2, NaH2PO4 1.2, NaHCO3 15.4, glucose 11.5, and CaClz 1.2) that
was gassed with carbogen (95 % O2/5 % CO2). Afferent nerve activity was recorded
from nerves innervating the distal small intestine or proximal colon as previously
described (Rong et al., 2004). The segment (3-4 cm) with the attached mesenteric
bundles was isolated, the ingesta was gently removed, and placed into an organ bath
chamber that was continuously perfused with carbogenated Krebs solution. Both ends
of the segment were cannulated to allow continuous intraluminal perfusion. One
mesenteric nerve bundle was dissected and placed into the recording “suction”
electrode. Nerve activity was recorded using the Neurolog system (Neurolog
headstage NL 100, amplifier NL104 and filter NL125), a Micro1401 digitiser and
Spike2 software (CED Cambridge). Distensions were induced by closing a tap that
was connected to the anal end of the intraluminal perfusion system. Intraluminal
pressure was measured simultaneously and monitored during distension. When



intraluminal pressure reached 30 mmHg, the tap was opened to allow free-drainage
of the accumulated fluid.

After a 45-60 min stabilisation period and at last two reproducible distensions,
bacteria-free growth media (BF-GM) and supernatants of S. aureus cultures (SSA)
were bath-applied for 15 and 90 min respectively during which time tissue was
distended every 15 min. The SSA-induced changes of afferent nerve activity (NA)
were quantified relative to control; i.e. the spontaneous discharge under baseline
conditions (Krebs perfusion). The effect of vehicle (BF-GM) was determined
accordingly and subtracted from the effect of SSA (normalised NA, Fig S2) to account
for the BF-GM-induced increase (up to about 150 % baseline nerve activity, Fig. 1,
S1) in each individual segment. The afferent response to distension was quantified in
pressure intervals of 3 mmHg using a script kindly provided by CED Cambridge. The
pressure-induced increase of afferent firing during SSA or vehicle application was
calculated as a percentage of the maximal distension response induced by distension
to 30 mmHg under control conditions (ANA [% control distension]).

Preparation of supernatants

Supernatants from mutants of S. aureus strain JE2 were prepared by
inoculating sterile bacterial growth media (tryptic soy broth, TSB) with single colonies
from the respective bacteria grown on TSB agar plates. For some bacteria, antibiotics
were added to the plates (APsm: spectinomycin, Aproteases: erythromycin) to select
for the desired genotype (Kolar et al., 2013, Wang et al., 2007). Starting cultures were
grown overnight (37 °C on a rotary shaker), after which there were only minor
differences in optical density reflecting similar bacterial density for the various mutants.
In order to standardise between experiments the overnight cultures were diluted to an
ODeoo 0f 0.150 in a 2 L flask. These flasks were incubated for 24 hours (unless stated
otherwise) under the same conditions. Centrifugation was used to remove the bacteria
and supernatants were stored in 50 mL Falcon tubes at -20 °C until usage. In addition,
some nerve recording experiments were performed using brain-heart infusion (BHI)
growth medium instead of TSB. SSA prepared in BHI exhibited a similar response
pattern as SSA prepared in TSB (Fig S1) with higher variability especially in the initial
excitatory response.

When SSA were used in electrophysiology or motility experiments, they were

defrosted in a warm water bath and diluted in Krebs buffer (1:20, 5 % v/v for motility
and 1:5, 20 % v/v for electrophysiology). They were bath-applied as indicated by
exchanging the Krebs buffer in the reservoir for the diluted SSA.
For Ussing Chamber and propidium iodide (Pl) experiments, SSA were passed
through a sterile filter before usage. Filtered samples were aliquoted and frozen.
Before usage, SSA were defrosted at room temperature and diluted in Krebs (Ussing
chamber) or HEPES buffer (composition in mM: HEPES [2-hydroxyethyl-1-piperazine-
ethanesulfonic acid] 10, NaCl 142, KCI 2, glucose 10, CaCl2 2, pH adjusted to 7.4 with
NaOH) (PI live imaging) by volume.



Isolation of dorsal root and nodose ganglia

Naive animals or animals that had been injected with the retrograde tracing dye
were humanely killed and the nodose ganglia and dorsal root ganglia from the excised
spinal cord were dissected and placed into ice-cold Hanks balanced salt solution
(HBSS) for primary cultures or frozen (-80 °C) for expression analysis. Thoracolumbar
(T9-L1) and lumbosacral (L6-S1) regions of the spinal cord were marked with a small
incision prior to removal of the spinal cord.

Primary cultures of DRG and NG neurons

Primary culture of ganglia was performed as previously described(Grundy et
al., 2018b, Grundy et al., 2018a, Grundy et al., 2018c). Ganglia were enzymatically
digested at 37 °C (30 min 4 mg/mL collagenase + 4 mg/mL dispase, 10 min 4 mg/mL
collagenase type Il only, GIBCO). Afterwards, ganglia were washed twice with HBSS
and triturated using fire-polished glass pipettes with descending diameter.
Suspensions were centrifuged and the cell pellet resolved in about 300 uL culturing
media (DMEM [Dulbecco’s Modified Eagle Medium] supplemented with 10 % FBS,
1% P/S, glutamine, 0.1 yg/mL NGF-7S). 20 uyL were plated on poly-D-lysine-
(800 pg/mL) and laminin (20 pg/mL) -coated 13 mm glass coverslips. Cultures were
flooded two hours after plating with culturing media.

For expression analysis, traced NG, TL or LS DRG neurons were manually
selected under a fluorescence microscope using a blunted glass pipette mounted onto
a micromanipulator within 24 hours after isolation (Castro et al., 2019, Grundy et al.,
2020). Pipette tips were crushed into RNA lysis buffer (10 pyL) and pooled (200 uL) to
investigate a potential selective expression of Fprs, Adam10 and Sgmsl in these
neurons.

Live Cell Imaging

We performed live cell imaging with propidium iodide (PI) on primary cultures
of DRG and NG neurons to investigate the effect of SSA on cell membrane
permeability. Pl staining is traditionally used to assess cell viability but it is increasingly
recognised that the an increase of cell membrane permeability for Pl does not
necessarily indicate cell death (Torres et al.,, 2017, Whalen et al., 2008). For live
imaging, neurons were pre-incubated with Pl (Pl 1 mg/mL diluted 1:1.000 in HEPES
buffer) for 20 min. Then, the coverslip was mounted on to the recording chamber and
cells washed with HEPES using a hand-made perfusion system. Then, cells were
incubated with HEPES buffer (+PI) for 10 min and subsequently, SSA diluted in
HEPES (+PI) were perfused for 3 min. The perfusion was stopped and the cells
incubated with SSA for another 27 min during which they were continuously imaged.
Images were taken every 5s using the 20x objective of a Nikon TE300 Eclipse
microscope equipped with a Sutter DG-4/OF wavelength switcher and connected to
Photonic Science ISIS-3 intensified CCD camera with Universal Interface Card Data
for data acquisition with MetaFluor software. Regions of interest were selected based
on cell shape and Pl staining. Only data from cells that displayed neuronal morphology
and no intracellular Pl was recorded and further analysed with MicrosoftExcel®.



After subtraction of baseline, two parameters were calculated to compare the
effects between different SSA. Firstly, Afluorescence was used as an indicator for the
overall effect of SSA and constitutes the average of SSA-induced fluorescence from
all selected cells per coverslip. Secondly, response latencies were determined for
responding cells which were identified based on the increase of PI fluorescence.
Because the lowest concentration of SSA (0.1 %) or 20 % of vehicle did not increase
Afluorescence further than 15, this value was used as threshold to calculate the
response latency as the time difference between the start of application and crossing
the threshold value.

Expression analysis

Segments from the distal intestine in PBS were defrosted and RNA isolated

using PureLink® RNA Mini kit. For whole DRG, NG and intestine-innervating neurons
NucleoSpin® RNA XS kit (Machenery Nagel™) was used because of the small amount
of sample RNA. Intestine-innervating neurons were isolated from primary cultures of
TL and LS as well as NG neurons obtained from animals that were subjected to
retrograde tracing procedures using a glass pipettes on a micromanipulator.
After RNA isolation, expression of target genes (Fprl-3: NM_013521.2, NM_008039.2
and NM_008042.2, Adaml10: NM_007399.4, Sgmsl: NM_001168525.1) and
reference genes (b-actin, Gapdh) was assessed using quantitative reverse
transcription PCR with TagMan® assays (MmO00545742_m1, Mm00522643 ml,
Mm00442803_s1, Mm00484464 s1, Mm01962454 s1, Mm99999915 g1,
MmO00607939_s1) and EXPRESS One-Step SuperScript® gRT-PCR Kits. Expression
of target genes was quantified against the geometric mean of reference genes.

Ussing Chambers

To investigate the effect of SSA on intestinal secretion, we recorded short circuit
currents (SCC) in EasyMount Ussing chambers (Physiologic Instruments, San Diego,
USA). Mouse small intestinal mucosa-submucosa explants were prepared by
removing the muscle layer under a dissection microscope. The explants were placed
into the inserts (area 0.1 mm?) for the recording chambers, both chambers filled with
carbogenated Krebs solution and tissues were allowed to stabilise for 45 min. All
recordings were performed at 35 °C, using Ag/AgCl: electrodes in KCl and in remote
(“REM” mode) mode. SSA were applied to the serosal side and the same amount of
Krebs was pipetted into the luminal chamber to account for volume differences.

Data acquisition was performed using ACQUIRE&ANALYZE (Physiologic
Instruments) which determines transepithelial potential (voltage, V), electrogenic
transport (current, 1) and tissue resistance (R) simultaneously. SSA-induced changes
of circuit current (SCC) were quantified relative to baseline after the stabilisation
period. Area under the curve was calculated by addition of individual values until
1500 s of application. The slope of the SSA-induced increase was determined
between 100 and 700 s of application as: ASCC/600 s.



Motility

To record intestinal motility, the proximal colon (3-4 cm) distal from the caecum
was dissected from the whole length intestine after its removal from male C57BI/6J
mice. It was flushed with fresh Krebs solution and tied on to the intraluminal perfusion
system of an organ bath chamber similar to the one that was used for
electrophysiological nerve recordings. The chamber was constantly perfused with
carbogenated Krebs and maintained at 33-34 °C. Krebs was also perfused through
the lumen at a rate of 300 pL/min during the first 20-30 min to flush the colon of any
remaining ingesta. Then, the intraluminal perfusion rate was reduced (100 pL/min) and
the outflow tab at the anal end of the perfusion system was closed. Pressure was
monitored using a pressure transducer and amplification system that was connected
to the anal end using a three-way tab. Once the intraluminal pressure reached
3-5 mmHg, the perfusion was stopped and this small distension induced the
generation of migrating motor complexes (MMC) as previously reported (Keating et
al., 2010, Keating et al., 2014).

SSA were bath-applied for 60 min after the MMC activity had stabilized. In the
subsequent 30 min wash period, Krebs buffer was perfused through the bath. The
number and maximal amplitude of contractions within a 15 min interval at the end of
the application or wash-out period was determined.

Statistical analysis

Raw data was analysed using Spike2 (electrophysiology, motility),
ACQUIRE&ANAYZE (Ussing Chambers) and MetaFluor (PI Imaging) and processed
in MicrosoftExcel®. For nerve recording experiments, the overall excitatory activity was
calculated by addition of time points during which normalised nerve activity increased
(30-45 min) whereas time points with decreased normalised nerve activity (60-90 min)
were added for the overall inhibitory activity (area under the curve, AUC, Fig. S2).
N numbers represent the number of mice that were used for experimentations.
Occasionally, several (up to three) segments/preparations from one mouse were used
for nerve recording experiments. In those cases, they were exposed to different SSA
and treated as independent samples.

SPSS statistics (version 23, IBM) was used for interpretation and data was
extracted and transferred into GraphPad Prism™ 7 for statistical analysis and
presentation. Non-parametric statistical analyses were performed and data is depicted
as median and interquartile ranges. Data was considered statistically significant if
p < 0.05. Exact p values are stated where appropriate.



Supplementary References

CASTRO, J., HARRINGTON, A. M., LIEU, T., GARCIA-CARABALLO, S., MADDERN, J., SCHOBER,
G., O'DONNELL, T., GRUNDY, L., LUMSDEN, A. L., MILLER, P., GHETTI, A., STEINHOFF,
M. S., POOLE, D. P., DONG, X., CHANG, L., BUNNETT, N. W. & BRIERLEY, S. M. 2019.
Activation of pruritogenic TGR5, MrgprA3, and MrgprCll on colon-innervating
afferents induces visceral hypersensitivity. JCI Insight, 4.

GRUNDY, L., CALDWELL, A., GARCIA CARABALLO, S., ERICKSON, A., SCHOBER, G., CASTRO, J.,
HARRINGTON, A. M. & BRIERLEY, S. M. 2020. Histamine induces peripheral and central
hypersensitivity to bladder distension via the histamine H1 receptor and TRPV1. Am J
Physiol Renal Physiol, 318, F298-F314.

GRUNDY, L., ERICKSON, A., CALDWELL, A., GARCIA-CARABALLO, S., RYCHKOV, G,
HARRINGTON, A. & BRIERLEY, S. M. 2018a. Tetrodotoxin-sensitive voltage-gated
sodium channels regulate bladder afferent responses to distension. Pain.

GRUNDY, L., ERICKSON, A., CALDWELL, A., GARCIA-CARABALLO, S., RYCHKOV, G,
HARRINGTON, A. & BRIERLEY, S. M. 2018b. Tetrodotoxin-sensitive voltage-gated
sodium channels regulate bladder afferent responses to distension. Pain, 159, 2573-
2584.

GRUNDY, L., HARRINGTON, A. M., CASTRO, J., GARCIA-CARABALLO, S., DEITEREN, A.,
MADDERN, J., RYCHKOV, G. Y., GE, P., PETERS, S., FEIL, R., MILLER, P., GHETTI, A.,
HANNIG, G., KURTZ, C. B., SILOS-SANTIAGO, I. & BRIERLEY, S. M. 2018c. Chronic
linaclotide treatment reduces colitis-induced neuroplasticity and reverses persistent
bladder dysfunction. JCI Insight, 3.

HOGAN, A. M., COLLINS, D., BAIRD, A. W. & WINTER, D. C. 2012. Estrogen and its role in
gastrointestinal health and disease.

KEATING, C., EWART, L., GRUNDY, L., VALENTIN, J. P. & GRUNDY, D. 2014. Translational
potential of a mouse in vitro bioassay in predicting gastrointestinal adverse drug
reactions in Phase | clinical trials. Neurogastroenterology & Motility, 26, 980-989.

KEATING, C., MARTINEZ, V., EWART, L., GIBBONS, S., GRUNDY, L., VALENTIN, J.-P. & GRUNDY,
D. 2010. The validation of an invitro colonic motility assay as a biomarker for
gastrointestinal adverse drug reactions. Toxicology and Applied Pharmacology, 245,
299-309.

KOLAR, S. L., IBARRA, J. A., RIVERA, F. E., MOOTZ, J. M., DAVENPORT, J. E., STEVENS, S. M.,
HORSWILL, A. R. & SHAW, L. N. 2013. Extracellular proteases are key mediators of
Staphylococcus aureus virulence via the global modulation of virulence-determinant
stability. Microbiologyopen, 2, 18-34.

PEETERS, P. J., AERSSENS, J., DE HOOGT, R., STANISZ, A., GOHLMANN, H. W., HILLSLEY, K.,
MEULEMANS, A., GRUNDY, D., STEAD, R. H. & COULIE, B. 2006. Molecular profiling of
murine sensory neurons in the nodose and dorsal root ganglia labeled from the
peritoneal cavity. Physiol Genomics, 24, 252-63.

RONG, W., HILLSLEY, K., DAVIS, J. B., HICKS, G., WINCHESTER, W. J. & GRUNDY, D. 2004.
Jejunal afferent nerve sensitivity in wild-type and TRPV1 knockout mice. The Journal
of physiology, 560, 867-881.

TORRES, J. L., PALOMINO, J., MORENO, R. D. & DE LOS REYES, M. 2017. Pannexin channels
increase propidium iodide permeability in frozen-thawed dog spermatozoa. Reprod
Fertil Dev, 29, 2269-2276.



WANG, R., BRAUGHTON, K. R., KRETSCHMER, D., BACH, T. H., QUECK, S. Y., LI, M., KENNEDY,
A.D., DORWARD, D. W., KLEBANOFF, S. J., PESCHEL, A., DELEO, F.R. & OTTO, M. 2007.
Identification of novel cytolytic peptides as key virulence determinants for
community-associated MRSA. Nat Med, 13, 1510-4.

WHALEN, M. J., DALKARA, T., YOU, Z., QIU, J.,, BERMPOHL, D., MEHTA, N., SUTER, B., BHIDE,
P. G, LO, E. H., ERICSSON, M. & MOSKOWITZ, M. A. 2008. Acute plasmalemma
permeability and protracted clearance of injured cells after controlled cortical impact
in mice. Journal of cerebral blood flow and metabolism : official journal of the
International Society of Cerebral Blood Flow and Metabolism, 28, 490-505.



	Identification of a Quorum Sensing-Dependent Communication Pathway Mediating Bacteria-Gut-Brain Cross Talk
	Introduction
	Results
	Modulation of Intestinal Afferent Sensitivity by Soluble Mediators from S. aureus
	Heat-Labile QS-Regulated Mediators Excite and Inhibit Afferent Nerve Activity
	Distinct Mediators Excite or Inhibit Afferent Activity
	α-Hemolysin (Hla) Contributes to Initial Increase of Nerve Activity
	Phenol-Soluble Modulins Contribute to Inhibition of Spontaneous Firing and Mechanosensitivity
	Bacterial Proteases Have a Limited Role in the Effects of SSA on Afferent Nerve Activity

	SSA-Mediated Changes of Membrane Permeability
	Modulation of Epithelial Secretion and Motility

	Discussion
	Bacteriological Approach to Investigate Host-Pathogen Interaction
	Pathways Contributing to Bacteria-Neuron Communication
	Phenol-Soluble Modulins (Psms)
	α-Hemolysin (Hla)
	Proteases
	Functional Relevance
	Limitations of the Study
	Resource Availability
	Lead Contact
	Materials Availability
	Data and Code Availability


	Methods
	Supplemental Information
	Acknowledgments
	Author Contributions
	Declaration of Interests
	References

	isci_101695_mmc1.pdf
	All supplementary materials.pdf
	Mice
	Retrograde tracing from the viscera
	Afferent nerve recordings
	Preparation of supernatants
	Isolation of dorsal root and nodose ganglia
	Primary cultures of DRG and NG neurons
	Live Cell Imaging
	Expression analysis
	Ussing Chambers
	Motility
	Statistical analysis





