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Abstract Transient receptor potential (TRP) ion channel

superfamily is involved in sensing and transmission of a

broad variety of external or internal stimuli, including but

not limited to mechanical stress. Based on homology

analysis, genetic and molecular studies have recently

identified TRP channels in different tissues, comprising

blood vessels. In invertebrates, many TRP channels

including five TRPV channels identified in Caenorhabditis

elegans and two in Drosophila have been implicated in

mechanosensory behaviors as molecular basis of volume

regulation, hearing and touch sensitivity. Consistently, in

mammals many TRP family members such as TRPC1,

TRPC3, TRPC6, TRPM4, TRPM7, TRPN1, TRPA1,

TRPY1, TRPP1, TRPP2, and notably, TRPV1, TPRV2 as

well as TRPV4 have been reported to be involved in

mechanotransduction. This review summarizes recent and

at times controversial findings on the role and regulation of

TRP channels in mechanotransduction. Specifically, we

highlight the relevance of TRPV channels in vascular

regulation and focus on TRPV4 in the vascular system of

the lung, which is constantly exposed to a unique combi-

nation of circumferential and longitudinal strains. In light

of our observation in intact pulmonary microvessels that

mechanical stress induced Ca2? signaling in endothelial

cells is closely related to TRPV4 activity, we postulate that

TRPV4 plays a critical role in lung vascular mechano-

transduction. The progress in this rapidly expanding field

may allow for the identification of new molecular targets

and the development of new therapeutic approaches in a

number of intractable diseases related to mechanical stress.
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Introduction

The continuous sensing, discrimination and transmission of

small changes in mechanical forces, and the subsequent

conversion of stimuli into adaptive biological signaling

cascades, is of critical relevance in the regulation of vascular

tone, local blood flow and vessel homeostasis [1–3]. Dif-

ferent cellular structures have been implicated into the

sensing of mechanical forces by the endothelium including

cytoskeletal components, cell–cell/cell–matrix interactions,

caveolae, the endothelial surface layer, cilia, and in partic-

ular ion channels [4]. Yet, the molecular identity and regu-

lation of the proposed mechanosensitive ion channels are

still largely unknown. On the basis of homology analyses,

growing evidence from extensive genetic and molecular

investigations has recently identified members of the tran-

sient receptor potential (TRP) superfamily of ion channels as

potential candidates for cellular mechanosensing and

mechanotransduction. Of the 33 known mammalian TRP

channels, research efforts have particularly focused on three
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subfamilies: TRPC (canonical), TRPM (melastatin) and

TRPV (vanilloid). Other recently identified families

including the TRPP (polycystin), TRPML (mucolipin),

TRPA (ankyrin) and TRPN (NOMPC) channels are yet less

well characterized, particularly with respect to their

expression and function in the vascular system. Several TRP

channels, such as TRPA1, TRPC1, TPRC6, TRPV1,

TRPV2, TRPV4, TRPM4, TRPM7 and TRPP2, have been

implicated in mechanotransduction (elegantly reviewed in

[5–13]). In vascular tissue, recent work has focused in par-

ticular on members of the TRP vanilloid (TRPV) subfamily

of channels as promising candidates for mechanosensitive

ion channels. This review summarizes current data charac-

terizing the role of TRP channels in mechanotransduction,

and specifically highlights the function of TRPV channels in

the pulmonary vascular system.

Vascular Mechanotransduction

Vascular beds in the intact organism are constantly exposed

to a complex combination of frequently changing and/or

oscillating mechanical forces. Cardiovascular diseases are

often associated with characteristic changes in mechanical

stress, which may contribute pivotally to subsequent vas-

cular pathology. Typically, blood vessels are subjected to

two major types of mechanical stress, i.e. shear stress and

stretch which differ considerably in amplitude, direction and

oscillatory behavior in different vascular beds. Shear stress is

the result of blood flow through the circulation which con-

tinuously exerts a viscous drag on the luminal endothelial

surface. Pulsations of pressure and flow following the car-

diac rhythm are not only propagated into arteries and arte-

rioles, but also transmitted in part into the systemic capillary

bed as well as the alveolar capillary network of the lung [14,

15]. Strikingly, in the alveolar capillary network, even under

constant flow conditions and in the absence of respiratory

movements, blood flow switches continuously between dif-

ferent perfusion pathways in a non-random pattern with a

fractal dimension near 1.0 [16]. The constant recruitment and

derecruitment of capillary segments results in a continuous

switch between conditions of high and zero shear stress

acting exclusively on the pulmonary capillary endothelium.

Stretch, on the other hand, typically results from the

circumferential strain caused by radial distension of the

vascular diameter due to vascular filling and rhythmic

changes in vascular pressure over the cardiac cycle. While in

the systemic circulation, small arteries and arterioles constrict

in response to increasing vascular pressures by a mechanism

known as myogenic response [3]; this intrinsic mechanism

for stabilization of vascular strain is largely absent in the

pulmonary vasculature [17, 18]. Pulmonary blood vessels are

in addition exposed to oscillatory changes in longitudinal

strain due to the axial elongation of lung tissue and blood

vessels during the respiratory cycle [19]. Thus, the concert of

mechanical forces acting upon microvessels differs consid-

erably in between organs and vascular compartments, with a

particularly unique role of the pulmonary microvascular bed.

Both vascular smooth muscle cells and the endothelium,

acting separately or in combination, are involved in the

process of vascular mechanotransduction. For instance, the

pressure-dependent myogenic response is inherent to the

vascular smooth muscle and largely independent of the

endothelium [20]. In contrast, shear- or stretch-induced

responses in systemic or pulmonary capillaries, where only

endothelial cells constitute the vessel wall, are exclusively

attributable to mechanosensation by the endothelial cell

layer. In general, two seemingly conflicting theories exist

how mechanical forces may elicit biological reactions in

cells. According to the ‘‘decentralization’’ model, cellular

responses to mechanical stress result from spatial-integrated

molecular signaling, i.e. the mechanical stress is transmitted

from a structural mechanosensor via a ‘‘mechanical contin-

uum’’, which comprises cytoskeletal elements, distant mol-

ecules in the extracellular matrix, the cytoplasm and the

nucleus, to eventually induce an adaptive cellular response at

a site within the cell that is remote from the original location

of mechanosensation [21, 22]. The contrasting notion of a

‘‘centralized’’ model argues that sensing of mechanical stress

should ideally be localized to the site of action, i.e. the

plasma membrane [23]. The latter theory is largely based on

experimental evidence that membrane ion channels are

functionally involved in vascular endothelial responses to

mechanical stress. The elegant study by Lansman and col-

leagues marks the prelude in the recognition of vascular

mechanosensory ion channels. By recording ion channel

activity from aortic endothelial cell membrane patches, these

authors identified a unitary inward current associated with

the opening of a Ca2?-permeable ion channel, which

increased its opening frequency when the cell membrane was

stretched [24]. These experiments demonstrated for the first

time the existence of mechanosensitive ion channels in

vascular cells. This theory was further substantiated and

developed by the findings that shear stress can similarly

activate a Ca2?-permeable ion channel, inducing Ca2? influx

into the endothelial cytoplasm. This shear-activated mech-

anosensitive ion channel, significantly up-regulated in

hypertensive rats, was shown to be Ca2? selective (i.e. to be

by far more permeable to Ca2? than Na? or Cs?), indicating

a critical role for Ca2? influx as a second messenger signal in

endothelial mechanotransduction [25–29]. The functional

relevance of the resulting Ca2? influx was shown in sub-

sequent experiments demonstrating the activation of neigh-

boring Ca2? sensitive K? channel [30–33], which could be

inhibited by either removal of extracellular Ca2? or admin-

istration of the trivalent lanthanide gadolinium, an unspecific
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inhibitor of mechanosensitive cation channels [34]. Studies

from our own group using real-time fluorescent imaging of

the endothelial Ca2? concentration ([Ca2?]i) in isolated

perfused rat lungs likewise revealed an increase in endo-

thelial Ca2? in response to an elevation of vascular pressure.

Similar to the observed Ca2? influx in response to stretch or

shear in vitro, the endothelial [Ca2?]i increase in response to

pressure was blocked by Ca2? free perfusion or gadolinium,

respectively (Fig. 1), thus confirming the functional pres-

ence of mechanosensitive cation channels in intact lung

microvascular endothelial cells. However, the structural

identity of these mechanosensitive ion channels and their

regulation remained largely obscure. Only recently, our

understanding of vascular mechanosensation has been rev-

olutionized by the identification of the transient receptor

potential (TRP) superfamily of ion channels, which com-

prises a group of channel proteins with multiple sensory

functions.

General Features of TRP Channels

Marked by diversity in cell and tissue expression patterns

and polymodal mechanisms of activation, TRP channels

have been initially described in Drosophila. The critical

observation of an abnormal electroretinogram from a

Drosophila mutant [35] initiated a series of studies, which

demonstrated an essential role for TRP channels in photo-

transduction [36–38]. Subsequent investigations identified

some 70 TRP channels in both invertebrates and verte-

brates. In sea squirts, nematodes and fruitflies, 30, 24 or 16

different TRP channels have been identified, respectively.

TRP channels are also expressed in yeast, and zebrafish

express as many as 60 TRP gene encoded channels. In

mammals, 33 different TRP channels have thus far been

identified [39, 40] (Fig. 2).

Typically, each TRP channel subunit consists of six

putative transmembrane spanning segments (S1–6),

implanted with a pore-forming loop between S5 and S6,

and intracellularly located cytoplasmic NH2 and COOH

termini [41]. Depending on the TRP family, the N-terminus

contains between zero and eight ankyrin repeats, a pre-

dicted coiled coil region, and a putative caveolin-binding

domain. The C-terminus comprises a TRP signature motif

(EWKFAR), a proline-rich motif, the calmodulin/inositol

1,4,5-trisphosphate (IP3) receptor-binding (CIRB) domain,

and a predicted coiled coil region (Fig. 3) [39, 42–46].

According to amino acid homologies, the TRP family is
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Fig. 1 Vascular endothelial [Ca2?]i response to an increase in left

atrial pressure (PLA) from 5 to 20 cmH2O and after return to 5 cmH2O

(top). (A–D) Sequential ratiometric images of fura-2 loaded endothe-

lial cells in a lung venular capillary, color coded for endothelial

[Ca2?]i. Images obtained in 10 min intervals at PLA of 5 and 20

cmH2O demonstrate a pressure-induced increase in mean endothelial

[Ca2?]i. (E, F) Representative [Ca2?]i profiles in single endothelial

cells of lung venular capillaries in the absence (E) or presence (F) of

gadolinium, an unspecific inhibitor of mechanosensitive cation

channels. [Ca2?]i is determined at baseline (PLA, 5 cmH2O), during

30 min of PLA elevation to 20 cmH2O, and for 5 min after return to

baseline PLA. Gadolinium blocks the pressure-induced increase in

mean endothelial [Ca2?]i
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differentiated into seven subfamilies. Presently, there are

seven (TRPC1-7) and eight (TRPM1-8) channels identified

in the TRPC and TRPM subfamilies, respectively [40]. The

TRPV subfamily comprises six members, while only a few

members of the TRPA (TRPA1), TRPP (three members),

and TRPML (three members) subfamilies have been

identified in mammals so far. Channels of the TRPN sub-

family have only been detected in worms, Drosophila, and

zebrafish to date.

TRP channels are widely distributed throughout the

body and frequently have numerous splice variants. They

are expressed in a vast number of different cell types where

they fulfill a plentitude of functions. While some TRP

channels have been detected in central nervous system

neurons, their expression is particularly abundant in sen-

sory receptor cells, including cells mediating vision,

pheromone sensation, and thermal sensation, taste, touch

and cell volume regulation [47, 48]. The preferential dis-

tribution of TRP channels in sensory organs alludes to their

critical and diverse role in signal sensation and transduc-

tion. Importantly, mechanosensory properties have been

proposed for a number of TRP channels, and those

expressed in the vasculature of vertebrates are summarized

in Table 1.

Role of the TRPV Subfamily in Mechanotransduction

While sequence homology is not strikingly robust between

mammalian and invertebrate TRPV proteins, OSM-9 and

OCR-2 in Caenorhabditis elegans exhibit considerably

functional orthology to their mammalian counterparts

TRPV4 and TRPV2, respectively.

OSM-9 and OCRs

Colbert and Bargmann [49, 50] first identified the osm-9 gene

in a screen for mutants defective in olfaction in C. elegans,

which heralded the recognition of the role of TRPV channels

in mechanotransduction. osm-9-encoded protein was found

to have structural similarity to the Drosophila phototrans-

duction TRPs and is considered to constitute an invertebrate

branch of the TRPV family. Expressed in the ASH, FLP and

OLQ neurons in C. elegans, osm-9 plays an important role

for various sensory submodalities including chemosensa-

tion, osmosensation and mechanosensation as demonstrated

by the identification of osm-9 mutants in screens for mutant

defective in volatile avoidance, osmotic avoidance, or

response to nose touch [51].

Further studies identified four other genes in the nematode

genome, ocr-1 to ocr-4, of which at least ocr-2 is related to

osmosensing by osm-9. osm-9 alone seems sufficient for

olfactory adaptation in AWC neurons, but requires interac-

tion with ocr proteins for the transmission of sensory signals

in ASH and OLQ neurons [52]. osm-9 and ocr-2 may

assemble into an integrated channel, or be components of a

more heterogeneous mechanotransduction complex [47]. In

ASH and OLQ neurons, which can be activated by

mechanical stimuli, osm-9 was found to be co-localized with

ocr-2 and ocr-4, respectively [52], suggesting a functional

role of the TRPV superfamily in osmo-mechanotrans-

duction.
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Nanchung (NAN) and Inactive (IAV)

In Drosophila chordotonal organ, where the sound-induced

antennal or tympanal mechanical vibrations are transmitted

to ciliated sensory neurons and transduced to receptor

potentials, Kim and colleagues identified the TRPV

homologue Nanchung (NAN) protein. In mutants lacking

NAN, the antennal sound-evoked potentials were com-

pletely absent, indicating that NAN was an essential

component of the chordotonal mechanotransducer [53].
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Fig. 3 Simplified schematic structure sketches of the seven subfamilies of TRP channels. The following domains are indicated as

TM transmembrane segments, PL pore loop. Other domains as ankyrin repeats, coiled-coil domain, and TRP box are depicted as shown

Table 1 TRP channels with proposed mechanosensory or mechanotransducing function in vertebrates

TRP channel and ensemble gene

identification no.

Modes of mechanical activation Chromosome

TRPV1/ENSG00000043316 Hypotonicity [85, 168], stretch (mounted isolated airway rings) [68] (isolated rectal tissue

attached to a cantilever pulley system) [169]

17p13.3

TRPV2/ENSG00000154039 Hypotonicity [78, 170], stretch (cell membrane stretch) [10, 89] 17p11.2

TRPV4/ENSG00000111199 Hypotonicity [55, 63, 171–177], shear (flow chamber) [61, 175, 178] (isolated perfused carotid

artery) [65, 66], stretch (silicon chamber) [179] (uniaxial cyclic stretch or static stretch)

[180] (cytometric experiments) [181] (overventilation [72] or elevated hydrostatic pressure

[60] in isolated murine lungs)

12q24.1

polycystin-1/ENSG00000008710 Shear stress (flow chamber) [113] 16p13.3

TRPP1/ENSG00000118762 Shear stress (flow chamber) [113, 182] 4q21–23

TRPC1/ENSG00000144935 Stretch (pipette suction) [87] 3q22–3q24

TRPC3/ENSG00000138741 Shear stress/stretch (mounted isolated perfused aortic rings/cerebral arteries) [89, 91] 4q27

TRPC6/ENSG00000137672 Hypotonicity/shear stress (flow chamber)/stretch (pipette suction) [3, 89, 92] 11q21–22

TRPM4/ENSG00000130529 Shear stress (flow chamber)/stretch (mounted isolated arteries) [183, 184] 19q13.33

TRPM7/ENSG00000092439 Shear stress (flow chamber) [101, 103]/stretch (pipette suction) [102, 103] 15q21

Cell Biochem Biophys (2010) 56:1–18 5



Gong et al. [54] subsequently identified that mutation of

Inactive (IAV), the only other TRPV homologue in Dro-

sophila, results in lack of NAN expression in proximal

cilia, and vice versa, suggesting that both IAV and NAN

may contribute to a heteromultimeric transduction channel

in vivo. While these data clearly implicate a role of NAN in

chordotonal mechanotransduction, it is important to note

that they do not prove a direct sensory role of the channel,

which may equally constitute an essential component of the

early downstream signaling pathway.

TRPV4

Stimulated by the evidence that the osm-9 gene encoded

protein in C. elegans confers sensitivity in mechanosen-

sation, vertebrate homologues were searched subsequently.

Expressed-sequence tags encoding vertebrate proteins

homologous to osm-9 and vanilloid receptor VR1 were

identified in GenBank and used as probes for high-strin-

gency screening of mammalian libraries [55], which yiel-

ded the TRPV4 channel (also called OTRPC4, VR-OAC

and VRL-2) [55–58]. TRPV4 is widely expressed in vari-

ous tissues, including liver, heart, lung, trachea, testis,

spleen, salivary glands, the stria vascularis of the cochlea,

and vascular endothelial cells [55–60].

The structure of TRPV4 channels shares similarities

with osm-9, thus conveying its mechanotransduction

properties, as demonstrated by several lines of evidence.

When a TRPV4 cDNA construct with a C-terminal V5

epitope was stably transfected into human embryonic kid-

ney (HEK) 293 and Chinese hamster ovary cells, exposure

of these TRPV4-transfected cells to shear stress (3–20

dyne/cm2) induced channel activation, as evident by an

increase in intracellular calcium that could be inhibited by

ruthenium red. Of note, the ambient temperature is a crit-

ical modulator of this activation as characterized in detail

in a series of elegant studies [55, 57, 61, 62]. In C. elegans,

Liedtke et al. [63] found that expression of mammalian

TRPV4 (VR-OAC) cDNA in sensory neurons of C. elegans

directs behavioral responses to osmotic and mechanical

stimuli, providing solid evidence that TRPV4 can function

as a component of an osmotic/mechanical sensor in vivo.

In the rat carotid artery and the arteria gracilis, Köhler and

colleagues observed that pharmacological activation of

endothelial TRPV4 by 4a-phorbol-12,13-didecanoate

(4aPDD) triggered endothelial Ca2? influx and subsequent

nitric oxide (NO) mediated vasodilation. Importantly, ele-

vated shear stress (3 dyne/cm2) also elicited substantial

vasodilation similar to the effects of 4aPDD, and the shear

stress response could be reduced dramatically by the

TRPV4 inhibitor ruthenium red. On this basis, the authors

proposed that mechanical activation of TRPV4 by shear

stress may play a critical role in endothelial

mechanotransduction and shear stress-mediated vasodila-

tion [64]. In a follow-up study, this notion was substanti-

ated by data derived from TRPV4 genetic knockout mice.

In carotid artery explants acutely derived from these mice,

shear stress (3–7 dyne/cm2) induced vasodilation was

absent, whereas both acetylcholine-induced and endothe-

lium-derived hyperpolarizing factor (EDHF)-mediated

vasodilation remained intact [65]. The functional role of

TRPV4 in flow-mediated vasodilation was recently con-

firmed in a study by Loot et al. [66] using a similar

experimental setup. In addition, these authors identified

that TRPV4 contributes to the EDHF-dependent compo-

nent of the flow response in that TRPV4 activation by flow

requires an active cytochrome P450 epoxygenase and the

translocation of TRPV4 to the cell membrane. In line with

this notion, Saliez et al. [67] showed in a recent study that

Ca2? entry via TRPV4 participates in EDHF-signaling

initiation, which seems to require colocalization of TRPV4

and caveolin-1 in endothelial cells. TRPV4 is also

expressed in airway smooth muscle cells of the lung where

it contributes to bronchoconstriction upon hypotonic

swelling, again in line with a stretch-induced activation of

TRPV4 [68].

TRPV4 is also reported to mediate protease activated

receptor 2 (PAR2) induced sensitization of colonic afferent

nerves and visceral hyperalgesia. Activation of PAR2 can

increase currents in the primary spinal afferent neurons

innervating the colon, evoke discharge of action potentials

from colonic afferent fibers, and induce mechanical

hyperalgesia. These responses—although not directly

linked to mechanotransudction per se—also seem to

require the presence of TRPV4 [69]. Cenac et al. [70]

detected that TRPV4 activation causes visceral hypersen-

sitivity, and implicated the channel in the nociceptive

response to colorectal distention under basal conditions and

in PAR2 induced hypersensitivity, again supporting its

functional role in mechanosensation.

The functional role of TRPV4 in mechanotransduction

was further corroborated by studies in mammalian airways

and pulmonary blood vessels, where it is abundantly

expressed (Fig. 4). Already a decade ago, Parker et al. [71]

had identified a stretch-activated, gadolinium-inhibitable

cation channel in rodent lungs, which they proposed to

mediate the increase in lung vascular permeability in

response to ventilation with high peak inflation pressures

(PIP) via Ca2? influx into the endothelial cytoplasm. In a

recent follow-up study, Hamanaka et al. [72] showed that

high PIP induced endothelial Ca2? influx and vascular

permeability increase were blocked in mice in the presence

of the TRPV4 inhibitor ruthenium red or in TRPV4

knockout mice, suggesting a critical role for TRPV4 in

mechanosensing and or mechanotransduction in response

to high PIP. Of note, PIP was shown to stimulate tyrosine

6 Cell Biochem Biophys (2010) 56:1–18



phosphorylation of TRPV4 in lung homogenates, which

may be relevant to the mechanosensing properties of the

channel [72]. In line with those data, Alvarez et al. [59]

revealed that activation of TRPV4 channels by stimuli

other than mechanical stress, e.g. 4aPDD or 5,6- or 14,15-

epoxyeicosatrienoic acids (EETs) can similarly increase

lung vascular permeability and induce blebs or breaks in

the endothelial and epithelial layers of the alveolar septal

wall. Jian et al. demonstrated that the characteristic

increase in lung vascular permeability in response to

another mechanical stress, namely an increase in lung

vascular pressure, was significantly attenuated by the

TRPV4 antagonist ruthenium red, the phospholipase A2

(PLA2) inhibitor methyl arachidonyl fluorophosphonate, or

the P450 epoxygenase inhibitor 6-(2-propargyloxyphe-

nyl)hexanoic acid [73]. These findings indicate that an

elevation in lung vascular pressure activates TRPV4 by a

signaling cascade that sequentially induces activation of

PLA2, PLA2-dependent release of arachidonic acid from

the cell membrane phospholipids, cytochrome P450 ep-

oxygenase-dependent synthesis of epoxyeicosatrienoic

acids (EETs) from arachidonic acid, and the subsequent

activation of TRPV4. From their observation that gado-

linium, the unspecific blocker of mechanosensitive cation

channels did not further attenuate the endothelial Ca2?

response in TRPV4-/- mice, the authors further concluded

that TRPV4 is the exclusive mechanosensory cation

channel mediating the endothelial response to elevated

vascular pressure.

By use of in situ fluorescence imaging, our own group

recently consolidated the notion that TRPV4 plays a major

role in mechanotransduction in lung microvascular endo-

thelial cells [60]. We found characteristic functional conse-

quences of elevated lung hydrostatic pressure such as

endothelial Ca2? influx, vascular permeability increase and

lung hydrostatic edema formation to be markedly attenuated

by TRPV4 inhibitors or in lungs of TRPV4-/- mice (Fig. 5).

Importantly, we could identify a cGMP-dependent negative

feedback loop which attenuated TRPV4 activation by

mechanical stress and limited downstream functional con-

sequences. This finding not only provides novel insights into

the regulation of TRPV4 in mechanotransduction (Fig. 6),

but also identifies new targets to counteract TRPV4 activa-

tion in lung vascular pathologies associated with increased

mechanical stress, such as hydrostatic lung edema or venti-

lator-induced lung injury. The inhibition of TRPV4 by

cGMP may be translated into a therapeutic concept, e.g. by

inhibition of PDE5 which degrades cGMP by hydrolysis to

GMP. Clinically approved PDE5 inhibitors may thus present

an attractive new strategy to inactivate TRPV4 and thus

protect the lung vascular barrier in conditions of mechanical

stress. In an experimental model of myocardial infarction

induced acute lung edema, we provide proof-of-principle for

this concept by demonstrating that the PDE5 inhibitor sil-

denafil effectively reduced protein and fluid extravasation

and lung edema [60].

TRPV2

TRPV2 was first described as a component of the physio-

logical response to noxious thermal stimuli [74, 75]. Yet,

subsequent investigations indicated also a functional role in

mechanotransduction for TRPV2. Kanzaki et al. observed

that the growth-factor-regulated channel (GRC), a murine

homologue of TRPV2, was rapidly recruited on or trans-

located to the plasma membrane surface in response to

growth factors, and appeared to be activated by myocyte

stretch [76]. For GRC, trafficking and activation mecha-

nisms seem to intersect [77]. Furthermore, Muraki et al.

[78] could demonstrate that in TRPV2 expressing cells,

both hypotonic cell swelling and membrane stretch elicited

calcium influx, which was inhibitable by ruthenium red or

TRPV2 specific antisense oligonucleotides. At this stage, it

seems reasonable to consider TRPV2 as a likely candidate

100 µm

100 kDa

100 kDa

A

C

B

Fig. 4 TRPV4 expression in lung microvascular endothelial cells.

Representative Western blots of TRPV4 are from whole lung

homogenate (a) and freshly isolated lung vascular endothelial cells

(b). Representative image of TRPV4 immunostaining in rat lungs (c).

Arrows indicate TRPV4 positive endothelial cells in lung septal

capillaries. Replicated in n = 3 each
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for mechanotransduction. Functional consequences and

tissue and cell-type specific expression of TRPV2 are

however less clear yet, and warrant further investigations.

TRPV1

Numerous studies have reported mechanotransduction

effects of TRPV1 in heterologous organs or systems.

TRPV1 was originally implicated with inflammatory ther-

mal hyperalgesia, as well as with nociception and pain

sensation [79, 80]. Birder et al. [81] observed that stretch-

evoked ATP release and membrane capacitance changes

were diminished in bladders excised from TRPV1-/- mice,

which gave rise to the conclusion that TRPV1 is essential

for normal mechanically evoked purinergic signaling by

the urothelium. In agreement, absence of TRPV1 was

found to result in a reduced afferent nerve response to

mechanical stimulation in the jejunum [82]. In mesenteric

arterioles, an increase in intraluminal pressure was shown

to activate TRPV1 on C-fibers through generation of 20-

hydroxyeicosatetraenoic acid (20-HETE) [83]. In patients

suffering from fecal urgency, i.e. a pathological rectal

hypersensitivity to mechanical distention, TRPV1 positive

nerve fibers in the rectum were dramatically increased,

which may provide the molecular correlation to a lower

functional threshold to mechanical stretch in the rectum
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Fig. 5 a Fluorescence

microscopic images of a murine

lung venular capillary show

fura-2 loaded endothelial cells

color coded for [Ca2?]i at

baseline left atrial pressure

(PLA) of 3 cmH2O (left) and

30 min after PLA elevation to 10

cmH2O (right). Note vessel

distension at elevated PLA

indicating endothelial stretch,

and the rise in fluorescence

signal representing an increase

in endothelial [Ca2?]i. b Group

data of endothelial [Ca2?]i (EC

[Ca2?]i) in lungs of TRPV4-/-

and wild type (TRPV4?/?) mice

are shown as 5-min averages

at baseline left atrial pressure

(PLA = 3 cmH2O) and over

40 min of PLA elevation to 10

cmH2O. The pressure-induced

increase of EC [Ca2?]i in

TRPV4?/? is absent in

TRPV4-/- mice. * P \ 0.05

versus TRPV4?/?
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Fig. 6 Pulmonary vascular endothelial response to acute pressure

stress. Schematic drawing illustrates pressure-induced Ca2? entry into

an endothelial cell via mechanosensitive TRPV4 channels and

stimulation of the following downstream signalling cascades: (i)

activation of contractile filaments with a subsequent increase in

vascular filtration coefficient (Kf), (ii) Ca2?- and PI3K-dependent

activation of eNOS. The resulting formation of NO from L-arginine

(L-Arg) limits the endothelial [Ca2?]i response by blocking TRPV4

channels in a negative, cGMP regulated feedback loop. sGC soluble

guanylate cyclase, GTP guanosine 50-triphosphate
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tissue of these patients [84]. However, no electrical cur-

rents were detectable in urothelial cells in response to

mechanical stimulation. This finding raises the question

whether TRPV1 indeed acts as mechanosensor itself, or is

not rather activated secondary by mediator molecules

generated following tissue or cell stretch [6].

In a recent study, Sharif-Naeini and colleagues identified

an N-terminal splice variant of TRPV1 that is expressed in

SON neurons and required for osmosensory transduction.

SON neurons in TRPV1-/- mice could not generate the

characteristic ruthenium red-sensitive increase in mem-

brane conductance and depolarizing potentials in response

to hyperosmotic stimulation, suggesting that the TRPV1

gene may encode a central component of the osmoreceptor

[85]. Another study by the same group provided evidence

that hypertonic conditions increase membrane cation con-

ductance in neurons in the organum vasculosum lamina

terminalis (OVLT), which is considered to present the pri-

mary locus of the brain for the detection of osmotic stimuli.

The resulting inward currents depolarize the osmoreceptor

and enhance the discharge of action potentials in the OVLT

neurons. Importantly, this signaling cascade is absent in

OVLT neurons from TRPV1-/- mice, suggesting that a

product of the TPRV1 gene is required for osmosensory

transduction in the OVLT [86].

Mechanotransduction by Miscellaneous TRP Channels

TRPC Channels

TRPC1

Heterologous expression of human TRPC1 or transfection

of human TRPC1 into CHO-K1 cells resulted in a signif-

icant increase in mechanosensitive cation channel patch

density, whereas injection of a TRPC1-specific antisense

RNA abolished the mechanotransduction activity [87],

suggesting that TRPC1 might be a mechanosensitive cation

channel in vertebrates. However, a series of recent studies

elegantly reviewed by Sharif-Naeini et al. [5] failed to

confirm the mechanosensitivity of TRPC1 in native arterial

myocytes or transfected cells. This view is in line with the

fact that TRPC1-/- mice are viable, healthy, and fertile

and show a physiological myogenic response, indicating

that TRPC1 is not an obligatory component of stretch-

activated channel complexes in vascular smooth muscle

cells [88].

TRPC3 and TRPC6

Both TRPC3 and TRPC6 have been implicated in the

regulation of vascular myogenic tone [3, 89–91].

Knockdown of TRPC6 by antisense oligodeoxynucleotides

was shown to attenuate the myogenic response and inhibit

the pressure induced depolarization in vascular smooth

muscle cells [92]. Yet, the fact that TRPC6-/- mice have

an amplified myogenic response in isolated arteries argues

against a primary role of TRPC6 in vascular mechano-

transduction [89]. Similarly to TRPC1, stretch activation of

the homomultimeric TRPC6 channel could not be con-

firmed in transiently transfected African green monkey

kidney (COS) cells [93]. Based on these data, Sharif-Naeini

et al. concluded that TRPC6 per se cannot be opened by

membrane stretch, and mechanical activation may either

involve other interacting channel subunits or may be

indirect [5] and secondary to other mechano-sensitive

pathways such as diacylglycerol [94] or 20-hydroxyeico-

satetraenoic acid [95–97] signaling.

TRPM Channels

TRPM4

TRPM4 but not TRPM5 is expressed in cerebral artery

smooth muscle cells, and—like TRPC3 and TRPC6—has

been considered to mediate membrane depolarization, thus

participating in the regulation of myogenic vascular tone

[98]. Knock-down of TRPM4 by antisense oligodeoxynu-

cleotides attenuated the pressure-induced smooth muscle

cell depolarization and myogenic vasoconstriction of intact

cerebral arteries [99], suggesting a role for TRPM4 in

vascular mechanosensation and/or mechanotransduction.

However, recent experiments in TRPM4-/- mice did not

reveal a role for TRPM4 in the pressure-induced myogenic

response [5], indicating again that TRPM4 may not present

the native mechanosensitive cation channel in arterial

myocytes. Rather, its activation by stretch may be sec-

ondary to calcium and phosphorylation-dependent respon-

ses [98–100].

TRPM7

TRPM7 acts both as an ion channel and as a functional

kinase. It has been linked to mechanotransduction in vas-

cular smooth muscle cells because it was found to trans-

locate to the plasma membrane in response to laminar flow.

The resulting increase in membrane-localized TRPM7

correlated closely with increases in TRPM7 current [101].

In human HeLa cells, whole cell recordings showed

TRPM7-like current to be augmented when cells were

subjected to stretch. Both stretch-activated cation currents

and swelling-activated, whole cell cation currents could be

silenced by small interfering RNA (siRNA) targeting

TRPM7, as well as by gadolinium or removal of

extracellular Ca2? [102]. The mechanism underlying
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TRPM7-mediated mechano-transduction remains a matter

of controversy and may involve both channel translocation

and activation. While Oancea et al. [101] demonstrated the

incorporation of TRPM7 into the plasma membrane fol-

lowing mechanical stress, Numata et al. [103] reported that

stretching of the cell membrane may directly activate

TRPM7 channels even when membrane trafficking from

the Golgi is inhibited.

TRPP Channels

Members of the TRPP family have been reported to par-

ticipate in mechanosensation in the primary cilium of

kidney epithelial cells in the nephron [104, 105]. Polycystic

kidney disease (PKD), an inherited disorder, is primarily

caused by mutations of two genes, PKD-1 and PKD-2.

While PKD-1 encodes for polycystin-1 (previously known

as TRPP1), PKD-2 and its homologues PKD2L1 and

PKD2L2 encode for TRPP1 (previously known as TRPP2

or PKD2), TRPP2, and TRPP3 (previously known as

TRPP5), respectively (nomenclature according to the

International Union of Pharmacology) [106–108]. TRPP1

is prominently expressed in the single, non-motile renal

cilia [109, 110] where it forms a non-selective cation

channel by conformational interaction with polycystin-1

through coiled-coil domains [111, 112]. While bending of

the wild type cell cilia by fluid flow has been shown to

increase intracellular Ca2? [104], Ca2? influx in response

to physiological fluid flow could not be detected in cells

isolated from transgenic mice lacking functional polycy-

stin-1. Moreover, blocking antibodies directed against

TRPP1 similarly abolished the flow response in wild type

cells, indicating both polycystin-1 and TRPP1 are required

for mechanotransduction [113]. In addition, several lines of

evidence suggest that the structural interaction of polycy-

stin-1 with TRPP1 and the subsequent formation of protein

complexes is critical for their functional role as cellular

mechanosensors [113–116], while the homomeric TRPP1

proteins are not mechanosensitive [106]. Interestingly, the

mechanosensitivity of TRPP1 has recently also been linked

to TRPV4. Köttgen and coworkers found that TRPP1,

which by itself lacks mechanosensitive properties, utilizes

TRPV4 to form a mechano- and thermosensitive molecular

sensor in primary cilia. Accordingly, the flow mediated

Ca2? transient in renal epithelial cells requires the presence

of functional TRPP1 and TRPV4 [113, 117], demonstrating

that both are essential components of the ciliary

mechanosensor.

TRPN (NOMPC in Drosophila) Channels

In Drosophila, genetic screens have identified a me-

chanosensory channel termed no mechanoreceptor

potential C (NOMPC). Loss-of-function mutations of the

NOMPC gene virtually abrogate mechanotransduction in

the bristle organ of the fruitfly [118]. While a NOMPC

homologue (TRPN1) has been found in zebrafish larvae

[119], no mammalian TRPN homologues have been iden-

tified thus far.

TRPA Channels

So far, only one mammalian TRPA family member,

TRPA1, has been found. First cloned from mammalian

fibroblasts [120], it was originally regarded as a thermo-

sensitive and ligand-gated ion channel [121–123]. More

recently, TRPA1 channels from mouse and zebrafish were

considered as mechanically gated channels, in which the

ankyrin repeats may constitute a gating spring to transduce

mechanical forces [124, 125]. The mechanosensitive

property of TRPA came to be recognized recently when the

appearance of TRPA1 messenger RNA expression was

found to coincide during development with the onset of

mechanosensitivity in hair cell epithelia. Antibodies to

TRPA1 stain hair bundles, while tip labeling disappears

upon disrupture of the transduction apparatus by treatment

with La3? ions or the Ca2? chelator BAPTA. Inhibition of

TRPA1 protein expression in zebrafish and mouse inner

ears was shown to inhibit receptor cell function, suggesting

a critical role for TRPA1 in the mechanotransduction

machinery in vertebrate hair cells [124]. However, this

notion was largely refuted by two studies which indepen-

dently demonstrated an unimpaired auditory function and a

normal startle reflex to loud noise in TRPA1-deficient mice

[126, 127]. Nevertheless, TRPA1-deficient mice displayed

behavioral deficits in response to punctate mechanical

stimuli [127]. Since it is currently unclear whether this

phenotype relates to a direct mechanosensitivity of TRPA1

or rather to its general role in nociceptor signal transduc-

tion, the role of TRPA1 in mechanotransduction remains to

be elucidated.

TRPML3

The opening of mechano-electrical transduction channels

in the cochlear hair cell stereocilia is a critical and indis-

pensable step for hearing. Due to their characteristic

cochleovestibular disorders, the varitint-waddler (Va)

mutant mice have been widely used for the study of

hearing-loss diseases. Lately, two independent mutations at

the Va locus have been identified and coined Va and VaJ

alleles, respectively [128]. The allelic mutations were

encoded by the gene identified as TRPML3. The Va allele

was shown to have an alanine to proline substitution at

amino acid position 419 of the TRPML3 protein

(TRPML3-A419P), while the VaJ allele caused an
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additional substitution at amino acid position 362 from

isoleucine to threonine (TRPML3-I362T/A419P) [128].

While it is tempting to speculate that TRML3 itself may be

a mechanotransduction channel, the fact that TRPML3 is

primarily in cytoplasmic organelles but not the plasma-

membrane suggests that deafness in varitint-waddler

mutant mice arises not from mutation of a transduction

channel but from indirect effects of abnormal organelle

trafficking [129]. Recently, van Aken et al. [130] identified

a critical role for TRPML3 at the ankle-link region during

hair-bundle growth, and show that an adverse effect of

mutant TRPML3 on bundle development and mechano-

electrical transduction is the main cause of hearing loss in

VaJ/? mutant mice. While this finding stresses the notion

that TRPML3 is not a component of the hair-cell trans-

ducer channel itself, it provides a general admonitory

example on how TRP channels may contribute to a sensory

organ’s functional integrity without constituting a sensory

channel themselves.

TRPY1 (Yvc1p in Yeast)

The only TRP-like channel gene in yeast, yvc1p, encodes a

distant member of the TRP superfamily, which also shares

mechanosensitive properties. In whole-vacuole patch

clamp recordings as well as in excised cytoplasmic-side-

out mode, direct mechanical pressure was shown to acti-

vate 400-pS Yvc1p conductance, and this activation was

independent of the ambient Ca2? concentration [131].

Analyses of TRPY1 illustrate that microbial TRPs are not

only sequence homologues, but also functional counter-

parts of animal TRPs [132]. Hence, Yvc1p may provide a

convenient and simple molecular model for further studies

in the regulation of TRP channels.

Post-Translational Regulation of TRP Channels

Intense studies have related translocation of TRP channels

to their mechanosensitive properties. Bezzerides and

coworkers showed that growth factor stimulation initiates

the rapid translocation of TRPC5 to the plasma membrane

from vesicles which are held in juxtaposed reserve. The

rapid vesicular insertion dramatically increases the number

of membrane-associated TRPC5 channels and functional

TRPC5 currents, and thus provides for a tight spatial–

temporal control of these Ca2?-permeant nonselective

cation channels [133]. By using total internal reflection

fluorescence (TIRF) microscopy, Oancea and coworkers

revealed that exposure to shear stress induces a significant

accumulation of functional TRPM7 channels, both heter-

ologous GFP-TRPM7 and homologous endogenous

TRPM7, at the cell membrane within \2 min. This flow-

induced translocation of TRPM7 is not affected by inhi-

bition of phosphatidylinositol 3-kinase (PI3 K) or phos-

pholipase C [101], which differs from the growth factor

induced translocation of TRPC5 that requires PI3K, the

Rho GTPase Rac1 and phosphatidylinositol 4-phosphate

5-kinase [133]. In a mouse model of Duchenne muscular

dystrophy (DMD) and in a rat model in which the dys-

trophin–glycoprotein complex is disrupted, Iwata et al.

[134] demonstrated that cyclic stretch induces the translo-

cation of TRPV2 protein to the sarcolemma, and causes

Ca2? influx into skeletal myotubes. This effect is remi-

niscent of the translocation of this protein in CHO cells

expressing TRPV2 in the presence of insulin-like growth

factor-1 [76]. In line with the notion that mechanical stress

can cause rapid translocation of TRP channels, Loot et al.

[66] identified the translocation of TRPV4 to the mem-

brane of endothelial cells of mouse carotid arteries after

stimulation with shear stress, an effect that may contribute

to the EDHF-mediated vascular response to flow.

In the lung vasculatures, caveolae have recently

received growing attention for their putative role in

mechanotransduction [135–137]. Caveolae represent a

specialized form of invaginated membrane microdomains

enriched in proteins as well as lipids such as cholesterol

and sphingolipids which play important roles in signal

transduction by clustering ion channels and regulatory

proteins. Based on the findings that caveolae are anchored

to the cytoskeleton and frequently act as entry ports for

extracellular Ca2? [138–140], the notion of a potential role

of caveolae in mechanotransduction emerged. This view is

supported by the fact that disruption of caveolae by mild

detergents or anti-caveolin 1 antibodies prevents the acti-

vation of ERK by shear stress [141]. Chronic shear stress

has been shown to regulate the formation of caveolae, e.g.

by recruiting or derecruiting caveolin-1 to the plasma

membrane [142, 143], and this effect coincides with altered

activation patterns of shear-sensitive signaling molecules

such as ERK and Akt [144, 145].

Importantly, the functional role of a number of TRP

channels may be linked to their localization to caveolae. In

the presence of bradykinin, the canonical TRP channel

TRPC6 was demonstrated to translocate to caveolin-1-rich

domains of the endothelial cell membrane where it medi-

ates Ca2? influx [146]. Physical and functional interaction

with caveolin-1 was also observed for TRPC1 [147], and

isolation of lipid rafts indicates that all of the TRPC pro-

teins are indeed associated with lipid rafts domains [148].

These findings substantiate a putative role of caveolae in

mechano-regulated ion fluxes via TRP channels which

certainly warrants further studies.

Moreover, accumulating evidence indicates that oligo- or

multimerization of TRP channels may dramatically change

their properties. The proposed intrinsic multimerization site
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comprises the ankyrin repeat domain [149–152], coiled-coil

domain [153–157] and the transmembrane domains [158,

159]. Splice variants of TRPV4 unable to oligomerize due

to absence of parts of the ankyrin domains become retained

in the endoplasmic reticulum and stay inactivated [160].

Similarly, inhibition of channel multimerization by various

dominant negative N-terminal fragments of TRPV6 was

shown to inhibit TRPV6 currents [152]. Deletion or single

point mutation in the highly conserved C-terminal coiled-

coil region (88–120 amino acids distal to the last trans-

membrane domain), another putative multimerization site,

also largely attenuated TRPM8 currents [157], and TRPV1

function could be effectively abolished by a similar deletion

[155]. The notion that TRP channels may have to oligo- or

multimerize to serve as mechanosensors is in keeping with

the fact that non-mechanosensitive TRPP1 homomeric

channels contribute to mechanosensitivity in multimerized

heteromeric polycystin-1/TRPP1 complexes [113] or in the

presence of TRPV4 [117]. Notably, the endogenous endo-

thelial store-operated current was recently shown to have a

stoichiometry of one TRPC1 plus three TRPC4 subunits,

demonstrating the presence of heteromeric TRP channel

multimerization also in the vasculature [161].

Taken together, there is considerable evidence to sug-

gest that post-translational regulation mechanisms such as

translocation, interaction with membrane proteins, and

multimerization directly regulate the function of TRP

channels. It is thus conceivable that these regulatory

mechanisms may be rapidly triggered by mechanical stress,

as demonstrated e.g. for the shear stress induced translo-

cation of TRPM7 and TRPV4, respectively [66, 101]. This

notion stresses the possibility that at least in some cases of

TRP-mediated mechanosensitivity, the involved TRP

channels do not constitute the primary mechanosensor per

se, but undergo rapid post-translational regulation in

response to mechanical stress. More research in this rapidly

evolving area is required to provide better insights

into the molecular mechanisms underlying the post-

translational regulation of TRP channels and its role in

mechanotransduction.

Direct Versus Indirect Role of TRP Channels

in Mechanosensation

Post-translational regulation provides a striking example

that a critical role in the process of mechanotransduction

does not necessarily establish an ion channel as mecha-

nosensor. While a vast array of studies have implied a role

for TRP channels in mechanotransduction, it often remains

unclear whether TRP channels constitute the direct sensor

of mechanical stimuli, or rather act as relay that is triggered

by a yet unidentified upstream stimulus. For instance,

TRPV4 has been implicated as mechanosensor in osmo-

regulation and mechanotransduction. Yet, several studies

have shown that inhibition of phospholipase A2 (PLA2) and

cytochrome P450 epoxygenase can inhibit the activation of

TRPV4 by osmotic cell swelling [162, 163] and stretch

[73], indicating that activation of TRPV4 by mechanical

stress may be indirect and mediated via hydrolysis of

membrane phospholipids by phospholipase A2 (PLA2) and

subsequent arachidonic acid metabolism by cytochrome

P450 epoxygenases to form epoxyeicosatrienoic acids [64,

73, 162, 163].

As discussed in the previous section of this review,

translocation of TRP channels to the cell membrane may

constitute another mechanism by which TRP-dependent

mechanosensitivity is conferred. In line with this notion,

shear stress was shown to induce translocation of TRPV4

to the endothelial cell membrane where it contributes to

flow-mediated vasodilation [66]. Likewise, in vascular

smooth muscle cells, fluid shear stress was shown to

increase the membrane-oriented translocation of mecha-

nosensitive TRPM7 channel, which closely correlated with

a respective increase in TRPM7 current [101]. Whether

TRPM7 may also still be directly activated by mechanical

stimulation is still under debate, since osmotic swelling

augmented whole-cell currents of the TRPM7 channel even

under conditions where exocytotic events can hardly take

place, i.e. in the cytosol dialyzed with ATP-free, Ca2?-free

and EGTA-containing pipette, or in the presence of bre-

feldin A, a blocker of vesicular protein trafficking [103].

Similarly a series of studies have identified a role for

TRPC3 and TRPC6 in the myogenic response [3], yet their

direct involvement in the process of mechanosensing

remains questionable [5]. A series of recent reports suggest

that the mechanosensitivity of TRPC channels is mediated

by the activation of Gq-coupled receptors [164, 165], and

thus indirect. This notion is in line with the classic obser-

vation that myogenic tone is coupled to G protein activa-

tion [166]. Recently, Mederos y Schnitzler and coworkers

identified an agonist-independent activation of Gq/11-cou-

pled receptors in response to membrane stretch. In the

same expression system, TRPC6 per se did not confer

mechanosensitivity, but became indirectly activated by

membrane stretch when co-expressed with the angiotensin

II type 1 receptor (AT1R) [164]. The Gq/11-coupled

receptors are able to adapt to mechanical stimuli by con-

formation changes, thus allowing for productive G-protein

coupling and recruitment of b-arrestin [164]. Activation of

Gq/11-coupled receptors was proposed to subsequently

activate TRPC channels in a G protein- and PLC-depen-

dent manner. This study provides an intriguing new con-

cept for vascular mechanotransduction. Yet, it should be

noted that the mechanosensitivity of TRPC6 is still a matter

of controversy, since stretch activation of TRPC6 channels
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can, e.g., still be observed in the presence of the PLC

inhibitor U73122, arguing against the theory of second-

messenger activation [167].

Concluding Remarks

Vasculatures in the body are constantly exposed to

mechanical stress of frequently rapidly varying degrees

and directions. Although a series of putative mechanisms

of vascular mechanosensation have been described in the

past including a number of potential mechanosensitive

cation channels, the notion of a family of mechanosen-

sitive ion channels which share general structural fea-

tures and a common origin was lacking until lately.

From recent research, TRP channels have emerged as a

group of ion channels with mechanosensation and/or

mechanotransduction properties in the vasculature. While

a rapidly increasing number of studies have identified the

regulation of TRP channels by different modes of

mechanical stimulation (summarized in Table 1), little is

yet known on the differential expression patterns of these

ion channels in different vascular cell types and/or vas-

cular beds of different organs, developmental stages, or

in disease conditions. The evolutionary conservation of

TRP channels in mammals and non-mammalian organ-

isms may facilitate future research on mechanosensation

in that lower organisms serve as simplified models to

address the characteristics of this superfamily of ion

channels.

While it is fair to conclude based on the data avail-

able that many TRP channels fulfill essential roles in

mechanotransduction, the question remains open whether

they are directly activated by mechanical stimuli or

rather serve as transducers that are functionally activated

by upstream signaling cascades, translocation to the cell

membrane or multimerization with other membrane

proteins or channels. Better insights into the role of TRP

channels in vascular mechanosensation and/or mechano-

transduction will not only advance our basic knowledge

of vascular regulation. TRP channels also present

promising therapeutic targets in a variety of cardiovas-

cular diseases. For instance, inhibition of TRPV4 chan-

nels in the pulmonary vasculature by cGMP or cGMP-

elevating interventions such as phosphodiesterase inhib-

itors has proven effective to prevent hydrostatic lung

edema secondary to acute myocardial infarction [60]. In

light of the intense current research activities in this new

and open field, the recognition of TRP channels as a new

family of mechanotransducers in the vasculature has to

be regarded as a milestone in our understanding of

vascular physiology, disease and—hopefully in the near

future—therapy.
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