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Summary identity of genes encoding numerous non-seleatitionic
channels - channels that are distinct from tbkage-gated

1. Influx of C&*, Mg?* and N4, and eflux of K¥, ¢+ channels, P2X receptors, and, Ipacemaker
have central importance for the function and swaliof  .5nnelé16  Existence of these additional cationic
vascular smooth muscle cellgjtiprogress in understanding channels has been gradually appreciategt the past 30
the influx/eflux pathways has been restricted by a lack %fears, lagely because of the resistance of some signals to
identification of the genes underlying ryaof the non-  onentional C&* antagonists such as verapamil, because
voltage-gated cationic channels. _ electroplysiological studies sho the signals are not

2. This review highlights evidence suggesting the,jiage-actvated, and because vasoconstrictor stimuli
genes are mammalian homologues of thieansient qyqing the signals include not only ATP but also
Receptor Btential (TRF) gene of the fruit-flyDrosophila  gngothelin, noradrenalineasopressin, Gastore depletion
The weight of eidence supports roles for TRPCLl,;n4 membrane streffi?1 A leap forvard in

TRPP2/1, and TRPC6, but recent studies point also Eﬁ’lderstanding these pathways isvnaccurring follaving
TRPC3, TRPC4/5, TRPV2, TRPM4, and TRPM?. the discoery of TRP channels, the general properties of

3. Activity of these TRP channels is _sug_gested tQhich hare teen reviewet-25
modulate contraction _and sense changes_ in intracellular e TRP field originated in studies Bfosophila
Cat* storage, G-protein coupled recepémtiation, and hotoreceptors where a mutation in P gene resulted
osmotic stressRoles in relation to myogenic tone, action§, 3 more transient membrane potential depolarisation
of vasoconstrictors substances, Agomeostasis, and the (transient receptor potential, TRP) in response to constant
vascular injury response are suggested. bright light, suggesting the mutation led to loss of function
4. Knowledge that TRP channels are vel& 10 ot an jon channel that normally mediates sustained
vasqular _smooth muscle cells in both their contractile a'@epolarisatio??. Snce 1995, man mammalian
proliferatve thenotypes should pa the way for a better pomglogues of th®rosophila TRRyjene were reported and
u_nderstandlng of vascular biology arjd\pde the basis for j; pecame apparent that yhdike Drosophila TRPencode
discovery of a nev set of therapeutic agents gated 10 cationic channef825— i.e. channels that confer membrane
vascular disease. permeability to Naand K, in mary cases also G4 and in
at least one case, My The mammalian TRP channels
number at least 25 and are sub-classified based on amino
acid sequence identity into groups denoted by an eqamer
Blood vessels are essential for thevaigpment and letter: For &ample, C for canonical or classical (hence
physiology of erery organ of the body and vascular diseaseTRPC1, TRPC2 ... TRPC7), indicating the highest
is the most common cause of death or disability in tt&imilarity to the archetypalDrosophila TRP; the full
western verld®, Critical to all blood vessels xeept subclassification has beenvieved®?*2> Some TRP
capillaries is the smooth muscle cell, a cell that is mostBhannels are modulated bgltage, but depolarisation is not
restricted to its contractile phenotype in the adult but which aitical trigger for channel opening, as it is, foraenple,
undegoes profound phenotypic modulation in response 0 Voltage-gted C&" channels. Instead,intriguing
appropriate stimuli, prading a core element ofascular actvation signals hee eneiged, including temperature
injury and adaptie responses, and underlying componentghange, fidrogen peroxide, and gustatory chemicals.
of atherosclerotic plaques and neointimal hyperplasia. ~ Although much attention has focused on the roles of
Entry of the cations calcium (€3, sodium (N4 mammalian TRP channels in sensory systems, the channels
and magnesium (Mg) into the vascular smooth muscleare also predlent elsewhere and in vascular smooth muscle
cell is of central importance for the cellfunctional they are providing fertile ground for disgery. This review
properties and phenotyp®  Understanding these provides a summary of progress, highlightingdence that
pathways has, hoever, been hampered by not knowing theat least ten types of TRP channevéndunctions in either
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Proceedings of the Australian Physiological Society (2385) 1



Vascular TRP channels

the contractile or proliferate phenotype of the ascular mesangial cells — cells with some relation tasaular
smooth muscle cell — roles that are both physiological asthooth muscle — also supports a role for TRPC4 in $0Cs

potentially pvotal in vascular disease. TRPC5 may act similarfj and has the capacity to respond
_ ) to store-depletion wherver-expressed in HEK-293 ceff$
Functions of TRP channelsin vascular smooth muscle It is often envisaged that the functional role of

TRPC1 is as part of a mechanism to refilPGstores, and
this might well be one of its rolesdowever, TRP channels
TRPC1 was the first mammalian homologue ofave nultiplicity of gating - also called ersatility of
Drosophila TRP to be clonéd?! and throughout the gaing®®42 that is, thg can be actiated by more than one
subsequent decade TRPC1 was widely studiestimulus, perhaps making them igtators or coincidence
Nevertheless, TRPC1 has, in somegaels, been a detectors (see beld. Thereforejn line with the comple
frustrating subject because its heterologous-expression and often contreersial data from heterologous@ession
has often not produced a signal clearly distinguishable froptudies, TRPC1 may he aher actvation mechanisms that
background signals (dataveabeen reiewed®). Therefore, do not require store-depletionndeed, endogenous SOCs
signals reported for TRPC1 may be obfuscated b§ vascular smooth muscle are watied by noradrenaline
endogenous ion transport mechanisms of tkgression independently of store-depletith The scope of TRPC1
system, and it remains unclear if TRPC1 can actualBctivation mechanisms has probably yet to be diegad.
function without the co-operation of other proteins, The overall importance of TRPCL1 to vascular smooth
including other TRP channelszor example, it is plausible muscle seems considerable — relating both to the msiscle’
that TRPC1 operates only as part of a protein complex; feentractile and proliferate functions. Blockof TRPC1
example, as per §9.3 in complees with K,2.1/2, and inhibits endothelin~eoked contraction in rat caudal
Kg6-1 in complges with SURZ"28  Heterologous artery*. Intriguingly, there is, in contrast, no role for
expression studies of TRPC1vearot produced agreement TRPC1 in endothelinvdked contraction of the basilar
on the actiation mechanism. artery unless it is subjected to gan culture, when store-
Much of the appreciation of TRPC1 comes fronpperated C¥ entry in the smooth muscle cells is up-
efforts to inhibit endogenously expressed TRPQhese regulated®. In support of a role of TRPC1 inveking
studies hee teen perhaps surprisingly successful, leadingontraction, — wer-expression of TRPC1 enhances
to agreement on the functional role of TRPC1 at the cellulgplmonary artery contractiorvaked by gyclopiazonic acid
level. Early on, mRNA encoding TRPC1 was found to be (an agent that depletes Lastores) but not potassium-
widely expressed, including in vascular smooth mu$d@  induced depolarisatidh
Although there are fewer studies at the proteiellét It is emerging that TRPC1 is not only nedat to C&"
seems dir to say that TRPC1 protein is also widelyentry that impacts on the contractile proteims.part this
expressed. Further using antibody targeted to ansuggestion has come from work on SOC in cerebral
extracellular epitope of TRPC1 we showed at least @terioles: TRPC1 is imlved in this SO& but the SOC-
fraction of TRPC1 in smooth muscle is a trans-plasnfaediated C&-entry fails to goke wntraction, gen though
membrane protein mediating £anflux?®. Tonic actvity the C&" elevation is equialent to that eoked by 33 nim
was rot evident. Insteadactiity occurred once Castores K*, which does cause contractfdn Although this
were passiely depleted using thapsigin. Studieswith ~Ca*-entry might be tightly coupled to refiling of &€a
antisense DN and siRNA targeted to TRPC1 mRAlhave stores, as suggested by Casteels & Droogffaitsmay
yielded similar results for arterial smooth muscle cellsave aher functions that are not directly related to
growing in culturé®3. Therefore, three independentgenerating contractionAnother function may be gelation
laboratories, using different techniques, conclude TRPC16§ cell proliferation because antisense ANargeted to
a cmponent of the store-operated channel (SOC) of tH&RPC1 mRM inhibits proliferation of pulmonary artery
arterial smooth muscle cell in either its contractile ogmooth muscle cells in cultdfe Furthermore, TRPC1
proliferative ghenotype. Therare no conflicting reports. ~ eXpression is up-regulated under conditions thetke
The broad structural similarity of TRPC1 to thesmooth muscle adaptation and proliferatfgtt*2
Shaker voltage-gated K channel suggests TRPC1 is . .
actually part of the ion permeation patiyof the SOC and | R P1/2 — polycystins and aneurysmal disease

not simply an accessory regulatory protein partrigis Polygystic kidng disease results from mutations in

does not, heever, exclude the imolvement of other TRP TRppgened?. Intriguingly, these patients suffer not only
proteins in the SOC, particularly because -aiagby from qysts on the kidng but also from aneurysmal disease
analogy withShakerlike dhannels - TRPC1 is liy to be  _ hinning of the arterial wil that leads to rupture and
only one component of a heterotetrameric channel complgyiernal bleeding. Similarly, mice with disrupted TRPP
Heterologous expression studies and biochemical ass@¥es sdér from haemorrhage as well as cysts on the
indicate. TRPC1 can associate with TRPC4, TRPCRigne/s. Thevascular effects relate in part to abnormality
TRPC3 and TRPP2% Indeed, siRM tageted to MRW.  j yascular smooth muscle cells becalB®Pland TRPP2
encoding TRPC4 suppresses the SOC signal in pulmonafy expressed in these cells and SOC*Gatry is

artery myocytes in culture, without effect on backgrounguppressed ITRPP2/- mice®5L The link between this
Ca*, or C&*-release signalé An antisense DM study on

TRPC1 — cell contraction and proliferation
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abnormality in C& handling and aneurysmal disease isvith data produced with antisense ANo TRPC6 in
unknavn, but the suggestion is that TRPP proteins amssentially the same cell ty3e We should also consider
involved in controlling the myo-elastic structural gy  that heterologous ver-expression in HEK 293 cells may
of blood \essel?®. Knowledge that TRPP2 binds to the C-fail to reproduce the contextualvéronment of the smooth
terminus of TRPC¥® indicates these proteins mayveaa muscle cell — obviously HEK 293 cells dailfat this, It
co-operatie relationship, but xperimental data to test this how important is this dilure? Itis clear that TRPC6 is
idea are lacking. highly relevant to smooth muscle functionub we hae

) _ much to understand about its regulation and roles.
TRPC6 — multifunctional channel

) ) ] ~ TRPC6/3 — factarin pulmonary arterial remodelling
It is widely agreed that TRPC6 isxmressed in

vascular smooth musdieand seeral studies hee provided Idiopathic pulmonary arterial hypertension (IPAH) is
evidence of its functional importanceStrikingly, the caused by)xessie snooth muscle proliferation and results
functions proposed arewdise: Antisense DA targeted to in right heart &ilure. Kunichika et al® and Y et al®?
TRPC6 mRM inhibits proliferation as well as remodellingfound IPAH to be associated with umtgated &pression
of pulmonary artery smooth muscle cglisIt also inhibits of TRPC6and TRPC3(but not TRPC) genes at the \els
store-operated CG& entry in pulmonary myodes®, of mRNA and protein. These effects occur in the smooth
cerebral artery myogenic totfeand phewlephrine-eoked muscle cells and siRN tageted to mRM encoding
cationic current and Chentry in portal vein smooth TRPC6 is an inhibitor of proliferation in smooth muscle
muscle cell®. Welshet al>* also found cationic channel cells cultured from patients with APi. Furthermore,
activation by hypo-osmotic stress was suppressed Imhronic hypoxia enhances TRPCG&peessioA! and the
antisense DN to TRPC6. siRM tamgeted to mRMX  endothelin receptor antagonist bosentan, which is used in
encoding TRPC6 also suppressed cation entokeel by the treatment of IPAH, has a marked suppvesdfect on
the diacylglycerol @G3L. Although not shown directly TRPC6 epressiof>. Therefore, whateer the endogenous
vasopressineoked activation of cationic channels in A7r5 activation mechanism of TRPCB6, there are indications of
cells may also be mediated by TRPE6 the channe$ importance in pulmonary vascular disea8e.
There is, therefore, the suggestion that endogenoiusictional role of TRPC3 in thesevemts has not been
TRPC6 is a store-operated, receptor-operated, stretclemonstrated, Ut it can form heteromultimers with
activated and osmotically-astited cationic channel in TRPCE® and may hee particular releance because of its
vascular smooth muscle cellsAlthough multiplicity of capacity to enable tonic entry of catiéhs
activation is an emerging concept for TRP chantfets _ o
extensie gudies of heterologouslyver-expressed TRPC6 1RPC3 — mediator of UTP-evoked constriction
shaw it to be pimarily linked to receptor aatétion, but not

itg;eé%epletlonhmmembt;:ne t.sgtetgh’b ord. OS:FT?O'[IC ls'[re?'ﬁUScle15 but no functional roles had been assigned until
-0 can, noever, ativate y diagiglycerols recently It is now gpparent that antisense BNargeted to
(albeit at high concentration), the arachidonic aci RNA encoding TRPC3 inhibits depolarisation and

;njtgbtqllteh hz(iégf TE, o ?lr. h prI‘gsgh"’mdy“nos'tOIvasoconstriction woked by uridine triphosphate (UTP),ub
4,0 NISPhosphate™, any o which could be a COMMON 4t 1 minal pressure, in rat cerebral arfryThe antisense

factor in endogenous aettion by more general stimuliln DNA also inhibited UTP-goked whole cell current in

f[h'S context, the &fct .Of ZO'HETI.E IS mtngw.ng.b.e.cause It isolated smooth muscle cells. Therefore, a role for TRPC3
is a potent @soconstrictgracting in part by inhibiting the in agonist eoked cationic current and contraction is

SV?C?EOtaZ‘Q’S'UHrE_I_CEaan wascij_lar. smﬁoth rr|1u§cle célﬁs suggested. AlthouglTRPC3 can associate with TRPC6
ether £U- aataies cationic channels Inascuiar - 5,4 confer tonic cationic channel ai§®, no rle for

smooth g'u.SCIe cells, as it does N cultured ”?Che? PC3 in determination of the resting membrane potential
myocytes$®, is not reported. 20-HETE is produced during or myogenic tone wasviglent in the studies of Readireg

the deelopment of myogenic tone, although Scotlaeid ) 65 Furthetr athough TRPC6 is receptor-operated (see

al.®% recently suggested its effect is mediated via TRPV1 hove), and apressed in cerebral arteries, the UTBked

periescular sensory neurones. . . cationic current is abolished by antisenseADfdrgeted to
If there turns out to be no common aation signal TRPC3

mediating the functional modalities of endogenous TRPC6

or it truly lacks multiplicity of @ting, hav should we TRPV2 — hypo-osmotic sensation

explain the published data®/e perhaps should noelude

that the antisense DWprobes to TRPC6 mRAlcould lack TRPV2 was first associated with sensory systemts b
specificity or the expression offRPC6 gene may be its MRNA is detected in a wide range of other cell tyiSes
directly linked to other genes, leading to knock-ofea including blood essel¥’. In murine aortic myogtes, cell-
on other pathways — note fokample a report on siRN swelling caused by hypotonic solution setes non-
knock-davn of TRPMPL. Recently Lin et al3! found no Selectie ationic channels andrekes Ca* entry’’. These

effect of siRM\ tamgeted to TRPC6 on SOC in pulmonaryreésponses are inhibited by ruthenium red, a kookf
artery smooth muscle cells gvo in culture, contrasting TRPV channels.Treatment of mouse aorta with antisense

TRPC3 has been commonly detected in smooth
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DNA targeted to TRPV2 mRA reduced the amount of permeable to Nabut not calciund”.
TRPV2 protein and suppressed weatton of cationic )
channels by hypo-osmotic stimulatiorMuraki et al®’ TRPM7 — Mg* homeostasis
shaved TRPV2 oer-expressed in Chinese hamstesany
(CHO) cells is actisted not only by Wpo-osmotic
stimulation but also by mechanical deformation of th
platform on which the cells were gva. Theimplication
of these findings for the general function of blo@s$sels
remains to be elucidatedzor example, is TRPV2 wolved

in generation of myogenic toneMuraki et al” also
detected mRM encoding TRPV4 in aorta, although at
lower levels than for TRPV2.The functional significance
of this finding vas not described, but it may be relat that

a TRPV4-like sgnal is detected in airmys smooth muscle
cells grown in culturé.

TRPM7 was originally noted for its importance in
cell survival and its ubiquitous distrilition’®. Subsequently
ft was shown to confer membrane permeability to a wide
range of cations and suggested to be an endogenotis Mg
channel, regulating the intracellular Kgoncentration and
consequently cell sunal”> There is nw evidence these
concepts are directly applicable to vascular smooth muscle
cells growing in culture, whefBRPM7gene is expressed as
mRNA and proteifl. sRNA tamgeted to mRM encoding
TRPM7 nearly abolished the acute vat®on in the
intracellular M@* concentration when extracellular Rig
was devated from O to 2 mM. Furthermore, angiotensin Il
TRPM4 — activation by intracellular G and alldosterlo.ne enhanc‘éRPM?geng express'ion, and the

chronic positie dfect of angiotensin Il on intracellular

There hse been reports of endogenousMg?* levels was inhibited by the siRA tameted to
Ca*-actvated cationic channels in ascular smooth TRPM7. ThesiRNA also suppressed angiotensin Vieked
musclé®’L The presence of such channels mightedov cell proliferation. TRPM7 wuld therefore seem to be a
amplify vasoconstrictor signals and so the expression pfime regulator of M§ homeostasis in vascular smooth
TRP channels that are €aactivated is of potential interest. muscle, which is likely to he& onsiderable importance
Although TRPCS is stimulated by intracellular calcfdf, given the  wide-ranging vascular fetts  of
the most striking Cd-activated TRP channels would seemmagnesiurt?-8283
to be those in the TRPM swwhily. The first found to be )
strongly actiated by intracellular G4 was TRPMZ'273 - Conclusions
expression of which occurs, at least at miRINevd, in
arterial smooth musclé For TRPM2, the cafctor ADP-
ribose is thought to be necessary for?@activation to
manifest itself. TRPM4 can be actéted by intracellular
Ca&" in the absence of a cadtor dthough there is a rapid
decline in C&'*-sensitvity when membrane-patches ar
excised from cells, as if a ca€tor is normally iwolved>.
It has been proposed that TRPM8 is a ‘coincidenc
detector — i.ethat it senses intracellular €af a co-factor
(an icilin-like agent in the case of TRPMS8) is presént
This might be a common theme for TRPM channels.

Messenger RN encoding TRPM4 has been detectecﬁ
along with a C#-activated cationic channel in smooth
muscle cells of cerebral arterfés High micromolar
concentrations of intracellular €aare required to actite
this channel, which may raise questions about t
physiological releance of the effect, orvar whether C&"

Figure 1 provides a summary of the egieg
evidence suggesting that at least 10 of the 25, or so, TRP
channels ha functional roles in vascular smooth muscle.
Such an gensve dsplay of TRP function is impress
and challenges progress oryaher cell type of the body

®More research will of course be needed to confirm and
further plore the roles of these, and othEBRP channels.
$n order to achiee this, development of more and better
tools to explore the channels will be an on-going
requirement — including the wddopment of selecte
harmacological agents. We dso need a better
nderstanding of the aettion mechanisms of the
channels, identification of endogenous regulatorgnlits,
and more dbrts to appreciate the heteromultimerisation of
endogenous TRP channels and their association with
otein complges. We ae also challenged with
understanding the verlapping  functions and

IS the normal aotatlpn'&gnal, or whether. a cagtor is multifunctional nature of the TRP channelNevertheless,
required. Thelatter is indicated because it was obsérv these are exciting and progressiimes in this field. The

that detel'cttlj?n OI the e_ndogenous TRFMﬁImanels \ﬁs bEnONledge that TRP channels are wel# to \ascular
more reliable after prior treatment of cells with a phor %mooth muscle function in both its contractile and

ester. . .
. proliferatve phenotypes should pa the way for a better
Antisense DM tageted to TRPM4 mRA has been understanding of vascular biology and\ide nev targets

mgrc;.cti_ucedfmto gan Cl{{ltured atr;erles andt. causee;imr;earfor agents that might reduce the death and disability rates
abolition of myogenic tone, rather as antisens resulting from vascular disease.

TRPC6 does in the same artetfesTherefore although
TRPM4 is not. _known to be stretch a?ated, it some he Acknowledgements
contritutes critically to the myogenic response, perhaps
working co-ope.,-rat{'ely with TRPC6.0r in series with it. Supported by the Wellcomerdst, British Heart
One hypothesis is that €aentering through TRPC6 Foundation, and British and Australian yRplogical
channels stimulates TRPM4 channels such that TRPM43Sgcieties.

an amplification mechanism for TRPC6. TRPM4 is
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Figure 1. Emerging functions of 10 types of TRP cationic channdl in vascular smooth muscle. The TRP kannels ag
shown pictorially aranged in a circle in ecaynition of their membership of one protein famifhe circle does not neces-
sarily indicate a physical association with an adjacent TR@wertheless, theris experimental evidence for physical asso-
ciations between TRPC1 and TRPP2, TRPC1, TRPC3, TRPC4 and TRPC5, and TRPC3 and TRPC6 (sedetext for r
ences).
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