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Protease-Activated Receptors as Therapeutic Targets in Visceral Pain
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Abstract: The protease-activated receptors (PARs) play a pivotal role in inflammatory and nociceptive processes. PARs
have raised considerable interest because of their capacity to regulate numerous aspects of viscera physiology and
pathophysiology. The present article summarizes research on PARs and proteases as signalling molecules in visceral pain.
In particular, experiments in animal models suggest that PAR, is important for visceral hypersensitivity. Moreover,
endogenous PAR; agonists seem to be released by colonic tissue of patients suffering from irritable bowel syndrome,
suggesting a role for this receptor in visceral pain perception. Thus, PARs, together with proteases that activate them,
represent exciting targets for therapeutic intervention on visceral pain.
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1. INTRODUCTION

Normal individuals do not perceive sensory signals
coming from their viscera, however once visceral afferents
become hypersensitive and the patients then perceive pain.
This hypersensitization occurs in several diseases such as
functional bowel syndromes or in diseases associated with
inflammation such as inflammatory bowel disease and
pancreatitis. Unexplained abdominal pain accounts for 40%
of gastroenterology practice in the United Kingdom. Mostly
abdominal pain is due to functional gastrointestinal disorders;
irritable bowel syndrome, and functional dyspepsia [1].
Visceral pain is defined as nociceptive inputs that result from
the activation of nerve terminals of the thoracic, pelvic, or
abdominal viscera (organs). Visceral structures are highly
sensitive to distension (stretch), ischemia and inflammation,
but relatively insensitive to other stimuli that normally evoke
somatic pain such as cutting or burning. Visceral pain is
diffuse, difficult to localize and often referred to a distant,
usually superficial, structure. It may be accompanied by
symptoms such as nausea, vomit, changes in vital signs as
well as emotional manifestations. One of the major differences
between somatic and visceral pain is that not all internal
organs are sensitive to pain and some can be extensively
damaged without pain sensation. For instance, the large
majority of diseases affecting the liver, the lungs or the
kidneys are totally painless. The pain symptoms associated
to these diseases are the consequences of the organ
malfunction. Alternatively, hollow viscera or viscera in
contact with the external environment are characterized by
pain sensation associated with damage of the organs. This
discrepancy is linked to the inherent innervation of the
internal organs. Visceral pain is related to the innervation of
the organ by sensory neurons expressing nociceptors. The
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extrinsic primary afferent innervation of the viscera serves
both efferent and afferent functions, but the major function
of those neurons is to transfer information from the viscera
to the central nervous system [2]. Both vagal and spinal
afferent nerve fibers transmit sensory information from the
viscera to the central nervous system [2]. Terminal receptors
of visceral afferents are located in the mucosa, muscle and
serosa of tissues, where they respond to chemical and
mechanical stimuli [3]. Sensory transduction ultimately
depends on the activation or modulation of nociceptors
located at nerve terminals. Some visceral nociceptors
become active only after inflammation or infection of the
mucosa of the organs that they innervate [3, 4]. They are
particularly important in signaling pain from inflamed and
sensitized viscera. In that setting, proteases occupy a place
of choice, being released by all the cellular actors of
inflammation or even pathogens, to cause or modulate pain
signals [5]. Proteases can act on pain perception by
activating families of receptors such as the PARs [6]. PARs
are present and functional on sensory neurons, where they
participate either directly or indirectly in the transmission
and/or inhibition of nociceptive messages. Taken together,
the results discussed in this review highlight PARs as
important potential targets for the development of analgesic
drugs in the treatment of visceral pain.

2. PROTEASE-ACTIVATED RECEPTORS: STRUCTURE
AND ACTIVATION

Four PARs have been cloned so far: PAR;, PAR,, PAR;
and PAR,. PARs belong to a family of seven transmembrane
domains, G-protein-coupled receptors that are activated by
proteolytic cleavage of their N-terminal domain [6]. The
unmasked new N-terminal sequence acts as a tethered ligand
that binds and activates the receptor itself [7]. On the
contrary, some proteases can also inactivate PARs by a
cleavage on another site and the production of a disabled
receptor that cannot respond to its activation [8]. For
example, PAR; is activated by thrombin, coagulation factor
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Xa, Granzyme A, Ginpain-R and trypsin, and is inactivated
by Cathepsin G or Elastase [9]. Short synthetic peptides
based on the tethered ligand sequences of the different
PARs, PAR-activating peptides (PAR-APs), bind to and
activate the uncleaved receptor [9]. Like these peptides are
specific for a receptor they are very important pharma-
cological tools to understand the physiology and the
physiopathology of PARs. PAR; and PAR, are the most
studied receptors within this family, wherein numerous
studies concerning their expression and their effects in
several types of tissues and cells have been performed so far.
Very little is known about PAR; since in cells transfected
with this receptor, no intracellular signal transduction has
been detected in response to either thrombin or its tethered
ligand peptide [9]. Interestingly, one study showed the
implication of PAR; as an accessory protein binding
thrombin by its hirudin-like domain for PAR,4 activation
[10]. Like PAR4 was the most recent member of the PARs
family to be cloned, very little is known about the
physiological and pathophysiological importance of this
receptor in visceral pain.

3. IMPLICATION OF PROTEASE-ACTIVATED
RECEPTORS IN VISCERAL PAIN, WHAT WE
LEARN FROM ANIMAL MODELS

Serine proteases, which are released upon inflammation,
can activate PARs. A number of studies have focused on the
effect of PARs on activation or inhibition of pain pathways,
by using in vivo, sub-inflammatory doses of PAR-APs [4,
11]. As a whole, these different studies suggest that
activation of PAR;, PAR, and PAR, can interfere with the
conduction of pain, independently of their pro-inflammatory
effects [11]. The function of each PAR in the modulation of
pain pathways seems to be very different, and sometimes
opposite. As a matter of fact, PAR, could be considered as a
pro-nociceptive receptor causing pain and hypersensitivity,
while PAR; and PAR, are able to decrease nociceptive
signals, causing analgesia [11].

3.1. Protease-Activated Receptors and Pancreas Hyper-
sensitivity

PAR; is expressed and functional at all levels of the
dorsal root ganglia (DRG) chain. In adult rat thoracic DRG
neurons, PAR, agonists such as trypsin and PAR;-AP
promote calcium mobilization [12]. Like for somatic
activation of PAR; in the paw, administration of PAR,-AP
into the pancreatic duct also increases Fos expression in the
spinal segments, T9 and T10 [12]. The most prominent Fos
protein expression is observed in interneurons located at
laminas I and II which receive nociceptive inputs from the
proximal nerve terminals of primary sensory neurons. In this
study, authors demonstrate that PAR, activation by PAR;-
AP mediated sensitization of primary afferent neurons in
vitro and in vivo and therefore supports a novel role for
PAR; in pancreas nociceptive signaling [12]. By performing
electromyographic recordings from the acromiotrapezius, a
superficial dorsal skeletal muscle group, it is possible to
evaluate a quantifiable nociceptive response to pancreatic
noxious stimuli [13]. The use of this technique demonstrated
that the administration of sub inflammatory doses of trypsin
or PAR,-AP into the pancreatic duct can induce a behavioral
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pain response characterized by an increase in contraction of
the acromiotrapezius muscle [13]. In the same study, authors
showed that trypsin increases Fos expression in neurons
from laminas I and II, similarly to PAR,-AP [13]. In the
inflamed pancreas, where trypsin can be prematurely
activated, PAR, can be activated on peripheral sensory
nerves resulting in their excitation and in the release of
neurotransmitters such as substance P and CGRP in the
spinal cord. Recently, trypsin and its minor isoforms have
been described as mediators of pancreatic pain and
inflammation [14]. In particular, the inhibitor-resistant
isoforms trypsin IV and P23 may be important in mediating
prolonged pancreatic inflammatory pain in pancreatitis [14].
Nevertheless, studies will be needed to corroborate a role for
this system in pancreatitis with both experimental and
clinical studies.

3.2. PARs and Bladder Hypersensitivity

PAR; and PAR, are expressed in bladder nerve fibers as
well as in bladder afferent cells in lumbosacral DRG in rats
[15]. In contrast, in mice PAR, but not PAR,; is expressed in
bladder nerves and plexus cell bodies [16]. On a bladder
inflammatory model, PARs expression is increased
suggesting their involvement in pain related to cystitis [15,
16]. Although PAR; has been implicated in bladder contraction
[17], the functional relevance in hypersensitivity of PARs
expression in urinary bladder under normal and inflamed
conditions needs further investigation.

3.3. Protease-Activated Receptors and Hypersensitivity
of the Gastrointestinal Tract

Within the oral cavity, administration of PAR,-AP but
not PAR;-AP into the parotid duct increased Fos expression
in nociceptive neurons located in laminas I and II of
the caudal part of the spinal trigeminal nucleus, which
corresponds functionally to the spinal cord dorsal horn [18].
Thus, PAR, seems to be involved in the development of
parotid pain [18]. Co-administration of PAR, and PAR;-AP
into the parotid duct did not suppress the increase in Fos
expression due to PAR, activation, suggesting that PAR;
could not be antinociceptive in parotid pain [18]. Similarly,
intracolonic injections of PAR,-AP increase Fos expression
in neurons from laminae I and II of the spinal cord (segment
L4-L6) in rat [19]. The record of the number of abdominal
contractions of the external oblique musculature by electro-
myography showed a hypersensitive response to colorectal
distention, 10 hours after PAR,-AP or trypsin administration
[19]. Moreover, this PAR,-induced hyperalgesia is
not associated with an inflammatory reaction, as no major
signs of inflammation were observed after intracolonic
administration of the doses of PAR,-AP used in this study.
As observed for somatic pain, treatment with an NKI1
antagonist suppressed the visceral hyperalgesia induced by
PAR; activation [19, 20]. While the colonic hypersensitivity
induced by PAR, activation was dependent on NKI
activation at the periphery, skin hyperalgesia was shown to
be dependent on central NK1 activation [19, 20]. Moreover,
indomethacin, a COX-1 and -2 inhibitor has no effect on
PAR;-related visceral pain [19], while it was able to reduce
PAR;-induced somatic pain [20]. In the case of colonic
activation of PAR,, the release of neuropeptides such as SP
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occurs peripherally, which could further amplify mast cells
degranulation, thereby participating to sustain hyper-
sensitivity. However, we cannot rule out that the release of
neuropeptide also occurs in spinal projections of sensory
neurons, further leading to activation of nociceptive
pathways and provoking the increase in Fos expression in
laminae I and II of the dorsal horn.

In contrast to PAR,, the role of PAR; and PAR,
activation has been mostly characterized at the somatic
level. Nevertheless, several results obtained in somatic
inflammatory pain could be transferred to visceral pain. In
opposition to PAR,, activation of PAR; or PAR, in models
of paw inflammation seemed to be protective against the
development of hyperalgesia. Likewise activation of PAR;
by selective agonists attenuated nociception, caused analgesia
in non-inflammatory conditions and reduced inflammatory
hyperalgesia independently of the inflammatory response
[21]. Interestingly, in this study the authors demonstrated
that PAR,-AP was able to decrease inflammatory mechanical
and thermal hyperalgesia induced by an intraplantar injection
of carrageenan, whereas thrombin had an opposite effect on
nociception in response to a thermal stimulus [21]. In fact,
intraplantar injection of thrombin, as PAR;-AP, inhibited
carrageenan-induced mechanical hyperalgesia, but increased
carrageenan-induced thermal hyperalgesia [21]. The
hyperalgesic effects of thrombin cannot be explained by a
pro-inflammatory effect of thrombin since doses of this
protease that caused hyperalgesia did not increase MPO
activity or induce oedema [21]. Consistent with this, co-
injection of thrombin with carrageenan did not amplify the
inflammatory response caused by carrageenan [21].
Moreover, if inflammation underlined the thrombin hyper-
algesic effect in response to a thermal noxious stimulus,
hyperalgesia instead of analgesia would have been observed
in response to a mechanical stimulus. The hyperalgesic
effect of thrombin may be explained by the fact that
thrombin is not a selective agonist for PAR;. Thrombin's
actions are mediated by activation of PAR,, but also by
activation of PAR; and PAR,. Thrombin's actions can also
be mediated by its non-catalytic site [22-24]. Thus, it is
possible that thrombin causes thermal hyperalgesia by
activating a receptor in nerve fibers other than PAR;. This
study highlights one of the major efforts that needs to be
done to understand the implication of PARs in pain: define
which endogenous proteases are present at inflammatory
sites and that could modulate pain pathways. Even though
PAR; is expressed in primary culture of sensory neurons
extracted from dorsal root ganglia of mice, its activation
seems to have no effect on calcium mobilization [25] or on
the secretion of neuromediators [26]. Interestingly, PAR;-AP
triggers the production of proenkephalin and the activation
of opioid receptors, suggesting that PAR; endogenously
controls inflammatory pain, by activating opioid pathways.
In non-inflammatory condition, activation of PAR; induced
an increase in opioid mRNA in the rat paw [25]. Several
studies have demonstrated that endogenous opioids are
extensively produced by immune cells [27, 28] and also by
cells from the skin [28, 29]. PAR; activation did not induce
proenkephalin expression in isolated dendritic cells and
macrophages in vitro, both in inflammatory and non-
inflammatory conditions [25]. However, proenkephalin
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expression was increased in keratinocytes and fibroblasts
after PAR, activation in vitro, signifying that these cells
could be the source of proenkephalin release into mouse
paws following PAR; activation [25]. Nevertheless,
secretion of proenkephalin by other types of immune cells
present at the site of inflammation can not be excluded.

Similar to PAR; specific agonists, administration of sub-
inflammatory doses of PAR4-AP was able to significantly
reduce carrageenan-induced thermal and mechanical
hyperalgesia [30]. However, in contrast to PAR;, PAR, was
functional on DRG neurons, wherein its activation was able
to reduce capsaicin, PAR,-AP, TRPV4 agonist or KCI-
induced calcium mobilization [30, 31]. Study of neuronal
currents following PAR, agonist peptide treatment provides
a direct support for the concept of a direct effect on neurons
and unequivocal evidence that suppression of intrinsic
excitability can contribute to the observed antinociceptive
effect of PARy [32]. At the colonic level, PAR, agonists
modulate colonic nociceptive response, inhibit colonic
hypersensitivity and primary afferent activation to pro-
nociceptive mediators [31]. Intracolonic administration of
mustard oil provoked a significant increase in the number of
pain behaviors compared with saline administration in mice
[33]. Interestingly, the increased number of pain behaviors
was significantly enhanced in PAR4-deficient mice compared
to wild-type littermates [31]. In parallel, the latency for the
appearance of the first pain behavior after mustard oil
intracolonic administration was significantly reduced in
PARy-deficient mice compared to wild-type littermates [31].

In conclusion, the different PAR-APs helped us to
understand the implication of each receptor in inflammatory
pain. Those studies have demonstrated opposite effects of
the different PARs on pain signaling pathways, PAR, being
pro-nociceptive, PAR; and PAR, being anti-nociceptive.
Further, evidence has been raised for a possible direct
effect for PAR, and PAR, activation on sensory neurons
(respectively activating or inhibiting nociceptors), and an
indirect effect for PAR;, which seemed to act through the
release of endogenous opioids by resident cells. One major
and still open question is the nature of endogenous proteases
that are released at inflammatory sites and active on pain
pathways. Characterization of these proteases and their
effects on visceral pain needs to be the future direction of
research in this field. This would be essential for the
classification of PARs as potential therapeutic targets in
chronic visceral pain.

4. IMPLICATION OF PROTEASE-ACTIVATED
RECEPTORS IN VISCERAL PAIN, RELEVANCE IN
FUNCTIONAL BOWEL DISORDER

Release of mast-cell-derived proteases and their effect on
PAR; activation might represent a crucial element in the bi-
directional regulatory pathways between mast cells and
sensory neurons. Irritable bowel syndrome (IBS) is
characterized by chronic abdominal pain associated with the
presence of micro-inflammation in colonic tissues [34]. In
this human disease, the distance between mast cells and
nerve terminals was significantly reduced in patients with
IBS, compared to healthy subjects [35]. Moreover, they
demonstrate that supernatants from IBS biopsies were able to
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increase nerve discharge of rat mesenteric sensory nerves
[36]. These supernatants were characterized by an increase in
tryptase, histamine and PGE, concentration compared to
healthy control [36]. Ketotifen, a mast cell stabilizer and an
H1 receptor antagonist, improved IBS symptoms and quality
of life [37]. This study performed in human reinforced the
possibility of the use of mast cell stabilizers as a therapeutic
approach in the treatment of patients with IBS [37].

This favored crosstalk between neurons and mast cells in
the setting of a painful pathology could implicate the release
of mast cell proteases and further activation of PAR, on
sensory neurons of those patients. Such hypothesis has been
addressed, at least in part, in a study published by Cenac
et al. Biopsies from IBS patients were taken during
colonoscopy, and mediators that are released by those fresh
tissues into culture media were analyzed [38]. Increased
proteolytic activity was found in the culture media of
biopsies harvested from IBS patients compared to control
patients [38]. Further, this proteolytic activity was able to
signal to sensory neurons and to reproduce hypersensitivity
symptoms when injected into the mouse colonic lumen [38].
Finally, it was shown that calcium signals in sensory neurons
and hypersensitivity symptoms in mice (both hyperalgesia
and allodynia), induced by supernatants obtained from IBS
patient biopsies, were entirely PAR,-dependent [38].
Neurons from PAR,-deficient mice failed to respond to those
supernatants, and PAR,-deficient mice did not develop
hypersensitivity ~symptoms when administered with
supernatants from IBS patient biopsies [38]. In addition, the
pivotal role of PAR, in IBS patient biopsies-induced
hypersensitivity was observed whether experiments were
performed with biopsies from patients with diarrhea-
predominant, constipation-predominant, or alternating-type
IBS [38]. This study identified PAR, as the first common
possible mediator in all IBS patients, and raised evidence
that PAR;-activating proteases are released in a human
disease associated with visceral pain symptoms. The nature
of those proteases still has to be fully investigated, but
increased levels of tryptase and trypsin, two PAR,-activating
proteases, were observed in biopsies and biopsy supernatants
[36, 38]. In addition, a recent study has confirmed that
trypsinogen IV expression was enhanced in tissues from IBS
patients [39]. The effects and pharmacology of mediators
released from the mucosa of IBS patients were also studied
on the activity of human submucosal enteric neurons. In this
study, authors demonstrated that mediators released from
colonic mucosal biopsy of patients with IBS excited neurons
of the human submucosal plexus [40]. As demonstrated
previously in mice, the excitation was not related to IBS
subtypes and may therefore represent a general feature in
IBS [40]. Finally, IBS supernatant-evoked excitation was
inhibited by proteases inhibitor and histamine or serotonin
receptor antagonists [40]. Remarkably, the use of protease
inhibitor blocked the spike discharge in 100% of human
enteric neurons demonstrating that proteases play a dominant
role [40]. Although an increase in tryptase protein was
quantified in IBS supernatant in this study, the link with
PARs was not studied. The same group describes the effects
of PARs activation in the human enteric nervous system in
comparison to guinea pig submucous plexus. They
demonstrated that stimulation of PARs by PAR-APs and by
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the endogenous proteases thrombin or tryptase activated
neurons and glia in the human submucous plexus [41]. In
opposition to rodent enteric system, most neurons and glia in
human submucous plexus responded to PAR;-AP and
thrombin application, whereas activation of PAR, and PAR,
generated minor responses in a limited number of neurons
and glia [41]. In opposition to human, PAR,-AP evoked a
much stronger response in guinea pig submucous neurons
[41]. The same discrepancy was also observed in the
myenteric plexus [42]. Even if these results demonstrate the
importance to consider PAR; as a drug target in gut diseases
associated with increased protease levels, they do not
exclude the possibility that PAR, is important in the
regulation of pain sensation. In fact, enteric nervous system
and thus PAR; regulate mostly muscle and epithelial
function and not directly the nociceptive signal which is
dependent on spinal and on a lesser extent on vagal
projections. With that said, the characterization of proteases
released by intestinal tissues under pathologic conditions and
their respective PARs counterparts are a field of major
interest to be further explored.

5. ENDOGENOUS PROTEASES AND PAIN RELATED
TO PROTEASE-ACTIVATED RECEPTORS ACTIVA-
TION

One of the major obstacles in defining a physiological
role for PARs resides in the question of the endogenous
proteases responsible for their activation. Under physiological
conditions, colonic trypsin activity is constantly counter-
balanced by the presence of trypsin inhibitors [43]. On the
contrary, in patients with inflammatory bowel disease (IBD),
ulcerative colitis and Crohn’s disease, there is a reduction of
the expression of the trypsin inhibitor [44] [45] and thus,
trypsin activity is increased in IBD patients [46]. Indeed, this
phenomenon has also been observed in animal models of
colitis [47]. Trypsin was also detected in the pancreatic
parenchyma and pancreatic secretions of patients with
pancreatitis, as well as in rodent models of experimental
pancreatitis [48]. Thus, in pancreatitis, trypsin secretion by
pancreatic acinar cells could constitute the major candidate
in mediating pain related to this disease. Recently, increased
elastolytic activity (elastase-like proteolysis) in colon tissue
of IBD patients has been characterized [49]. This increase in
activity was coupled with a decrease of mucosal expression
of elafin (endogenous elastase inhibitor) in patients with IBD
[49]. In mouse colitis, macrophage cathepsins are activated
during colitis, and Cat-S activates nociceptors to induce
visceral pain via PAR, [50]. These different studies
demonstrated an increase in proteolytic activity in IBD
patients or in mice under experimentally-induced colitis.
Nevertheless, a direct relationship between this increase and
visceral pain was not investigated. Tryptase, another protease
that can activate PAR,, constitutes the major protein released
upon mucosal mast cell degranulation in humans, and is
released in the setting of inflammation [47]. Trypsin and
tryptase constitute good candidates to activate PAR, on DRG
and could be responsible for the pain related to IBD. In
patients with irritable bowel syndrome (IBS) the number of
mucosal mast cells (MMC) in terminal ileum and caecum is
increased [51, 52]. The degranulation rate of MMC in close
proximity to nerves was reported to be significantly higher
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than degranulation of MMC distant from nerve fibers in the
colorectal specimens of diarrhea predominant IBS patients
[53]. Moreover, a positive correlation was found between
the severity of abdominal pain and the proximity of MMC
and nerve fibers in IBS patients [35]. In a model of IBS in
rats [54], pretreatment with the mast cells stabilizer,
doxantrazole, reduced visceral hypersensitivity to rectal
distension while no effects were observed in control rats,
further showing the possible implication of mast cells in the
hypersensitivity related to IBS [55]. Thus, in IBS, tryptase
released by mast cells constitutes the major candidate to
mediate visceral pain via PAR, activation. Serine proteases
of bacteria such as the gingipains-R, can also activate PARs
[56]. Likewise, an increase of proteolytic activity has been
described from samples of post-infectious IBS patients or
mouse models [36, 38, 57]. Even though, the source of these
serine-proteases, whether the host epithelial cells or
pathogens, needs to be characterized. Serine proteases of the
coagulation cascade can also activate PARs. As thrombin
can activate PAR; but not PAR,, this serine-protease could
be a good candidate as the endogenous PAR; agonist
mediating this analgesic effect. Coagulation factors such as
the coagulation factor Xa can activate both PAR; and PAR,,
thus the effects of factor Xa on nociceptive functions might
depend on the ratio of expression between these receptors
expressed in the vicinity and potentially on the cells targeted
by this protease. Clearly, more studies are necessary to
determine the implication of the coagulation factor in the
regulation of pain.

6. INTERACTION OF PROTEASE-ACTIVATED
RECEPTORS WITH TRANSIENT RECEPTOR
POTENTIAL, IMPLICATION IN VISCERAL PAIN

The molecular mechanism of PAR,-mediated hyper-
algesia is largely unknown. However, it is likely to involve
signaling events that regulate activity or expression of ion
channels. The most prominent candidate in this regard is the
transient receptor potential vanilloid-1 (TRPV1). TRPV1 is a
member of the transient receptor potential (TRP) family of
channels. TRPV1 is a nonselective cation channel that is
activated by protons, elevated temperature, and certain lipids,
as well as by exogenous vanilloid molecules such as capsaicin
[58, 59]. For instance, PAR; is co-expressed with TRPV1, in
sensory neurons of dorsal root ganglia [60, 61] on nerve
fibers of the bladder [15] or of pancreas [12]. On the nerve
fibers arising from the pancreas, PAR, and TRPV1 are also
functionally coupled, since activation of PAR, sensitized
DRG neurons responses to capsaicin, as measured by an
enhancement of capsaicin-evoked CGRP release [12]. The
TRPV1 antagonist capsazepine blocks PAR,-mediated
thermal hyperalgesia, but not spontaneous nociceptive
behavior or Fos expression, showing that sensitization/trans-
activation of TRPV1 by PAR, might be involved in thermal
hyperalgesia but not in the primary pain message [62]. In a
model of visceral pain induced by intracolonic administration
of capsaicin, intracolonic injection of PAR, agonist, 6 or 18h
before capsaicin, produces a delayed sensitization of
capsaicin receptors, resulting in facilitation of visceral pain
and referred hyperalgesia in response to von Frey filaments
stimuli [63]. In the same study, authors have shown that
PAR; activation appears to play an antinociceptive role in
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processing of visceral pain in this model [63]. To study the
relationship between PAR, and TRPV1, Amadesi and
colleagues used four different approaches: calcium signaling
in HEK cells co-transfected with PAR, and TRPV1, calcium
signals in DRGs, electrophysiology approach, and in vivo
experiments [60]. All these different approaches pointed to
the same mechanism, demonstrating that PAR, activation
potentiates the capsaicin response in a PKC-dependent
manner [60, 64]. In HEK cells and DRG neurons, PAR; and
TRPV1 are functionally coupled, application of PAR,
specific agonists, trypsin or tryptase potentiated capsaicin-
induced currents [60, 64]. Dai and colleagues confirmed a
functional interaction between TRPV1 and PAR, in HEK293
and in mouse DRG neurons by a patch-clamp technique [61].
Further, Amadesi et al. have shown that PAR, agonists in
sensory neurons promoted translocation of the epsilon form
of PKC and protein kinase A catalytic subunits from the
cytosol, to the plasma membrane [64]. Studies on the inter-
actions of PARs and channels such as the TRP family could
be the challenges and opportunities of future research in
molecular mechanism of PARs-regulated inflammatory pain.

PAR, is also co-expressed with other members of the
TRP family in sensory neurons such as TRPV4 [65, 66] and
TRPA1 [67, 68]. In sensory neurons, PAR, activation
potentiates the response of those cells to agonists of TRPA 1
[68] or TRPV4 [66]. Moreover, TRPV4 potentiation was
also dependent on histamine and serotonin receptors
activation [69]. Inhibitors of protein kinases A, C and D
were able to suppress PAR; agonist-induced sensitization of
TRPV4-mediated calcium signals in sensory neurons [66].
Interestingly, the mechanism of TRPA1 sensitization by
PAR; activation is independent of PKC [68]. In sensory
neurons, the increased TRPA1 sensitivity is due to activation
of PLC, which releases TRPA1 from PIP2 inhibition [68].
Direct activation of TRPV4 or TRPA1 causes somatic and
visceral hypersensitivity to mechanical stimuli [38, 66-68].
Moreover, TRPV4 and TRPA1 mediate PAR;-induced
somatic and visceral hyperalgesia in vivo [38, 66-68]. For
TRPV4, the interaction between this receptor and PAR, was
confirmed by the fact that direct responses of splanchnic
colonic afferents to PAR, activation were totally lost in
TRPV4-deficient mice [70]. However, the same group
observed that the loss of TRPA1 did not affect the magnitude
or proportion of direct responses to PAR, specific agonist
[71]. Authors suggest that the strong interaction between
TRPV4 and PAR; in sensory neurons projecting from the
colon is due to a tight co-localization, whereas TRPA1 and
PAR, are localized in different cellular microdomains,
rendering this channel inaccessible to products of PAR,
activation [71]. Thus, the electrophysiological recordings
from splanchnic afferents did not reveal that PAR, sensitizes
TRPA1 [71] but the behavioral studies of awake animals
showed sensitization [67]. In a very recent study, authors
demonstrated a functional coupling between PAR, and
TRPV4 [72]. In fact, PAR; activation induced the production
of endogenous activators of TRPV4 via cytochrome epoxy-
genase activation [72]. This functional coupling was not
observed between PAR, and TRPA1 [72].

As all of these studies have been performed with
activation of PAR, by its agonist peptide, we can not
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Table 1. Functions of PARs Activation in Visceral Pain
Rodent
HUMAN
Sensory Neurons Animal Models
No effect on:
PAR, - calcium flux ND Activates enteric neurons
- release of neuropeptides
Induce:
Increase: ) )
- Pancreatic pain Do not activate enteric neurons.
PAR, - calcium flux . . L. . . L
. - Parotid pain Proteases released by biopsies of IBS patients activate PAR; in mice
- release of neuropeptides ) o
- Colonic hypersensitivity
PAR; ND ND ND
PAR, Decrease excitability Decrease colonic hypersensitivity Do not activate enteric neurons

extrapolate these results to the pathophysiology of proteases
in inflammatory pain [4]. Taking trypsin as an example,
which can activate both PAR, and PAR, on sensory neurons,
one could raise the question whether trypsin would sensitize
TRPV4 through a functional interaction with PAR; or inhibit
TRPV4 signaling through PAR, activation [31]. In this way,
studies of the effect of endogenous protease on this
sensitization pathway are necessary to understand such
mechanism and to develop potential therapeutic drug against
inflammatory pain.

7. CONCLUSIONS

The ability of PARs to act at different levels of the
visceral pain pathways demonstrates their value as potential
therapeutic targets in this phenomenon (Table 1). Even if
basic science results point to a crucial role for PARs in
visceral pain, there is a lack of knowledge concerning the
nature of proteases released upon human pain-associated
diseases. As a matter of fact, future directions in this field as
in the field of inflammatory pain would have to include the
determination of the nature and specific functions of protease
released in human pathologies [4].
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