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visceral pain can be generally provoked by mechanical distension/stretch, the mechanisms that
underlie visceral mechanosensitivity in colon-innervating visceral afferents remain elusive. Here
we show that virally-mediated ablation of colon-innervating TRPV1-expressing nociceptors
markedly reduces colorectal distention (CRD)-evoked visceromotor response (VMR) in mice.
Selective ablation of the stretch-activated Piezo2 channels from TRPV1 lineage neurons
substantially reduces mechanically-evoked visceral afferent action potential firing and CRD-
induced VMR under physiological conditions as well as in mouse models of zymosan-

induced IBS and partial colon obstruction (PCO). Collectively, our results demonstrate that
mechanosensitive Piezo2 channels expressed by TRPV1-lineage nociceptors powerfully contribute
to visceral mechanosensitivity and nociception under physiological conditions and visceral
hypersensitivity under pathological conditions in mice, uncovering potential therapeutic targets
for the treatment of visceral pain.

In brief

Xie et al. show that Piezo2 channels in TRPV1-expressing visceral nociceptors play a major

role in visceral pain in mice. Ablation of TRPV1-expressing nociceptors or selective knockout of
Piezo2 from TRPV1 lineage neurons reduces colorectal pain under physiological conditions and in
mouse models of zymosan-induced IBS and partial colon obstruction.
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Introduction

Visceral pain is a complaint reported by up to 70% of patients seeking medical care

for inflammatory bowel disease (IBD). Moreover, chronic abdominal pain, which lasts

for more than three months, is experienced by 20-50% of IBD patients 1. Visceral pain

is also a key feature of functional gastrointestinal (G1) disorders such as irritable bowel
syndrome (IBS) and obstructive bowel disorders (OBD). IBS is characterized by pain and
altered bowel habits without overt structural changes 2, while OBD is characterized by
lumen distention due to mechanical or functional obstruction 3. OBD is a common clinical
problem that may have severe consequences such as pain, sepsis, and perforation, and

leads to more than 300,000 admissions in the United States annually 3. Notably, there is
also a high comorbidity of chronic visceral pain with stress-related psychiatric disorders
including anxiety, depression, and fatigue 4. Mechanisms underlying visceral pain are poorly
understood and the resulting lack of effective clinical management represents a major unmet
medical problem. Remarkably, unlike chronic somatic pain, which is a focus of research and
drug development, visceral pain is relatively neglected despite its greater clinical need °.

Both central and peripheral nervous systems are involved in visceral pain . The gut-

brain axis is considered a major factor contributing to motility disorders and visceral
hypersensitivity, which may feature dysregulated descending pathways that modulate spinal
nociceptive transmission 7. Emotions and stress can also influence chronic visceral pain
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signaling by altering CNS processing 4. The neural signaling pathway for visceral pain
begins with visceral primary afferent neurons of spinal or vagal origin, whose nerve cell
bodies reside in the dorsal root ganglia (DRG; spinal) or in the nodose or jugular ganglia
(vagal). Their sensory endings reside in the visceral organ and their central axons project
into the CNS.

Visceral afferents can be activated and sensitized by tissue injury and inflammation .

These conditions can evoke persistent discharge of local nociceptors and subsequent central
sensitization, which is essential for transition from acute pain to chronic pain . lon channels
may act as molecular sensors that detect noxious stimuli, which enable nociceptors to
encode those stimuli in their action potential firing 8. Expression of various ion channels

in diverse cell types in the Gl tract are dynamically regulated in inflammatory and
functional Gl disorders, and this correlates with pain symptoms 9. For instance, voltage
gated NaV1.5, NaV1.7, and NaV1.9 associate with IBS and visceral hypersensitivity 10.
Mice treated with dextran sodium sulfate (DSS) have significantly increased Cav3.2 mRNA
transcripts compared to untreated animals, and Cav3.2-deficient mice are resistant to DSS-
induced colonic hypersensitivity 11, In addition to voltage-gated ion channels, transient
receptor potential (TRP) channels, especially TRPV1 and TRPAL, play a significant role in
visceral mechanotransduction and inflammation-induced visceral pain °. In contrast to their
relatively normal somatosensory responses, 7rpvi-deficient mice show reduced sensitivity to
colorectal distension (CRD) compared to congenic C57BL/6J mice 12. TRPV1, along with
acid-sensing ion channel 3 (ASIC3) also mediate visceral hypersensitivity in a mouse model
of zymosan-induced IBS 12. Moreover, administration of TRPV1 and TRPA1 antagonists
can prevent the transition from acute to chronic inflammation and pain in a mouse model of
chronic pancreatitis 13.

In contrast to the vast array of noxious insults that can activate somatosensory neurons, it is
principally mechanical stimulation, such as distension or mesenteric traction, that accounts
for most of the painful stimuli in the GI tract . For this reason, there has been great

interest in defining the sensory ion channels that enable visceral afferents to detect noxious
mechanical stimuli. Among the candidates have been TRP and ASIC channels, which are
sensitized by intestinal inflammation and participate in visceral mechanical hypersensitivity,
but the role of these ion channels in mammalian mechanotransduction remains unclear 1415,
Promisingly, recent studies identify Piezol and Piezo2 as bona fide mechanically gated

ion channels 8. It is well known that Piezo2 is dominantly expressed in DRG neurons

and contributes to innocuous touch sensation under physiological conditions and somatic
mechanical allodynia in the setting of tissue inflammation and nerve injury 1718, Piezo1
was shown to be selectively expressed in somatostatin (Sst)- and natriuretic polypeptide
precursor B (Nppb)-positive pruriceptors and mediates mechanical itch 1°. However, the
role of Piezos in visceral mechanotransduction and mechanical hypersensitivity remains
elusive. In this study, we show that the mechanosensitive Piezo2 channel, but not Piezol,
expressed by TRPV1-lineage neurons is critically involved in the generation of visceral
mechanical nociception under physiological conditions and mechanical hypersensitivity in
mouse models of IBS and partial colon obstruction (PCO).
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Results

Virally-mediated ablation of colonic TRPV1-expressing nociceptors markedly reduces
mechanically evoked visceromotor response

While the somatosensory system combines a mixture of myelinated and unmyelinated
fibers for encoding proprioceptive, thermal, nociceptive, and tactile information, the visceral
sensory system comprises mainly thin myelinated AS and unmyelinated C fibers that are
activated primarily by distension/stretch ©. In the skin, the nociceptive ion channel TRPV1
is also expressed by unmyelinated C fibers and/or thin myelinated AS fibers, and ablation

of the TRPV1-expressing nociceptors results in complete loss of heat pain sensitivity with
little effect on behavioral responses to noxious mechanical or cold stimuli 0. Interestingly,
TRPV1 appears preferentially expressed by visceral afferents compared to somatic afferents
21 and is present in most afferents innervating the urinary and Gl tracts 22-24, To characterize
colonic spinal sensory neurons, we first generated TRPV1-tdTomato reporter mice by
crossing Trpv1C'® mice 25 with Ai9™/fl mice 26, Consistent with a preponderance of

TRPV1 expression in visceral afferents, retrograde tracing in Trpv1¢re::Ai9f/fl mice using
CTB647 revealed that almost all colon-innervating primary sensory neurons originating
from both thoracolumbar (TL; T13 and L1) and lumbosacral (LS; L6 and S1) DRG

were TRPV1-tdTomato-positive (Figure S1A). These data, taken together with previous
human data indicating that numbers of TRPV1-expressing sensory afferents are increased in
rectosigmoid biopsies of IBS patients and correlate with abdominal pain scores 27, suggest
TRPV1-expressing sensory afferents may play an important role in visceral mechanical
transduction as well as the development of hypersensitivity in mouse colon.

Chemical ablation of TRPV/1-expressing nociceptive fibers by resiniferatoxin (RTX) 2829,
an ultrapotent agonist of TRPV1, significantly reduced CRD-induced visceromotor response
(VMR) when compared with vehicle-treated mice (Figures S1B and S1C). Consistent

with previous findings, systemic TRPV1 neuron ablation markedly reduced somatic heat
pain response without affecting mechanical pain (Figures S1D and S1E). Since TRPV1

is broadly expressed by both peripheral and central neurons as well as non-neuronal cells
30, systemic ablation of TRPV1-expressing cells could have potential off-target artifacts.

To selectively ablate colon-innervating TRPV1-expressing sensory nociceptors, we injected
an AAV9 vector encoding the diphtheria toxin subunit A (DTA) in a Cre-dependent
configuration (rAAV-EF1a-DIO-DTA-WPRE-hGH-pA) into the same region of distal colon
that was distended by the intraluminal balloon of Trpv1C'e mice (Trpv1AAV-DTA) (Figures
1A and 1B). The rAAV-EF1a-DIO-EGFP-WPRE-hGH-pA virus was used as control virus
(Trpv1AAV-GFPY o test the extent of ablation of colon-innervating TRPV1-expressing DRG
neurons, retrograde tracer CTB647 was injected into the colon wall at the same sites three
weeks later. Consistent with published studies, the results showed that the distal colon is
mainly innervated by L6 and S1 DRG neurons (~ 90.2%, 825/915), with a small proportion
of DRG neurons were labeled in T13 and L1 DRG neurons (~ 8.5%, 78/915) in control
Trpv1AAV-GFP mice (Figures 1C and 1D). As expected, we found a marked reduction in

the number of the CTB647-labeled neurons in Trpv1AAY-DTA mice when compared with
that in Trpv1AAV-GFP mice (Figure Figures 1C and 1D), suggesting an efficient ablation of
the TRPV1-expressing colon-innervating DRG neurons after intracolonic injections of the
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DTA virus. Three weeks after virus injections, we further assessed visceral pain responses
to graded CRD pressures by recording VMR from the abdominal musculature 3. There
was a marked reduction in the VMR produced by noxious CRD pressures (60 and 80
mmHg) in the Trpvl AAV-DTAmjice when compared to Trpv1AAV-GFP mice (Figures 1E and
1F). In contrast, the virally-mediated ablation of the colon-innervating TRPV1-expressing
DRG neurons did not affect acute somatic mechanical and heat pain (Figures S1F and
S1G). These results provide compelling evidence that colon-innervating TRPV1-expressing
neurons are a critical component of mechanical transduction and nociception in mouse
colon.

Piezo2-expressing colon-innervating TRPV1-lineage neurons contribute to CRD-induced

VMR

Merkel disc-expressing Piezo2 channel contributes to the sense of discriminative touch in
the steady state32 while nociceptor-expressing Piezo2 channel mediates somatic mechanical
allodynia in the setting of inflammation or nerve injury 1718, In the viscera, Piezo2 in
urothelial cells serves as a mechanosensor in the urinary bladder to coordinate voiding

and mediates urothelial mechanotransduction and lower urinary tract interoception 33:34,
Thus, the next question addressed was whether Piezo2 also contributes to visceral
mechanosensitivity in the Gl tract and if so, by what mechanisms does this occur.

By using single-cell quantitative reverse transcription polymerase chain reaction (QRT-
PCR) analysis on retrogradely traced colon-innervating LS DRG neurons from wild type
C57BL/6J mice, Piezo2 mRNA transcripts were detected in 53.6% (15 of 28) of CTB488-
labeled DRG neurons (Figure 2A). TRPV1 mRNA transcripts were detected in 89.3%

(25 of 28) of CTB488-labeled DRG neurons, with 56.0% (14 of 25) of the TRPV1-
positive neurons also expressed Piezo2 mRNA transcripts (Figure 2A). Strikingly, 93.3%
(14 of 15) of the Piezo2-positive CTB488-labeled DRG neurons expressed 7rpvI mRNA
transcripts. The extensive overlapped expression of Piezo2with Trpvi suggests that Piezo2
expressed by the TRPV1-expressing visceral nociceptors may play a critical role in visceral
mechanosensitivity and nociception. We therefore generated nociceptor-specific Piezo2
conditional knockout mice in which Piezo2 function was selectively ablated from TRPV1-
lineage nociceptors by crossing Trpv1C™ mice with Piezo2f/fl mice. Using RNAscope /77
situhybridization we detected a marked reduction of Piezo2 mRNA transcripts in CTB488-
labeled LS DRG neurons retrogradely traced from the colon of the Trpv1C'e::Piezo2f!/l
mice when compared with that from the Piezo2f/fl control littermates (Figure 2B). Next,

in CTB488-labeled LS DRG neurons, we recorded whole-cell mechanically activated
(MA) currents evoked by mechanical indentation using a piezoelectrically actuated blunt
glass probe 16, Based on inactivation kinetics, whole-cell MA currents can be further
classified as rapidly adapting (RA), intermediately adapting (1A), and slowly adapting

(SA) 16, Surprisingly, almost all mechanically activated colon-innervating LS DRG neurons
displayed Piezo2-like RA current in response to mechanical indentation in Piezo2f/fl control
mice (Figure 2C). Importantly, the proportion of mechanosensitive DRG neurons, as well
as the maximal MA current density, was significantly reduced in CTB488-labeled DRG
neurons isolated from Trpv1C7e::Piezo2f/fl mice when compared with those from Piezo2l/fl
control mice (Figures 2C-2E), consistent with loss of Piezo2 function in colon-innervating
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LS DRG neurons in the Trpv1C'e::Piezo2/fl mice. A small proportion of LS DRG neurons
showing MA current (9.8%; 5 of 51) remained in Trpv1Cre::Piezo2/fl mice. We speculate
these neurons may represent Piezo2-expressing TRPV1 negative neurons, and/or Piezol-
expressing neurons, which has been recently identified in DRG neurons mediating itch
sensation 19,

To further examine the role of Piezo2 in colon-innervating sensory afferents, sensitivity

to circumferential stretch was tested in ex vivo visceral afferent recordings from both
Piezo2f/f and Trpv1Cre::Piezo2f/fl colon preparations. As expected, circumferential stretch
evoked colonic afferent action potential firing in a force-dependent manner (Figures 2F
and 2G). Strikingly, stretch-evoked action potential firing was significantly reduced in
Trpv1Cre::Piezo2f/fl mice when compared to Piezo2/fl control littermates (Figures 2F and
2G). To further test the possibility that Piezo2 mediates other types of mechanical stimuli
in the colon, we applied focal mechanical probing and mucosal brushing to the colon
preps. Not surprisingly, action potential firing induced by both probing and brushing was
also significantly reduced in Trpv1C'e::Piezo2f/fl mice (Figure S2). Consistent with ex
vivo visceral afferent recordings, the CRD-induced VMR was also significantly attenuated
in the Trpv1C'e::Piezo2M/fl mice compared to Piezo2f/fl control mice at 40, 60, and 80
mmHg CRD pressures (Figures 2H and 21). Taken together, these results demonstrate that
Piezo2 channels expressed by the TRPV1-lineage neurons are sensitive to various types

of mechanical stimuli and mediate mechanical force-evoked colonic afferent firing, thus
play an important role in visceral mechanotransduction and nociception under physiological
conditions.

Virally-mediated ablation of Piezo2 function from the colon-innervating DRG neurons
markedly suppresses CRD-evoked VMR

The conditional knockout approach causes ablation of Piezo2 channel function from

all TRPV1-lineage DRG and trigeminal neurons. To restrict this genetic manipulation

to colonic visceral afferents, we injected AAV9 vectors encoding a GFP-Cre
(PENN.AAV.hSyn.HI.eGFP-Cre.WPRE.SV40) virus or GFP (AAV-hSyn-EGFP) control
virus into the colon wall of Piezo2/fl mice (Figure 3A). Three weeks after virus injections,
whole-cell MA currents were recorded from GFP-labeled LS DRG neurons. About 36.6%
of the colon-innervating LS DRG neurons isolated from Piezo2”AV-GFP control mice
showed MA currents (Figures 3B-3D). The colon-innervating LS DRG neurons isolated
from Piezo2AAV-GFP-Cre mjce displayed a marked reduction in both the proportion of
mechanically sensitive DRG neurons and their maximal MA current density, suggesting that
Piezo2 is required for MA currents in colon-innervating LS DRG neurons (Figures 3B-3D).

We next tested whether Piezo2 expression in colon-innervating DRG neurons is required for
CRD-evoked visceral mechanosensitivity. Indeed, VMRs evoked by CRD pressures at 60
mmHg and 80 mmHg were significantly diminished in Piezo2AAV-GFP-Cre mice compared
to Piezo2AAV-GFP mice (Figures 3E and 3F). These findings demonstrate that Piezo2
expressed by the colon-innervating LS DRG neurons mediates a substantial component of
the CRD-induced VMR. In marked contrast, the acute heat and mechanical pain responses
in the skin were indistinguishable between the Piezo2AAV-GFP-Cre and Piezo2AAV-GFP mjce,
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confirming the specificity of Piezo2 ablation to colonic visceral afferents (Figure S3A to
S3C). Moreover, although Piezol channel is reported to be expressed by DRG neurons 3536,
the CRD-induced VMR was comparable between the Piezo1AAV-GFP-Cre anq pjezo1 AAV-GFP
mice (Figure S4A to S4C), suggesting that Piezol is either not functionally expressed

by colonic DRG neurons as reported 32 or Piezol-expressing colon-innervating visceral
sensory nociceptors contribute little to CRD-induced visceral mechanosensitivity under
physiological conditions.

Piezo2 mediates visceral mechanical hypersensitivity in a mouse model of IBS

Zymosan, derived from the cell wall of yeast, is widely used to induce visceral
hypersensitivity, comparable to patients with IBS 37. Application of zymosan neither
changed colonic structure nor induced neutrophil-related colonic inflammation (Figures 4A-
4C) although colonic mast cell and macrophage infiltration has been observed in zymosan-
treated mice 38:39, To test if Piezo2 contributes to zymosan-induced visceral hypersensitivity,
we first investigated Piezo2 function in retrogradely labeled colon-innervating LS DRG
neurons isolated from the zymosan-treated mice. Overall, 44.7% of the CTB488-labeled
colon-innervating DRG neurons responded to mechanical indentation in zymosan-treated
C57BL/6J mice, while only 30.2% were activated in vehicle-treated C57BL/6J mice
(Figures 4D and 4E). The maximal current density of the Piezo2-like whole-cell MA
currents was also significantly increased in the CTB488-labeled colon-innervating DRG
neurons isolated from the zymosan-treated C57BL/6J mice compared to those from
vehicle-treated C57BL/6J mice (Figure 4F). To investigate whether the expression of
Piezo2 is increased after zymosan treatment, we did RT-PCR using L6 and S1 DRGs.

The results showed that the expression of Piezo2 is significantly increased in the DRG
neurons isolated from zymosan-treated mice compared to those from vehicle-treated mice
(Figure 4G). Ex vivo colonic afferent recordings showed that circumferential stretch-evoked
firing was significantly increased in zymosan-treated Piezo2/fl mice but not in zymosan-
treated Trpv1Cre::Piezo2f/fl mice (Figures 4H, 41 and S5A). Consistent with afferent nerve
recordings, CRD-enhanced VMR in Trpv1C'e::Piezo2f/fl mice was also markedly reduced
compared with Piezo2f/fl control littermates subjected to zymosan treatment (Figures 4J,
4K, S5B, and S5C). These findings suggest that the contribution of Piezo2 is increased by
zymosan treatment, causing hypersensitivity to CRD.

Piezo2 mediates visceral mechanical hypersensitivity in a mouse model of PCO

PCO is a common clinical problem associated with severe pain, sepsis, and perforation 40,
Experimental PCO in mice causes abnormal morphological changes and hyperexcitability of
primary sensory neurons, which may underlie enhanced visceral pain behavior 1. Because
bowel obstruction is accompanied by lumen distention, we speculated that Piezo2 may
transduce mechanical stimulation and mediate visceral hypersensitivity provoked by PCO.
Consistent with previous studies, mice subjected to PCO procedure had a significantly
increased colon diameter accompanied by increased immune infiltration as shown by
markedly increased number of MPO-positive neutrophils (Figures 5A to 5C). No significant
differences in PCO-induced inflammation were observed between the Piezo2f/fl and
TrpviCre::Piezo2f/fl mice, suggesting that nociceptor-expressed Piezo2 channel function is
probably not involved in the inflammatory response produced by PCO (data not shown).
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We next tested if Piezo2 function was affected in CTB488-labeled colon-innervating DRG
neurons isolated from PCO-treated mice (Figure 5D). The proportion of CTB488-labeled
colon-innervating LS DRG neurons activated by mechanical indentation was 54.3% in PCO
mice, compared to 36.6% in sham-treated mice (Figure 5E). The maximal current density
of Piezo2-like RA currents was also significantly increased in CTB488-labeled colon-
innervating LS DRG neurons isolated from PCO mice, compared with those from sham
treated mice (Figures 5D to 5F). The expression of Piezo2 was also significantly increased
in LS DRG neurons isolated from PCO mice, compared with those from sham control mice
(Figure 5G). Moreover, while PCO enhanced stretch-induced firing in visceral afferents, this
enhancement was substantially reduced in Trpv1C'e::Piezo2f/fl mice compared to Piezo2f/fl
control littermates (Figures 5H, 51 and S5D). Likewise, PCO enhanced VMRs evoked

by colonic distension and this enhancement was greatly reduced in Trpv1Cre::Piezo2fV/l
mice compared to Piezo2fl control littermates (Figures 5J, 5K, S5E, and S5F). Taken
together, these results show Piezo2 in TRPV1-lineage neurons significantly contributes to
PCO-enhanced visceral mechanical hypersensitivity.

Consistent with the data from our genetic manipulation of Piezo2 functions in the
conditional knockout mice, virally mediated knockdown of Piezo2 function from the colon-
innervating DRG neurons also displayed reduced visceral hypersensitivity in both zymosan
model and PCO models (Figure 6). Moreover, blocking Piezo2 with acute intraperitoneal
injection of GsSMTx4 could also alleviate CRD-induced visceral nociception under normal
condition and visceral hypersensitivity caused by zymosan and PCO (Figure S6).

Immobility (reduced voluntary movements) is commonly used as a proxy measurement

for spontaneous pain in both somatic and visceral models 42-44, We measured voluntary
movement to quantify spontaneous pain behaviors in mice subjected to treatment with
either zymosan or PCO. Surprisingly, zymosan-treated mice did not show differences

in total traveling distance, time spent stationary, or time spent moving when compared
with vehicle-treated mice. This suggests that zymosan induces 1BS-like inflammatory
visceral hypersensitivity which is insufficient to produce spontaneous visceral pain without
exogenous distension (Figure S7A to S7E). In marked contrast, the total traveling distance
and time spent moving were significantly decreased after PCO treatment, while the time
spent stationary was significantly increased (compared with sham treatment) (Figures 7A-
7E). This effect was partially reversed by ibuprofen, a nonsteroidal anti-inflammatory drug
used to treat pain, including visceral pain (Figure STF-7H) 4°. This suggests PCO drives
spontaneous visceral pain behaviors in mice. Importantly, the decreased distance moved,
time spent moving and the increased time spent stationary after PCO treatment were all
significantly reduced in Trpv1Cre::Piezo2f/fl mice, compared to Piezo2f! control littermates
(Figures 7F=71). This suggests that Piezo2 contributes to the generation of spontaneous
(non-evoked) visceral pain in PCO mice.

Discussion

Nociceptive TRP channels, especially TRPV1 and TRPAL, play a critical role in neurogenic
inflammation and pain #6. TRPV1 and TRPAL are also important mediators of visceral
hypersensitivity 46 and pharmacological inhibition of TRPV1 and TRPAL1 reduces visceral
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hypersensitivity in various animal models of colonic inflammation 47. Therefore, TRPV1
and TRPA1 have been considered as potential therapeutic targets for treatment of colitis
and visceral hypersensitivity 46, The results of this study support the importance of TRPV1-
expressing nociceptors as a key mediator of both somatic and visceral pain. Our results
further support the involvement of the TRPV1-expressing visceral afferents in visceral
mechanosensitivity and nociception since selective ablation of colon-innervating TRPV1-
expressing visceral nociceptors using a viral Cre-loxp approach mitigated stretch-evoked ex
vivo visceral afferent firing and /n vivo CRD-induced VMR. More importantly, selective
ablation of Piezo2 function from TRPV1-lineage neurons also reduced stretch-evoked
visceral afferent firing and CRD-induced VMR.

Consistent with our findings, a recent study showed that chemogenetic inhibition of TRPV1-
expressing visceral nociceptors using Gi-DREADD (Designer Receptors Exclusively
Activated by Designer Drugs) attenuated visceral hypersensitivity in a mouse model of
chemical-induced colitis 8. Moreover, optogenetic stimulation of visceral afferents in
TRPV1-ChR2 (channelrhodopsin-2) mice evoked action potential firing in 86% of the fibers
recorded;57% of those responsive fibers were stretch-sensitive 4°.

Our /n vitroand in vivo experiments show that Piezo2 is functionally expressed in TRPV1-
lineage neurons most of which have previously been shown to co-express TRPV1 and
TRPAL1 5051 Qur results showed that 93.3% of the Piezo2-positive colonic DRG neurons
also expressed 7rpvI mRNA transcripts. These results are consistent with Hockley’s single
cell RNAseq data 52. However, Meerschaert’s study showed a lower percentage of overlap
between Piezo2and Trpvl in colonic DRG neurons. In their study, only 78.05% of LS
DRG neurons showed detectable expression of 7rpv. Of note, this data conflicts with their
calcium imaging results, in which capsaicin activates 95.45% of LS DRG neurons 3.

Our findings suggest that Piezo2 channels, expressed by TRPV1-lineage neurons, are
involved in visceral mechanical hypersensitivity. Previous studies have demonstrated a

role for TRPA1/TRPV1 in visceral hypersensitivity 47. From this we speculate that TRPV1-
lineage neurons regulate chemosensory responses through sensitization of TRPAL/TRPV1
channels and regulate mechanosensory mechanisms via sensitization of Piezo2. However,
Piezol channels are unlikely to be involved. These combined mechanisms drive action
potential firing in visceral nociceptors, promoting mechanical hypersensitivity associated
with intestinal inflammation and tissue injury. Intriguingly, Borbiro et al. showed that
capsaicin-induced activation of TRPV1 inhibits Piezo2 channel function through depletion
of phosphoinositides 4. Other studies demonstrated reciprocal regulation of TRPV1 and
TRPA1 %557 In addition to TRP channels, previous studies showed that Cav3.2 channels
are involved in the pathogenesis of visceral pain °8-61. Since Piezo2 activation by
mechanical stimulation promotes visceral nociceptor excitability, Cav3.2 likely serves as a
mediator of visceral pain downstream of Piezo2-mediated action potential firing. Therefore,
interaction and integration of functions of various ion channels including Piezo2, Cav3.2,
and TRPV1 likely shape the duration and intensity of mechanically activated visceral
nociception and hypersensitivity. In combination, these studies show a capacity for complex
regulation of multiple nociceptive ion channels in the TRPV1-lineage neurons in visceral
mechanical hypersensitivity.
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It is well-established that loss of Piezo2 function in Merkel cells and primary sensory
neurons causes insensitivity to discriminative touch in mice. Loss-of-function mutations

in humans cause profound deficits in discriminative touch perception and proprioception
32,62 On the other hand, Piezo2-deficient neurons still respond robustly to noxious pinch 18
and individuals with loss-of-function Piezo2 mutations can still sense deep tissue pressure
similar to healthy control subjects 3. They also maintain the ability to detect acute
mechanical pain 84. These studies suggest that Piezo2 is not a mechanosensor for acute
noxious somatic mechanical stimuli. Surprisingly, our study clearly demonstrated that the
VMR induced by noxious intraluminal colonic distension pressures at 60 and 80 mmHg was
markedly reduced in mice with selective ablation of Piezo2 function in colon-innervating
visceral nociceptors. This suggests that the stretch-activated Piezo2 channel plays a major
role in sensing noxious mechanical forces in visceral sensory neurons but not in somatic
sensory nociceptors. We speculate that this explains why the visceral sensory system is
primarily activated by distension/stretch.

Piezo2 deficiency in primary nociceptors reduces somatic mechanical allodynia to both
capsaicin-induced inflammation and in spared nerve injury in mice 7. Strikingly, individuals
with loss-of-function mutations in Piezo2 do not develop mechanical allodynia after skin
inflammation 18, This is compelling evidence that Piezo2 mediates inflammation- and nerve
injury-induced cutaneous mechanical allodynia in mice and humans. The present study
showed that Piezo2 function is required for visceral mechanical hypersensitivity in mouse
models of PCO and zymosan-induced IBS. Taken together, these findings suggest that
Piezo2 contributes to both somatic and visceral mechanical hypersensitivity following tissue
inflammation and injury. Many studies showed the important roles of immune cells as well
as glia in visceral pain 8586, Although the underlying mechanism remains unclear, we
speculate that visceral hypersensitivity might be partially caused by increased expression

of Piezo2. On the other hand, increased levels of inflammatory mediators released from
immune cells in the inflamed or injured tissues may sensitize Piezo2 function, leading

to enhanced mechanical sensitivity. Indeed, PIEZO2-mediated MA currents are enhanced
8-fold by bradykinin in DRG neurons 7. Moreover, extracellular ATP and NGF are also
potent Piezo2 sensitizers 8.6, NGF also sensitizes the nicotinic acetylcholine receptor
subunit alpha-3 (CHRNAZ3)-expressing “silent nociceptors”, which is mediated by Piezo2
70 Intracellular signaling pathways involving cAMP, EPAC1, GBy, PKA, and PKC have
all been reported to cause Piezo?2 sensitization 67-69.71.72_ Fyture studies are needed to
determine which of these signaling molecules is involved in PIEZO2-mediated visceral
mechanical hypersensitivity in the setting of GI inflammation and obstruction.

In summary, our results demonstrate that Piezo2 channels expressed by TRPV1-lineage
visceral nociceptors mediate a large component of acute visceral mechanical nociception
under physiological conditions. Importantly, Piezo2 channels expressed by TRPV1-lineage
visceral nociceptors also emerged as a critical mediator of pathologic visceral mechanical
hypersensitivity in mouse models of IBS and PCO, thus identifying Piezo2 channel as a
potential therapeutic target for the treatment of chronic visceral pain.
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STAR Methods

Resource availability

Lead contact—Further information and requests for resources and reagents
should be directed to and will be fulfilled by the lead contact, Hongzhen Hu
(hongzhen.hu@wustl.edu).

Materials availability—This study did not generate new unique reagents.

Data and code availability—Data reported in this paper are available from the lead
contact upon reasonable request.

This paper does not report original codes.

Any additional information required to reanalyze the data reported in this paper is available
from the lead contact upon request.

Experimental model and subject details

Transgenic mice—All animal experiments used in this study were approved by the
Animal Studies Committee at Washington University in Saint Louis School of Medicine and
were done in accordance with the guidelines of the National Institutes of Health and the
International Association for the Study of Pain. Wild-type C57BL/6J, Ai9™/fl piezo1f/fl and
Piezo2f/fl were obtained from the Jackson Laboratory (Bar Harbor, ME, USA). Trpv1Cre
mice were donated by Dr. Mark Hoon from NIH. Mice were housed under a standard 12:12
hour light-dark condition with free access to water and food. Mice facility core staff and
researcher monitored mice daily. Mice were used in behavior experiments at about 8 weeks
of age. 3-weeks old mice were used for virus injection. All behavioral tests were done

by observers blind to the genotypes of mice. Experiments were performed on independent
cohorts of male and female mice and no differences between the sexes were found. For all
experiments, the number of replicates and statistical test used are reported in figure legends.
The reported replicates refer to biological replicates. Sample sizes were within the range
generally used in the visceral pain field. Data were not excluded in any studies.

Method details

Intracolonic injections—Mice were anesthetized with 3% isoflurane followed by 1%
isoflurane to maintain anesthesia. To prevent dehydration of eyes, artificial tears were used.
After shaving and sterilization of the abdomen, mice were placed on a sterile surgical pad
and covered with a sterile surgical drape. The colon was exposed by making a midline
incision through the abdominal wall. 2 uL of CTB or virus (500 nL*4 sites) was injected

at a flow rate of 100 nL/minute to enhance convection with a pulled glass pipette, and the
needle was left in place for at least 5 minutes to prevent reflux. Following injection, the
abdominal wall was sutured, and skin was closed using surgical sutures. Antibiotic ointment
was applied to the closed surgical site. Tissues were collected for analysis 5 days after
CTB injections. Behavioral data and tissues were collected for analysis 3 weeks after AAV
injections.
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Electrode implant for VMR—Mice were anesthetized with inhaled 3% isoflurane for
induction, reduced to 1% for maintained anesthesia. The hair of the lower right abdominal
area and the back of the neck was removed with a clipper and the shaved areas were
disinfected with betadine. A small (about 1 cm) incision was made in the skin of the

lower right abdomen. Small scissors were used to separate the skin from the abdominal
musculature around the incision. A small incision (about 0.5 cm) was then made in the
skin overlying the back of the neck. A sterile glass tube (about 1.5 mm diameter) was then
subcutaneously tunneled from the neck incision to the abdominal incision. Two sterilized
and insulated stainless steel EMG electrode wires (about 10 cm length; FE632111, Advent
Research Materials, Oxford, England) were threaded through the glass tube. The glass tube
was removed, the electrodes tips (2 — 3 mm) were exposed by removing the insulation and
then secured in the abdominal musculature with suture. The skin was closed using sutures.

CRD-induced VMR—The CRD-system was composed of a Distender Series Il barostat
(G and J Electronics, Toronto, ON, Canada) and an amplifier for electrophysiological
recordings from the abdominal electrodes (1ISO-80, World Precision Instruments, Sarasota,
FL). A custom-made balloon (1 cm length x 1 cm inflated diameter) prepared from a
condom was tied over a PE60 catheter with silk 4.0. On the experimental day, mice were
lightly anesthetized with 2% isoflurane and a lubricated balloon with a connecting catheter
was inserted into the colon 2 cm proximal to the anus. The catheter was fixed to the

base of the tail with tape to avoid any displacement. Mice were restrained using a 50

ml plastic tube and were allowed to recover for 30 min before colorectal distension. The
balloon was connected to the barostat system and was distended with barostat equipment
under computer control using ProtocolPlus Deluxe and Labchart softwares. The ascending
phasic distension (from 10 to 80 mmHg) paradigm, consisting of three 10 s pulses at each
pressure and at least 5-min inter-pulse intervals, was used. The visceromotor responses
(VMR) were quantified as pressure changes in the colonic distending balloon during the
colorectal distension procedure. VMR were calculated as the average of the three pulses for
each pressure.

Treatment of RTX to ablate TRPV1-expressing nociceptive fibers—4-week-old
mice were subcutaneously injected with RTX (Sigma, St. Louis, MO) into the flank in three
escalating (30, 70, and 100 pg/kg) doses on consecutive days. Control mice were injected
with vehicle solution. RTX- or vehicle-treated mice were allowed to rest for at least 4 weeks
before behavioral test.

Zymosan-induced IBS model—At day 0, baseline response of VMR to CRD (15t VMR)
was measured and mice were then anesthetized with 2 % isoflurane inhalation and the distal
colon was carefully rinsed with 1ml of saline via intrarectal perfusion at a distance of 2

cm from the anus via a 18-gauge, 5-cm-long disposable feeding needle, followed by the
intrarectal application of 1 ml of 30% ethanol to remove the mucous barrier and another 1
ml saline to rinse the colon. Zymosan and saline were given daily for three consecutive days
from day 1 to day 3. Briefly, 0.1 ml of zymosan (a Glucan prepared from yeast cell wall
characterized as a protein-carbohydrate complex, Sigma, St. Louis, MO) suspension of 30
mg/ml in saline was injected into the colons of mice over a period of 5 min via a feeding
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needle. Control mice were injected with 0.1 ml of saline. Response of VMR to CRD (2"
VMR) was measured on day 4. Visceral hypersensitivity induced by zymosan was assessed
using the formula of AVMR=2"4 VMR-15t VMR.

Mouse model of PCO—At day 0, baseline response of VMR to CRD (15t VMR)

was measured before assessing colorectal hypersensitivity. At the same day, mice were
anesthetized using 2% isoflurane inhalation. After midline laparotomy, a distal colon
segment 3 cm proximal to the end of colon was carefully exposed. A customized 3-mm
diameter medical grade silicon ring was mounted around the colon wall. The sham control
mice underwent the same surgical procedure except that the ring was removed immediately
after the procedure. The skin was closed using sutures. At day 4, response of VMR to CRD
(2" VMR) was measured and visceral hypersensitivity induced by PCO was assessed using
the formula of AVMR=2"d VMR-15t VMR.

Open field test—To determine spontaneous pain-like behaviors in zymosan-treated mice
and PCO mice, the open field (OF) test was carried out. The mouse was placed in the center
of a square arena (25 cm x 25 cm x 30 cm) and acclimated for 10 min. The horizontal
locomotor activity of the mice within 5 min was videotaped and analyzed with EthoVision
XT software to measure travel distance, time spent moving and time spent stationary.

Virus—pENN.AAV.hSyn.HI.eGFP-Cre. WPRE.SV40 was a gift from James M.

Wilson (Addgene viral prep # 105540-AAVY; http://n2t.net/addgene:105540 ;
RRID:Addgene_105540). pAAV-hSyn-EGFP was a gift from Bryan Roth (Addgene viral
prep # 50465-AAV9; http://n2t.net/addgene:50465 ; RRID:Addgene_50465). rAAV-EFla-
DIO-DTA-WPRE-hGH-pA (BrainVTA, PT-0345) and rAAV-EFla-DIO-EGFP-WPRE-
hGH-pA (BrainVTA, PT-0795) were purchased from BrainVTA.

Isolation and culture of DRG neurons—RBriefly, laminectomies were done before
DRG (L6 and S1) were dissected out. After removal of connective tissues, DRG were

placed in 1 mL Ca2*/Mg%*-free Hank’s Balanced Salt Solution (HBSS) containing 2 mg
collagenase type Il (Worthington Biochemical, Lakewood, NJ, USA) and 2 mg dispase
(Worthington Biochemical) for 45 min. Neurons were gently triturated, pelleted, and then re-
suspended in Neurobasal-A culture medium containing 1% B-27 supplement (ThermoFisher
Scientific, Waltham, MA, USA), 100 U/mL penicillin plus 100 pg/mL streptomycin (Sigma-
Aldrich, St. Louis, MO, USA), 100 ng/mL nerve growth factor (NGF, Sigma), 20 pg/mL
glial cell-derived neurotrophic factor (GDNF, Sigma-Aldrich) and 10% heat-inactivated FBS
(Sigma-Aldrich). After plating, DRG neurons were cultured in a humidified incubator at 37
°C for at least 24 h before use.

Single DRG neuron picking—DRG neurons were dissociated and purified using a 15%
BSA density gradient column. GFP- or CTB488-labeled neurons were visually identified
under a Nikon Eclipse TE200-S microscope (Tokyo, Japan) and manually picked using a
micromanipulator (Sutter Instrument, Novato, CA). Pre-sterilized glass electrodes filled with
HBSS were used to harvest individual DRG neurons. The single isolated DRG neuron was
drawn into the tip of a glass electrode by applying negative pressure and was transferred to

a PCR tube containing 10 pL of Single Cell Lysis/Dnase | solution (4458237, Invitrogen).
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The contents were incubated at room temperature for 5 min, then 1 pL of Stop Solution was
added to lysis reaction. The samples were stored at —20 °C until cDNA synthesis.

Single cell RT-PCR—Single cell RT-PCR were performed with Invitrogen Single Cell-to-
CT™ Kit (4458237, Invitrogen) according to the manufacturer’s manual. The primers of
PiezoZ, Trpvl, Gfap, and Gapdhwere mixed with preamplification reaction mix and 2 pL of
the products from the preamplification was used for the real-time RT-PCT reaction.

Whole-Cell Patch-clamp recordings—Whole-Cell Patch-clamp recordings were
performed at room temperature using an Axopatch 200B amplifier (Axon Instruments). The
resistance of patch pipette was 3-4 MQ when filled with an internal solution consisting of
(inmM): 133 CsCl, 10 HEPES, 5 EGTA, 1 CaCly,, 1 MgCl,, 4 MgATP, and 0.4 Na,GTP
(pH adjusted to 7.3 with CsOH). The extracellular solution was made of (in mM): 127
NaCl, 3 KCI, 1 MgCl,, 10 HEPES, 2.5 CaCls, 10 glucose (pH adjusted to 7.3 with NaOH).
Currents were sampled at 20 kHz and filtered at 2 kHz. Leak currents before mechanical
stimulations were subtracted off-line from the current traces. Mechanical stimulation was
achieved using a fire-polished glass pipette (tip diameter 3—4 um) positioned at an angle

of 85° to the cell being recorded. The probe was advanced onto the cell by a Clampex
controlled piezo-electric crystal microstage (E625 LVPZT Controller/Amplifier; Physik
Instrumente). To measure the maximal current density evoked by mechanical stimuli, a
series of steps in 1 um increments were applied every 10 s, which allowed full recovery from
mechanical stimulation. Inward MA currents were recorded at a holding voltage of -80 mV.

Ex vivo afferent recording from colorectum-pelvic nerve preparations—Mice
were sacrificed and ~3 cm of distal colorectum was removed along with the pelvic/rectal
nerves. Tissues were placed into ice-cold Krebs’ solution bubbled with carbogen and

then transferred to an organ bath consisting of two adjacent chambers separated by a
plastic gate. The colon was opened longitudinally along the mesenteric border and the

full thickness preparation was placed in a Sylgard-lined chamber with circulating Krebs’
solution maintained at 35°C and pinned flat with mucosal side up. Multiple rectal nerves
leading to the pelvic ganglia were dissected free of surrounding connective tissue. The
nerves were then pulled into a chamber filled with mineral oil and placed on a mirror

plate. Small bundles of the nerve were teased and hung on a gold electrode for action
potential recordings. Signals were amplified (ISO80; WPI, Sarasota, FL, USA) and recorded
at 20 kHz (PowerLab16sp, LabChart 7, ADInstruments, Castle Hill, NSW, Australia). A
calibrated isotonic transducer (Harvard Bioscience, model 52-9511, S. Natick, MA, USA)
was coupled to preparations via a pulley and an array of hooks, 5-10 mm wide. Distending
loads used to stretch the gut in the circumferential axis were applied as weights attached to
the arm of the isotonic transducer. Distensions were held for a duration of 10 seconds, with
a recovery period of 5 minutes between distensions. Focal mechanical probing and mucosal
brushing were applied according to published paper 3.

Histology—Mice were anesthetized using ketamine—xylazine cocktail and transcardially
perfused with 30 ml of ice-cold PBS followed by 30 ml of ice-cold 4% paraformaldehyde
(PFA). DRG and colon tissues were dissected and were post-fixed in ice-cold PFA for
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overnight. Tissues were cryoprotected in 30% (wt/vol) sucrose—PBS solution for 48 h
before they were frozen in OCT. Tissues were sectioned at 12 pm with a Leica CM-1950
cryostat, allowed to air dry for 30 min and washed using PBS containing 0.3% Triton-X
100 (PBST). Tissue sections carrying endogenous fluorescence were directly mounted using
Fluoromount-G. Tissue sections that required staining were blocked using 10% normal goat
serum for 1 h at room temperature and incubated in primary antibody at 4 °C overnight.
Tissues were washed three times for 10 min each time and were stained with secondary
antibody at room temperature for 3 h. After staining, tissue sections were mounted using
Fluoromount-G and imaged using a Nikon C2 confocal microscope with NIS-Elements
imaging software (Nikon Instruments Inc., Melville, NY, USA).

Quantification and statistical analysis—All retrograde tracing, patch-clamp,
histology, and ex vivo afferent recording experiments were repeated using cells or tissues
from at least three different mice. All attempts at replication were successful. Sample

sizes for VMR recording and open field test were selected on the basis of power analysis
of related publications. Statistical analysis was performed using GraphPad Prism 7.0
(GraphPad). Unless stated otherwise, data are presented as mean * s.e.m. for n independent
observations. Variable differences between two experimental groups were assessed using
two tailed unpaired Student’s ftest, as indicated in figure legends. Two-way Analysis Of
Variance (ANOVA) with Bonferroni post-hoc analysis was used for comparisons of multiple
treatment groups. P values were used to determine statistical significance and P<0.05 was
considered significant.
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Highlights

Piezo2 channels in TRPV1* visceral afferents contribute to colonic
mechanosensation.

Piezo2 channels contribute to mechanically-induced visceral pain signaling in
mice.

Ablation or inhibition of Piezo2 function ameliorates visceral
hypersensitivity.

Piezo2 could be a therapeutic target to silencing the gut-brain axis.
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Figure 1. Virally-mediated ablation of colon-innervating TRPV1-expressing nociceptors
attenuates CRD-induced VMR.
(A). Schematic representation of intracolonic injections of AAV encoding GFP or DTA into

the Trpv1C mice followed by intracolonic injections of CTB 647 for retrograde labeling.
(B). Schematic diagram illustrating the AAV-EF1a-DIO-DTA construct that expresses
diphtheria toxin subunit A (DTA) in a Cre-dependent configuration to cause selective cell
death in Cre-expressing neurons. (C, D). Representative images (C) and quantification (D)
of retrogradely-labeled DRG neurons following injection of CTB-647 into the distal colon of
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TRPV1AAV-GFP and TRPVIAAV-DTA mjce *P < 0.05, **p < 0.01, ****P < 0.0001, Statistical
analyses by two-way ANOVA, with post hoc independent-samples t-test with FDR (False
Discovery Rate) correction to compare T13, L1, L2, L5, L6, S1 and S2. (E). Representative
electromyogram recordings elicited by graded CRD pressures (10, 20, 40, 60 and 80 mmHg)
recorded from TRPV1AAV-GFP mice and TRPV1AAV-DTA mige. (F). Summary data showing
that TRPV1AAV-DTA mjce display significantly decreased VMR to CRD compared with
TRPV1AAV-GFP mice at distension pressures of 60 mmHg and 80 mmHg. ****P < 0.0001,
two-way ANOVA, n=5 mice per group. All data are expressed as means + S.E.

Neuron. Author manuscript; available in PMC 2024 February 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Xie et al. Page 24

Piezo2™ Trpv1©e®:: Piezo2M" C Piezo2" Trpvice::Piezo2"

/
i

Single cell RT-PCR
Colon-innervating DRG neurons

““" 100 pAL— 100 pAL—
‘ "‘ 20 ms 20 ms
&5 = |
= E
@ g [ Responder
'zl‘.l‘w [ Non-responder _ 80
ci el
> L/ 2860
D . 5 .
£ I Piezo2 ce .."
S8, 00, METRPVI £ 2401 o5
8 = ; 2 P
Eg 80 £5201 ‘% .
§5 60 ol ame -
©° 3
g 2 40 Piezo2" Trpv1°e::Piezo2"" p'\e?-dz““ G-_c-_'_Pl\e-z'O?:
=g 20 =
o
Piezo2™
F o ——— H  Baselne j  20mmHg; |
Piezo2™  Trpv1¢e::Piezo2"" — - Piezo2™
- b am 2 .
00 misssmniniein wemmesmmms 120 ...%zi?g,uxpiezozm 40 mmHg 80 mmHg 1000, = Trpvi©e:Piezo2"
! 11 t S o ' %"—'l g W 5o = 3
5 «
g W F S : < 600
_Aq_d) 40 |—200 PV Cre-- D fiin & 400
Trpv1©e::Piezo2 =
= 1s
] > 200

Baseline I, 20mmHgt

" : : - . + ol - : . -
1 3 & 10 15 40 mmHg 1 80 mmHgI 10 20 40 60 80

Circumferential stretch (g) hf 1 CRD pressure (mmHg)

| Distension on t Distension off

s
[=]
i=]

—

g_.

—

| —

45 1Stretchon
1 Stretch off

Figure 2. Conditional knockout of Piezo2 from TRPV1-lineage neurons attenuates visceral
mechanosensitivity and nociception.

(A). Donut plot showing expression and co-expression of PiezoZand TrpvZ in 28 individual
retrogradely traced colon-innervating LS DRG neurons. Each color represents an individual
gene with expression marked by bold shading (upper panel). PiezoZ2 is represented in

the outer ring, with 7rovZ in the inner ring. Summary data of single-cell gRT-PCR of
retrogradely labeled colon-innervating DRG neurons reveal the percentage of neurons
expressing PiezoZand TrpvI (lower panel; n=28 cells from 5 mice). (B). Representative
images of Piezo2in situ hybridization in L6 DRG sections from Piezo2f/fl (left) and
TrpviCre::Piezo2f/M (right) mice. Green, CTB488; Red, Piezo2 transcript. Images shown
here were representative of three independent experiments using tissues from three different
mice. Scale bar=100 pm. (C). Representative whole-cell MA current traces elicited by
mechanical indentation in retrogradely labeled CTB 488* colon-innervating DRG neurons
isolated from Piezo2f/fl and Trpv1Cre::Piezo2/fl mice. (D-E). The proportions of DRG
neurons (D) responding with whole-cell MA currents and maximal current density (E)

of inward whole-cell MA currents elicited at a holding potential of =80 mV in colon-
innervating DRG neurons isolated from Piezo2f/fl and Trpv1Cre::Piezo2/fl mice. Data

are expressed as mean + S.E. ***P<0.001, unpaired #test. n=52 cells from 8 mice for
Piezo2f/f group; n=51 cells from 7 mice for Trpv1Cre::Piezo2/l group. (F). Representative
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traces of colon pelvic nerve recordings from Piezo2™/fl and Trpv1Cre::Piezo2f/fl mice. (G).
Summary data of colon pelvic nerve recording of Piezo2f/fl and Trpv1Cre::Piezo2/fl mice
in response to graded circumferential stretch (1, 3, 5, 10, and 15g). *P < 0.05, **P <0.01,
**k%P < 0,0001, two-way ANOVA, n=15 units from 5 mice for Piezo2™fl group and

n=17 units from 6 mice for Trpv1C"e::Piezo2f/fl group. (H). Representative electromyogram
recordings induced by graded CRD pressures (10, 20, 40, 60 and 80 mmHg) in Piezo2l/fl
and Trpv1Cre::Piezo2/f mice. (1). Trpv1Cre::Piezo2M/l mice displayed significantly reduced
CRD-induced VMRs compared to Piezo2/fl mice. *P<0.05, **P<0.01, ***P<0.001, two-
way ANOVA, n=6 to 7 mice per group. All data are expressed as mean + S.E.
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Figure 3. Virally-mediated knockdown of Piezo2 function from colon-innervating DRG neurons
reduces visceral mechanosensitivity and nociception.

(A). Schematic representation of intracolonic injection of AAV encoding GFP or GFP-
Cre into Piezo2/f mice. (B). Representative whole-cell MA currents in response

to mechanical indentation in GFP* DRG neurons isolated from Piezo2AAV-GFP angd
Piezo2AAV-GFP-Cremjce, (C). Proportions of DRG neurons responding with whole-cell
MA currents in Piezo2AAV-GFP and Piezo2AAV-GFP-Cre mice. n=41 cells from 5 mice
for Piezo2AAV-GFP and n=37 cells from 5 mice for Piezo2AAV-GFP-Cre (D). Maximal

Piezo2AAV-Cre
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current density of inward whole-cell MA currents elicited at a holding potential of —80

mV in DRG neurons from Piezo2AAV-GFP and Piezo2AAV-GFP-Cre mice, **P < 0,01, two-
tailed Student’s #test. n=41 cells from 5 mice for Piezo2AAV-GFP and n=37 cells from

5 mice for Piezo2AAV-GFP-Cre (E) Representative electromyogram recording elicited by
graded CRD pressures in Piezo2AAV-GFP mice and Piezo2AAV-GFP-Cre mice, (F). Summary
data showing that Piezo2AAV-GFP-Cre mice displayed significantly decreased CRD-induced
VMRs compared with Piezo2AAV-GFP mice at distension pressures of 60 mmHg and 80
mmHg. **P < 0.01, two-way ANOVA, n=5 mice per group. All data are expressed as means
+S.E.
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Figure 4. Piezo2 contributes to visceral hypersensitivity in a mouse model zymosan-induced IBS.
(A). Representative images of colon preparations from vehicle- and zymosan-treated mice.

Note the zymosan-treatment did not cause overt structural changes compared to vehicle-
treated mice, n.s., no significant difference, unpaired ¢test, n=6. (B). Double labeling of
DAPI (blue) and MPO (red) in colon preparations from vehicle- (left) and zymosan-treated
(right) mice. Images shown here were representative of three independent experiments.
Scale bar=100 um. (C). Statistical data showing comparable numbers of MPO* cells in
zymosan-treated mice compared to the Sham-treated mice, n.s., no significant difference,
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unpaired ¢test, n=5 tissues from 5 mice. (D). Representative traces of whole-cell MA
currents elicited by membrane displacement steps from CTB 488* colon-innervating DRG
neurons isolated from vehicle-treated and zymosan-treated mice. (E). Summary data of the
proportions of DRG neurons responding with whole-cell MA currents in vehicle-treated
and zymosan-treated mice. n=43 cells from 5 mice for vehicle group and n=38 cells

from 5 mice for zymosan group. (F). Summary data of the maximal current density of
inward whole-cell MA currents elicited at a holding potential of —80 mV in response to
mechanical indentation. *P<0.05, unpaired ftest. n=43 cells from 5 mice for vehicle-treated
group and n=38 cells from 5 mice for zymosan-treated group. (G) Quantitative RT-PCR
analysis of Piezo2 in L6 and S1 DRGs after zymosan treatment. *P<0.05, unpaired #test.
n=7 mice for vehicle group and n=5 mice for zymosan group. (H). Representative traces

of colon pelvic nerve recording of Piezo2™/fl and Trpv1C'e::Piezo2f/fl mice subjected to
zymosan treatment. (1). Summary data of stretch stimuli-induced nerve firings of colon
nerve recording in Piezo2/f and Trpv1Cre::Piezo2f/fl mice subjected to zymosan treatment.
*P<0.05; ****P<0.0001, two-way ANOVA. n=14 units from 4 mice for Piezo2™f group
and n=7 units from 3 mice for Trpv1¢'e::Piezo2f/ group. (J). Schematic diagram showing
the timing of zymosan treatment and VMR recording. (K). Summary data showing that
zymosan-induced visceral hypersensitivity is significantly reduced in Trpv1C'e::Piezo2f/fl
mice compared to that in Piezo2f/fl mice. ****P<0.0001, two-way ANOVA, n=5 mice per
group. All data are expressed as mean = S.E.
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Figure 5. Piezo2 mediates visceral mechanical hypersensitivity in a mouse model of PCO.
(A). Representative images of colon preparations from sham- and PCO-treated mice. Note

the PCO-treated mice showed increased colonic diameter compared to sham-treated mice.
***pP < 0.001, unpaired #test, n=5-6 per group. (B). Double labeling of DAPI (blue) and
MPO (red) in colon preparations from sham- (left) and PCO-treated (right) mice. Images
shown here were representative of three independent experiments. Scale bar=100 pm. (C).
Statistical data illustrating a statistically significant increase of MPO™ cells in PCO-treated
mice compared to the sham-treated mice. ***P < 0.001, unpaired ¢test, n=5 per group.
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(D). Representative traces of whole-cell MA currents elicited by membrane displacement
steps from CTB 488" colon-innervating DRG neurons isolated from sham- and PCO-treated
mice. (E). Proportions of DRG neurons that had MA currents in sham- and PCO-treated
mice. n=41 cells from 5 mice for sham-treated group and n=35 cells from 5 mice for
PCO-treated group. (F). Summary data of the maximal current density of inward whole-
cell MA currents recorded at a holding potential of =80 mV in response to mechanical
indentation in Sham- and PCO-treated mice. *P<0.05, unpaired #test, n=41 cells from 5
mice for sham group and n=35 cells from 5 mice for PCO group. (G) Quantitative RT-PCR
analysis of Piezo2 expression in L6 and S1 DRGs after PCO procedure. *P<0.05, unpaired
ttest. n=6 mice for each group. (H). Representative traces of colon pelvic nerve recordings
from Piezo2f/fl and Trpv1Cre::Piezo2f/fl PCO-treated mice. (1). Summary data of colonic
stretch-evoked pelvic nerve firing in Piezo2®/fl and Trpv1Cre::Piezo2f/fl PCO-treated mice.
**x*%P<() 0001, Two-way ANOVA, n=27 units from 7 mice for Piezo2f/fl group and n=13
units from 5 mice for Trpv1©e::Piezo2f/f group. (J). Schematic diagram showing the timing
of PCO procedure and VMR recording. (K). Summary data showing that PCO-induced
visceral hypersensitivity is significantly reduced in Trpv1Cre::Piezo2f/fl mice compared to
in Piezo2Mfimice. ****P<0.0001. Two-way ANOVA, n=6 mice per group. All data are
expressed as mean + S.E.
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Figure 6. Virally-mediated knockdown of Piezo2 function from colon-innervating DRG neurons
reduces visceral hypersensitivity induced by zymosan and PCO.

(A). Schematic representation of intracolonic injection of AAV encoding GFP or GFP-

Cre into Piezo2/f mice. (B). Schematic diagram showing the timing of AAV injection,
zymosan treatment, and VMR recording. (C) Summary data showing that Piezo2AAV-DTA
mice display significantly decreased zymosan-induced visceral hypersensitivity compared
to Piezo2AAV-GFP mice. *P<0.05, **P<0.01, ***P<0.001. Two-way ANOVA, n=5 mice

per group. (D) Summary data showing that neither Piezo2AAV-GFP nor Piezo2AAV-DTA

mice display visceral hypersensitivity after vehicle treatment. n=4 mice per group (E).
Schematic diagram showing the timing of AAV injection, PCO surgery, and VMR recording.
(F) Summary data showing that Piezo2AAV-DTA mice display significantly decreased
visceral hypersensitivity induced by PCO compared to Piezo2AAV-GFP mice. *P<0.05,
****pP<0.0001. Two-way ANOVA, n=5 mice per group. (G) Summary data showing that
neither Piezo2AAV-GFP nor Piezo2AAV-DTA mice display visceral hypersensitivity after sham
surgery. n=4 mice per group. All data are expressed as mean + S.E.
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Figure 7. PCO causes a pain-related reduction in voluntary movement which is partially
prevented by genetic ablation of Piezo2 function.

(A). Schematic representation of PCO procedure and open field recording. (B).
Representative images illustrating heat maps of voluntary movements of sham- and
PCO-treated wild type C57BL/6J mice. (C-E). PCO procedure markedly reduced total
moving distance (C), and total time spent moving (D), but increased total time spent
stationary (E). ***P<0.001, ****P<0.0001, two-way ANOVA, n=6 mice per group.
(F). Representative images illustrating heat maps of voluntary movements in Piezo2f!/fl
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(left) and Trpv1Cre::Piezo2f/fl (right) mice after PCO surgery in open field test. (G-1).
TrpviCre::Piezo2f/fl mice showed increased total moving distance (G) and time spent
moving (H) and decreased time spent stationary (1) compared with Piezo2/fl mice.
*P<0.05, two-way ANOVA, n=6 mice per group. All data are expressed as mean + S.E.
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REAGENT or RESOURCE | source | iDENTIFIER
Antibodies
MPO | Dako Omnis | Cat#: A0398

Virus strains and CTB

pENN.AAV.hSyn.HIl.eGFP-Cre. WPRE.SV40

James M. Wilson lab

Addgene Cat#: 105540

PAAV-hSyn-EGFP

Bryan Roth lab

Addgene Cat#: 50465

rAAV-EFla-DIO-DTA-WPRE-hGH-pA BrainVTA Cat#: PT-0345
rAAV-EFla-DIO-EGFP-WPRE-hGH-pA BrainVTA Cat#: PT-0795
CTB488 Invitrogen Cat#: C34775
CTB647 Invitrogen Cat#: C34778
Chemicals, peptides, and recombinant proteins

Zymosan Sigma Aldrich Cat#: 24250
Ibuprofen Sigma Aldrich Cat#: 14883
GsMTx4 Tocris Bioscience Cat#: 4912

Critical commercial assays

Single Cell-to-CT™ gRT-PCR Kit

Invitrogen

Cat#: 4458237

Experimental models: Organisms/strains

C57BL/6J

The Jackson Laboratory

RRID:IMSR_JAX:000664

TrpviCre

Mark A Hoon lab

N/A

B6.Cg- GH(ROSA)26S0rmS(CAG-dTomato)tize)

The Jackson Laboratory

RRID:IMSR_JAX:007909

B6.Cg-Piezo1tm2.1Apal)

The Jackson Laboratory

RRID:IMSR_JAX:029213

B6(SJL)-Piezo2m22Apal)

The Jackson Laboratory

RRID:IMSR_JAX:027720

Oligonucleotides

Piezo2 TagMan assay Mm01262433_m1l
Trpvl TagMan assay Mm01246300_m1
Gapadh TagMan assay Mm99999915 g1

Software and algorithms

Prism 6 GraphPad https://www.graphpad.com/scientific-software/
prism/

Ilustrator CS6 Adobe https://www.adobe.com/products/illustrator.html

EthoVision XT 13 Noldus RRID: SCR_000441

Spike2 8.03 Cambridge Electronic Design Limited | RRID: SCR_000903

pClamp Molecular Devices RRID: SCR_011323

LabChart 7 ADInstruments https://www.adinstruments.com/products/labchart
Other

RNAscope probe: Piezo2

ACDBio

Cat#: 439971-C2
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