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Abstract

Sensation of mechanical forces is critical for normal function of the gastrointestinal (Gl) tract and
abnormalities in mechanosensation are linked to Gl pathologies. In the Gl tract there are several
mechanosensitive cell types—epithelial enterochromaffin cells, intrinsic and extrinsic enteric
neurons, smooth muscle cells and interstitial cells of Cajal. These cells use mechanosensitive ion
channels that respond to mechanical forces by altering transmembrane ionic currents in a process
called mechanoelectrical coupling. Several mechanosensitive ionic conductances have been
identified in the mechano-sensory Gl cells, ranging from mechanosensitive voltage-gated sodium
and calcium channels to the mechanogated ion channels, such as the two-pore domain potassium
channels K2P (TREK-1) and nonselective cation channels from the transient receptor potential
family. The recently discovered Piezo channels are increasingly recognized as significant
contributors to cellular mechanosensitivity. Piezol and Piezo2 are nonselective cationic ion
channels that are directly activated by mechanical forces and have well-defined biophysical and
pharmacologic properties. The role of Piezo channels in the GI epithelium is currently under
investigation and their role in the smooth muscle syncytium and enteric neurons is still not known.
In this review, we outline the current state of knowledge on mechanosensitive ion channels in the
Gl tract, with a focus on the known and potential functions of the Piezo channels.

1. THE GASTROINTESTINAL TRACT MECHANOSENSITIVITY

Electromechanical organs, such as the heart and Gl tract, are electrically excitable tissues
with a primary mechanical function. These organs generate, and are subject to, mechanical
forces that need to be detected as physiologic stimuli and as feedback signals to maintain
normal function. Mechanosensitivity is critical for normal GI function and abnormalities in
mechanosensitivity lead to disease. For example, in the stomach, distention is a critical
determinant not only of gastric motility but also of satiety. Consequently, abnormalities in
mechanosensation are associated with diseases such as obesity (Acosta et al., 2015). In the
colon, alterations in mechanosensitivity lead to disorders of defecation, such as constipation
(Neshatian et al., 2015), and may also be involved in the pathogenesis of colon cancer
(Eisenhoffer et al., 2012; Fernandez-Sanchez et al., 2015).

2. MECHANOSENSITIVE CELLS IN THE GASTROINTESTINAL TRACT

At a fundamental level, all cells are mechanosensitive because of the need to sense normal
physiologic forces (Sachs & Morris, 1998), such as cell crowding in the epithelium
(Eisenhoffer et al., 2012). Given the importance of mechanosensation and ubiquity of
mechanical forces, cells have developed several mechanisms of mechanosensation, ranging
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from integrins for mechanical interaction with substrates to mechanosensitivity of the
nuclear envelope to modulate gene expression (reviewed in Eyckmans, Boudou, Yu, &
Chen, 2011).

In the mechanically active tissues such as the gut, bladder, and heart, there are tissue-specific
forces that are important for normal function. In these tissues, specific cells sense acute
mechanical deformation. In the gastrointestinal (GlI) tract several cell types are
mechanosensitive (Fig. 1). The mechanosensitive cells in the Gl tract are present within all
layers of the wall: mucosa, submucosa, smooth muscle, and the submucosal and myenteric
(between circular and longitudinal muscle) plexuses. In the epithelium, in response to
mechanical forces, enterochromaffin (EC) cells release serotonin, which has well-
documented effects on motility and secretion (reviewed by Mawe & Hoffman, 2013). In the
mucosa, submucosa, and muscle layers, both intrinsic enteric and extrinsic nerves respond to
mechanical stimuli. In the smooth muscle syncytium, both the smooth muscle pacemakers—
the interstitial cells of Cajal (ICC) and smooth muscle cells (SMC) are mechanosensitive.

3. MECHANOSENSITIVE ION CHANNELS

Mechanosensory cells detect mechanical forces and transduce them into electrical signals
using mechanosensitive ion channels (reviewed in Hamill & Martinac, 2001).
Mechanosensitive ion channels are transmem-brane proteins that form ion conduction pores
with gates that are strongly altered by mechanical forces (reviewed in Arnadottir & Chalfie,
2010; Hamill & Martinac, 2001; Ranade, Syeda, & Patapoutian, 2015). Previous work has
identified mechanosensitive ionic currents in GI mechanosensory cells, and in some cases
the molecular identities of the mechanosensitive ion channels are known. However, in
majority of cases, the identities of the Gl tract mechanosensitive ion channels are not known.
The Piezo family of ion channels are an example of mechanosensitive ion channels whose
molecular identity was only recently determined. Piezol and Piezo2 mechanosensitive ion
channels are expressed throughout the length of the Gl tract (Coste et al., 2010) and have
distinct biophysical properties, such as nonselective cationic permeability, kinetics described
by fast activation, and inactivation that is slow-to-medium (Piezol) (Coste et al., 2010, 2012;
Gottlieb & Sachs, 2012) or fast (Piezo2) (Coste et al., 2010, 2012). Pharmacologically, the
Piezo channels are inhibited by the mechanosensitive channel blockers gadolinium (Gd3*)
and ruthenium red (RR), and specifically by the peptide blocker GsMTx-4 (Bae, Sachs, &
Gottlieb, 2011; Coste et al., 2010, 2012; Gottlieb & Sachs, 2012). The Piezo channels have
quickly found significance in several mechanosensitive systems, ranging from the sensation
of light touch to preventing red blood cells from deformation-induced rupture.

In the following sections, we summarize the state of knowledge on mechanosensitive ion
channels in the specific GI mechanosensitive cells, starting with the Gl epithelium and
working toward the extrinsic nerves that have their cell bodies outside the Gl tract. Where
possible, we will focus on the potential roles of the Piezo channels in Gl
mechanotransduction.
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3.1 Gastrointestinal epithelium mechanosensitivity

Gl epithelium is a sensor of both static and acute forces. Sensation of static forces is critical
for cell density homeostasis, while sensation of acute forces is important for the processes of
digestion and motility.

3.1.1 Static force detection by the gastrointestinal epithelium—Similar to other
epithelia, such as skin and bladder, the GI epithelium is mechanosensitive. The Gl
epithelium serves as an important first point of interaction with the external environment
(Fig. 1). In the intestinal epithelium, static forces are important for normal epithelial cell
development and turnover. Studies show that mechanical forces are important for epithelial
health, since abnormalities lead to diseases, including cancer (Fernandez-Sanchez et al.,
2015; Yang et al., 2014). For example, mechanical pressure caused by hyperproliferative
adjacent crypts overexpressing active Notch or by exogenous force application was
associated with increased Ret and p-catenin signaling, leading to aberrant crypt foci
(Fernandez-Sanchez et al., 2015). The link between mechanical force and downstream
biochemical pathway activation is not known. However, recent work shows that Piezol
channels in the Gl epithelium are important sensors of cell crowding (Eisenhoffer et al.,
2012) and migration (Yang et al., 2014). During epithelial apoptosis, extrusion occurs when
dying cells send signals to surrounding epithelial cells to contract and remove the dying cell
(Slattum & Rosenblatt, 2014). In normal homeostasis, overcrowding due to proliferation and
migration induces extrusion of live cells that helps control the number of cells in the
epithelia, which occurs at sites where there is highest crowding. In vivo studies showed that
disruption of Piezo1 channels by pharmacological agents (Gd3*) or genetic knock down
prevents extrusion and induces epithelial cell mass formation (Eisenhoffer et al., 2012).
Formation of cell masses can promote tumorigenesis. Therefore, Piezol may provide the
link between mechanical force and intracellular biochemical pathway activation, suggesting
an important role of Piezol channels in the epithelium tumor-suppressive mechanisms
(Slattum & Rosenblatt, 2014). These data are exciting, but further work is required to
determine the molecular mechanism linking Piezo channels cellular phenotype and cancer
formation.

3.1.2 Acute force detection by the gastrointestinal epithelium—The sensation of
acute mechanical forces—such as intestinal contents deforming the epithelium is critical to
normal day-to-day Gl function. Mechanosensitive ion channels are important for acute force
sensation in epithelia. In renal tubular epithelial cells, Piezol is responsible for a
mechanosensitive ionic current (Peyronnet et al., 2013) and in urothelium, Piezol mediates
mechanosensitive Ca2* influx and ATP release (Miyamoto et al., 2014). In the gut
epithelium, acute force sensation is performed by the specialized mechanosensory epithelial
cells called EC cells (reviewed by Mawe & Hoffman, 2013) (Fig. 1). The EC cells have
significant developmental and functional similarities to the Merkel cells in the skin that
contribute to light touch sensation via Piezo2 channels (Ikeda & Gu, 2014; Ranade, Woo, et
al., 2014; Woo et al., 2014). EC cells synthesize, store, and release a large amount of
serotonin (5-HT) (Cote et al., 2003) in response to mechanical (Bulbring & Crema, 1959)
and chemical (Racke & Schworer, 1991; Racke, Reimann, Schworer, & Kilbinger, 1996;
Schworer, Katsoulis, & Racke, 1992) stimuli. In turn, EC cell 5-HT is critical for normal Gl

Curr Top Membr. Author manuscript; available in PMC 2017 September 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Alcaino et al.

Page 4

secretion (Brown, 1996), motility (Bulbring & Lin, 1958), and sensation and is also an
important hormone involved in cardiac function (Cote et al., 2003), metabolic health (Crane
et al., 2015), and bone health (Yadav et al., 2010).

Mucosa forces, such as intraluminal pressure, produce stimulus-dependent 5-HT release
from EC cells (Bertrand, 2006; Bertrand, Hu, Mach, & Bertrand, 2008; Bulbring & Crema,
1959; Patel, Bian, Quaiserova-Mocko, Galligan, & Swain, 2007), within milliseconds of
mechanical stimulation (Bertrand, 2004). This mucosal 5-HT stimulates peristalsis (Bulbring
& Crema, 1958) and secretion (Frieling, Wood, & Cooke, 1992) via several 5-HT receptors
on mucosa-projecting neurons (Bertrand, Kunze, Furness, & Bornstein, 2000; Foxx-
Orenstein, Kuemmerle, & Grider, 1996; Kadowaki, Wade, & Gershon, 1996; Neya,
Mizutani, & Yamasato, 1993) and epithelium (Hoffman et al., 2012). Intriguingly similar to
the Merkel cell, which forms Merkel cell—neurite complex (Haeberle et al., 2004), the
enteroendocrine cells akin to EC cells may make direct contacts with submucosal nerves
(Bohorquez et al., 2015).

While the concept of EC cell mechanosensitivity is well known, the molecular mechanisms
of EC cell mechanosensitivity remain elusive mainly due to difficulties with identification,
isolation, and culture of primary epithelial cells. Therefore, most of the current knowledge is
derived from pharmacologic manipulation of Gl tissues and immortalized cell lines. The
pancreatic carcinoid tumor BON cell line produces 5-HT and releases it in response to
rotational shaking. Serotonin release in response to this mechanical stimulus was associated
with an intracellular Ca2* increase (Christofi et al., 2004; Kim, Javed, Yu, Christofi, &
Cooke, 2001) and depended on G4 (Kim et al., 2001), adenosine (Chin et al., 2012;
Christofi et al., 2004), and purine P2X and P2Y (Christofi et al., 2004; Linan-Rico et al.,
2013) receptors. These studies suggest a central role for purines, and specifically ATP, in
mechanically stimulated 5-HT release from the EC cells (reviewed in Cooke, Wunderlich, &
Christofi, 2003). However, it is unknown whether these receptors serve as primary
mechanosensors.

Several ion channels have been reported in EC cells, but none in relation to EC
mechanosensitivity. Specifically, studies have described TRPAL (Cho, Callaghan, Bron,
Bravo, & Furness, 2014; Nozawa et al., 2009) and L-type calcium channels (Lomax,
Gallego, Novalbos, Garcia, & Warhurst, 1999; Raghupathi et al., 2013). It is accepted that
cytoplasmic Ca?* is important for 5-HT exocytosis in EC cells. However, whether
mechanical activation of these ion channels is important for modulating 5-HT release is
unknown.

In our recent work, we examined EC cell mechanosensitivity by leveraging the similarities
between EC cells and Merkel cells in both function (Nakatani, Maksimovic, Baba, &
Lumpkin, 2014; Raybould, Cooke, & Christofi, 2004) and development (Li, Ray, Singh,
Johnston, & Leiter, 2011; Roach et al., 2013; Wright et al., 2015; Yang, Bermingham,
Finegold, & Zoghbi, 2001). Merkel cells are the specialized skin epithelium light touch
sensors, and recent studies have shown that Piezo2 is important for Merkel cell
mechanotransduction (Ikeda et al., 2014; Maksimovic et al., 2014; Woo et al., 2014). We
discovered that Piezo2 channels are important for EC cell mechanosensitivity (Wang et al.,
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2016) (Fig. 2). We found Piezo2 mRNA in both human and murine small bowel epithelia.
Piezo2 immunolabeling showed that these channels were specifically distributed in 5-HT
positive EC cells in human jejunum. We also showed that in a transgenic mouse model
TPH1-CFP, where CFP expression is encoded in EC cells, Piezo2 label localizes specifically
within the CFP positive cells in the epithelium (Fig. 2A—C). We then used an EC cell
model and showed that single cell mechanical stimulation elicited nonselective rapidly
inactivating currents consistent with Piezo2 (Fig. 2D-F). These currents were blocked by
Gd3*, GsMTx-4, and Piezo2 siRNA but not nontargeted siRNA (Fig. 2G and H). Pressure
application resulted in 5-HT release, which was also prevented by treatment with
pharmacological blockers (Gd3* and D-GsMT-4) and Piezo2 siRNA. Importantly, mucosal
pressure increased 5-HT release and mucosal secretion in mouse small bowel and pressure-
induced increase in secretion was significantly reduced by the Piezo2 blockers Gd3* and RR
and the specific Piezo blocker D-GsMtx-4 (Wang et al., 2016) (Fig. 2I).

Further work is required to determine the EC cell mechanotransduction mechanism linking
Piezo?2 activation by force to 5-HT release and downstream effects on tissue physiology and
in vivo effects. Functional studies on primary EC cells will be critical to confirm and extend
the findings that implicate Piezo2 in EC mechanosensation. Further, given the lethality of
constitutive Piezo2 mouse knockouts, cell-specific Piezo2 knockout models will be required
to unequivocally determine the Piezo2-dependent mechanism of mechanotransduction in EC
cells.

3.2 Gastrointestinal smooth muscle mechanosensitivity

Bayliss (1902) first described the active contractile responses to counteract increased
transmural pressure in arterial wall smooth muscle more than a century ago. Gl smooth
muscle mechanosensitivity was suggested by Bulbring (1955), when she measured muscle
responses to stretch in the absence of neuronal input, the so-called myogenic contractions.
The smooth muscle syncytium contains SMCs and their pacemakers—the ICC. Both cell
types are mechanosensitive and little is currently known about how much each of these cell
types contributes toward myogenic responses.

3.2.1 Gastrointestinal smooth muscle cell mechanosensitivity—The SMC is the
workhorse of the smooth muscle organs like the gut (Fig. 1). SMC uses voltage-gated ion
channels to convert electrical energy into contractions in a process called excitation—
contraction coupling (Bolton, Prestwich, Zholos, & Gordienko, 1999). Therefore, voltage-
gated ion channels are critical for normal SMC function. Studies show that both the
mechanosensitive voltage-gated ion channels and mechanogated ion channels are expressed
in SMCs.

3.2.2 Voltage-gated ion channel mechanosensitivity—\Voltage-gated channels are
important determinants of smooth muscle membrane potential and excitability. Both Cay,
and Nay, channels are expressed in SMC and have been found to respond to mechanical
stimulation. The L-type voltage-gated calcium channels (Cay/1.2) are sine qua non
requirement for the contraction of SMC (Sanders, Koh, & Ward, 2006). A robust set of
evidence indicates that Cay/1.2 channels mediate SMC mechanosensitivity (Farrugia et al.,
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1999). GI L-type channel was sensitive to mechanical shear stress (Farrugia et al., 1999;
Strege, Holm, et al., 2003) and osmotic stress (Kim, Rhee, & Kang, 2007). Mechanical
stimulation increase peak current and speed up activation and inactivation, with no effect on
voltage dependency (Farrugia et al., 1999; Lyford et al., 2002). Cay/1.2 mechanosensitivity
depended on the lipid bilayer (Kraichely, Strege, Sarr, Kendrick, & Farrugia, 2009) and not
cytoskeleton (Strege, Holm, et al., 2003). In the gastric smooth muscle, while cytoskeletal
disruption by cytochalasin significantly diminished L-type currents in isotonic solutions,
cytoskeletal disruption did not alter L-type currents when cells were stimulated by
hypoosmotic solutions (Kim et al., 2007). Similarly, a dihydropyridine-sensitive inward
current increase has been found in rat myocytes in response to application of negative and
positive pressure and after cell swelling. These currents were thought to be voltage-
dependent Ca2* currents (Langton, 1993). In the rat, uterine SMC stretch induced
contractions due to Ca2* influx, which modulates oxytocin-induced rhythmic contractions
(Kasai, Tsutsumi, Taketani, Endo, & lino, 1995).

A mechanosensitive voltage-gated sodium channel Nay,/1.5 (encoded by SCN5A), as in ICC,
is also found in SMC (Holm et al., 2002). Although multiple Nay, isoforms have been
reported in GI SMC and ICC, the TTX-insensitive Nay,/1.5 has been identified in human
jejunum and colon and sodium currents have been shown to be activated by shear stress in
SMC in a cytoskeleton-dependent manner, with membrane lipids also playing a role (Ou et
al., 2002; Strege, Holm, et al., 2003). Pharmacological block of Nay,/1.5 by the local
anesthetic lidocaine reduced the rate of slow wave rise and increased slow wave duration,
resulting in an overall decrease of the slow wave frequency (Strege, Ou, et al., 2003). There
is also an important link to disease. SC/V5A mutations from patients with irritable bowel
syndrome (IBS) have been shown to generate Nay/1.5 currents of smaller density and
reduced mechanosensitivity (Saito et al., 2009).

3.2.3 Potassium channel mechanosensitivity—Mechanogated K* channels TREK-1
were found in stomach (Ordway, Petrou, Kirber, Walsh, & Singer, 1995) and colonic SMC
(Koh & Sanders, 2001). These channels are thought to contribute to membrane
hyperpolarization and relaxation in certain regions of the Gl tract, where relaxation is
required upon mechanical stimulation, such as in gastric fundus and ascending colon that
serve an important storage function (Sanders & Koh, 2006). The two-pore domain
mechanosensitive K* channel TREK-1, known to be mechanosensitive (Berrier et al., 2013),
is present and functionally relevant for mechanosensation in Gl smooth muscle (Hwang et
al., 2008; Sanders & Koh, 2006). Patch-clamp experiments in freshly dissociated SMC from
toad stomach have shown an increase in channel activation after pressure, which was
increased with the application of fatty acids (Ordway et al., 1995). Other potassium channels
such as BK, are also activated by mechanical stretch (Wang, Huang, et al., 2010),
generating a large outward current that hyperpolarizes the cell membrane and reduces SMC
excitability in the colon.

3.2.4 Nonselective cation channel mechanosensitivity—Piezo channels are known
to be nonselective cationic channels (Coste et al., 2010), with transient receptor potential
(TRP) channels like TRPA1 and TRPC1 also fitting into this category (Maroto et al., 2005;
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Paulsen, Armache, Gao, Cheng, & Julius, 2015). Mechanosensitive nonselective cation
channels are present in intestinal smooth muscle (Davis, Donovitz, & Hood, 1992).
Pressurized patches from single SMCs from toad stomach showed nonselective cation
current (Kirber, Walsh, & Singer, 1988). These hyperpolarization-activated currents were
found to be mostly K* and Na* permeable and are thought to stabilize the membrane resting
potential or control spontaneous electrical activity (Hisada, Ordway, Kirber, Singer, &
Walsh, 1991; Hisada, Singer, & Walsh, 1993). Calcium entry has been visualized through
single stretch-activated cationic channels in SMCs while applying negative pressure in the
patch pipette (Zou, Lifshitz, Tuft, Fogarty, & Singer, 2002).

Gd3*, which blocks many stretch-activated ion channels (Yang & Sachs, 1989), stopped
muscle contraction and prevented action potential firing in stretched tissue (Kunze, Clerc,
Bertrand, & Furness, 1999). Guinea pig gastric SMCs also express mechanosensitive
nonselective cation ion channels inhibited by Gd3* and with kinetic and conductance
properties similar to Piezol channels (Yamamoto & Suzuki, 1996). In vascular smooth
muscle, stretch-activated single channels resembling Piezol can be blocked by Gd3*,
GsMTx-4, and streptomycin (Ducret et al., 2010). GsMTx-4-inhibited mechanosensitive
cation current was modulated by the balance of polycystins TRPP1 and TRPP2, but this
mechanism has not been explored in intestinal smooth muscle (Sharif-Naeini et al., 2009).

Activation of nonselective cation channels in smooth muscle regulates electrical excitability,
but recent evidence from vascular smooth muscle suggests that in addition to this role,
Piezol plays a role in smooth muscle development via regulation of vascular endothelium
shear stress sensitivity (Ranade, Qiu, et al., 2014) and facilitating secretion of the cross-
linking enzymes required for smooth muscle remodeling (Retailleau et al., 2015). The
noncanonical roles of the Piezo proteins in GI smooth muscle are currently unexplored.

In summary, mechanosensitive ion channels play an important role in GI SMC
mechanotransduction. Voltage-gated Ca2* and Na* and non-voltage-gated Kp and
nonselective cationic channels have all been described as mechanosensors. Piezo channels
have been found in vascular smooth muscle and similar currents that are inhibited by the
mechanosensitive channel blockers such as Gd3* have been shown in GI SMCs. Based on
this evidence, it is likely that Piezo channels are involved in GI SMC mechanosensitivity.
However, additional studies are needed to determine both canonical and noncanonical roles
of Piezo channels in GI smooth muscle.

3.2.5 Interstitial cell of Cajal mechanosensitivity—The ICC are found throughout
the length of the gut—from esophagus to anus and are classified according to their location
in the GI wall (Komuro, 2006) (Fig. 1). The ICC located in the myenteric plexus (ICC-MY)
in the small bowel and submucosal border (ICC-SM) in the colon are known as pacemakers
because they generate and spread an electrical rhythm, termed the “slow wave” (Huizinga et
al., 1995). This ICC-generated electrical slow wave leads to the SMC depolarization that
culminates in the excitation— contraction coupling by the SMC. ICC are implicated in the
myogenic stretch responses, since, for example, stretching of mouse gastric muscle (Won,
Sanders, & Ward, 2005) and human jejunum (Strege, Ou, et al., 2003) increased slow wave
frequency independent of neuronal mechanisms. Importantly, responses to stretch were
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absent in transgenic mice that lack intramuscular ICC, suggesting a role of ICC in stretch-
dependent responses in the Gl tract, but the mechanisms of mechanosensation are not fully
established (Won et al., 2005).

ICC have several ion channel types, some of which are known in other systems to be
mechanosensitive (reviewed in Kraichely & Farrugia, 2007). The SCN5A encoded
mechanosensitive voltage-gated sodium channel Nav1.5 (Gellens et al., 1992) has been
identified in intestinal ICC and experiments using shear stress in isolated ICC increased and
accelerated Nay, currents (Strege, Ou, et al., 2003). A volume-activated chloride current has
been found in murine-cultured jejunum ICC after cell swelling (Park, McKay, Zhu, &
Huizinga, 2005). In cultured bladder ICC from guinea pig, chronic stretch leads to an
increase in stretch-induced calcium transients (Wang, Fang, et al., 2010). Here, a stretch-
dependent increase in intracellular calcium has been involved in bladder excitatory
regulation (Wang, Fang, et al., 2010). Expression of the TRP channel subtypes TRPC4 and
TRPM?7 has been found in murine ICC (Kim et al., 2005; Walker, Koh, Sergeant, Sanders, &
Horowitz, 2002). However, while some TRP channels are known to be mechanosensitive,
TRPC4 and TRPM7 are not. Overall, our current knowledge on mechanosensitive channels
in GI ICC is still very limited.

3.3 Mechanosensitivity of the enteric neurons

The enteric nervous system includes both intrinsic and extrinsic neurons and it is critical for
autonomous GI function (Fig. 1). The intrinsic neurons are contained completely within the
Gl tract and in general they regulate regional GI motor and secretory/absorptive functions,
while the extrinsic neurons have their soma outside the Gl tract (Fig. 1). Extrinsic nerves
also regulate GI motility, but in addition supply the Gl tract with sensory capabilities. Both
intrinsic and extrinsic neurons are mechanosensitive.

3.3.1 Intrinsic enteric neuron mechanosensitivity—Mechanosensitive enteric
neurons control reflex activity by responding to mechanical stress in the gut wall. A
particular type of enteric neurons, termed intrinsic primary afferent neurons (IPANSs), is
mechanosensitive (Furness, Kunze, Bertrand, Clerc, & Bornstein, 1998) (Fig. 1). The IPANs
project to the mucosa and actively communicate with each other and other neuronal types
(Kunze, Furness, Bertrand, & Bornstein, 1998). IPANs fire action potentials after
mechanical stimulation of their soma or processes, and their responses can be abolished
pharmacologically preventing muscle contraction (Kunze et al., 1999, 1998).

Recent studies have challenged the concept that IPANSs alone are mechanosensitive, instead
work has suggested that enteric neurons are more broadly mechanosensitive (Schemann &
Mazzuoli, 2010; Smith, Spencer, Hennig, & Dickson, 2007). Several studies have reported
distinct mechanosensitive responses in enteric neurons to tensile stress (stretch),
compressive stress (volume injection, glass probe, or von Frey hair), shear stress, and cell
swelling (hypoosmotic solutions) (Dong, Jiang, Dong, & Mittal, 2014; Hibberd,
Zagorodnyuk, Spencer, & Brookes, 2012; Kugler et al., 2015; Kunze et al., 1999; Kunze,
Clerc, Furness, & Gola, 2000; Kunze et al., 1998; Mayer & Wood, 1975; Mazzuoli &
Schemann, 2009, 2012; Spencer & Smith, 2004). While these studies suggest roles in

Curr Top Membr. Author manuscript; available in PMC 2017 September 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Alcaino et al.

Page 9

mechanosen-sitivity sensing and control of muscle activity, as well as a servo-feedback loop
(Mazzuoli-Weber & Schemann, 2015), the identities of the mechano-sensitive ion channels
responsible for mechanotransduction are largely unknown. Only one study identified a
molecular transduction mechanism, which involved the activation of a large conductance
BK-like potassium channel (Kunze et al., 2000). In this study, enteric neurons were
subjected to patch clamp in cell-attached and whole cell configurations while pressing the
cell processes with a fine probe. Pressure on the cell surface initiated generator potentials
and depolarization. These potentials persisted when synaptic transmission was blocked by
solutions containing low Ca2* (0.2 mM) and high Mg?* (10 mM). In patches, application of
intraelectrode pressure increased the open probability of BK channels.

3.3.2 Extrinsic enteric neuron mechanosensitivity—Piezo channels are important
mechanotransducers in the somatosensory system. Piezo2 ion channels are critical for
mechanotransduction of light touch sensation by the Merkel cell—neurite complex formed
between the epithelial Merkel cells and the sensory neurons that innervate the skin (Dubin et
al., 2012; Ranade, Woo, et al., 2014), (reviewed in Woo, Lumpkin, & Patapoutian, 2015).
Mechanical forces are sensed directly by Piezo2 channels in both Merkel cells and
somatosensory neurons, which allow for a complex encoding of mechanical forces (Dubin et
al., 2012; Ranade, Woo, et al., 2014).

While the role of Piezo channels in somatosensation is being established, their full role in
the autonomic nervous system is still unclear. Sensory information from the Gl tract is
acquired by sensory afferent nerves that have their cell bodies outside the Gl tract, although
a unique type of afferents called intestinofugal afferent neurons (IFANS) have their bodies
and processes within the gut but their axons project away from the bowel (Fig. 1). IFANS
communicate with prevertebral ganglion neurons known as PVG (reviewed in Szurszewski,
Ermilov, & Miller, 2002). These neurons respond to stretch of circular muscle but not
tension and colonic distension activates their slow adapting mechanoreceptors, generating
acetylcholine release in the PVG and evoking action potentials (Parkman, Ma, Stapelfeldt, &
Szurszewski, 1993). Functionally, their role relies on relaxation of the colonic wall during
filling, opposing the depolarization and contraction of colonic SMC, since the intraluminal
content generates distention. This mechanism regulates the motor activity of the intestine
(reviewed in Szurszewski et al., 2002).

Vagal and spinal sensory neurons have been shown to be mechanosensitive, where neuron
deformation modulates reflex activity (Berthoud, Blackshaw, Brookes, & Grundy, 2004).
Vagal afferent nerves detect tension at physiological levels (Andrews, 1986), where they are
important in the control of normal GI function. Mechanoreceptors in the vagal afferents can
be divided in two groups: those responding to distension or contraction of the gut wall and
those that can be activated by chemical or mechanical stimulation of the mucosa (Page,
Martin, & Blackshaw, 2002).

Spinal afferents have high threshold of distension detection and can respond to a wide range
of stimuli extending to the noxious range (Blackshaw, Brookes, Grundy, & Schemann, 2007;
Rong et al., 2004). Their cell bodies lie on the dorsal root ganglia (DRG) and their
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peripheral projections extend to the muscle layers, mucosal epithelia and enteric ganglia
(Blackshaw et al., 2007).

3.3.3 Role of mechanosensitive ion channels in visceral mechanosensation—
Direct activation of ion channels on the afferent endings could mediate visceral
mechanosensation (Fig. 1). In guinea pig, mechanosensitive ion channels are likely involved
(Zagorodnyuk, Chen, Costa, & Brookes, 2003; Zagorodnyuk, Lynn, Costa, & Brookes,
2005). The vagal mechanoreceptors responses were not affected by Ca?* depletion and
mechanotransduction was thought to be mediated via benzamil-sensitive, stretch-activated
ion channels, which were not affected by high concentrations of Gd3* (300 uM), with no
involvement of chemical transmission (Zagorodnyuk et al., 2003, 2005).

The acid-sensing ion channel (ASIC) family has been proposed to play a role as a
mechanosensory molecule because of its homology to the invertebrate cationic channel
DEG/ENaC, known to be involved in touch sensation (Price et al., 2001). Expression of
ASIC channels has been found in splanchnic DRG and vagal gastroesophageal neurons
(Hughes, Brierley, Young, & Blackshaw, 2007; Page et al., 2005). All three types of ASIC
channels expressed in visceral neurons are known to be required for normal
mechanosensation, but their specific role in modulation of visceral mechanosensitivity is
masked by the variability of positive and negative effects elicited by knocking down and
mutating these channels (reviewed in Brierley, 2010). TRP channels have been involved in
gut hypersensitivity (Brierley et al., 2009). TRPAL expresses in enteric neurons (Cattaruzza
etal., 2010; Poole et al., 2011). In TRPAL KO mice behavioral responses to noxious colonic
distension were reduced, with TRPAL1 agonists causing mechanical hypersensitivity
(Brierley et al., 2009). TRPV1 and TRPV4 also contributed to gut mechanosensitivity. The
capsaicin-activated TRPV1 is expressed in colonic neurons (Brierley, Jones, Xu, Gebhart, &
Blackshaw, 2005; Christianson, Mcllwrath, Koerber, & Davis, 2006; Robinson,
McNaughton, Evans, & Hicks, 2004). TRPV1 deletion has been shown to reduce the
mechanosensitivity of distension-sensitive afferent neurons from the gastroesophageal
region, jejunum, and pelvic colon (Bielefeldt & Davis, 2008; Jones, Xu, & Gebhart, 2005;
Rong et al., 2004). Interestingly, TRPV1 is not a mechanogated channel and its effects on
mechanosensation are thought to be due to indirect interactions with other TRP channels,
such as TRPALI or effects on neuron excitability. In colonic serosal afferents, capsaicin-
dependent desensitization of TRPV1 was prevented in TRPAL KO mice (Brierley et al.,
2009; Levine & Alessandri-Haber, 2007). TRPV4 was also found along DRG neurons in the
gut (Brierley et al., 2008). TRPV4 agonists potentiated mechanosensory responses in wild-
type mice, whereas the nonselective blocker RR reduces afferents mechanosensitivity, with
no effect on TRPV4 KO mice (Brierley et al., 2008; Sipe et al., 2008). Additionally, TRPV4
was also thought to play a role in gut hypersensitivity (Cenac et al., 2010).

Piezo channels represent a good candidate for mechanotransduction of extrinsic signals in
the gut. Recent work suggests that in rat visceral afferent (DRG) neurons rely on Piezo2
channels for visceral sensation (Yang et al., 2016). In control rats, Piezo2 knockdown by
shRNA by intrathecal injection resulted in a decreased visceromotor response to innocuous
stimuli but not noxious stimuli. In a model of IBS the increase in visceromotor responses to
both innocuous and noxious stimuli was inhibited by Piezo2 knockdown in DRGs. Since the
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alterations of the visceromotor responses in response to irritation occurred without an
increase in Piezo2 mRNA or protein, the authors suggested that other channels or chemical
mediators are involved in noxious responses. Further work is required to confirm these
findings and to extend these discoveries toward mechanistic understanding.

In summary, several TRP and ASIC channels are known to be expressed in extrinsic nerves
and may be required for normal mechanosensation, but knocking down of these channels
does not knock down mechanosensitivity in extrinsic afferents. Recent work suggests that
Piezo2 is involved in visceral sensitivity but the extent of involvement in response to
innocuous versus noxious stimuli is unclear. Given the apparently shared role of ASIC and
TRP channel subtypes in regulation of mechano responses, one could speculate these
channels form complexes and Piezo channels could also be interacting.

4. SUMMARY AND CONCLUSIONS

Mechanosensation is critical for normal Gl tract function. Multiple cell types throughout the
wall of the Gl tract are mechanosensitive, from the epithelial EC cells to SMCs and their
pacemakers and to neurons, both extrinsic and intrinsic. These cells use mechanosensitive
ion channels to convert mechanical forces into chemical signals. In the Gl tract both the
mechanosensitive voltage-gated ion channels and mechanogated ion channels are important
for normal physiology.

The mammalian Piezol and Piezo2 proteins are recently discovered eukaryotic
mechanosensitive cationic channels. Piezo channels are known to be critical for a wide set of
mechanotransduction processes, including nociception, light touch, proprioception, volume
regulation of erythrocytes, and vascular function. Piezo expression has been found along the
Gl tract in stomach, small bowel, and colon but currently little is known about their specific
localization within the GI mechanosensory cells. Mechanosensitive cells in GI have been
shown to express a wide range of mechanosensitive channels and nonselective cationic
currents with properties that could match those of Piezo channels have been described.
Moreover, mechanosensitive channel blockers such as Gd3* and RR have been shown to
block mechanical responses in SMC and ICC. In the Gl epithelium, EC cells express Piezo2
and the recent findings suggest the role of Piezo2 as the principal EC cell
mechanotransducer, where mechanically stimulated 5-HT release is Piezo2 dependent.
However, further work is needed to understand the downstream effects of mechanical
activation of Piezo2 in EC cells. The role of Piezo2 in mechanotransduction of mechanical
forces in Gl epithelium represents only one of the potential roles of Piezo channels in Gl
mechanosensitivity.
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Figure 1.
Mechanosensitive cells in the gastrointestinal (GI) tract. Mechanosensitive cells in the Gl

tract include epithelial enterochromaffin cells, smooth muscle cells (SMCs), interstitial cells
of Cajal (ICCs), intrinsic neurons, including interneurons, intesti-nofugal neurons, and
extrinsic neurons.
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Piezo2 is important for enterochromaffin (EC) cell mechanotransduction.
Immunohistochemistry showing that mouse (A) TPH1-CFP positive EC cells [red] label
with (B) Piezo2 [green] (C). Nuclei labeled with DAPI, scale bar 10 pym. (D) Inward currents
evoked by mechanical stimulation of EC cell model (QGP-1) are rapidly activating and
inactivating [red lin€]. Blue trace represents peak current. (E) Current-deformation data are
fit with two-state Boltzmann [red /ine] and (F) current—voltage relationship is linear [red
/in€]. (G) The mechanically induced inward currents are blocked by Gd3*, D-GsMTx-4, and
Piezo2 siRNA. (H) Averaged peak current in control QGP-1 cells is inhibited by Gd3*, D-
GsMTx-4, and Piezo2 siRNA but not nontargeting (NT) siRNA. *p < .05 compared to no
stretch. #p < .05 compared to NT siRNA. (1) Blockade of stretch-dependent 5-HT release
from EC cell model QGP-1 by Piezo channel blockers Gd3*, D-GsMTx-4, RR, and Piezo2
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SiRNA but not NT siRNA. *p < .05. #p > .05 compared to stretch. Modlified with permission
from Wang, F., Knutson, K., Alcaino, C., Linden, D. R., Gibborns, S. J., Kashyap, P K., .
Beyder, A. (2016). Mechano-sensitive ion channel PiezoZ2 is important for enterochromaffin
cell response to mechanical forces. The Journal of Physiology. http://dx.doi.org/10.1113/
JP272718.
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