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Peripheral pain signaling reflects a balance of pronociceptive and antinociceptive influences; the contribution by the gastrointestinal
microbiota to this balance has received little attention. Disorders, such as inflammatory bowel disease and irritable bowel syndrome, are
associated with exaggerated visceral nociceptive actions that may involve altered microbial signaling, particularly given the evidence for
bacterial dysbiosis. Thus, we tested whether a community of commensal gastrointestinal bacteria derived from a healthy human donor
(microbial ecosystem therapeutics; MET-1) can affect the excitability of male mouse DRG neurons. MET-1 reduced the excitability of DRG
neurons by significantly increasing rheobase, decreasing responses to capsaicin (2 �M) and reducing action potential discharge from
colonic afferent nerves. The increase in rheobase was accompanied by an increase in the amplitude of voltage-gated K � currents. A
mixture of bacterial protease inhibitors abrogated the effect of MET-1 effects on DRG neuron rheobase. A serine protease inhibitor but not
inhibitors of cysteine proteases, acid proteases, metalloproteases, or aminopeptidases abolished the effects of MET-1. The serine protease
cathepsin G recapitulated the effects of MET-1 on DRG neurons. Inhibition of protease-activated receptor-4 (PAR-4), but not PAR-2,
blocked the effects of MET-1. Furthermore, Faecalibacterium prausnitzii recapitulated the effects of MET-1 on excitability of DRG
neurons. We conclude that serine proteases derived from commensal bacteria can directly impact the excitability of DRG neurons,
through PAR-4 activation. The ability of microbiota-neuronal interactions to modulate afferent signaling suggests that therapies that
induce or correct microbial dysbiosis may impact visceral pain.
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Introduction
One of the important functions of the innervation of the gastro-
intestinal (GI) tract is to convey sensory information about the

luminal milieu to the brain. A major component of the gut lumen
is a complex and dynamic microbial ecosystem that contributes
importantly to health and disease, and may impact animal behav-
ior (Lyte, 2014; Cryan and Dinan, 2015). It has recently been
proposed that gut bacteria and/or their metabolites can affect
both the motor and sensory innervation of the gut, leading to
altered function and visceral pain (Chichlowski and Rudolph,
2015). However, despite ongoing research, the cellular mecha-
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Significance Statement

Commercially available probiotics have the potential to modify visceral pain. Here we show that secretory products from gastro-
intestinal microbiota derived from a human donor signal to DRG neurons. Their secretory products contain serine proteases that
suppress excitability via activation of protease-activated receptor-4. Moreover, from this community of commensal microbes,
Faecalibacterium prausnitzii strain 16-6-I 40 fastidious anaerobe agar had the greatest effect. Our study suggests that therapies
that induce or correct microbial dysbiosis may affect the excitability of primary afferent neurons, many of which are nociceptive.
Furthermore, identification of the bacterial strains capable of suppressing sensory neuron excitability, and their mechanisms of
action, may allow therapeutic relief for patients with gastrointestinal diseases associated with pain.
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nisms leading to bacterial modulation of visceral pain remain
incompletely understood.

A potential mechanism was suggested by a recent study of the
pain associated with pathogenic bacterial infection of the skin by
Staphylococcus aureus. Chiu et al. (2013) demonstrated that the
pain associated with this infection was due to direct effect of S.
aureus bacteria on DRG neuron excitability, rather than an indi-
rect consequence of the immune response to infection. This sug-
gests that some pathogenic bacteria and their secretory products
directly influence DRG neuron excitability, not just via conven-
tional pattern recognition molecules, such as Toll-like receptors
(Ochoa-Cortes et al., 2010), but also via novel mediators released
from bacteria. Inflammatory bowel disease (IBD), irritable bowel
syndrome (IBS), and psychological stress are all conditions asso-
ciated with visceral pain (Soderholm et al., 2001; Sánchez de
Medina et al., 2014), and a contribution of the microbiota to pain
generation in these conditions has been suggested (Kamiya et al.,
2006; Rousseaux et al., 2007; McKernan et al., 2010; Duncker et
al., 2011; Perez-Burgos et al., 2015). These latter studies have been
pivotal in highlighting the potential for bacteria to signal to no-
ciceptive neurons; however, many of these studies have relied on
one or a few commercially available probiotic bacteria. Thus, our
primary goal was to enhance understanding of how the healthy
human intestinal microbiota contributes to visceral pain by exam-
ining the bacterial mediators and cellular mechanisms involved in
communication between this community and sensory neurons.
We hypothesized that secretory products from commensal gut
bacteria can directly signal to DRG neurons and affect their ex-
citability. Accordingly, we determined whether the secretory
products of a defined community of 33 commensal GI microbes
from a healthy human donor, microbial ecosystem therapeutics-1
(MET-1) (Petrof et al., 2013; Martz et al., 2015; Munoz et al.,
2016), alter neuronal excitability and whether a specific secretory
mediator is responsible for any alterations observed. We found
that these bacteria reduced the excitability of DRG neurons, de-
termined the mechanisms involved, and examined whether MET-1
could reverse the hyperexcitability of DRG neurons caused by colitis.

Materials and Methods
Animals. All experiments were approved by Queen’s University Animal
Care Committee, under the guidelines of the Canadian Council of
Animal Care. Male C57BL/6 mice (25–30 g) were obtained from Charles
River Laboratories.

DRG neuron culture. Mice were killed, and DRGs from thoracic verte-
bra T9 to T13 were isolated bilaterally and dissociated as described pre-
viously (Beyak et al., 2004). Briefly, dissected DRGs were incubated for
10 min at 37°C in HBSS containing 0.2 mg/ml papain activated with 0.4
mg/ml cysteine. This was followed by a 10 min incubation in HBSS
containing 290 U/ml collagenase Type II and 10 U/ml dispase II. Ganglia
were triturated 10 times through flame-polished Pasteur pipettes until a
single-cell suspension was obtained. Cells were plated onto coverslips
coated with laminin (50 �g/ml) and poly-D-lysine (100 �g/ml) and in-
cubated overnight at 37°C (95% air, 5% CO2) in F-12 medium supple-
mented with 10% heat-inactivated FBS and 1% penicillin/streptomycin.
Neurons were incubated in control media or media containing a dilution
of MET-1 supernatant during the first night in culture.

Retrograde labeling on colon-projecting DRG neurons. Mice were deeply
anesthetized with ketamine/xylazine (0.1 ml/10 mg body weight). After
the animals stopped responding to a firm pinch of the hind foot, a lapa-
rotomy was performed and the colon located and exposed; 2– 4 injec-
tions of fast blue (17 mg/ml in DMSO) were made (�5 �l per injection)
via a Hamilton syringe in the wall of the proximal colon. Once injections
were completed, the area was swabbed with cotton swabs to ensure no
leakage of the dyes to other areas of the colon. The muscle and skin was
then sutured, and the animals were left to recover in a warm environment

under constant supervision. Once the animals returned to normal behav-
iors, they were returned to standard animal housing and left at least 14 d
before removing the DRG.

Patch-clamp electrophysiology. Following overnight culture, glass cov-
erslips containing isolated cells were placed in a recording chamber on an
inverted microscope and superfused with solution containing the
following (in mM): 140 NaCl, 5 KCl, 1 MgCl2, 2 CaCl2, 10 HEPES, and 10
D-glucose, pH 7.4, with NaOH. Patch electrodes were pulled from Pre-
mium Custom 8520 Patch Glass (Warner Instruments) and polished to a
final resistance of 2–5 M� when filled with an internal pipette solution
containing the following (in mM): 110 K-gluconate, 30 KCl, 10 HEPES,
1 MgCl2, and 2 CaCl2, pH 7.25, with KOH. Amphotericin B (240 �g/ml)
was added to the pipette solution, and recordings were performed using
the perforated patch-clamp configuration. For recordings of sodium
currents, cells were superfused with solution containing the following (in
mM): 55 NaCl, 80 NMDG, 1 MgCl2, 1 CaCl2, 10 HEPES, and 5 D-glucose,
pH 7.4, with HCl. Polished pipettes were filled with internal pipette
solution contained the following (in mM): 110 CsCl, 1 Mg Cl2, 11 EGTA,
10 HEPES, and 10 NaCl, pH 7.3, with CsOH. Recordings were performed
using the whole-cell configuration.

We limited our electrophysiological recordings to small-diameter
DRG neurons (�30 pF) (Stewart et al., 2003) to maximize the number of
putative nociceptor neurons sampled. Cells with stable (�10% variation
over 120 s) resting membrane potentials more negative than �40 mV
and overshooting action potentials were used for data collection. Changes in
neuronal excitability were assessed by determining rheobase, the first
action potential elicited by a series of depolarizing current injections (500
ms) that increased in 10 pA increments (Valdez-Morales et al., 2013b).
Action potential frequency was determined by quantifying the number of
action potentials elicited in response to depolarizing current injections
(500 ms). Input resistance was determined by the hyperpolarizing re-
sponse to current step from �10 to 0 pA. Membrane capacitance and
series resistance were compensated by 70%– 80%, and liquid junction
potentials were corrected. Current-voltage ( I–V) relationships were
measured using a series of 500 ms step depolarizations (�100 mV to 50 mV
in 10 mV increments at 5 s intervals) from holding potential. Current
density was calculated by normalizing peak currents to cell capacitance.

Signals were amplified using an Axopatch 200B or Multiclamp 700B
amplifier and digitized with a Digidata 1322A A/D converter. Liquid
junction potentials were calculated using JPCalcW (Molecular Devices)
and corrected offline. Data were recorded onto a PC using pClamp soft-
ware and analyzed offline using Clampfit 10.0 (all from MDS Analytical
Technologies).

In vitro extracellular recordings. The colon (5– 6 cm) and attached
mesentery (containing the lumbar colonic nerves) were removed intact,
along with the attached neurovascular bundle as described previously
(Brierley et al., 2004). In brief, the distal colon was carefully opened along
the mesenteric border, with care taken not to damage mesenteric nerves,
and placed in a specialized organ bath. Preparations were superfused
with a modified Krebs’ solution containing the following (in mM): 117.9
NaCl, 4.7 KCl, 25 NaHCO3, 1.3 NaH2PO4, 1.2 MgSO4(H2O)7, 2.5 CaCl2
11.1 D-glucose, 2 sodium butyrate, and 20 sodium acetate), bubbled with
carbogen (95% O2/5% CO2) at a temperature of 34°C. All preparations
contained the L-type calcium channel antagonist nifedipine (1 �M) to
suppress smooth muscle activity and the prostaglandin synthesis inhibi-
tor indomethacin (3 �M) to suppress potential inhibitory actions of
endogenous prostaglandins (Lynn and Blackshaw, 1999). Using fine for-
ceps, the nerve trunk was teased apart into 6 –10 bundles, one of which
was placed onto a platinum recording electrode. A platinum reference
electrode rested on the mirror in a small pool of Krebs’ solution adjacent
to the recording electrode. Electrical signals generated by nerve bundles
were amplified, filtered, and sampled at a rate of 20 kHz using a 1401
interface (Cambridge Electronic Design). Action potentials were ana-
lyzed off-line using the Spike 2 wave mark function and discriminated as
single units on the basis of distinguishable waveform, amplitude, and
duration. Baseline action potential discharge was measured for 3 min
before superfusion of MET-1 supernatant (1:100) for 10 min. Action
potential discharge frequency was measured again over the final 3 min of
exposure to MET-1 and compared with baseline.
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Ratiometric Ca2� imaging. Neurons were incubated in 4 �M fura-2 AM
(dissolved in DMSO, Invitrogen) for 30 min at 37°C. Neurons were washed
with extracellular solution to remove excess extracellular fura-2 AM.
Composition of extracellular solution is as follows (in mM): 140 NaCl, 5
KCl, 1 MgCl2, 2 CaCl2, 10 HEPES, and 10 D-glucose, pH 7.4. Extracellular
solution was adjusted to pH 7.4 using NaOH. Circular glass coverslips
were mounted in a recording chamber on an inverted microscope (IX73,
Olympus) and superfused continuously with external solution at room
temperature. Changes in fluorescence intensity were measured using
MetaFlour Fluorescence Imaging Software (Molecular Devices). Neu-
rons were illuminated at 340 and 380 nm every second for 10 min with a
Lambda DG-4 Plus high-speed wavelength switcher (Sutter Instru-
ments) and a Rolera Thunder camera (QImaging). Regions of interest
were selected beneath the membrane of neurons. Using the region of
interest, the averaged pixel intensity was calculated. Paired 340/380 flu-
orescence ratios (f340:380) of each region of interest were calculated
every second. [Ca 2�]i was determined as the ratio of the fluorescence
signals obtained at 510 nm following excitation at 340 and 380 nm.
TRPV1 channels were activated by superfusion of capsaicin (2 �M) for 3
min. The peak increase in f340:380 in the presence of capsaicin was
expressed as a percentage of the baseline f340:380 ratio. Cells were de-
fined as having responded to capsaicin if their baseline f340:380 changed
by �20% following exposure to capsaicin.

Derivation of MET-1. The derivation of MET-1, commensal colonic
bacteria from a healthy human volunteer, was described in detail previ-
ously (Petrof et al., 2013). In brief, the 33 MET-1 isolates (Table 1) were
cultured individually on fastidious anaerobe agar (FAA) (Lab M) with or
without 5% defibrinated sheep blood (Hemostat Laboratories) under

anaerobic conditions. FAA plates and F12 media were degassed in anaer-
obic chamber for 24 h before use. Bacteria were incubated at 37°C for 3 d
under strict anaerobic conditions in a Bugbox (Ruskinn). Biomass, in the
appropriate proportions (Table 1), was scraped directly into filter-
sterilized F12 medium using microbiological loops to achieve 3.5 � 10 9

CFU/ml (Petrof et al., 2013). Biomass was carefully mixed in the F12
media using a sterile pipette tip. MET-1 isolates in F12 medium were kept
in an anaerobic chamber for 6 h at 37°C and then stored at �80°C. Before
use, supernatant was removed, centrifuged, and filter sterilized. Individ-
ual bacterial strains were derived in the same manner. MET-1 minus
Faecalibacterium prausnitzii strain 16-6-I 40 FAA was derived in the same
fashion, except with the omission of this single bacterial strain.

Reagents. Amphotericin B (Sigma-Aldrich) stock solution (60 �g �l �1

DMSO) was made fresh daily. HBSS, FBS, and F12 medium for tissue
culture were purchased from Invitrogen. Dextran sulfate sodium (DSS)
was purchased from MP Biomedicals. P4pal10 (pal-SGRRYGHALR)
peptide was synthesized by Biomatix. All other substances were pur-
chased from Sigma-Aldrich.

Statistical analysis. Data are mean 	 SEM. The n value on each bar
refers to the number of neurons in the corresponding group. The num-
ber of mice used for each experiment is reported as N. Statistical analysis
was performed in Prism 5 for Mac OS X using Student’s t tests, one-way
ANOVA followed by Newman–Keuls test, Kruskal–Wallis test followed
by Dunn’s post hoc test (for nonparametric data), or two-way ANOVA
with Bonferroni post hoc test where appropriate. Statistical significance
was assigned when p � 0.05.

Results
Effects of MET-1 on neuronal excitability
To determine whether secreted products of the bacteria in
MET-1 could alter the excitability of primary sensory neurons,
we incubated DRG neurons overnight in MET-1 supernatant.
MET-1 supernatant decreased the excitability of DRG neurons,
by increasing the rheobase in a concentration-dependent manner
(Fig. 1A; F(4,88) 
 6.003, p 
 0.0003, one-way ANOVA with
Kruskal–Wallis test followed by Dunn’s post hoc test). A dilution
of 1:100 MET-1 increased rheobase by 32% compared with con-
trols and was used for all subsequent experiments. MET-1 did not
alter action potential discharge at twice rheobase (data not
shown). The following additional parameters were not altered at
a dilution of 1:100 MET-1 (n 
 25) compared with media (n 

34): input resistance (1313 	 117.8 M� vs 1172 	 77.9 M�),
capacitance (17.3 	 0.7 pF vs 17.6 	 0.8 pF), resting membrane
potential (�46.3 	 3.1 mV vs �43.5 	 1.8 mV), action potential
duration at half-maximal amplitude (3.35 	 0.17 ms vs 3.47 	
0.14 ms), action potential threshold (�31.5 	 1.6 mV vs �30.0 	
1.8 mV), or after-hyperpolarization amplitude (9.9 	 1.3 mV vs
11.3 	 1.1 mV), respectively. To determine whether MET-1 had
effects on DRG neurons that project to the colon, fast blue was
injected into the colon of mice as a retrograde tracer. Two weeks
later, the rheobase of fast blue-labeled neurons was recorded.
Similar to unlabeled neurons, colon-projecting DRG neurons
exposed to MET-1 supernatant (1:100) overnight had signifi-
cantly higher rheobases compared with colon-projecting neu-
rons exposed to control media (Fig. 1B; t(14) 
 2.89, p 
 0.0119,
unpaired Student’s t test).

Extracellular recordings from the axons of extrinsic afferent
neurons revealed that application of MET-1 supernatant (1:100)
for 10 min significantly reduced spontaneous action potential
discharge compared with baseline activity measured before MET-1
application in the same single units (Fig. 1C; t(8) 
 2.95, p 
 0.0185,
paired Student’s t test). Ratiometric Ca 2� imaging using fura-2
was used to quantify the effect of MET-1 on intracellular Ca 2�

responses of DRG neurons to capsaicin. MET-1 had no effect on
the percentage of DRG neurons that responded to capsaicin

Table 1. List of cultured isolates from the healthy donor comprising the MET-1
synthetic microbial communitya

Strain number
(16-6-I prefix) Species name (closest match)

Relative amount
included in MET-1

1FAA Eubacterium rectale �����
29FAA
40FAA Faecalibacterium prausnitzii �����
F1FAA Eubacterium eligens �����
30FAA Ruminococcus torques ���
9FAA
4FM Bifidobacterium longum ���
2FAA
14LG Acidaminococcus intestini ���
31FAA Roseburia sp. ��
39FAA
6FM
11FAA Bifidobacterium adolescentis ��
20MRS
5FM Parabacteroides distasonis ��
47FAA Eubacterium ventriosum ��
2MRS Ruminococcus obeum �
18FAA Clostridium clostridioforme �
3FM Collinsella aerofasciens �
5MM Bacteroides ovatus �
27FM Blautia sp. �
11FM
42FAA Dorea sp. �
10FAA
21FAA Coprobacillus sp. �
13LG Eubacterium limosum �
25MRS Lactobacillus casei �
6MRS Lactobacillus paracasei �
34FAA Lachnospira pectinoshiza �
48FAA Butrycicoccus sp. �
3FM4i Escherichia coli �
6BF7 Raoultella sp. �
1St Streptococcus sp. �
aThe strain number of each isolate (left) and the relative abundance in the community (right) is also provided.
Modified from Petrof et al. (2013).
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(control: 59% vs MET-1: 58%; p � 0.05, Fisher’s exact test) but
significantly decreased the amplitude on the Ca 2� transient, as
measured by change in f340:380 (Fig. 1D; t(234) 
 2.01, p 

0.0460, unpaired Student’s t test). Together, these data suggest
that secretory products of MET-1 can inhibit the excitability of
DRG neurons, including those that innervate the colon.

Voltage-clamp recordings were obtained to examine the role
of voltage-gated K� and Na� currents in the decrease in DRG
excitability observed in response to MET-1. MET-1 significantly
increased voltage-gated K� current (Fig. 2A,B; F(15,345) 
 8.852,
p � 0.0001, two-way ANOVA followed by Newman–Keuls test
post hoc test) compared with controls but did not affect voltage-
gated Na� current (Fig. 2C).

Heat-labile effects of MET-1 on neuronal excitability
To examine the properties of the active mediator in MET-1 su-
pernatant, we tested whether the MET-1 secreted mediator(s)
causing this effect is/are heat-labile. Thus, MET-1 supernatant
was heated to 100°C for 20 min, followed by cooling (Mackey et
al., 1991) before addition to DRG neuron cultures overnight. The
effects of MET-1 on excitability of DRG neurons were abolished
following heat treatment (Fig. 3; F(2,58) 
 11.26, p � 0.0001,
one-way ANOVA followed by Newman–Keuls test post hoc test).

Protease-mediated effects of MET-1 on neuronal excitability
Because heat-sensitive proteases can be produced by enteric bac-
teria and are well-characterized modulators of excitability in
DRG neurons (Kayssi et al., 2007; Karanjia et al., 2009; Steck et
al., 2012; Valdez-Morales et al., 2013a), we sought to determine
whether the active mediator in MET-1 supernatant could be a
protease. To examine this, MET-1 was preincubated with a bac-
terial protease inhibitor (PI) mixture for 2 h (Sigma, P8465;
1:10,000) (Borruel et al., 2002) before incubation with DRG neu-
rons. The decreased excitability of DRG neurons by MET-1 was
prevented by addition of the PI mixture, suggesting that the active
mediator is a protease (Fig. 4A; F(3,41) 
 4.996, p 
 0.0048, one-
way ANOVA followed by Newman–Keuls test post hoc test).
Because the PI mixture contained inhibitors of cysteine, acid
proteases, metalloproteases, aminopeptidases, and serine pro-
teases (Borruel et al., 2002), we next explored the effects of
selective inhibitors of each of these subtypes of proteases. The
decreased excitability of DRG neurons by MET-1 was prevented
following preincubation for 2 h with the serine PI FUT-175 (100
�M) (Cenac et al., 2007) (Fig. 4B; F(3,59) 
 4.211, p 
 0.0091,
one-way ANOVA followed by Newman–Keuls test post hoc test)
but not other individual PIs (cysteine, acid proteases, metallo-
proteases, aminopeptidases) (Fig. 4C). Additionally, we investi-

Figure 1. MET-1 decreases excitability of DRG neurons. A, MET-1 (1:100 and 1:10) decreased the excitability of DRG neurons by increasing rheobase compared with media (N 
 10 mice).
B, MET-1 (1:100) increased the excitability of DRG neurons that innervate the colon, identified using the retrograde tracer fast blue (N 
 3 mice). C, Superfusion of MET-1 (1:100) decreased
spontaneous action potential discharge in single-unit extracellular recordings from the axons of colonic afferent neurons (N
4 mice). D, The amplitude of intracellular [Ca 2�] transients in response
to capsaicin (2 �M), measured using fura-2 f340:380, was decreased in DRG neurons incubated in MET-1 (1:100) (N 
 5 mice). *p � 0.05 (one-way ANOVA with Kruskal–Wallis test followed by
Dunn’s post hoc test). ***p � 0.001 (one-way ANOVA with Kruskal–Wallis test followed by Dunn’s post hoc test). #p � 0.05 (unpaired t test). &p � 0.05 (paired t test).
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gated whether a known serine protease, cathepsin G (Cat G),
could recapitulate the effects of MET-1 on DRG neurons. Cat G
was chosen as it has been identified as an activator of PAR-4
(Asfaha et al., 2007). Cat G concentration-dependently decreased
excitability of DRG neurons by increasing rheobase by 43% com-
pared with controls (Fig. 4D; F(4,52) 
 4.796, p 
 0.0023, one-way
ANOVA followed by Newman–Keuls test post hoc test).

PAR-4-mediated effects of MET-1 on neuronal excitability
Because serine proteases are known to act on PARs, which are
present on DRG neurons, we sought to determine whether
MET-1 acts via a PAR (Bunnett, 2006; Dale and Vergnolle, 2008).
PAR-4 is activated by serine proteases, and its activation has pre-
viously been shown to decrease DRG neuron excitability (Asfaha
et al., 2007; Karanjia et al., 2009). Preincubation of DRG neurons
with P4pal10 (10 �M), a PAR-4 pepducin (Wielders et al., 2007)
that inhibits PAR-4 activation, for 2 h before the addition of
MET-1 abolished the effect of MET-1 on neuron excitability (Fig.
5A; F(3,98) 
 4.347, p 
 0.0064, one-way ANOVA followed by
Newman–Keuls test post hoc test). We also investigated whether
MET-1 secreted serine proteases that act in part through PAR-2
expressed on DRG neurons (Valdez-Morales et al., 2013a). Pre-
incubation of DRG neurons with GB83 (10 �M) (Valdez-Morales
et al., 2013a), a PAR-2 antagonist, for 2 h before the addition of
MET-1 did not inhibit the effect of MET-1 on neuron excitability
(Fig. 5B; F(3,84) 
 4.274, p 
 0.0074, one-way ANOVA followed
by Newman–Keuls test post hoc test).

NF�B- and ERK1/2-mediated effects of MET-1 on
neuronal excitability
We next examined the intracellular signaling cascades evoked by
MET-1 supernatant. Preincubation of DRG neurons with SC-514
(20 �M), an NF�B inhibitor (Kishore et al., 2003), for 2 h before
the addition of MET-1 prevented the decrease in excitability of
DRG neurons by MET-1 (Fig. 6A; F(3,61) 
 7.878, p 
 0.0002,
one-way ANOVA followed by Newman–Keuls test post hoc test).

Figure 2. MET-1 increases DRG neuron K � currents. A, Example traces from a typical DRG neuron to show effects of MET-1 (1:100) on voltage-gated K � current (capacitance transients cropped
for space). B, MET-1 (1:100) increased voltage-gated K � current compared with media (N 
 8 mice). C, MET-1 did not alter the voltage-gated Na � currents (N 
 6 mice). *p � 0.05 (two-way
ANOVA with Bonferroni post hoc test). ***p � 0.001 (two-way ANOVA with Bonferroni post hoc test).

Figure 3. Effects of MET-1 on DRG neuron excitability are abolished following heat treat-
ment. MET-1 decreased the excitability of DRG neurons by increasing rheobase compared with
media; this effect was abolished following heat treatment (100°C for 20 min) of MET-1 (N 
 3
mice). ***p � 0.001 (one-way ANOVA with Newman–Keuls post hoc test).
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Figure 4. Effects of MET-1 on DRG neuron excitability is mediated in part by serine proteases. A, MET-1 decreased excitability of DRG neurons by increasing rheobase compared with media; this
effect was abolished following addition of the PI mixture (1:10,000) (N 
 9 mice). B, MET-1 decreased excitability of DRG neurons by increasing rheobase compared with media; this effect was
abolished following addition of the serine PI FUT-175 (100 �M) (N 
 10 mice). C, The effect of MET-1 on the decrease in excitability of DRG neurons was not abolished following addition of a cysteine
PI (E64; 0.03 �M), aminopeptidase inhibitor (bestatin; 0.20 �M), acid PI (pepstatin; 0.03 �M), or metallo-PI (EDTA; 10 �M) (N 
 3–5 mice/group). D, The serine protease, cathepsin G (1, 10, 50, and
100 nM) concentration-dependently recapitulated the effects of MET-1 on excitability of DRG neurons by increasing rheobase compared with media (N 
 5 mice). *p � 0.05 (one-way ANOVA with
Newman–Keuls post hoc test). **p � 0.01 (one-way ANOVA with Newman–Keuls post hoc test). #p � 0.05 compared with 50 nM (one-way ANOVA with Newman–Keuls post hoc test).

Figure 5. Effects of MET-1 on excitability of DRG neurons is through PAR-4 and not PAR-2. A, MET-1 decreased excitability of DRG neurons by increasing rheobase compared with media; this effect
was abolished following preincubation of the neurons with P4pal10 (10 �M), a PAR-4 receptor antagonist (N 
 7 mice). B, GB83 (10 �M), a PAR-2 receptor antagonist, did not block the effect of
MET-1 on neuron excitability (N 
 8 mice). *p � 0.05 (one-way ANOVA with Newman–Keuls post hoc test). **p � 0.005 (one-way ANOVA with Newman–Keuls post hoc test).
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Subsequently, DRG neurons preincubated with PD98059 (30 �M)
(Dudley et al., 1995), an ERK1/2 inhibitor, for 2 h before the
addition of MET-1 prevented the decrease in excitability of DRG
neurons by MET-1 (Fig. 6B; F(3,59) 
 4.029, p 
 0.0005, one-way
ANOVA followed by Newman–Keuls test post hoc test).

Bacterial strain-specific effects on neuronal excitability
To determine whether individual strains of bacteria from MET-1
could have similar effects on the excitability of DRG neurons, we
tested two individual strains, Bifidobacterium longum 16-6-I 4
FM (hereafter, 4M) and F. prausnitzii 16-6-I 40 FAA (hereafter,
40FAA). These strains were chosen because other strains of these
species have previously been suggested to affect various nocicep-
tive and immune responses in vivo (Underwood et al., 2014; Elian
et al., 2015; Martín et al., 2015; Miquel et al., 2016). Supernatant
from F. prausnitzii, but not the B. longum strain, used at the same
concentrations as in MET-1, decreased DRG neuron excitability

by increasing rheobase by 30% compared with controls (t(31) 

2.60, p 
 0.0140, unpaired Student’s t test). Furthermore, preincu-
bation of 40FAA supernatant with the serine PI FUT-175 (100 �M), for
2 h before overnight incubation with DRG neurons abolished this
effect (Fig. 7A; F(3,48) 
 4.029, p 
 0.0123, one-way ANOVA
followed by Newman–Keuls test post hoc test). Moreover, super-
natant from MET-1 grown without the inclusion of 40FAA
evoked no change in excitability of DRG neurons compared with
media alone (Fig. 7B; F(2,87) 
 7.369, p 
 0.0006, one-way
ANOVA followed by Newman–Keuls test post hoc test).

Effects of MET-1 on DRG neurons from mice with colitis
During colitis, the mucosal barrier is compromised, leading to
bacterial translocation as well as exposure of nociceptive nerve
terminals to inflammatory mediators. We therefore examined
whether DRG neurons from mice with DSS-induced colitis re-
sponded differently to MET-1 compared with control neurons.

Figure 6. MET-1 decreases excitability of DRG neurons in an NF�B- and ERK1/2-dependent manner. A, MET-1 decreased excitability of DRG neurons by increasing rheobase compared with media;
this effect was abolished following the addition of SC-514 (20 �M), an NF�B inhibitor (N 
 4 mice). B, MET-1 decreased excitability of DRG neurons by increasing rheobase compared with media;
this effect was abolished following the addition of PD98059 (30 �M) an ERK1/2 kinase inhibitor (N 
 4 mice). ***p � 0.001 (one-way ANOVA with Newman–Keuls post hoc test). **p � 0.005;
(one-way ANOVA with Newman–Keuls post hoc test).

Figure 7. F. prausnitzii contributes to the effects of MET-1 on the excitability of DRG neurons. A, The individual strain F. prausnitzii (1:100) decreased excitability of DRG neurons by increasing
rheobase compared with media; this effect was blocked following preincubation with FUT-175 (100 �M) (N 
 5 mice). B, MET-1 grown without F. prausnitzii had no effect on excitability of DRG
neurons compared with media (N 
 5 mice). *p � 0.05 (one-way ANOVA with Newman–Keuls post hoc test). **p � 0.01 (one-way ANOVA with Newman–Keuls post hoc test).
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Acute colitis was induced by administration of 3% DSS (w/v)
(MW: 36,000 –50,000, MP Biomedicals) to mice in drinking wa-
ter for 5 d, followed by a 2 d recovery period during which normal
drinking water was given (Motagally et al., 2009). DSS-induced
colitis caused a decrease in colon length (t(6) 
 2.78, p 
 0.0318,
unpaired Student’s t test), as well a significant increase in disease
activity index score (Cooper et al., 1993) (t(3) 
 12.25, p 

0.0012, one sample Student’s t test) compared with control mice.
DSS-induced colitis caused an increase in excitability of DRG
neurons by decreasing rheobase by 49% compared with control
mice (t(34) 
 3.74, p 
 0.007, unpaired Student’s t test). MET-1
decreased excitability of DRG neurons from DSS mice by increas-
ing rheobase by 51% compared with neurons from DSS mice
incubated in media (Fig. 8; F(2,45) 
 5.172, p 
 0.00095, one-way
ANOVA followed by Newman–Keuls test post hoc test).

Discussion
In the present study, we show that products derived from a com-
munity of human commensal GI bacteria have direct effects on
sensory neurons that can contribute to the balance of pronocice-
ptive and antinociceptive factors regulating visceral nociceptive
signaling. Previous studies have implicated bacteria in a prono-
ciceptive role, including pathogenic S. aureus (Chiu et al., 2013)
and Escherichia coli O111:B4 (Ochoa-Cortes et al., 2010; Chen et
al., 2015). Here we show that secretory products from commensal
bacteria derived from a human donor have inhibitory effects on
DRG neurons. Moreover, we show that these actions appear to
result from activation of PAR-4 on DRG neurons by serine pro-
teases that are largely derived from a single bacterium. These
findings support previous work, which show beneficial effects
of commercially available probiotics on visceral pain responses
(Perez-Burgos et al., 2015), and serve to highlight the role of
commensal bacteria in humans to regulate the excitability of
sensory neurons. Our data also indicate that, whereas colon-
projecting DRG neurons are inhibited by MET-1 secretions,
non– colon-projecting DRG neurons may also be influenced by
the secretions of members of the colonic microbiota. Interest-
ingly, the pain that accompanies IBD and IBS, two conditions
associated with microbial dysbiosis, often affects tissues outside
the GI tract. Many IBD patients experience joint pain (Braken-

hoff et al., 2010), and IBS is often associated with increased so-
matic pain perception (Bouin et al., 2001; Verne et al., 2001; Price
et al., 2006).

Cellular mechanisms
Our study describes a novel cellular pathway involving protease
signaling to sensory neurons. Several lines of evidence suggest
that a protease activated response could play a role in the inhib-
itory action exhibited by MET-1. PARs are a family of G-protein-
coupled receptor (subtypes 1– 4), which are activated in response
to extracellular cleavage of the receptor in the N-terminal domain
by proteases and can activate downstream ERK 1/2 and NF�B
signaling cascades (Kanke et al., 2001; McDougall and Muley,
2015). Proteases that signal through the PAR-2 pathway cause
PAR-2-induced release of pronociceptive neuropeptides and
modulation of various receptors, including voltage-gated ion
channels, which are important for modulation of action potential
firing and thus nociceptive signaling (Mrozkova et al., 2016). In
contrast to PAR-2, activation of the PAR-4 receptor has been
shown to have antinociceptive effects (Asfaha et al., 2007; Augé et
al., 2009; Karanjia et al., 2009). Here, we have shown that MET-1
is acting through PAR-4, also leading to inhibitory effects on
DRG neurons, possibly by increasing the amplitude of voltage-
gated K� currents. We also observed that MET-1 reduces Ca 2�

influx into DRG neurons in response to the TRPV1 agonist cap-
saicin. It is presently unclear whether this effect is the result of
modulation of TRPV1 channels, voltage-gated K� channels,
voltage-gated Ca 2� channels, or Ca 2�-induced Ca 2� release.

Single proteases can activate multiple PARs and multiple pro-
teases can activate the same PAR. Numerous studies show evi-
dence that serine proteases, through PAR-2, lead to an increase in
neuronal excitability, in contrast to our findings (Kayssi et al.,
2007; Zhao et al., 2014, 2015). The most straightforward of ex-
planations by which MET-1 supernatant might act through
PAR-4, and not PAR-2, on DRG neurons could be that the serine
protease present in MET-1 supernatant selectively activates PAR-4.
Although the process is poorly understood, a unique property of
PAR-4, compared with PAR-1 in rat fibroblasts, is its slowed rate
of internalization (Shapiro et al., 2000). This may lead to a sus-
tained signaling, outlasting any effect of PAR-2 activation by ser-
ine proteases in MET-1 supernatant. Our results could also be
explained by previous findings that show activation of PAR-4
on DRG neurons inhibited cellular responses induced by the
pronociceptive agonists of PAR-2 and TRPV-4 (Augé et al., 2009;
Karanjia et al., 2009). Furthermore, the serine protease, Cat G,
which we have shown to recapitulate the effects of MET-1 on
DRG neurons, is unable to signal through PAR-2 in endothelial
cells (Loew et al., 2000). More recently, studies have shown that
Cat G activates nonconical PAR-2 signaling, leading to a “silenc-
ing” of the receptor in various cell lines (Dulon et al., 2003; Ra-
machandran et al., 2011). Consistent with our findings, Annaházi
et al. (2009) showed that the antinociceptive effects of UC fecal
supernatant can be recapitulated with intracolonic infusion of a
PAR-4-activating peptide or Cat G. Moreover, they showed that
UC fecal supernatant, as in the diarrhea-predominant IBS fecal
supernatant, does contain serine proteases acting on PAR-2 to
elicit the pronociceptive effects, but they are unable to overcome
the antinociceptive effects of Cat-G through PAR-4 (Annaházi et
al., 2009).

Bacterial sources of serine proteases
An unanticipated finding was that the effects of MET-1 on the
excitability of DRG neurons could be recapitulated with a specific

Figure 8. MET-1 reduces the excitability of DRG neurons from mice with DSS-induced colitis.
MET-1 decreased the excitability of DRG neurons from DSS mice by increasing rheobase com-
pared with neurons from DSS mice incubated in media (N 
 4 DSS mice, N 
 3 control mice).
*p � 0.05 (one-way ANOVA with Newman–Keuls post hoc test). **p � 0.01 (one-way ANOVA
with Newman–Keuls post hoc test).
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individual strain within MET-1. Supernatant from F. prausnitzii
strain 40FAA was able to reduce excitability of DRG neurons
to the same degree as MET-1. Moreover, the effect of this F.
prausnitzii strain was abolished following preincubation of cul-
ture supernatant with the serine PI FUT-175, indicating that it is
likely a serine protease produced by this bacterial strain that is the
active component of MET-1. In addition to demonstrating the
potential antinociceptive effects of 40 FAA on DRG neurons, we
were able to show that removal of this strain from our original
MET-1 community abolished the observed decrease in excitabil-
ity of DRG neurons. This finding was of considerable interest
given that F. prausnitzii is an abundant bacterium in the human
microbiota of healthy adults and has been shown to be absent or
significantly reduced in the microbiota of patients with various
GI disorders, including Crohn’s disease and infectious colitis
(Sokol et al., 2009; Willing et al., 2009; Fujimoto et al., 2013;
Pascal et al., 2017). Indeed, F. prausnitzii has recently been pro-
posed to be a biomarker for Crohn’s disease (Pascal et al., 2017).
F. prausnitzii exhibited anti-inflammatory effects on rodent coli-
tis models, which were thought to be partly due to secreted me-
tabolites (Sokol et al., 2008). A recent study supporting the
potential importance of F. prausnitzii showed that it exhibited
antinociceptive properties in vivo in noninflammatory IBS-like
models (Miquel et al., 2016), although this effect was ascribed to
effects of the bacterium on mucosal permeability. Our data pro-
vide the first direct evidence that strain 40 FAA may modulate
pain by direct effects on DRG neurons. Moreover, we found, in a
mouse model of colitis, where inflammation reduces the mucosal
barrier, that secretory products of the commensal bacteria in
MET-1 can reverse the hyperexcitability of DRG neurons that
occurs in the model. These findings support the concept that
this bacterial strain may be a promising analgesic probiotic
formulation.

There is no literature to date indicating serine proteases of
F. prausnitzii origin; however, there are data showing that F.
prausnitzii is inversely correlated with human fecal protease ac-
tivity (Carroll et al., 2013). However, protease analysis was lim-
ited to trypsin-like proteolytic activity, which may not detect
other serine proteases, such as cathepsin G. Bacterial-derived
proteolytic activity has been demonstrated to occur in fecal sam-
ples of control patients (Pruteanu et al., 2011), supporting our
results indicating that commensal bacteria derived from MET-1
also shows presence of bacterial proteases. Furthermore, oral an-
tibiotic treatment in mice resulted in decreased colonic bacteria
and reduced colonic luminal serine protease activity (Róka et al.,
2007). Interestingly, Annaházi et al. (2009) showed that intraco-
lonic infusion of fecal supernatant (with elevated levels of serine
protease activity) from UC patients had antinociceptive effects in
mice in response to colorectal distension, whereas fecal superna-
tant from diarrhea-predominant IBS patients, acting through
PAR-2, had pronociceptive effects.

In conclusion, pain is a major cause of morbidity in a number
of chronic GI disorders and lacks effective therapies. Here, we
have demonstrated that a serine protease derived from a defined
community of commensal GI bacteria is capable of reducing
excitability of DRG neurons through a PAR-4-dependent mech-
anism. These actions could be of even greater importance in disor-
ders, such as postinfectious IBS and IBD, where dysbiosis of the
commensal bacteria occurs, including reductions in F. prausnitzii.
Furthermore, these findings serve as a cautionary note that anti-
biotic treatments that alter the intestinal microbiota may have
effects on the excitability of sensory signaling. Finally, F. praus-

nitzii and/or its secretory protease may provide a novel therapeu-
tic agent for patients with GI diseases associated with pain.
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