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Proteolytic regulation of TRP channels:
Implications for pain and neurogenic inflammation
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Summary It is well established that proteolytic enzymes can
_ ) regulate pain and neurogenic inflammation by vieg

1. The protease-astited receptor 2 R,) is @ G yrotease-aotited receptors (PARS), arhily of 4 GPCRs
protein-coupled receptor (GPCR) expressed by PrMAPAR, ). This stimulation of PARs triggers nociception
afferent neurons. AR, can be actieted by inflammatory hrough an array of cellulavents within nere terminals
proteases to induce wérse pathophysiological processesyng syurrounding inflammatory tissue, and can modulate the
such as neurogenic inflammation and pain.eL#her ,ciity of jon channels, such as the thermoserssiti
GPCRs, RR, augments these cellulaveats by initiating  ransient receptor potential (TRP) supenfly. The broad
signalling pathways to stimulate ion channels, lipidiypications of proteases in diseasesdhareviously been
metabolising enzymes and nyasther proteins. ~ reviewed? Here we will focus on the galation of a

2. PAR, is differentially regulated by multiple e\ ronally @pressed member of the PARNily, PAR,, and
proteases in the bodieading to the potential for protease-giscyss ha different proteases can contribute to pro-
driven biased signalling.Whole animal imaging of act inflammatory and nocicepe a/ents through

proteases using aeiiy-based probes can be used "PAR -dependent stimulation of specific TRP ion channels.
conjunction with other animal and cellular models to

investigate when, where, and Wwo proteases stimulate The protease-activated GPCR family

distinct AR, receptor signalling\ents to induce specific . o } ]
physiological outcomes. Tissues respond to injury and inflammation through

3. Members of the Transient Receptor Potentidh® release and aedtion of proteases from the circulation,
(TRP) cation channelafily are recognized @mstream Immune cells and epithelial cellsActivated proteases
tagets of AR, signalling. The sensitization of TRPV1,egulate nociception, inflammation, haemostasis and
TRRAL and TRPV4 by RR, senes to amplify nocicepte healing by cleaving PARs on multiple cell typeRroteases

and inflammatory responses to proteases. Our rec&tfave within the extrac;ellular N-terminal domain oARs
findings indicate that AR, can also directly aatite to expose a e N-terminus that actates the receptor as a

TRPV4, which rapidly increases ion influx and Signm"m{ethered ligand. Synthetic peptides that mimic this tethered

events to amplify neurogenic inflammation. igand domain, knen as an acteting peptide (RR-AP),

4. Identification of specific AR,-stimulated can directly actiate the receptor without the requirement
signalling pathways may veal nav therapeutic tajets to for proteolysis® The complexity of this highly gulated
improve  pathoplysiological ~ states  while  leing system lies in the ability ofARs to respond to proteolytic

physiological PAB and TRPV4 responses intact. attack and subsequently transducererie intracellular
signalling eents. All four FARs are expressed in neuronal

PAR, is a key mediator of neurogenic inflammation and and non-neuronal tissues, and ea&RRs preferentially
pain cleaved by dfferent subsets of proteases to initiate
] ) ) _ particular cellular pathways. Hence, the tissue-specific
The first neurons in the pain pathway are primarypysiological outcome is dependent upon the vatsdl
spinal aferent neurons, which ka cell bodies in dorsal proteases and the clesl receptors. Thrombirtrypsin and
root canglia (DRG) or trigeminal ganglia (TG). Thecathepsin G can clea AR, PAR, and RR,, which
peripheral nerg erminals of DRG neurons are locateqnegiate essential vents such as inflammation and
within cutaneous and visceral tissue and project Cemra”yéeagulation. Typsin, mast cell tryptase, cathepsin-S and
the dorsal horn of the spinal cord; TG neurons innervate tRgikreins  cleae MR, a mejor contributor to
eyes, face and cranium and project to central@e0f the  inflammation and nociceptiohf PAR, is widely expressed,
brainstem. Upon agttion, these sensory n@v &cite \yith multiple functions including control of smooth muscle
central neurons to cause transmission of paio. dlow  contractility immunity and skin barrier formation. From a
neurons to detect and respond to@mse range of stimuli, therapeutic standpoint it is important to understand the
the neuronal projections express aristy of signalling  effects and role of AR, activation on peripheral and central
proteins including ion channels, GPCRs and receptqprons, where it contributes to neuropeptide releasee nerv
tyrosine kinases. These channels and receptors are a mgj@iiation and inflammatory pain. Me concepts are
tamget for treatment of chronic pain and inﬂammator)émeging relating to he proteases andAR, impart such

diseases. signalling specificity.
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The identity, origin and role of proteases in neuropeptide release to generate the hallmarks of
inflammatory disease neurogenic inflammation: SP acties the GPCR
) o . neurokinin 1 (NKR) on endothelial cells and post-capillary

Understanding the contition of proteolytic yenyles, leading to granulocyte infiltration  and
pathways to inflammatory pain requires the identification ofy4asation of plasma proteins; CGRP binds andvatets
contributing proteases, their cellular origin, and theiggicitonin Receptetike Receptor (CLR), to cause
mechanism of action. This is a complgrocess gien the  yagodilatation of arterioles!® At the same time, AR,
complement of proteases within a host, in addition tgitation of peripheral neevterminals can also lead to
exogenous sources such as gastrointestinal bactefigiation of action potentials and subsequent release of SP
Proteases ve been shown to increase the permeability 0of,y cGRP from their central projections within the spinal
cell barriers €.g. of the intestinal mucosa), ugéate .,rq. This leads to agttion of NK,R and CLR on spinal
immune responses (neutrophil and mast cell recruitmegt,rons and subsequent pain transmission (Figure 1A).
and dgranulation) and increase sensory Be&citation 0 Together these processes are associated with painful
induce visceral pain and inflammatory disordetsVhile it jnfammation of the intestine, pancreas and joifts.
may be clinically possible to prent protease attack using Proteases signal to celiia the common mechanism
protease inhibitors and antagonists of PARsyemtion of ¢ protease attack leading to receptor \aitn.
all cleavage events across all tissues could be detrimentadiimyation of intracellular signallingvents is critical in
and does not account for other protease targets oaimgb his process and amplifies the inflammatory pain response.
to inflammatory pain disorders. S Several lines of evidence indicate that non-selectiation

The recent use of protease-specific witytbased channels such as the thermo-sewsiiRP channels areck
probes is a aluable approach for profiling proteases iRggyets of these inflammatory signals. Neuronafigressed
disease models and therefore identifies harmful proteolyfiannels such as TRP Vanilloid 1 and 4 (TRPV1 and
evants10-12 Activity-based probes typically comprise aTrpv4) and TRP Ankyrin 1 (TREL) are co-gpressed
warhead or reacte goup that ceaently binds and inhibits ;i PAR, on small diameter peptidergic neurons and are
a potease of interest, a peptide kmkand a reporter younstream targets of AR, and other GPCR-20
molecule such as a fluorescent tag or biotin, which iﬁwportantly these channels can be watéd by stimuli
adwantageous for nonvasive in vivo andex Wo imaging  generated during injury and inflammation: TRPV1 is
and proteomic identification of avé poteases? - activated by protons, noxious temperatures (>43°C) and

Using infrared actity-based probes to specifically |,iqg metabolite€1"23 TRPV4 is actiated by mechanical
target the cysteine cathepsins (Cat) Cat-B, Cat-L and Catspeyr stress, lipid metabolites, osmotic stimuli arainw
non-irnvasive imaging reeals the tissue and cellular temperatures >27°8%31 TRRAL ion flux is increased in

localization of actie athepsins in disease models. Miceresponse to noxious cold temperatures, reactikygen
with inflammatory pain induced by colitis Ve keen tested species, and by inflammatory lipids such as

with these probes andvealed actie Cat-B, Cat-L and Cat- 4-hydroxynonenof?-34

S in mlonic macrophages in spinal neurons and microglia. For PAR,, the downstream regulation of TRPs is
Cat-S was also secreted and highly abundant in the cologiggent in the pathophysiological outcomes of inflammatory
lumen, which lead toyperecitability of DRGs mnerr_:\tlng pain models (Table 1)For example, trypsin-stimulated
the colon. Importantlypar, and cat-s knoclout animals PAR, signalling causes thermal and mechanical
demonstrated a causai wle for Cat-S in colonic pyperaigesia in mice, consistent with sensitization of
nociceptorsvia zymogen actation or direct clegage of TRpyv1 (described bel, TRPV4 and TRRL.16:17:35
PAR,. This pravides a functional link between proteaserppy/4 is stimulated byAR, in models of peripheral and
specificity activity, localization and the protease-sensiti \jisceral pain to induce mechanicalyperalgesid®3
PARZ-defen_de_nt contrition to a painful inflammatory PAR,-dependent neuropathic pain following chemothgrap
diseasé® Similar studies in mice with inflammatory (mechanical, heat, or coldypersensitiity) requires these
pancreatitis, reealed the presence of aeti @thepsins in game thermo-sensié TRP channeld? The magnitude of
the pancreas, spmal_mlcroghal c_ells_ and spinal ”_e‘]-’('lonsmechanosensation responses in nocieepGfibres pre-
Further studies of this nature will pide nev functional reated with the inflammatory mediators prostaglandin E2

links between protease release and activity in othgpg serotonin is also markedly reduced in TRRRdckout
inflammatory pain disorders. mice38

TRP channels contribute to the pro-nociceptie ections GPCR-dependgnt regulation O.f TRP channel§ V8 no
of PAR2 knowvn as a prominent mechanism for the indirect

stimulation of TRP channel acity. TRP channels are

PAR, expressed by primary spinal afferent neurons igensitized and contribute to pro-inflammatoryengs
a major mediator of neurogenic pain and inflammation du@llowing the actiation of histamine H receptof®4°
to its ability to cause both local and centrdeefs on the neurokinin NK and NK,**#2bradykinin B,*34purinergic
nenous system. A subset of primaryfieaént (nociceptie) P2Y1 and P2Y254® prostaglandin E and J**° and
neurons co-expresses AR, and the neuropeptides muscarinic receptors.
substance P (SP) and calcitonin gene-related peptide The importance of the GPCR/TRP axis is also
(CGRP). Clemage and actition of PAR, stimulates evident in other eukaryotic genisms. TRP channel
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Figure 1. Proposed pathways foAR, and TRPV4 mediated neurogenic inflammatiorA. Following inflammation or
injury, proteases from multiple cellular sources can clead®fon primary aferent nerve terminals (DRG nerve ending).
Localized neuwgenic inflammation is initiatedia release of the neuropeptides SP and CGREse same peptides contrib-
ute to pain tansmissiorvia stimulation of their respective GPCR on spindéednts.B. Following FAR, cleavage Gtep 1),

G protein signalling mechanisms lead to the production of second messend activation of the TRPV4 iorhannel.
This includes PLC-dependent BIydmlysis into diacylglycerol (BG) and IP; to trigger Ca?* mobilization from intacel-
lular stores (2), PLAmediated breakdown of phospholipids intacuidonic acid (AA; 3) and subsequent metabolism of
AA by cytobrome P450 into eicosanoic acid, or EETs (4), Whie endagenous activatas of TRPV4. A currently uniden-
tified tyrosine kinase can also phosphorylate TRPV4 at residue Tyr110 and contributeAs,itaeliated activation (5).
PKC phosphorylation of Ser824 and PKA activity also contribute to TRPV4 sensitization, but ierglgwrnclear if this

contributes to the immediate activation of TRPV4 BRPin neurons (6). These pathways stimulate neuropeptigase
and multiple localized physiological responses (7). Adapted from Boale20131°

activity, for example, has been identified in photoreceptdkey GPCR pathways for regulation of TRP channels
cells of aDrosophila melangaster mutant, where thérp

mutant phenotype showed a rapid decay in the photo- GPCR signalling requires association with the
sensitve response to continuous light stimulation. IntensBeterotrimerica, § andy G Protein subunits to promote
research in the field has since demonstrated th%l_gnallmg to a range of effecto_rs for the st|m_ulat|0n of
photoreceptor TRP channel gating requires stimulation @iverse cellular gents. The C-terminus ofAR, can interact
the light-sensitie GPCR rhodopsin, astition of With seeral G protein subtypes (G, Gog Gay,
membrane-bound phospholipase C (PLC) and lipif%1219 in addition to important adaptor proteins such as
signalling pathwys. This provided the first knawn P-arrestins, which sho increased dhity for the C-
example of a GPCR sensing an environmental stimulus afgfminus of protease-aeéted, phosphorylated AR,.
modulating a TRP channel toadiitate a cellular While arrestins are not the focus of thisies, they play
responsé? Functional interactions between GPCRs anfi®y roles in GPCR localization through receptor
TRP channels he dso been characterized i@.elegans €Cognition to &cilitate clathrin-mediated internalisation. In
and while the mechanisms mayfelif common signalling the case of AR, receptor internalisation is critical for
components are evident. This includes PLC-dependdffmination of the protease-aetied signalsvia receptor
break down of phospholipids into second messengers dygosomal targeting for deadatior® Recent studies
upregulation of kinases, which modify channel gating anfl&/€ dso demonstrated the ability for arrestins to promote
activity.5 additional inflammatory signallingvents when receptors
are internalized to endosomal compartméhtsThe
potential for AR, and other receptors to actie different
second messengers depending on their cellular location and

Proceedings of the Australian Physiological Society (2@43) 103



Proteolytic egulation of TRP channels

Table 1. TRP channel activity is an important component of, fPA&liated hyperalgesia.

TRP channel Comments Reference

TRPV1 PAR, reduces temperature threshold for TRPV1vattn in HEK, DRG and mice 54
PAR, stimulates the protein kinases PKA and PKC, sensitizing TRPV1 to cause ther- 17
mal hyperalgesia
PAR, actiation of PKC sensitizes TRPV1 for Substance P and CGRP release 55
PAR,-TRPV1 pathway is associated with thermal hyperalgesia in chronic pancreatitis 56

TRPVA4 PAR, actiation of PLC, PKA, PKC and protein kinase D (PKD) sensitizes TRPV4to 20
induce neuropeptide release and hyperalgesia
TRPV4 is required for PARInduced mechanical hyperalgesia and excitation of 36,57
colonic afferents
PAR, stimulation of PLA, P450 and a tyrosine kinase induces sustained TRPV4 19
activity in DRG neurons and causes neurogenic hyperalgesia in mice
TRPA1 TRPAL potentiates effects of PARctivation in DRG neurons via PLC-mediated 16
PIP, hydrolysis
PAR,-dependent colitis-induced mechanical hyperalgesia requires TRPA1 expression 58
in sensory neurons innervating the colon
TRPV1, TRPV4 Pzlitaxel induced PARsignalling sensitizes all three channels to induce neuropathic 37
and TRPA1 pain

presence of localized proteases is discussedwbéto outcomes may be ackim through a small number of TRP
“Biased signalling of PAR. ion channels.

GPCR-stimulated Gyia signalling is an important Together GPCR signalling in an inflammatory
contritutor to rapid changes in intracellular and is a cellular environment provides all of the necessary ceigs (
well-characterized and prominent pathway for TRP-relatadmperature) and \eirse G-protein signalling pathways to
activity. A major component of this pathway requiresstimulate TRP channel acity. Yet, despite the number of
stimulation of PLC for the hydrolysis of signalling &ents within the RR, signalling netwrk,
phosphatidylinositol  4,5-bisphosphate (BIPinto the evidence suggests that there is a high degree of tissue-
second messengers inositol triphosphate ;) (IRnd  dependent selewtty for specific ion channels and this is
diagylglycerol (DAG). Metabolism of PIRdirectly relie’es  not well understood.
tonic inhibition of TRP channels, while AG gimulates
protein kinase C family members to phosphorylate arfcinctional coupling between PAR and TRPV4
stimulate TRPV1 and TRPV#:%4Signalling through GTP-
bound G sulunits stimulates adgfate cyclase activity to PAR,
increase cAMP lels and PKA actiity, dso leading to
sensitization of TRPV1, TRPV4, and TRR"65 Thes
events occur in parallel to a plethora of other signallin
processes: Stimulation and nuclear translocation of M
kinases ERK1/2, astition of tyrosine kinases
transcriptional and Cadependent signalling vents,
upregulation of cytokines, and stimulation of metabolic
enzymes such as phospholipasg(RLA,).%¢%8 PARs work

Upon investigating a role for TRPV4 in
-stimulated neurogenic inflammatory pain, wevéha
recently demonstrated that in additon to TRPV4
sensitization, these signallingveats also lead to direct
nctional coupling in both HEK293 cells and nocicepti
eurons. While this does not ascribe a physical interaction
' between RR, and TRPV4, the signallingvents involved
lead to specmc and rapid TRPV4 Ldlux, that was not
obsered for other neuronally-expressed TRP chantels.
; ) . . The TRPV4 non-seleete aation channel is expressed in
together with receptor tyrosine kinases (RTKs) tovaieti afferent neres and contributes to thermo-, osmo- and

PLA, q1d this is an Important geqlator'y process for mechano-sensation, which is essential forvarde range of
metabolism of phospholipids into arachidonic acid (AA%eIIular processes including pain and inflammation,

leading to increased  activity of Ilpoxygenasesvasod"atlon’ ciliary beating frequepcwound healing and
cyclooxygenases andyiochrome P450. Each of these .o contraction e(g. bladder widing).”%"* In nenes

enzymes is responsible for generation of nocivepipid ge.g.inner\ating the skin and intestine) chronic stimulation

agonist; of TRP ‘?ha”'?e's' including the TRPV4 agonis§ TRPV4 by RR, can lead to mechanicalperalgesia,
epquelcoslatrLenqlc aC|dsB£(16—EE'I',d8,9T-RI§EI?T)., TTP.\/l however, the molecular eents that cause this are not well
actwator _leukotrienes , _an -stmulating 1 qerstood and remain undevéstigation.

. - 28,506 . .
prostaglandin metabolité$>2**These signalling pathays Heterologous expression of TRPV4 in HEK293 cells

represent dergence between GPCRs (>100Giily demonstrates a clear and seleetioupling between AR,

memgers) andd TRP I(_:hanrr:els (28 mar;:mgl:amilﬁ/l stimulation and TRPV4-dependent 2Cdlux. Treatment
members), and xemplify how mary physiologica with signalling inhibitors and »@ression of TRPV4
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phosphorylation site mutants has weed ley dayers in for degradation. Proteinase 3, cathepsin G and elastase
this direct coupling (Figure 1). Antagonism of PJ.#450 cleare te receptor at distinct sites downstream to the
and Src family kinases reduced or vyamed coupling tryptic cleavage site and this was initially considered a
between RR, and TRPV4. Imestigation of phospho- disarming mechanism for rewa of the tethered lignd
tyrosine mutants of TRPV4 (Y110F and Y805F) suggestexhd preention of trypsin mediated signallin§.While this
a ecific role for the putate N-terminal phosphorylation is true for proteinase 3 and cathepsin G, elastasgagiea
site Tyr110 in this process. Further studies willee¢ the initiates distinct signallingwents though @, ., mediated
precise kinase required andwhthis phosphosite leads to MAPK pathways’® This may lead to specific phiological
increased channel activity. eveits in inflamed tissue, which may also be temporally
Historically, TRPV1 has been the mostcontrolled by Proteinase 3 or cathepsin G disarmuegts.
therapeutically tayeted of the vanilloid TRPV family due Interestingly activity-based probes ka indicated a role for
to its role in threshold pain sensation, such as noxious he@at-S in AR, mediated colitis-induced inflammation and
Consistent with this, co-administration of the TRPVImay praide an additional, alterna® hased protease for
agonist capsaicin andi\R,-AP causes thermayperalgesia PAR, signalling. The potential to influencéR, signalling
in mice, which is lost in TRPV1 knoolit animals. through biased proteases is not completely understood and
Sensitization of capsaicin responses with pridBRRAP  remains an exciting yet complearea of irvestigation in
stimulation is alsoedent in cultured DRG neurons. PKC protease biology.
(epsilon isoform), PKD and PKA ke keen identified as
significant signalling components oAR,. All of these
kinases mediate sensitization of TRPV1 channel activity in

. 265,76 it .
sensory neurons and in cell lin€s>® Similarly, protein and pain through the upregulation of multiple signalling

kinase inhibition in neurons and cell lines can also reduf)%thvxays and, with the identification of biased proteases
sensitization of TRPV4, and was, therefore, consideredﬂge true con,1plexity of these patays is only nw '

q_l;{e;}(/ 4tartg]]et fc:éo ;‘?hp'd RRgf—_dep ir.]g.?nt rr;ogllilgn_on of beginning to be understood. The contribution of TRP
channeils. The Specific inhibition o IN OUN channels to these pathys is significant. TRP channel

studies, hwever, showed no effect on immediate : P ;
' . .~ knoclout mice and inhibitor studies all support a role for
PAR,-TRPVA coupling. The PKC phosphorylated res'du?:lon—selectie ation channel gating in mgrphysiological

fSer824 IS tadxy -LRF;VS' r_tla_gRuFI)z\a/tzry ?;. that_ls a rqutjllqrel.mIen[)rocesses, including mechanical or thermal hyperalgesia. A
or receptommediate adtion In _endothelia ajor challenge remains in the identification of therapeutic

cell$* and contributes to TRP channel sensitization ar{argets that maintain the basal ait§i of TRP channels and
pain. Despite TRPV studies shiag rapid RR,-AP i}_‘re\/ent chronic sensitization or stimulation byAR, pro-

Conclusion

PAR, is a ley contributor to neurogenic inflammation

induced cell sudce translocation of PKC, these dat : -
support a long-term role for PKC in neuronal TRPV flammatory signalling ents.
actvity that cannot be obsesd immediately follwing Acknowledgements
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