BRITISH

BIS/ PHARMACOLOGICAL
SOCIETY

British Journal of Pharmacology (2010), 159, 1559-1571
© 2010 The Author
Journal compilation © 2010 The British Pharmacological Society Al rights reserved  0007-1188/10

www.brjpharmacol.org

BRITISH JOURNAL
OF PHARMACOLOGY

BJ

REVIEW

Pharmacology of transient receptor potential
melastatin channels in the vasculature

Alexander Zholos

Centre for Vision and Vascular Science, Medical Biology Centre, Queen’s University of Belfast, Belfast, UK

Mammalian transient receptor potential melastatin (TRPM) non-selective cation channels, the largest TRP subfamily, are widely
expressed in excitable and non-excitable cells where they perform diverse functions ranging from detection of cold, taste,
osmolarity, redox state and pH to control of Mg?* homeostasis and cell proliferation or death. Recently, TRPM gene expression
has been identified in vascular smooth muscles with dominance of the TRPM8 channel. There has been in parallel considerable
progress in decoding the functional roles of several TRPMs in the vasculature. This research on native cells is aided by the
knowledge of the activation mechanisms and pharmacological properties of heterologously expressed TRPM subtypes. This
paper summarizes the present state of knowledge of vascular TRPM channels and outlines several anticipated directions of
future research in this area.
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ACA, N-(p-amylcinnamoyl)anthranilic acid; AMTB, N-(3-aminopropyl)-2-([(3-methylphenyl) methyl]oxy)-N-

(2-thienylmethyl)benzamide hydrochloride salt; BTP2, 4-methy-4’-[3,5-bis(trifluoromethyl)-1H-pyrazol-1-yl]-
1,2,3-thiadiazole-5-carboxanilide; CaM, calmodulin; CAN, Ca?"-activated non-selective channels; GPCR, G
protein-coupled receptor; LPL, lysophospholipids; PIP,, phosphatidylinositol-4,5-bisphosphate; PKC, protein
kinase C; PLC, phospholipase C; PUFA, polyunsaturated fatty acids; ROC, receptor-operated channel; ROS,
reactive oxygen species; S1P, sphingosine-1-phosphate; SOC, store-operated channel; TM, transmembrane

domain; VSMC, vascular smooth muscle cells

Introduction

Adequate blood supply is critical for the proper function of all
tissues and organs in the body, and cardiovascular diseases
remain the leading cause of disability or death in industrial
countries. Vascular smooth muscle cells (VSMC) regulate
blood pressure and blood flow by adjusting their contractile
state according to tissue metabolic or environmental needs
(e.g. in thermoregulation). Ca*-permeable ion channels ini-
tiate and maintain VSMC contraction, and hence the identi-
fication of their genes is important for our understanding of
vascular function and, ultimately, for the treatment of human
cardiovascular diseases. Evidence is also being accumulated
for the important role of cation entry in slow phenotypic
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remodelling processes in the vascular system leading to
hypertension, atherosclerosis, neointimal hyperplasia and
other proliferative disorders.

Vascular smooth muscle cells are enriched with a multitude
of ion channels of different types that act in concert to regu-
late cell membrane potential and smooth muscle excitability
and excitation process. Calcium influx via various non-
selective cation channels and voltage-dependent Ca* chan-
nels, an ultimate determinant of VSMC contractile state, is
thus regulated in a very complex manner. As an added layer of
complexity, same calcium signals that initiate VSMC contrac-
tion also often couple to ‘inhibitory’ Ca*-dependent chan-
nels, such as Ca®-activated potassium and, under certain
conditions, chloride channels. For many channels, there also
exist tight positive or negative feedback loops that control
their activity, usually employing membrane potential and
calcium level for activating or deactivating them. Micro-
domain organization of signal proteins and local efficient
coupling between Ca* entry, Ca?" release and activation of
Ca?-dependent channels (Bolton, 2006) makes identification
of the roles of individual channel types an even more chal-
lenging task.
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Transient receptor potential (TRP) cation channels
(Montell, 2005; Nilius etal., 2007, Venkatachalam and

Montell, 2007) are currently considered as the leading candi-
date proteins mediating diverse non-voltage-gated Ca** entry
pathways in vascular and communicating endothelial cells
(Beech, 2005; Yao and Garland, 2005; Albert and Large, 2006;
Inoue et al., 2006; Simard et al., 2007; Saleh et al., 2008).
However, in contrast to cells overexpressing a certain type of
TRP channel, it is far more difficult to reveal its role in native
cells such as VSMC. It also follows from these general consid-
erations that even the net functional outcome of channel
activation (e.g. VSMC contraction or relaxation) can be some-
times difficult to predict. For example, Ca*-permeable non-
selective cation channels, by elevating Ca®* in the above
mentioned signalling microdomains, can induce not only
membrane depolarization but also spontaneous hyperpolar-
izations caused by the Ca* ‘sparks’/BKc,/STOCs mechanism as
was shown for TRPV4 activation resulting in membrane
hyperpolarization (and vasodilation) of cerebral artery medi-
ated by the TRPV4/RyR/BKc, complex (Earley et al., 2005).
Nevertheless, there has been considerable recent progress in
decoding the function of several TRPs in VSMC, mostly from
the family of ‘canonical’ TRP channels (TRPC), as reviewed
elsewhere (Beech, 2005; Albert and Large, 2006; Inoue et al.,
2006; Dietrich et al., 2007; Firth etal., 2007; Saleh et al.,
2008). The purpose of this review is to outline the present
state of knowledge of vascular ‘melastatin’ or long TRPs
(TRPM), one of the most novel, largest and diverse TRP sub-
families, while emphasizing the usefulness and limitations of
current TRPM pharmacological modulators that help reveal
their roles in native cells.

TRPM channels

Based on structural homology, TRPMs belong to TRP group 1
that includes three other mammalian subfamilies (TRPC,
TRPV and TRPA), as well as TRPN channels found only in
invertebrates and zebrafish (Montell, 2005; Venkatachalam
and Montell, 2007). The other two mammalian subfamilies,
TRPP and TRPML, in group 2 are their much more distant
relatives. Eight mammalian members of the TRPM subfamily
are structurally and functionally diverse non-selective cation
channels, which are involved in processes ranging from detec-
tion of cold, taste, osmolarity, redox state and pH to control of
Mg* homeostasis and cell proliferation or death. Their phy-
logenetic analysis suggests subdivision into four groups,
TRPM1/3, TRPM6/7, TRPM4/5 and TRPM2/8 (Harteneck,
2005). Remarkably, three out of eight TRPM members have
connections with cancer development, but their role in vas-
cular angiogenesis has not been investigated. The founding
member melastatin (TRPM1) as well as TRPMS and TRPMS8
were identified by analysis of gene expression in several car-
cinomas (Kraft and Harteneck, 2005).

Transient receptor potential channels in native cells some-
times do not faithfully reproduce properties of their heterolo-
gously expressed counterparts, likely due to differences in the
cellular milieu or heteromultimerization between different
TRP subtypes. However, the knowledge of biophysical prop-
erties, interacting molecules and activation mechanisms of
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recombinant TRPs together with the analysis of the corre-
sponding gene expression in native cells has significant pre-
dictive power in decoding native channel protein functions.
Thus, Table 1 summarizes some key features of the individual
members of the TRPM subfamily that have been reviewed in
detail elsewhere (Fleig and Penner, 2004; Harteneck, 2005;
Kraft and Harteneck, 2005; Ramsey et al., 2006; Nilius et al.,
2007; Venkatachalam and Montell, 2007). Furthermore, phar-
macological modulators of heterologously expressed TRP
channels together with more selective molecular biology
approaches such as gene silencing or gene knockout are
invaluable tools for probing the functional roles of native
channels. Therefore, Table 2 provides a summary of the phar-
macological properties of TRPM channels.

Structure

In common with other TRP channels, TRPMs have cytoplas-
mic N- and C-terminals separated by six putative transmem-
brane (TM) domains with the pore-forming region found in
the loop between TMS and TM6 (Figure 1); the TRPM4 selec-
tivity filter is also located in this region (Nilius et al., 2005a).
TM4 and the TM4-TMS linker in TRPMS8 determines its sen-
sitivity to voltage, temperature and menthol (Voets et al.,
2007), while the distal part of TM6 determines cation versus
anion selectivity, at least in TRPM2 and TRPMS8 channels
(Kuhn et al., 2007).

Similarly to TRPC channels, they have a TRP box in the
C-terminal. Their N-terminus lacks ankyrin repeats found in
TRPCs and TRPVs, but instead has a common large TRPM
homology domain. Functional TRP channels are most likely
homo- or hetero-tetramers, and the C-terminus coiled-coil
domain is necessary for TRPM channel assembly and suffi-
cient for tetrameric formation (Tsuruda et al., 2006). There are
also additional domains specific to TRPM subtypes (Table 1
and Figure 1) that contribute to large differences in protein
length — from 1104-amino-acid residues in hTRPMS8 to 2022
residues in hTRPM6 (Birnbaumer et al., 2003). These will be
discussed in more detail later in connection with interacting
proteins and activation mechanisms of individual TRPM
channels.

Biophysical properties

Although TRPM proteins demonstrate high diversity in their
electrophysiological behaviour they can be divided into two
major groups in each case. All TRPMs can form functional
cation channels either as homo- or heteromultimers. This was
shown by patch-clamp measurements of cation currents spe-
cifically arising in mammalian cells lines such as human
embryonic kidney (HEK)293 or Chinese hamster ovary cells
transfected with TRPM plasmid DNAs. Single channel mea-
surements have also been performed as the gold standard for
studying ion channels. This provides valuable clues for the
identification of TRPM channels in native cells as single
channel conductance and channel kinetics are unique ‘signa-
ture’ properties of the channel. However, in TRP research
single channel analysis in native cells is generally lacking.
Also notable, in some cases (TRPM3/7) the reported single
channel conductance values differ by a factor of 2-2.5, likely



1561

‘uneysepw [epuajod 1oydadal juaisuedy ‘INdYL D asedijoydsoyd ‘D14 ‘ereydsoydsig-g ‘p-jonsouljApneydsoyd ‘2d|d ‘@beyjor—juaiind ‘A-| oydadal pajdnod-uiioid D ‘YDdD ‘uinpowljed ‘|Ned
'S9DUDIRYRI pue suoneue|dxd 10j }x) 995

Vascular TRPM channels

A Zholos

A1ayie duUasaW

A19)e DlIRUSsAW pue |eigaiad Kiaye
pue |eJjowdy ‘|1e} ‘Areuowind Kiape |elqatad pue Kiape Kiope
‘Areuow|nd ‘eyloy ‘GI/V ‘elloy DLIDIUISIN Ateuownd ‘eyoy Areuownd ‘epoy  Ateuowind ‘eyioy uoissaldxa Jejndsep
anssiy asodipe ajeysoud
pue auoq ureiq pue seasdued ayeysoud Moulew
J3AI| pue 3)e)soid ‘Kreyinyd ‘peay pue aunsau| ‘aunsaiu| pue aunsau| Areyinud pue ujesg auoq pue ulelg urelg uoissaldxa 3saybiH
uone|nbas
dleAndY 91eADY 12949 ON pajelado-ai0ls
AUl NGyl 1O 31eARDY 31eAdY naqyu| 3reAndy 193)49 ON 19349 ON uonejnbas yodo
SISL}SO3WOY-OWSO
Jadued u uofjesuas ajse} Jeual ‘|suueyd yjeap |19 jo sa1fdouepW Ul
pajeinbal-dn sise}soawoy uondiosqge ,bIN ‘[ouueyd uoped |]puueyd uoned dAI}ISUIsSOURYDIIW ]0J3U0D ‘IoSUdS J0ssaiddns suonduny
‘uonesuss pjod +zO Jo [o1uoD |D pue |eusy pajeAnde-,,ed pajeAnoe-,,eD pue -3WnjoA $S2135 JUBPIXO Jnowng pasodoud Jofey
(205€9)
jedy ‘8D
(2.5€-61) 383y (2.5¢-S1) spidijobuiyds Jejnjjdenul
spidijoydsoydosA| 2dld ‘+z2D 183y ‘Zd|d ‘.,eD ‘Ayidejowso-odAy ‘sS913S DAI}EPIXO AR
‘2d1d ‘PIoD 2did ‘Anpnpy Appy Je|njjedenu| Je[njjedeaul  ‘9ARdE AJRAIINYIASUOD ‘avN “ddav AlpAnNInsuoD uoneAndY
$3]0J [euondUNy pue
sajijoid uoissaidxa
‘SwisiuRYIRW UONRAIDY
€1 €-€°0 69 S0°0> S0°0> 0791 9'1-5°0 > (=Ng/%2d) AuandspRs
buiAynoal buiAynoal [SISThLEY buiAynoal Buikynoal buiAynoal
AlpieminQ AlpdeminQ A|pleminQ A|pleminQ A|pdeminQ Jeaur] Jeaur] AlpdeminQ diysuonejpl A-|
€8/ SOL-0% v8 S7-91 4 £€1-59 08-7S  PaulwiIp 10N (sd) b
saiadoud |edisAydoig
ureyd Aneay vi| L4NS
uisoAw ‘uideus SINdYL zus (S"NSTA)
‘d-D1d ‘9NdUL LNdYL PNdYL NeD NeD Ace) LINdYL Hoys sujoud bupdessiu
aseury uijoud aseuny uijoud Wed s - DN
4did - D [eardAie - 5 [eardhye - 5 4did =D Zdid - D XIPNN - D sutewop pazijeads
suiay0.4d
Bundessul pue aundNIS
8NdYL LWNdYL INJYL SWdYL YNdYL ENdYL CNdY1 INdY1 adAgns
sjpuueyd INdYL uneisejpw jo saiadold pue uoissaidxy | d|qel

British Journal of Pharmacology (2010) 159 1559-1571



Vascular TRPM channels

1562 A Zholos
Table 2 Pharmacological properties of TRPM channels
Activators Inhibitors
TRPM1 Unknown La3* 80-100 uM
TRPM2 H,0, pD; = 4.3 2-APB ICso~ 1 uM
Other oxidants Miconazole 10 uM
tert-butyl hydroperoxide (tBOOH) 4 mM ACA 20 uM
Dithionite (Na;S,04) 1T mM Flufenamic acid 50 uM-1 mM
Arachidonic acid 30 uM Clotrimazole and econazole 3-30 uM
B-NAD* pD2~ 3 La* Insensitive
ADPR pD: ~ 4
cADPR pD: = 3.2-4.9
NAADP pD2=5
Intracellular Ca? pD; = 4.8-6.3
TRPM3 D-erythrosphingosine and SPH analogues pD. = 4.9 Gd* and La* 100 uM
Pregnelone sulphate pD; = 4.9 2-APB 100 uM
Nifedipine pD; =4.5 SKF-96365 Insensitive
Ceramides, S1P, AA, DAG Insensitive
TRPM4 BTP2 pD; = 8.1 Gd* and La* 80 uM
Intracellular Ca** (sensitivity regulated by ATP, pD; = 3.4-6.4 ATP, ADP, AMP and AMP-PNP ICs0 = 2-19 uM
PKC and CaM)
PIP; pD;=5.3 Spermine ICs0 = 61 uM
Decavanadate pD; =5.7 Flufenamic acid ICso = 2.5 uM
ATP* ICs0 = 0.8 uM
TRPMS Intracellular Ca®* pD. = 4.7-6.2 Protons ICso at pH 6.2
PIP, (restores rundown) 20 uM Flufenamic acid ICs0 = 24 UM
Spermine ICs0 = 37 uM
ATP* Insensitive
ATP Insensitive
TRPM6 2-APB pD; = 3.4-3.7 Ruthenium red (voltage-dependent) ICs0 = 0.1-10 uM
Protons pHos = 4.3 Mg* ICso=1.1 uM
Ca* ICso = 4.8 uM
TRPM7 PIP, 20 uM 2-APB ICs0 =178 uM
2-APB >1 mM Mg ICs0 = 0.6 MM
Protons pHos = 4.7 La** 2 mM
Spermine 0.2-20 uM
TRPM8 Cooling tos = 25.5°C Clotrimazole (voltage-dependent) ICs0 = 0.2 uM
WS-12 pD. =4.9-7.4 AMTB ICso = 0.6 UM
Icilin pD2 = 5.3-6.9 BCTC ICs0 = 0.8 uM
CPS-113 pD; = 5.9 SKF-96365 ICso = 0.8-1 uM
FrescolatML pD,=5.5 Thio-BCTC ICs0 = 3.5 uM
CPS-369 pD:=5.4 Capsazepine ICso =18 uM
WS-3 pD: = 5.4 2-APB ICs0 = 8-12 uM
WS-148 pD,=5.4 Tetracaine 100 uM
WS-30 pD,=5.3 Chlorpromazine 1uM
FrescolatMAG pD2=5.3 PUFA 10 uM
Cooling agent 10 pD,=5.2 Spermine ICs0 = ~50 uM
WS-11 pD; =5.2 Ruthenium red 20 uM
WS-14 pD. = 4.7 1,10-phenanthroline ICs0 = 100 uM
Menthol pD; =4-5
PMD38 pD2 = 4.5
Ws-23 pD: = 4.4
Coolact P pD; = 4.2
Geraniol pD; = 2.2
Linalool pD;=2.2
Eucalyptol pD; =2.1-2.5
Hydroxycitronellal pD,=1.7
Lysophospholipids (LPC, LPI) 3-10 uM
PIP; and PI(4)P (directly and restores rundown) 20 uM

References: TRPM1 (Xu et al., 2001; Oancea et al., 2009); TRPM2 (Perraud et al., 2001; Hara et al., 2002; Hill et al., 2004a,b; Kolisek et al., 2005; Beck et al., 2006;
Togashi et al., 2008; Du et al., 2009); TRPM3 (Grimm et al., 2003; 2005; Lee et al., 2003; Xu et al., 2005; Wagner et al., 2008); TRPM4 (Xu et al., 2001; Launay
et al., 2002; Nilius et al., 2003; 2004a,b; 2005b; 2006; Ullrich et al., 2005; Takezawa et al., 2006); TRPMS5 (Liu and Liman, 2003; Liu et al., 2005; Ullrich et al.,
2005); TRPM6 (Voets et al., 2004b; Li et al., 2006); TRPM7 (Runnels et al., 2001; 2002; Kerschbaum et al., 2003; Li et al., 2006); TRPM8 (McKemy et al., 2002;
Andersson et al., 2004; Behrendt et al., 2004; Hu et al., 2004; Voets et al., 2004a; Liu and Qin, 2005; Abeele et al., 2006; Andersson et al., 2007; Beck et al., 2007;
Bodding et al., 2007; Malkia et al., 2007; Lashinger et al., 2008; Meseguer et al., 2008; Sherkheli et al., 2008).
ACA, N-(p-amylcinnamoyl)anthranilic acid; AMTB, N-(3-aminopropyl)-2-([(3-methylphenyl) methylJoxy)-N-(2-thienylmethyl)benzamide hydrochloride salt; BTP2,
4-methy-4'-[3,5-bis(trifluoromethyl)-1H-pyrazol-1-yl]-1,2,3-thiadiazole-5-carboxanilide; CaM, calmodulin; LPC, lysophosphatidylcholine; LPI, lysophosphatidyli-
nositol; PKC, protein kinase C; PUFA, polyunsaturated fatty acids; S1P, sphingosine-1-phosphate; TRPM, transient receptor potential melastatin.
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TRPM subtypes expressed in vascular smooth muscle cells and their established (bold) as well as hypothetical physiological roles in

the vasculature. The diagram highlights some structural features of TRPM channels as well as their subtype-specific regulation by membrane

potential (V — activation by membrane depolarization), G protein-coupled receptors (GPCR: orange — activation; grey —

inhibition; mixed colour

— dual effect) and PIP, (potentiation). CAN, Ca?*-activated non-selective channels; PIP,, phosphatidylinositol-4,5-bisphosphate; SOC, store-

operated channel; TRPM, transient receptor potential melastatin.

due to differences in the recording conditions (e.g. ion com-
position of the solutions used).

Based on the shape of their current-voltage (I-V) relation-
ships TRPM channels also fall into two groups: TRPM2/3 that
show almost linear relation, and TRPM1/4-8 that show
outward rectification. The voltage dependence in some cases
is very strong (e.g. TRPMS8 compared with other voltage-
sensitive TRPs) but not as strong as in other classical voltage-
gated channels, such as Ky channels. Based on the ion
selectivity, TRPMs can be again subdivided in practically
impermeable (TRPM4/5) and moderately permeable to Ca*
(TRPM1/2/3/6/7/8) channels. Thus, under physiological con-
ditions TRPMs can induce membrane depolarization due to
Na" influx and Ca* influx via TRPM2/3/6/7/8 or voltage-gated
Ca? channels if these are expressed, such as in arterial VSMC.

Activation mechanisms and functional roles of TRPM channels
TRPM1 and TRPM3. Although the TRPM1 channel is the
founding member of the TRPM subfamily, very little is known
about its activation properties and function. Its tissue expres-
sion also seems to be limited compared with other TRPMs (see
below). Its expression is inversely correlated with potential for
melanoma metastasis (Duncan et al., 1998). The main func-
tion of TRPM1 was suggested to be intracellular and critical to
normal melanocyte pigmentation (Oancea etal., 2009).
TRPM3 shows constitutive activity that can be increased by
hypotonic solution (Grimm et al., 2003). Therefore, from this
function and expression in the human kidney its role in renal
Ca? homeostasis has been postulated. This is also the first TRP
channel found to be activated by D-erythro-sphingosine (but
not by sphingosine-1-phosphate, S1P) (Grimm et al., 2005).
The effects of hypotonicity on TRPM3 is likely mediated by
cell swelling, thus TRPM3 can also function as a volume- and
mechanosensor.

TRPM2 and TRPMS. These are the closest relatives within the
TRPM subfamily, which share 42% of identical residues (Peier
et al., 2002). Their activation mechanisms are entirely differ-

ent and well investigated for each protein. TRPM2 is activated
by reactive oxygen species (ROS, such as H,0,), ADP ribose
(ADPR), NAD* and intracellular Ca** making it truly a multi-
functional channel with a central role in oxidative/nitrosative
stress and cell death (Harteneck, 2005; Kraft and Harteneck,
2005; Perraud et al., 2005; Kaneko et al., 2006; Zhang et al.,
2006; Hecquet and Malik, 2009). TRPM2 has C-terminal
domain with enzymatic activity similar to Nudix hydrolases
with ADPR hydrolase function. A model of oxidative and
nitrosative stress has been proposed according to which mito-
chondria produce ADPR that activates TRPM2 via binding
cleft in this domain (Perraud et al., 2005). Further interaction
of TRPM2 with the silent information regulator 2 (Sir2) con-
tributes to its role in cell death (Grubisha et al., 2006). TRPMS,
one of the best studied TRP channel, has a major role in the
cold sensation, which has been firmly established through its
initial cloning strategy from cold-sensing trigeminal and DRG
neurons (McKemy et al., 2002; Peier et al., 2002), extensive
biophysical and pharmacological investigation (McKemy
et al., 2002; Peier et al., 2002; Reid et al., 2002; Behrendt et al.,
2004; Brauchi et al., 2004; Voets et al., 2004a; Hui et al., 2005;
Bandell et al., 2006; Bodding etal., 2007) and confirmed,
more recently, by using mouse TRPM8 knockout models (Bau-
tista et al., 2007; Colburn et al.,, 2007; Dhaka et al., 2007).
Interestingly, this same channel is clearly involved in cancer
development (Zhang and Barritt, 2004; Bidaux et al., 2005;
Thebault et al., 2005; Beck et al., 2007; Bidaux et al., 2007)
whereby it shows increased expression that helped its initial
cloning (Tsavaler et al., 2001).

TRPM4 and TRPMS. Ca*-activated cation (CAN) channels
are widely expressed in various excitable and non-excitable
cells, including VSMC, where they play important roles in
resting membrane potential control, rhythmical electrical
activity and regulation of Ca* oscillations, but their molecu-
lar identity remained a mystery for a long time (Petersen,
2002). Identification of TRPM4b with the distinct properties
of a CAN channel opened up a significant prospect for resolv-
ing the composition of CANs (Launay et al., 2002). TRPM4

British Journal of Pharmacology (2010) 159 1559-1571
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sensitivity to intracellular Ca?* is controlled by multiple sig-
nalling events that include membrane potential, ATP, PKC-
dependent phosphorylation and calmodulin (CaM) binding
to C-terminal CaM domains (Nilius et al., 2005b). Membrane
potential strongly modulates channel activity in a Ca*-
dependent manner, but an important difference with other
Ca*-activated channels is that membrane depolarization
alone is insufficient to open TRPM4 (Nilius et al., 2003).
Studies of TRPM4-deficient mice are revealing important roles
of this channel in Ca*-dependent cell functions, such as
regulation of cytoskeletal rearrangements in mast cell migra-
tion (Shimizu et al., 2009). The related TRPMS channel shows
several important similarities as well as differences, including
in pharmacological properties discussed later (Ullrich et al.,
2005). TRPMS is highly expressed in the taste buds of the
tongue where it has a key role in taste transduction (Talavera
et al., 2005; Liman, 2007; Zhang et al., 2007), for example in
sweet taste transduction as was recently revealed in TRPMS
knockout mice (Ohkuri et al., 2009). TRPMS also shows inter-
esting sensing properties of the rate, rather than steady-state
levels, of [Ca*]; change, which emphasizes its role in coupling
Ca?" release events to electrical activity (Prawitt et al., 2003).
Phosphatidylinositol-4,5-bisphosphate  (PIP,)- and CaM-
binding domains regulate Ca®* and voltage sensitivity of these
channels (Nilius et al., 2005c), while temperature increase in
the range 15-35°C additionally shifts the voltage dependence
towards more negative potentials (Talavera et al., 2005).

TRPM6 and TRPM7. These are two other ‘chanzymes’ in the
TRPM subfamily, which share a C-terminal atypical protein
kinase domain. This domain is essential for channel function,
at least in TRPM6 (Runnels et al., 2001). Both channels are
critically important for normal Mg** homeostasis. TRPM6 is
tightly regulated by Mg?*" (fivefold higher affinity for Mg*
compared with Ca*) and is Mg*-permeable (Voets et al.,
2004b). TRPM6 mutations cause hypomagnesemia with sec-
ondary hypocalcaemia (HSH) as a result of impaired renal
and/or intestinal Mg** homeostasis. The naturally occurring
TRPM6 mutation disrupts its assembly with TRPM7 to form
functional TRPM6/7 complexes, providing cellular mecha-
nism for HSH (Chubanov et al., 2004). TRPM6 activity is
uniquely regulated by a receptor for activated C-kinase 1
(RACK1) that associates with the alpha-kinase domain (Cao
et al., 2008). Homomeric TRPM6 and TRPM7 channels can be
also activated at reduced pH with similar pH;,, values of about
4.5 while the pH;/,; of heteromeric TRPM6/7 was shifted to 5.5
(Li et al., 2006).

Receptor- and store-operated regulation of TRPM channels

Functional importance of TRPM channels is further high-
lighted by their regulation via pathways employing G
protein-coupled receptors (GPCR) and Ca?** store depletion.
These mechanisms are especially relevant to our understand-
ing of TRPM functions in the vasculature where Ca* homeo-
stasis and hence vascular tone are strongly influenced by
diverse and not yet completely understood receptor- and
store-operated (ROC and SOC respectively) cation channels
(Smani et al., 2004; Beech, 2005; Albert and Large, 2006;
Inoue et al., 2006; Dietrich et al., 2007; Firth et al., 2007; Saleh
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et al., 2008). TRPC channels are well known to be commonly
activated by GPCR engaging phospholipase C (PLC), PIP,
hydrolysis and DAG/InsP; production (Venkatachalam and
Montell, 2007), but research on the relevance of these or
related signal transduction pathways to TRPM function is at a
very early stage. This deficiency is especially in contrast with
the far better understood PIP,-binding domains and PIP; roles
in regulating TRPM4, TRPMS, TRPM7 and TRPMS8 channels
(Runnels et al., 2002; Liu and Liman, 2003; Takezawa et al.,
2004; Liu and Qin, 2005; Rohacs et al., 2005; Nilius et al.,
2006; Daniels et al., 2009). Current consensus and controver-
sies of PIP,-dependent modulation of TRP channels have been
recently reviewed (Rohacs, 2007; Voets and Nilius, 2007). In
TRPM4/5/7/8 arise in intracellular Ca? causes PLC activation,
depletion of PIP, and channel desensitization that can be
reversed by application of PIP,. Thus, PIP, potentiates these
channels (Figure 1). Specifically, in TRPM4 PIP, causes left-
ward shift of its voltage dependence and increases its Ca*
sensitivity 100-fold (Nilius et al., 2006). In addition, TRPM8
can be directly activated by exogenous PIP, (Liu and Qin,
2005), while cold, menthol and membrane depolarization
increase the apparent affinity of TRPMS8 for PIP, (Rohacs et al.,
2005). This is an important mechanism of adaptation to cold
that can be regulated by receptor agonists (Daniels et al.,
2009).

While there is generally an agreement on the roles of PIP, in
regulation of at least four members of the TRPM family, rela-
tive importance of PIP, depletion and other receptor signal-
ling pathways (e.g. involving PKC and PKA) in channel
regulation remains less clear (reviewed by Rohacs, 2007).
Several studies have addressed the role of GPCR receptors in
the regulation of TRPM channels. None of the melanocyte
receptor agonists affected TRPM1 currents (Oancea et al.,
2009). TRPM2 activation was also insensitive to the stimula-
tion of endogenous muscarinic receptors in HEK293 cells
(Hara et al., 2002), but this activated TRPM3 (Lee et al., 2003).
Consistently, these studies showed no effect of Ca* store
depletion in the case of TRPM2, but activation in the case of
TRPM3 (Table 1). It should be noted that sphingosine-
induced TRPM3 activation is not mediated by Ca* store
depletion (Grimm et al., 20035). Also in accord with the stimu-
latory role of PIP, activation of M; (Ggq;11/PLC-coupled) mus-
carinic receptor subtype was shown to potently inhibit
TRPM4 activity (Nilius et al., 2006). This was also the case for
negative regulation of TRPMS8 by the NGF receptor trkA,
which stimulates PLCy and hence PIP, hydrolysis (Liu and
Qin, 2005). However, TRPMS channel was stimulated by ace-
tylcholine in HEK293 M;-expressing cells contransfected with
the chimeric G protein G16z44. This activation was only
observed without intracellular Ca* buffering showing that
physiological rise in [Ca*]; can activate TRPMS despite paral-
lel PIP, hydrolysis (Liu and Liman, 2003).

The situation with TRPM7 is even more complex, as this
channel can be either activated or inhibited by GPCR. Acti-
vation of the Ggi-coupled M; muscarinic receptor or the
epidermal growth factor receptor inhibited heterologously
expressed TRPM7 via PIP, depletion, while TRPM7 currents in
ventricular fibroblasts were not modulated by angiotensin II
or bradykinin, but inhibited by another Gg;-coupled recep-
tor, the lysophosphatidic acid receptor (Runnels et al., 2002).



In addition, Takezawa et al. (2004) showed that this same
channel can be regulated by pertussis toxin-sensitive G pro-
teins: activation of B-adrenoceptors coupled to G potentiated
TRPM?7 while stimulation of muscarinic receptors coupled to
G; inhibited TRPM7 currents. The authors concluded that
TRPM7 activity is up- and down-regulated in a cAMP- and
protein kinase A-dependent manner, and that this regulation
also involves TRPM7 endogenous kinase. Importantly, several
key vasoactive agonists, including angiotensin II, bradykinin
and aldosterone, have been shown to influence TRPM6/7
expression and activity in primary rat, mouse and human
VSMC (He et al., 2005; Touyz et al., 2006; Callera et al., 2009;
Yogi et al., 2009).

TRPMS presents another interesting and unusual case of
‘dissociation’ between PIP, and Ca® store depletion effects.
While activation of receptors coupled to Gq1; inhibits TRPMS8
(Liu and Qin, 2005) the channel is strongly potentiated by
Ca?" store depletion (Abeele et al., 2006; Bidaux et al., 2007).
This effect engages chemical signalling via lysophospholipids
(LPL) that strongly potentiate TRPMS8 (Abeele et al., 2006;
Andersson et al., 2007). These are produced following Ca*
store depletion and activation of the Ca*-independent phos-
pholipase A, (GVI, or iPLA;), a novel mechanism for the
activation of SOC channels (Smani et al., 2004). The recently
discovered functional interaction of several TRPCs, which are
currently considered as the main TRP components of this Ca*"
entry pathway, with STIM-Orail complexes suggests that
SOC/CRAC channels are heteromeric complexes that include
both TRPCs and Orai proteins (Liao et al., 2008). Activation of
TRPM3/8 by Ca* store depletion thus raises the possibility
that some TRPMs can also function as molecular components
of SOC channels.

Tissue expression profiles of TRPM channels
Functional roles of TRPM channels are further supported by
the analysis of their expression profiles. These channels are
widely expressed in both excitable and non-excitable cells,
which suggests their physiological roles in various organs. Of
22 TRP channels (TRPC, TRPV, TRPM and TRPA) analysed in
the mouse, TRPM7 and TRPC3 showed consistence domi-
nance in most tissues, TRPM3/7 dominated in brain and
TRPM3/7 as well as TRPC3/6 mRNAs were characteristically
present in all tested muscle tissues (Kunert-keil et al., 2006).
Fonfria et al. (2006) have recently performed a similarly sys-
tematic comparative survey of TRPM mRNA expression both
in human peripheral tissues and in the CNS using TagMan
and SYBR Green quantification. They found the highest
expression of TRPM1/2/3 in the brain while other TRPM sub-
types were predominantly expressed in the viscera, such as
intestine (TRPM4/5/6), prostate (TRPM4/5/8), pancreas
(TRPMS) and liver (TRPMS8) (Table 1). Numerous studies
detected TRPM channel expression in the skin, melanocytes
(TRPM1), kidney (TRPM3/4/6), lung (TRPM2), endothelium
(TRPM2/3/4), uterus (TRPMS), testis (TRPMS5/8) and bladder
(TRPMS), but further comparisons are difficult to make due to
differences in the techniques used (Fleig and Penner, 2004;
Harteneck, 2005; Kraft and Harteneck, 2005; Ramsey et al.,
2006; Nilius et al., 2007; Venkatachalam and Montell, 2007).
Comparative analysis of TRPM expression specifically in
blood vessels showed the highest expression of TRPM8 both
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in pulmonary artery and aorta while TRPM2/3/4/7 were also
expressed in these vessels (Yang etal., 2006). Moreover,
TRPM2/8 protein expression was confirmed by Western blot
analysis while functional responses to the TRPMS8 agonist
menthol showed dependence on external Ca* and nifedipine
resistance suggesting the functional role of TRPMS8 in pulmo-
nary and systemic circulation. In addition, we showed TRPM8
expression in rat aorta, tail, femoral and mesenteric arteries by
semiquantitative PCR, Western blotting and immunocy-
tochemistry, the latter showing predominant TRPM8 expres-
sion on the cell boundary (Johnson et al., 2009). TRPM4/6/7
are also expressed in cerebral and mesenteric arteries (Inoue
et al., 2006; Touyz et al., 2006; Firth et al., 2007; Inoue et al.,
2009; Yogi et al., 2009).

The evidence for TRPM expression in the vasculature and
the knowledge of the diverse mechanisms of activation of
TRPM channels naturally leads us to consider their various
functional roles in VSMC, which have been increasingly
emerging during the last 5 years. This research has been aided
by the available pharmacological tools for the study of TRPM
channels as discussed below.

Pharmacology of TRPM channels

Both agonists and antagonists are available for most TRPM
subtypes, as summarized in Table 2. For some TRPMs, such as
TRPM2/4/8, the list of known channel ligands is very exten-
sive, but for others (e.g. TRPM1) pharmacological modulators
are still lacking. Table 2 summarizes data on the available
activators and their affinities [expressed as pD,, or —log(ECso)],
including references; when this was not established the con-
centration range used is shown. Apparent affinities of antago-
nists are given as the ICs, value; when single concentration is
shown, this caused significant or complete inhibitory effect.
Several pharmacological features of TRPM channels can be
summarized as follows.

High-affinity selective and potent TRPM ligands are gener-
ally lacking, which is a common problem in TRP research. The
effective concentrations are typically in the range of micro-
molar or even millimolar. For example, 2-APB, which is con-
sidered as a general inhibitor of TRP channels, commonly
inhibits TRPM2/3/7/8 channels, although between individual
members its apparent affinity varies from 1 to 200 pM. Several
other blockers, such as SKF-963635, flufenamic acid, tetracaine,
ruthenium red and spermine also inhibit other TRP and non-
TRP channels, often with much higher potency (e.g. ruthe-
nium red inhibits ryanodine receptors at nanomolar
concentrations and it is a potent blocker of several TRPVs;
flufenamic acid inhibits various chloride and potassium chan-
nels and SKF-96365 inhibits various ROC and, especially, SOC
channels). However, there are also some exceptional
examples, for example TRPM?2 is insensitive to La*" although
lanthanides commonly inhibit TRP channels including
TRPM3/4/7. ATP* allows pharmacological differentiation
between TRPM4 and TRPMS. In the case of TRPMS its most
potent known antagonist clotrimazole also shows character-
istic voltage dependency (e.g. higher potency at negative
potentials explained by a positive shift of the activation curve
caused by the blocker). Clotrimazole can be an especially
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useful pharmacological tool to discriminate between TRPMS8-
and TRPA1-mediated responses as it has the opposite, activat-
ing effect on TRPA1 (Meseguer et al., 2008). Another recently
discovered antagonist AMTB [N-(3-aminopropyl)-2-([(3-
methylphenyl) methyljoxy)-N-(2-thienylmethyl)benzamide
hydrochloride salt] also shows high affinity among other
TRPMS blockers; these include BCTC, thio-BCTC and cap-
sazepine that are well-known TRPV1 antagonists. TRPM6/7
channels are inhibited by Mg* or Ca*; in contrast, Ca*
potentiates TRM2/4/5. Inhibition of the ubiquitously
expressed TRPM7 by intracellular Mg?* can be very useful for
isolation of currents mediated by other TRPMs (e.g. Oancea
et al., 2009).

TRPM agonists also offer several unique properties for char-
acterization of individual channel subtypes. Oxidants, such as
H,0O,, B-NAD*, ADPR, cADPR and NAADP" activate TRPM2.
Interestingly, the activation by cADPR shows strong tempera-
ture sensitivity: CADPR does not activate TRPM2 at 25°C, but
heat dramatically potentiates TRPM2 activation by this ligand
(Togashi  etal., 2006). TRPM3 is activated by
D-erythrosphingosine and SPH analogues, but not by other
lipids, including ceramides, S1P, AA and DAG. TRPM3 activa-
tion by the neurosteroid pregnelone sulphate allowed its
recent identification as an essential component of an iono-
tropic steroid receptor in pancreatic B-cells (Wagner et al.,
2008). The action of pregnelone sulphate and closely related
substances (e.g. pregnenolone) indeed seems very specific to
TRPM3 as other TRPs (TRPM2/7/8 and TRPV1/4/6) are insen-
sitive to these steroids. TRPM4 can be activated by BTP2
(4-methy-4'-[3,5-bis(trifluoromethyl)-1H-pyrazol-1-yl]-1,2,3-
thiadiazole-5-carboxanilide) in a voltage-dependent manner
while decavanadate activates TRPM4 but not TRPMS. Inter-
estingly, the related TRPM6 and TRPM7 channels are acti-
vated, rather than inhibited, by 2-APB that acts more potently
on TRPM6. TRPMS displays perhaps the most impressive array
of known activators and their discovery was often guided by
the analysis of compounds that are well known to produce
cooling sensation, such as icilin, menthol and its derivatives.
Interestingly, chemicals with diverse structures can act as
TRPMS agonists. Among them the carboxamides WS-12, CPS-
369 and CPS-113 activate TRPM8 with ECsy in sub- to low
micromolar range. These new pharmacological tools to study
TRPMS show specificity as they do not activate TRPM3 and
TRPV6. TRPMS channel is also strongly activated by LPL, such
as lysophosphatidylcholine and lysophosphatidylinositol but
it is inhibited by polyunsaturated fatty acids such as arachi-
donic acid (Abeele et al., 2006; Andersson et al., 2007). Lyso-
phosphatidylcholine is also known to activate a distant
TRPCS channel (Flemming et al., 2006). Moreover, two widely
used TRPMS8 agonists, menthol and icilin, can also activate
another cold-sensitive TRPA1 channel, although for menthol
the modulation can be bimodal or even species-specific (Story
et al., 2003; Karashima et al., 2007; Xiao et al., 2008).

Both intracellular Ca* measurements and more direct
patch-clamp measurements of ion currents have been exten-
sively used in evaluating affinity and potency of pharmaco-
logical modulators of TRPM channels. In some cases, large, up
to 2-3 orders, differences in the apparent ligand affinity are
also notable, which may arise from the differences in the
techniques or cell expression system used in different studies.
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WS-12 well exemplifies such differences in pharmacological
properties: its apparent affinity (ECso) for TRPMS8 varies from
39nM in current measurements in TRPMS8 expressing
HEK293 cells (Beck et al., 2007) to 193 nM in Fura-2 calcium
measurements or 680 nM in current measurements in the
same study using TRPMS8 expressing HEK293 cells (Bodding
et al., 2007). A much higher value (12 uM) was reported in
TRPMS8 current measurements when the channel was
expressed in Xenopus laevis oocytes (Sherkheli et al., 2008).
Such possible differences in channel pharmacological proper-
ties depending on cell environment are further highlighted
by findings that indicate substantial differences in the bio-
physical properties of native and recombinant channels (e.g.
about 140 mV difference in the potential of half-maximal
activation of TRPMS8) and their stronger modulation by the
same drug in native cells (Malkia et al., 2007).

TRPM channel in vascular function and disease

The above-discussed diverse mechanisms of channel activa-
tion are paralleled by diverse vascular functions of TRPM
channels, as is increasingly recognized during the last 5 years.
These range from mechanosensory transduction and regula-
tion of the arterial myogenic response to magnesium trans-
port in hypertension, and from cold sensitivity to vascular
inflammation (Figure 1).

TRPM2 channels are likely to be involved in a range of
pathophysiological processes in oxidant-induced vascular
injury, cerebral ischemia and stroke (Simard etal., 2007;
Hecquet and Malik, 2009). In endothelial cells, TRPM2 acti-
vation by H,O, causes Ca*" entry thus increasing endothelial
permeability (Hecquet etal.,, 2008). In monocytes, ROS-
evoked Ca®* entry via TRPM2 is a key trigger of chemokine
production in inflammation. These processes are attenuated
by the Trpm2 gene disruption in mice (Yamamoto etal.,
2008). The functional roles of TRPM2 channels expressed in
VSMCs are not known, but they may contribute to athero-
sclerosis development, which is associated with mitochon-
drial dysfunction, ROS production and inflammation. The
related TRPMS8 channel is the most highly expressed TRPM
member in blood vessels (Yang efal., 2006). Notably, the
heat-sensitive TRPV4 is the most highly expressed TRPV
channel and the presence of these thermoTRPs in blood
vessels raises intriguing questions as to their functional roles.
Although most blood vessels are not exposed to any essential
temperature variations, thermal control of cutaneous vessels
is physiologically important, but not completely understood
(Roosterman et al., 2006). Cooling of peripheral blood vessels
causes vasoconstriction that is important for heat conserva-
tion, but excessive or prolonged cooling causes vasodilatation
[this includes a poorly understood non-neurogenic compo-
nent (Johnson et al., 2005)] and rapid heat loss. We found
that TRPM8 channels are both expressed and functional in
several rat arteries. Both in isolated cells and in blood vessels
in situ menthol produced Ca* transients that consisted of an
initial ‘phasic’ component, followed by a sustained compo-
nent. The ‘phasic’ component appeared as asynchronous
intracellular propagating Ca?" waves associated with asyn-
chronous mechanical oscillations that integrated into a small



contraction of the vessel segment. Both components were
resistant to nifedipine suggesting little role for voltage-gated
Ca* channels (Borisova et al., 2008). In contractile studies,
the major effect of TRPMS8 activation was seen in precon-
tracted vessels, where TRPM agonists, menthol and icilin,
caused a profound vasodilation and similar effects were also
observed in human forearm cutaneous vessels (Johnson et al.,
2009). Interestingly, in different microvessels TRPV1 activa-
tion can also cause vasoconstriction or vasodilation (Kark
et al., 2008) while TRPV4 activation, especially in endothelial
cells, causes vasodilatation (Earley et al., 2005; Zhang et al.,
2009). TRPMS8 can also be activated by Ca*" store depletion
(Thebault et al., 2005; Abeele et al., 2006) raising the possibil-
ity that it can function as a component of SOC channel in
VSMC. Importantly, this pathway involves iPLA, activation
and LPLs generation (Smani et al., 2004; Abeele et al., 2006)
making TRPMS a likely factor in the development of athero-
sclerosis, but these roles are awaiting further investigation.

Although TRPM3 shows mechanosensitive properties, it
was the TRPM4 channel that received much attention as the
channel involved in myogenic constriction that can offer new
insights in the molecular nature of myogenic tone control by
Ca? and PKC (Earley et al., 2004; Earley et al., 2007; Brayden
et al., 2008). The authors used antisense technology to sup-
press TRPM4 expression in cerebral arteries [this was neces-
sary due to the lack of selective TRPM4 blockers (Table 2)] and
found reduction of pressure- and protein kinase C (PKC)-
induced VSMC depolarization as well as pressure-induced
vasoconstriction. Thus, both TRPM4 and the earlier studied
TRPC6 have now been implicated in generation of the myo-
genic response due to their direct or indirect mechanosensi-
tivity. Functional properties of TRPM4/5 channels also make
them excellent candidates for various poorly understood CAN
channels in VSMC, but any insight here is still missing and
TRPMS does not seem to be expressed in VSMC.

TRPM6 and TRPM7 channels regulate Mg** homeostasis that
is reflected in their major roles in vascular Mg** transport and
implicates them in hypertension (He et al., 2005; Hamaguchi
et al., 2008; Touyz, 2008; Paravicini ef al., 2009). Furthermore,
TRPM7 may be a novel mechanosensor in VSMC, the function
of which can be altered in hypertension as reviewed by Touyz
(2008). In VSMC, but not in endothelial cells, fluid flow
increases TRPM7 current as the channel is translocated to the
plasma membrane suggesting a TRPM7 role in cellular
response to vessel injury (Oancea et al., 2006). In addition,
silencing TRPM7 by siRNA or its inhibition by 2-APB or Gd**
promoted growth and proliferation of vascular endothelial
cells as well as production of nitric oxide, the critically impor-
tant endogenous vasodilator (Inoue and Xiong, 2009).

Challenges of studying TRPMs
and future perspectives

Multifunctional non-selective TRPM cation channels are the
important players regulating vascular function and potential
new targets for treating vascular disease. Numerous pharma-
cological tools are available for the study of TRPM subfamily
members, but there are important concerns considering that:
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(i) most ligands have limited selectivity and/or potency; (ii)
most studies have been performed in artificial cell systems,
with notable examples of differences in the pharmacological
properties of recombinant TRPMs depending on the expres-
sion system; and (iii) heteromultimerization of TRPM iso-
forms and their interaction with non-TRP proteins in native
vascular cells can also alter their pharmacological properties.
Thus, any robust identification of functional roles of TRPM
subtypes in native cells requires a combination of various
approaches, the use of several ligands to characterize the
pharmacological profile of the channel in question as well as
its biophysical ‘signature’.

Molecular biology approaches such as antisense or siRNA
technologies have been widely used in TRP vascular research
attempting to overcome the problems of limited selectivity of
current pharmacological tools. Antibodies targeting extracel-
lular loops near the channel pore region are also being intro-
duced (Naylor et al., 2008) and will undoubtedly aid this
research. Genetic studies of hereditary disorders (exemplified
by TRPM6 defect in HSH) and knockout mouse models are
revealing specific roles of TRPMs in diverse biological pro-
cesses, such as magnesium homeostasis, mast cell migration,
inflammatory responses and sensing of cold and taste. These
models will be indispensible in decoding specific roles of
TRPM channels in the vasculature in future studies, with
caution regarding possible compensatory up- or down-
regulation of other ion channels or altered expression of tran-
scription and growth factors.

With all this effort, there have been several exciting devel-
opments in the area of vascular roles of TRPM channels in
recent years. These roles often conformed to the expectations
based on the knowledge of the activation mechanisms and
functional properties of heterologously expressed TRPM
channels, but we have also seen several novel and unexpected
developments, including the identification of mechanosen-
sory roles of vascular TRPM4 and TRPM7 channels. Numerous
other vascular functions of TRPMs can be envisaged based on
their known properties as indicated by the question marks in
Figure 1. This area of research presents many challenging
tasks, and likely holds many new surprises. TRPM pharmaco-
logical tools discussed here will remain an invaluable resource
in this continuing research.
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