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Abbreviations
2-APB 2-aminoethoxydiphenyl borate

CaM calmodulin

CAP capsaicin

CBS calmodulin binding site

CNG cyclic nucleotide gated

CPZ capsazepine

DAG diacylglycerol

EC50 half maximal effective concentration

ERG electroretinogram

GIRK G protein-regulated inwardly rectifying

potassium channel

GPCR G protein-coupled receptor
ontributed equally.

Com
HCN hyperpolarization and cyclic nucleotide gated

channel

5-HT 5-hydroxy tryptamine

IC50 half maximal inhibitory concentration

I-V curve current-voltage curve

LIC light-induced current

MS mechanosensitive

NMDAR N-methyl-D-aspartate receptor

PAR2 GPCR proteinase-activated receptor-2

PH pleckstrin homology

PIP2 phosphatidylinositol 4,5 bisphosphate

PLC phospholipase C

PLD phospholipase D
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PUFA polyunsaturated fatty acid

RDV regulatory volume decrease

SAC stretch-activated channel
SOC store operated channel

TM transmembrane

TRP transient receptor potential
6.4.1 Introduction
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Figure 1 The trp phenotype. Intracellular recordings from a single
photoreceptor cell of the Drosophila trpCM mutant grown at 24 1C. At
this raring temperature, this mutant allele is functionally null. The
figure shows the dependence of the decay time of the receptor
potential on the light intensity (monochromatic 524 nm green light).
In response to dim light, the receptor potential has a small transient,
which declines to a lower noisy steady-state phase in similar manner
to wild type (WT flies). Increasing the stimulus intensity by only 1
log unit causes a fast decline of the receptor potential to the dark
baseline within 2 s. This decline renders the fly blind, but the
response to light recovers within 1 min in the dark. Adapted from
Minke, B. Light-induced reduction in excitation efficiency in the trp
mutant of Drosophila. J. Gen. Physiol. 1982, 79, 361–385.
The transient receptor potential (TRP) channel proteins were

discovered and studied for more than two decades exclusively

in Drosophila melanogaster photoreceptors.1–4 The first member

of this superfamily was the Drosophila TRP channel (desig-

nated TRP, or dTRP). This channel was found due to a spon-

taneously occurring Drosophila mutant with an abnormal

electroretinogram (ERG), having a transient rather than sus-

tained response to prolonged illumination.1 Following ex-

tensive characterization of this mutant, it was designated TRP

by Minke (Figure 1).2,3 Later on, the TRP gene was cloned and

sequenced, revealing a novel membrane protein.4 The wide-

spread interest in the TRP protein has emerged after showing

that TRP constitutes a Ca2þ permeable channel protein,5–7

which is activated by light via the inositol lipid signaling

cascade.8–10 Following the cloning and sequencing of the TRP-

like (TRPL) channel, it became evident that TRPL and TRP

have a typical structure of channel proteins,11 strongly sup-

porting the patch clamp study of Hardie and Minke, and

together indicating that TRP and TRPL are the light-activated

channels.12 The great interest in the Drosophila TRP and TRPL

channels led to the cloning and sequencing of the first

mammalian homologs of the Drosophila TRP channels.13,14

Only in the past 15 years or so has the extent of the TRP

channel superfamily and its major importance begun to

emerge, revealing a new superfamily of channel proteins,

which is evolutionary conserved.15–17

Based on amino acid sequence homology, the TRP super-

family can be classified into seven subfamilies: TRPC, TRPM,

TRPV, TRPA, TRPP, TRPML, and TRPN (Figure 2).18–21 Except

for TRPN, all the other subfamilies can be found in mammals.

The TRPC (canonical) and TRPM (melastatin) subfamilies

include seven and eight mammalian channel types, respect-

ively (i.e., TRPC1–TRPC7 and TRPM1–TRPM8), and the TRPV

(vanilloid) subfamily has six mammalian members

(TRPV1–TRPV6).22 TRPA (ankyrin) has only one mammalian

member (TRPA1).22 The TRPP (polycystin) and TRPML

(mucolipin) subfamilies form a distinct group in the TRP

superfamily, and each contains three mammalian members.

They have drawn increasing interest because they underlie

several human diseases. TRPN (no-mechano-potential,

NOMP) has been detected only in worms, flies, and zebrafish

and it functions as a mechanosensitive channel.23,24 Most

studies on the biophysical properties of the mammalian TRP

channels were carried out in channels overexpressed in tissue

culture cells. However, there are indications that these prop-

erties do not always represent the in vivo characteristics.

The TRP superfamily is highly diverse in structure,

physiological function, and tissue distribution. The present

chapter is focused mainly on properties of TRP channels,

which are more common to most members of the TRP

superfamily. In comparison to voltage- or ligand-gated chan-

nels, relatively little is known about the physiological function
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Figure 2 The phylogenetic tree of TRP channels. The figure shows the seven subfamilies that constitute the TRP superfamily. The four different
species that compose this specific phylogenetic tree are indicated by different colors. Only some of the Drosophila and C. elegans (worm)
members are included. For more details see Refs. 22, 394, 395. From Nilius, B.; Mahieu, F. A road map for TR(I)Ps. Mol. Cell 2006, 22,
297–307, with permission.
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and biophysical properties of TRP channels. Also, there are a

significant number of uncertain and controversial issues in the

field of TRP channels. Therefore, the approach adapted in this

chapter is to cover the main issues without going into result

details. Accordingly, we will not review the biophysical prop-

erties of TRP channels according to their classification in

subfamilies but rather according to their major biophysical

properties.
6.4.2 Structural Features of TRP Channels

The amino acid sequence of TRP channels distantly relates

them to the superfamily of voltage-gated channel proteins,

mostly to voltage-gated Kþ channels. They are composed of

four subunits symmetrically arranged around a central ion-

conducting pore25–27 as demonstrated by several biochemical

studies (e.g.,28,29) and by atomic force microscopy studies on

TRPC1.30 Each subunit contains six transmembrane segments

(S1–S6). The ion-conducting domain is formed by S5 and S6.
The linker between S5 and S6 forms the selectivity filter, a

narrow pathway that determines which ion will pass the pore.

The voltage-sensing domain of voltage-gated channels, which

is located at the S4 transmembrane domain, is missing in TRP

channels (reviewed in 16). In addition, the conservation of the

selectivity filter, which is a hallmark of voltage-gated chan-

nels,31 has a limited similarity between voltage-gated and TRP

channels. Accordingly, TRP channels are only distantly related

to voltage-gated channels.32 The N- and C-terminal domains

of TRP channels interact with various proteins and lipids, and

they vary greatly between the different members of the TRP

superfamily. There are, however, some common domains to

most TRP channels (Figure 3).

1. Ankyrin repeats: At the N terminus of TRPs there are ankyrin

repeats (reviewed in 16). Ankyrin repeats are 33-amino-acid

(aa) residue motifs that mediate specific protein–protein

interactions with a diverse repertoire of macromolecular

targets.33 The ankyrin repeat domain at the N terminus is

one of the most common protein–protein interaction

motifs. The number of ankyrin repeats varies among the
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Figure 3 Structural features of the Drosophila TRP and TRPL channels. The trp and trpl genes encode a 1275- and 1124-amino-acid membrane
protein, respectively, which are presented schematically. The TRP channels share overall 40% amino acid sequence identity with TRPL and a
greater similarity (B70%) in the putative transmembrane regions but little homology (B17%) in the C terminus. The transmembrane domain
(TM) of TRP and TRPL channels shows significant identity of B40% with the TM of vertebrate voltage-gated Ca2þ channels, which contain six
TM helices and a pore loop between S5 and S6. The S5 pore loop and S6 region are likely the pore-forming region of TRP. Replacement of
Asp621 (D621) with glycine or asparagine showing reduced Ca2þ permeability of the mutated TRP channel. Substitution of Phe550 (F550) to
isoleucine in S5 of the TRP channel (in the mutant fly trpP365) forms a constitutively active channel leading to extremely fast light-independent
retinal degeneration. The TRPL channel was originally identified as a calmodulin (CaM) binding protein and contains two CaM binding sites (CBS)
in the C terminus of the channel. One is unconventional in the sense that it can bind CaM in the absence of Ca2þ . The C-terminal fragment of
the TRP sequence also has been reported to bind CaM in a Ca2þ -dependent manner. Both channels have a domain designated TRP domain,
adjacent to the S6 with a EWKFAR motif and found in many members of the TRP family. At the C-terminal region of the TRP, there is a proline-
rich sequence with 27 KP repeats, which overlap with a multiple repeat sequence, DKDKKP(G/A)D, termed 8� 9. Such proline-rich motifs occur
widely and are predicted to form a structure involved in binding interactions with other proteins, including cytoskeletal elements, such as actin.
This region is unique to TRP and has not been found in any other member of the TRP family. The last 14 amino acids in the C terminus of TRP
are essential for the binding of INAD and form a PDZ binding domain. The N-terminal regions of the TRP and TRPL proteins contain four ankyrin
repeats and a coiled-coil domain. Both domains are believed to mediate protein–protein interactions. The N-terminal regions contain also a
TRP_2 domain with unknown function,396 predicted recently as involved in lipid binding and trafficking. From Katz, B.; Minke, B. Drosophila
photoreceptors and signaling mechanisms. Front Cell Neurosci. 2009, 3, 2.
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different TRP channels, ranging from four repeats in the

case of the Drosophila TRP and TRPC1,16 to six repeats in

the TRPVs,34,35 14–18 repeats for the TRPA1,36 and 28 re-

peats for the NompC (a mechanosensitive channel).23,24

The ankyrin repeats domain was suggested to participate in

the channel multimerization (see below). An interesting

hypothesis for the functional role of long ankyrin chains

(e.g., for the TRPA1) is that this repeated structure forms

the gating spring of mechanoreceptors.37,38 No ankyrin

repeats were found in the TRPP and TRPML subfamilies.39

2. Coiled-coil motif: Tetramerization of TRPC4 or TRPC6

channels is mediated not only by the ankyrin repeat do-

main but also by a following coiled-coil motif.40 The

hallmark structural feature is a heptad repeat, denoted

(abcdefg)n. Hydrophobic amino acids at the ‘‘a’’ and ‘‘d’’

positions form a nonpolar stripe along the helical surface

that is used for multimerization.41 The identities of the ‘‘a’’

and ‘‘d’’ amino acids provide the dominant feature that

determines whether a given coiled-coil helix will associate

into a two-, three-, four-, or five-stranded bundle (see also

below).42,43

3. TRP domain: At the C terminus there is a region designated

the TRP domain. The TRP domain is a highly conserved 23-

to 25-amino-acid region in the TRPC, TRPN, and TRPM

subfamilies that is located after the sixth transmembrane
domain. TRP box 1 (Glu-Trp-Lys-Phe-Ala-Arg) is invariant

in the TRPC proteins. A variation of TRP box 1 is present in

TRPN1. A less conserved version of the TRP box 1 is found

in the TRPM subfamily. The TRP box 2 is a proline-rich

region. The function of the TRP domain is still

controversial.39

4. The calmodulin (CaM) binding site (CBS domain): The

number of CBS sites varies among the different TRP

channels, ranging from one for the Drosophila TRP to three

for the TRPC4. There are CBSs at both the N terminus and

C terminus. All TRPCs and some of the TRPVs have CBSs.44

CBSs were suggested to mediate Ca2þ -dependent desensi-

tization or inactivation of TRP channels, but this is still a

controversial issue.44
6.4.2.1 Heteromultimerization of TRP Channels

By analogy to other channels with a similar transmembrane

structure that have been more extensively studied (e.g., volt-

age-gated Kþ channels and cyclic nucleotide-gated channels),

TRP channels are most likely formed by tetramers of the pore-

forming subunits. Given the seven members of the TRPC

subfamily and the total of 20 TRP channel isoforms of

mammals, an important question arises as to the ability of
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TRP channels to form heteromultimeres and which sub-

families can combine to form heteromeric channels. The first

suggestion that TRP channels are composed of hetero-

multimers came from studies on the Drosophila channels TRP,

TRPL, and TRPg.45,46 According to one study, TRP and TRPL

channels co-immunprecipitated both in the native tissue and

in a heterologous expression system (HEK293 cells). This was

also shown for TRPL and TRPg channels. In studies on the

effects of heteromultimerization on channel activity, whole-

cell current measurements were carried out in HEK293 cells

expressing TRP, TRPL, or both. Expression of TRPL channels

resulted in a robust outwardly rectifying current, which re-

sembled the native TRPL current, consistent with other stud-

ies.47–50 In contrast, TRP channel expression resulted in a

nearly linear current-voltage relationship (I-V curve),46 grossly

different from the strongly rectifying in vivo current of the TRP

channels.51 Moreover, coexpression of TRP and TRPL channels

resulted in currents almost indistinguishable from the TRPL

currents.46 Accordingly, while functional TRPL channels can

be easily expressed, functional expression of the Drosophila

TRP channels has to be demonstrated.52 Consistent with the

notion that TRP and TRPL channels do not form a hetero-

multimer, it was shown using Drosophila mutants lacking ei-

ther the TRP or the TRPL channel that the biophysical

properties of the native TRP channels are unaffected by the

presence or absence of the TRPL channel, and vice versa.53

Thus, although the concept of TRP channels hetero-

multimerization proved to be valid (see below), it seems to be

questionable for the Drosophila TRP and TRPL channels.

Within the mammalian TRPC subfamily, the formation

of heteromultimers has been addressed using heterologous

overexpression, co-immunoprecipitation,27,54,55 and fluor-

escence resonance energy transfer (FRET)55 approaches (see

Chapter 1.24). It has been shown that TRPC4 and TRPC5

can combine with each other54,55 and with TRPC1,27,54,55

the most closely related TRPC proteins. A similar result was

obtained with an electrophysiological approach, which

showed that coexpression of TRPC1 together with TRPC4 or

TRPC5 modified the biophysical properties of the chan-

nels.27 The other major group of TRPCs, including TRPC3, 6,

and 7, does form heteromultimers within the group, but not

with other groups of TRPCs.54,55 These results have been

confirmed for native channels in synaptosomes by co-

immunoprecipitation.54

Heteromultimerization is not limited to the TRPC sub-

family, but was also found in the TRPV subfamily. Using

fluorescent fusion proteins or FLAG-tagged TRPV channel

subunits, together with subcellular colocalization, FRET, and

co-immunoprecipitation, it was shown that TRPV1 forms

heteromultimers with TRPV2, and TRPV5 interacts with

TRPV6.56,57 Interestingly, a recent study demonstrated func-

tional interaction between TRPP2 and TRPV4 in a cilium.58

TRPP2 assembles with the PKD1 gene product polycystin-1, a

large integral membrane protein with distant homology to

TRP channels, to form a receptor-ion channel complex.58,59

Mutations in polycystin-1 or TRPP2 cause autosomal domin-

ant polycystic kidney disease. Polycystin-1 and TRPP2 localize

to the primary nonmotile cilia of tubular epithelial cells but

assume other distinct subcellular localizations that are regu-

lated by multiple adaptor proteins.60 The localization and
Ca2þ permeability of TRPP2 made it an attractive candidate

for the ciliary Ca2þ entry pathway. However, the homomeric

channel lacks mechanosensitivity.61 In a search for an auxiliary

subunit that assembles with TRPP2 to form a mechan-

osensitive channel complex, it was shown that TRPV4 also

localizes to the cilium and interacts with TRPP2.58 TRPV4 is

activated by a variety of stimuli, including hypotonicity-in-

duced cell swelling, which is akin to a mechanical stimu-

lus.62,63 Coexpression of TRPV4 and TRPP2, significantly

augmented the swelling-activated currents. In addition to

mechanosensation, the activation of TRPV4 by warm tem-

peratures (39 1C) was doubled in the presence of TRPP2.

These findings demonstrate that TRPP2 and TRPV4 jointly

mediate thermosensation and osmoregulation (Table 1).
6.4.2.2 TRP Subunits in Channel Assembly

Until recently, three-dimensional structural information on

TRP channels was largely limited to structures of homologous

domains from other proteins such as the ankyrin repeats34 (see

Chapter 1.2, Chapter 1.3, Chapter 1.4 and Chapter 1.5). The

crystal structure of the TRPM7 a-kinase domain,64 a domain

unique to TRPM6 and TRPM7, was nevertheless determined

(Figure 4). This situation has been recently changed and

the structure of TRP channels begins to emerge in various

studies.

Some members of the TRPC, TRPM, and TRPV subfamilies

have been suggested to contain cytoplasmic coiled-coil do-

mains.65,66 Coiled coils are the most common and best

understood protein–protein interaction domain.67,68 Several

studies suggest a role for TRP channel coiled-coil domains in

subunit interactions. It has been shown that deletions in

TRPM4 and TRPV1 that eliminate predicted C-terminal coiled-

coil domains impair the ability of these subunits to form

homomeric interactions.69,70 These observations are consist-

ent with a role for these putative coiled-coil domains in as-

sembly of functional TRP channels. However, direct evidence

that any of these domains adopt a coiled-coil structure and

form a quaternary complex was only recently obtained.71 This

research identified and characterized an autonomously folded

C-terminal coiled coil in TRPM8 that functions as an authentic

tetramerization domain and thus established a mechanism by

which TRP channels use coiled coils for direct assembly.

Moreover, the coil-coiled domain is conserved among all

TRPMs and shows a conserved biochemical function.71 The

presence of similar domains in members of other subfamilies

suggests that coiled coils are likely to direct channel assembly

in other cases and may represent a general assembly strategy.

The first glimpses of the 3-D structure of TRP channels were

obtained from the structures of TRPC3 and TRPV1 that were

determined by using single-particle electron cryomicroscopy

(cryo-EM)72 (see Chapter 2.5). TRPC3 revealed a highly

expanded structure. By adopting a dispersed wireframe struc-

ture in the outer shell, TRPC3 acquired large dimensions,

which cannot be easily predicted from the primary amino

acid composition. Unlike the voltage-sensitive ion channels,

auxiliary subunits are not reported for TRP channels. Their

functions may have been evolutionally integrated into a large-

dimension TRPC3 molecule.73 Indeed, the size of the inner

dx.doi.org/B978-0-08-095718-0.00129-2
dx.doi.org/B978-0-08-095718-0.00102-4
dx.doi.org/B978-0-08-095718-0.00104-8
dx.doi.org/B978-0-08-095718-0.00105-X
dx.doi.org/B978-0-08-095718-0.00106-1
dx.doi.org/B978-0-08-095718-0.00211-X
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(a) (b)

Figure 4 Crystal structure of kinase domain of TRPM7. (a) Crystal structure of the kinase domain of TRPM7(PDB 1IA9), showing the active
dimer.64 Multimerization of the enzymatic subunit of TRPM7 is essential for its function, just as multimerization is essential for the ion channel
properties. The role of the kinase domain for functional function is controversial.397–399 (b) Magnification of the crystal structure of the kinase
domain of TRPM7 (PDB 1IA9), showing the binding site for ATP, occupied by adenylylimidodiphosphate, an ATP analogue.64 The three-
dimensional structure of the kinase domain shows unexpected homology to other mammalian kinases. The crystal structure should facilitate the
search for selective inhibitors of the kinase function in order to dissect the function of the ion channel and the kinase domain. Visualization was
performed with Pymol, in (a) and (b).
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unit of TRPC3, if its outer shell is removed, resembles the sizes

of the Kv1.2 complex74 and the voltage-sensitive sodium

channels.75 The TRPV1 channel exhibits fourfold symmetry

and comprises two distinct regions: a large, open basket-like

domain, likely corresponding to the cytoplasmic N- and

C-terminal portions, and a more compact domain, corres-

ponding to the transmembrane portion. Assignment of these

regions was supported by fitting crystal structures of the

structurally homologous Kv1.2 channel and the isolated

TRPV1 ankyrin repeats into the TRPV1 cryo-EM structure. (For

an excellent review and discussion of the data see Ref. 76,

Figure 5).
6.4.2.3 TRP Modular Nature

Channel modules are distinguished regions in the channel

that are responsible for different properties and/or functions

of the channel. Similar to other channels, TRP channels

are composed of modules. These modules include (1) the

N terminus module, (2) the S1–S4 module, (3) the pore

module, and (4) the C terminus module. Since TRPV1 and

TRPM8 are the most studied channels of all TRPs, we will use

these channels as a case model to describe the different

modules.
6.4.2.3.1 The N terminus module
TRPV1 has a long N terminus containing six ankyrin repeats

domains. The existence of ankyrin repeats was also corrobor-

ated by the crystal structure of TRPV2 ankyrin repeat do-

mains,34,77 which shows the presence of a six ankyrin repeat

domain that appears to be conserved throughout the 6 TRPV

subfamily. This ankyrin repeat domain determines TRPV4,

TRPV5, and TRPV6 but not TRPV1 channel assembly. In par-

ticular, oligomerization of TRPV4 is controlled by the ankyrin

repeat domain.56,78 The modular nature of the N terminus

was demonstrated by a chimeric channel containing the

TRPV4 N terminus and TRPV1 S1–S6 and C terminus. This
chimeric channel is able to interact with wild-type TRPV4

proteins but not with the wild-type TRPV1.56 Although the

ankyrin repeat domains are highly conserved in the TRPV1–4

members of the TRPV subfamily, they seem not to serve the

same function in the different TRPV channels. In TRPV2 these

domains do not form homo-oligomers, suggesting that in

some TRPV channels ankyrin domains may be used for

interactions with regulatory factors rather than in promoting

tetrameric assembly, as is the case of TRPV4–6. The N termi-

nus module also contains a domain able to bind calmodulin

in a Ca2þ -dependent manner.79 The calmodulin binding site

is adjacent to the first ankyrin repeat domain and comprises a

sequence of 31 amino acid residues.
6.4.2.3.2 The S1–S4 module
In Kv channels the voltage sensor (S1–S4) forms a clearly

separate module from the pore-forming domain.74,80 This

module is connected to the pore module by the S4–S5 linker,

which transfers changes in the S1–S4 module to the pore

module. In accordance with this model, recent studies have

demonstrated the existence of a protein family having only

four transmembrane domains with a conserved positively

charged S4 (i.e., an isolated voltage sensor). These proteins

can couple a voltage sensor with either enzymes (i.e., a

phosphatase81) or proton-selective pores.25,82–84

In the case of the TRP channels, the voltage dependency of

the channels is still not clear (see below). However, it is clear

that the S1–S4 module serves as a gating module. For TRPV1,

S2–S3 transmembrane regions are involved in the binding of

TRPV1 agonist and antagonists, but they do not influence

temperature activation. The domain that confers capsaicin

sensitivity in mammals is in residues contained in the putative

transmembrane segment S3 (Lys491, Tyr511, and Ser512) and

the segment comprised between residues 481 and 550, which

carries the phenotype for the antagonist capsazepine-related

responses (see below).85,86
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6.4.2.3.3 The pore module
Most TRP channels are nonselective cation channels that

exhibit some preference for divalent cations (PCa/PNa be-

tween 0.1 and B100; see Table 2).22 The pore module in TRP

channels is well conserved. Sequence comparison of the

S5–S6 loop indicates that this region is well conserved

among all members of the TRP family, with highly conserved

hydrophobic residues present at the beginning of the pore

region.

It is generally accepted that conclusive evidence that a

protein is a pore-forming subunit of an ion channel requires

demonstrating that specific mutations in the putative pore-

forming domains of the candidate channel protein alter the
pore properties. This is manifested in altered conductance,

such as ion selectivity, single-channel conductance, and pore

block. Indeed, neutralization of aspartate 546 of TRPV1 and

of the corresponding aspartate 682 of TRPV4 strongly de-

creases the affinity of these channels to the voltage-

dependent pore blocker ruthenium red and reduces the

permeability for Ca2þ and Mg2þ .87,88 Similarly, mutations

in the aspartate 621 site of the Drosophila TRP abolished the

Ca2þ permeability of the channel.89 In addition, glutamate

648 and 636 (located between TM5 and TM6) of the TRPV1

channel have been implicated in changes of selectivity for

Ca2þ and in alteration of capsaicin dose-response par-

ameters90 and mutation of glutamate 636 to glutamine



Table 2 Permeability and single channel conductance of TRP channels

Ion selectivity Single channel conductance [pS]

TRPA1 PCa/PNa¼ 0.836

PMg/PNa¼ 1.236
98 (physiological solution, dependent on

Ca2þ /Mg2þ concentration)298

TRPC1 Non-selective for Ca2þ , Naþ , Csþ 299 16300

C1/C4: 527

C1/C5: 527

TRPC2 PCa/PNa¼ 3137

PNa/PCs¼ 0.7137
42137

TRPC3 Non-selective for Kþ , Naþ , Ca2þ and Ba2þ 301 17/66301

TRPC4 PCa/PNa¼ 1.1302 41302

18 (TRPC4b)303

TRPC5 PCa/PNa¼ 1.8302 63302

TRPC6 PCa/PNa¼ 5230

PNa/PCs¼ 0.7230
28–37230,304

54304

TRPC7 PCa/PNa¼ 1.9 (unactivated)305

PCs/PNa¼ 1 (unactivated)305

PCa/PNa¼ 5.4 (stimulated)305

PCs/PNa¼ 0.9 (stimulated)305

75306

TRPM1 PCa/PNa40.1307 ND
TRPM2 PCa/PNa¼ 0.7308

PMg/PNa¼ 0.5309
58 (negative membrane potential)308

76 (positive membrane potential)308

TRPM3 PCa/PNa 0.¼ 1–10 (splice variant dependent)310 133 (� 60 mV, 140 mM Csþ internal)249

83 (140 mM Naþ internal)249

65 (100 mM Ca2þ internal)
73 (negative membrane potential,
physiological cation concentrations)311

TRPM4 Impermeable for Ca2þ 312 25312

TRPM5 Impermeable for Ca2þ 313 25314

TRPM6 PMg/PNa¼ 9315

PCa/PNa¼ 7315
84316

M6/M7: 57316

TRPM7 Zn2þENi2þ4Ba2þ4Co2þ4Mg2þ
ZMn2þ

ZSr2þ
ZCd2þ

ZCd2þ 317 40 (þ 60 mV)316

TRPM8 PCa/PNa¼ 1146

PCs/PNa¼ 1.4146

PK/PNa¼ 1.3146

83 (positive potential)149

60 (10 1C)-75 (301 C)150

TRPV1 PCa/PNa¼ 10141

PMg/PNa¼ 5141

NaþEKþELiþECsþERbþ 141

50 (� 60 mV)
35 (negative potential), 77 (positive
potential)141

90–100 after CAP318

TRPV2 PCa/PNa¼ 2.9142

PCa/PMg¼ 2.4142

NaþEKþECsþ 142

ND

TRPV3 PCa/PNa¼ 2.6143

PMg/PNa¼ 2.2143
172 (þ 60 mV)319

TRPV4 PCa/PNa¼ 6145,320

PNa/PCs¼ 0.8145,320
30 (� 60 mV)320

88 (þ 60 mV)320

TRPV5 PCa/PNa4100321 78321

TRPV6 PCa/PNa¼ 130322 42–58 (negative potential)322

dTRP PCa/PCs¼ 57323 ND
TRPL PCa/PCs¼ 4.3323 ND

ND: not determined.
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increases PCa/PNa from about 3 to 18. For TRPM4, substi-

tution of glutamine 977 to glutamate altered the monovalent

cation permeability sequence and resulted in a pore with

moderate Ca2þ permeability.91 Introduction of a negative

charge in place of a methionine residue in TRPV4 abolished

Ca2þ and Mg2þ permeability.88 The high Ca2þ selectivity of

TRPV5 and TRPV6, which is the most Ca2þ -selective chan-

nels within the entire TRP superfamily, depends on aspartate

542 in TRPV5 and on the corresponding aspartate 541 in

TRPV6.92,93 Neutralization of these residues not only affects

the high Ca2þ selectivity of TRPV5/6, but also drastically

reduces their sensitivity to extracellular Cd2þ and abolishes

the intracellular Mg2þ - and voltage-dependent activity of

these channels.93–95 It thus appears that high Ca2þ select-

ivity of TRPV5 and TRPV6 depends on a ring of four aspartate

residues in the channel pore, similar to the ring of four

negative residues (aspartates and/or glutamates) in the pore

of voltage-gated Ca2þ channels. Finally, for the Ca2þ -im-

permeable TRPM5 channel, substitution of an acidic stretch

of six amino acids in the loop between transmembrane

helices TM5 and TM6 (Glu-Asp-Met-Asp-Val-Ala) with the

selectivity filter of TRPV6 (Thr-Ile-Ile-Asp-Gly-Pro) resulted

in a functional channel that combined the gating hallmarks

of TRPM4 (activation by Ca2þ and voltage dependence) with

TRPV6-like sensitivity to block by extracellular Ca2þ and

Mg2þ , as well as Ca2þ permeation.91
6.4.2.3.4 The C terminus module
The proximal C terminus contains a stretch of 25 amino

acid residues, which was designated the TRP domain. It

also contains a signature sequence dubbed the TRP box

(Ile-Trp-Lys-Leu-Glu-Arg), a highly conserved sequence,

even in TRP channels with low homology to most TRP

channels (reviewed by Ramsey et al.25). A coiled-coil motif

overlapping with the TRP domain in the C terminus of

TRPV1 has been identified as an association domain and

appears to be the molecular determinant of tetrameriza-

tion.69 A coiled-coil motif was also found for the TRPM8

channel and was shown to be necessary for channel as-

sembly and sufficient for tetramer formation.71 CaM also

binds the C terminus of TRPV1 and the Drosophila

TRPL11,96 and, at least for the TRPV1, is suggested to me-

diate Ca2þ desensitization.

Several investigators used the crystallographic structure of

the C-terminal fragment of the hyperpolarization and cyclic

nucleotide-gated channel (HCN) as a template for hom-

ologous modeling of the TRPV1 C terminus.69,97 Structur-

ally, the tetrameric structures formed by the C termini of

TRPV1 and HCN are very similar. It is thus tempting to

suggest that the similarity between the TRPV1 C-terminal

tetrameric structure with that of the same region of HCN

channels implies also similarity in function. For the HCN

channels, it was proposed that this structure constitutes a

gating ring, able to transform the cyclic nucleotide binding

energy into the mechanical energy necessary to open the

pore.97 The TRPV1 C terminus also contains modulatory

domains able to bind calmodulin,96 to be phosphorylated,98

to bind PIP2,99 and to confer the temperature-sensitivity

phenotype to TRP channels.100,101
The modular nature of the C terminus was observed

when the C termini of the TRPV1 and TRPM8 channels were

swapped. The two new chimeric channels maintained their

response to menthol and capsaicin, that is, the channel that

included the TRPM8 transmembrane domain and TRPV1

C terminus responded to menthol and did not respond to

capsaicin (and vice versa). However, their response to tem-

perature was the opposite, according to the C terminus: The

channel that was composed of the TRPM8 transmembrane

domain and TRPV1 C terminus was activated by heat rather

than by cold (and vice versa). In addition, PIP2 was shown

to enhance activation of TRPM8102 and inhibits TRPV1,

while the effects were shown to be mediated by the

C-terminal domain.99 Similar to the effect of temperature,

the chimeric channels responded to PIP2 in an opposite

manner compared to the native channel: The TRPM8

transmembrane domain and TRPV1 C terminus were in-

hibited by PIP2 (and vice versa).100
6.4.3 Voltage and Ca2þ Dependence of TRP
Channels

The physiological roles of any given ion channel rely on two

fundamental features: the regulation of its opening and

closing (gating) and its ability to form an efficient pathway

for certain ion species, allowing them to cross the cell

membranes (selectivity). Most of the TRP channels are

nonselective cation channels that are permeable to both

monovalent and divalent cations. As a result, TRP channels

constitute Ca2þ influx pathways. All TRPCs, TRPV1–4,

TRPM1–8 (excluding TRPM4, 5), TRPA1, TRPP2, 3, 5, and

TRPML1, 2, 3 have permeability ratios PCa/PNa between 0.1

and B100.22 TRPM4, 5 are impermeable to Ca2þ . TRPV5, 6

are the only highly Ca2þ -selective TRP channels with PCa/PNa

4100. In spite of their Ca2þ permeability, most TRP chan-

nels (TRPM2 is a notable exception) are inhibited by the

presence of Ca2þ cations (see below), yet the underlying

mechanism is still in debate (Table 2). Because of the high

importance of Ca2þ in large number of biological processes,

Ca2þ permeability of an ion channel is a critical property of

this channel. The first demonstration of Ca2þ permeability

of a TRP channel came from studies on the Drosophila TRP

channel in the photoreceptor cell.5–7 Later on, the Ca2þ

permeability turned out to be a common property of TRP

channels. Except for TRPM4/5, all TRP channels are per-

meable to Ca2þ .

The voltage dependence of ion channels is measured by the

change in the current (I) flow through the channel as a

function of the membrane potential (V). The voltage de-

pendence of an ion channel is best described by its I-V curve. A

voltage-dependent channel may show an outward rectifying,

inward rectifying, dual rectifying, or bell-shaped I-V curve. The

I-V curve of almost all TRP channels is nonlinear (except for

TRPM2, which shows a linear I-V curve; see below). This fact

makes the voltage dependence of TRP channels an important

property. Before discussing the possible mechanisms that

underlie the voltage dependence of TRP channels, we will

briefly outline various mechanisms that cause voltage

dependency.
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6.4.3.1 Various Mechanisms That Cause Voltage
Dependence of Channels

Many channels reveal voltage dependency, yet diverse mech-

anisms underlie this voltage dependency. The voltage de-

pendence of the channel can be intrinsic or nonintrinsic.

Intrinsic voltage dependence (such as in voltage-gated chan-

nels) relies on the existence of transmembrane domains of the

protein that sense changes in the membrane potential and

cause change in the channel conformation leading to channel

opening or closing. In the case of nonintrinsic voltage de-

pendence, the effect might be upstream to the channel, where

there is a voltage-dependent process that relays the voltage

dependency to the channel activity (such as GIRK channels,

which are voltage independent but are activated by a voltage-

dependent G protein-coupled receptor [GPCR]103). Another

example of nonintrinsic voltage dependence is revealed in the

case when the channel is blocked by a charged ion. For this

case membrane potential will affect the extent of the block (as

with the NMDA channel; see below).

6.4.3.1.1 Intrinsic voltage dependence – voltage-gated
channels

Voltage-gated channels include the classical depolarization-

activated Naþ , Kþ , and Ca2þ channels studied by Hodgkin

and Huxley and followers,104–106 and hyperpolarization-acti-

vated channels such as HCN ion channels.97 Voltage-gated ion

channels are steeply dependent on membrane voltage. This

steep voltage dependence means that around 12 elementary

charges are required to move through the membrane electric

field to open the channel.107,108 When the charges are moving,

they cause a tiny current termed ‘gating current.’109,110 Thus,

voltage-gated channels sense changes in the membrane po-

tential by an intrinsic structure (S4 transmembrane domain)

in the channel.

6.4.3.1.2 Nonintrinsic voltage dependence
Some channels exhibit apparent voltage dependency, which

does not result from a movement of an intrinsic voltage

sensor as in the voltage-gated channels, but rather from

nonintrinsic mechanisms. Two examples of such channels

are the cyclic nucleotide gated (CNG)111 and the N-methyl-D-

aspartate (NMDA) channels. The S4 segment of CNG chan-

nels resembles that of the voltage-gated channels and reveals

an outwardly rectifying I-V curve. However, their voltage

dependency is much weaker than that of voltage-gated

channels. In addition, although these channels contain three

or four positively charged residues in their S4 segment, they

are not responsive to membrane potential.111,112 It is thus

clear that a mechanism different from that of voltage-gated

channels underlies the apparent voltage dependency of CNG

channels.

To permeate the CNG channel, the ions must bind to a site

inside the channel pore. The dwell time at this binding site is

significantly longer for Ca2þ than for monovalent cations,

resulting in Ca2þ block of the Naþ current. The blockage by

Ca2þ is strongly voltage dependent: Inward currents are more

effectively suppressed than outward currents. The voltage

dependence of the Ca2þ blockage is characteristic of a posi-

tively charged and permeable blocking molecule. Thus, CNG
channels demonstrate a case where the seeming voltage de-

pendence of the channels is caused by a block of the open

pore by divalent cations (while depolarization removes the

block) and not by an intrinsic voltage sensor.113

The NMDA channel is an additional and notable example

of channels (see Chapter 6.2) for which their apparent voltage

dependence stems from cation-mediated open channel block.

Within the large family of excitatory ionotropic glutamate

receptors, NMDA receptors (NMDARs) constitute a sub-

family, which is identified by specific molecular composition

and unique pharmacological and functional properties.114,115

Of particular importance is the relatively high permeability to

Ca2þ , which confers on NMDARs a central role in synaptic

plasticity under physiological conditions and in neuronal

death under excitotoxic pathological conditions.115 Similar to

the CNG and TRP channels (see below), the NMDA channels

reveal an outwardly rectifying I-V curve and therefore comply

with the definition of being voltage dependent. NMDA

channels also show weak voltage dependence, similar to that

of the CNG and TRP channels.116

Similar to CNG channels, voltage alone cannot activate

the NMDA channels. The voltage dependence of NMDA

channels was found to be Mg2þ dependent. In the absence

of Mg2þ a linear IV curve is obtained.116 The block by Mg2þ

was found to be voltage dependent (thus underlying the

voltage dependency of the channel). Both extracellular and

intracellular Mg2þ can block the NMDA channel, though

with different efficiencies.117 Analysis of the voltage de-

pendence of the Mg2þ block suggested the presence of a

binding site to Mg2þ , inside the channel’s pore.116,117 This

site causes Mg2þ cation binding or pausing at some site

within the channel pore and hence blocking the passage of

other cations (as with the CNG channel). Based on single-

channel analysis, Mg2þ facilitates the channel closure.116 In

addition, Mg2þ reveals rapid entry into and exit from the

open pore. The decreased blocking efficiency at positive

membrane potentials was explained by a dual repelling effect

of the voltage. Positive voltage interfered with the entry of

Mg2þ cations to the open pore, and for Mg2þ cations that

did enter the open pore, decreased the time spent by Mg2þ

in the open pore.116 Thus, the NMDA channel also demon-

strates voltage dependency that is not due to an intrinsic

voltage sensor.
6.4.3.1.3 The voltage dependence of TRP channels
Although most of the TRP family members lack the full array

of charged amino acid residues in the S4 transmembrane

domain that confers voltage dependence on the voltage-gated

Kþ channels, most TRP channels do exhibit voltage-

dependent activity. Most TRP channels reveal an outward

rectifying IV curve (e.g., TRPV1–4, TRPM4–8) or a dual recti-

fying I-V curve (e.g., TRPC4, TRPC5, and dTRP). Some TRP

channels reveal a linear I-V curve (e.g., TRPM2, 3, TRPP3), and

some show inward rectification (e.g., TRPV5, 6, TRPML1, 2, 3)

(reviewed by Clapham18; see Table 3). Recently, it was sug-

gested that at least some TRP channels are voltage-gated

channels and that their voltage dependency is an intrinsic

property.118
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The suggestion that TRP channels are voltage gated poses

a problem, since usually there is no depolarization prior to

the activation of these channels.16 This difficulty was resolved

by a mechanism in which different activators of TRP channels

(such as capsaicin, menthol, or temperature; see below) were

shown to affect the voltage dependence of TRP channels. In

the framework of this model, in the absence of the TRP ac-

tivators the V50 (the voltage that is required to achieve 50%

of the channels activity) is at very positive membrane po-

tentials that cannot be achieved under physiological con-

ditions. The different activators cause a shift of the V50
Table 3 Voltage dependence of TRP channels

TRP subfamily Voltage dependency (idealized I-V curves)

TRPC subfamily
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toward the cells’ resting potential and hence enable the ac-

tivation of the TRP channels.119 Accordingly, this model was

termed ‘gating by shifting.’ This mechanism was further

supported by experiments in which the putative voltage

sensor of the TRPM8 channel was mutated and a reduction in

the channel’s open probability was observed.120

There are, however, some difficulties with the suggestion

that TRP channels are voltage-gated channels. First, in con-

trast to voltage-gated channels, gating currents have never

been successfully measured in TRP channels,118 suggesting

that either the gating currents are too small to be measured or
Membrane potential [mV]

C
ur

re
nt

10050

1/C4 unstimulated or C1 stimulated
ulated
ted

imulated
1/C4 stimulated
ted

ectification (TRPC4) and
/C4) after stimulation.
ission.27

10050

C
ur

re
nt

nstimulated
timulated

Membrane potential [mV]

annels shows outward rectification.
(Continued )



Table 3 Continued

TRP subfamily Voltage dependency (idealized I-V curves)

TRPV5/V6
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1 mM Ca2+/0 mM Mg2+

30 mM Ca2+/1 mM Mg2+

0 mM Ca2+/0 mM Ca2+
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Sensitivity of the inward rectifying currents of TRPV5/V6 towards divalent ions. Adapted from Hoenderop
et al. with permission.324
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Different outward rectification of the cold activated TRPM8 and TRPA1 channels. Adapted from Story et al.36

and Voets et al.119 with permission.
(Continued )
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there is actually no charge movement before channel acti-

vation. Second, some of the mutations that inhibited the

activation of the TRPM8 channel were in the S4–S5 intra-

cellular linker (i.e., out of the plasma membrane domain),

making it difficult to understand how these charged residues

can sense changes in the membrane potential.104 Third, as

with CNG and NMDA channels, TRP channels reveal a very

weak voltage dependency.118 Fourth, TRP channels that share

sequence homology in the region of the S4 transmembrane
domain show large diversity of their voltage dependence,121

suggesting that a different reason might underlie the appar-

ent voltage dependency of TRP channels. Finally, TRP chan-

nels show a very high apparent affinity to Ca2þ block (see

below), while the studies that denounced the possibility of

voltage-dependent block used a relatively low concentrations

of Ca2þ chelators.93,122 Therefore, these experiments cannot

exclude the possibility that the voltage dependency of TRP

channels is due to open channel block by divalent cations.



Table 3 Continued

TRP subfamily Voltage dependency (idealized I-V curves)

Membrane potential [mV]
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After 30 s
After 60 s
After 300 s
Without divalent ions
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Outward rectification of TRPM6/M7 depends on the concentration of divalent ions in the cell, note the
development over time when the concentration of divalent ions decrease. In the absence of divalent ions both
intracellular and extracellular ions the current does not show voltage-dependency, similar to TRPM2. Adapted
with permission from Nadler et al.127 and Kolisek et al.325
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Thus, the voltage dependency of TRP channels remains to be

clarified.
6.4.3.2 Ca2þ Inhibition of TRP Channels

Inhibition by Ca2þ may underlie the voltage dependence of

TRP channels. It is, therefore, important to understand the

mechanisms by which Ca2þ inhibits the TRP channels. As

mentioned previously, most TRP channels are inhibited by the

presence of Ca2þ , but whether this inhibition is mediated by

direct binding of Ca2þ to the channel or to CaM is not yet

resolved. Importantly, if the Ca2þ inhibition is mediated by

CaM, it cannot be related to inhibition by open channel block.

Data supporting Ca2þ -dependent inhibition of TRP

channels is accumulating. For TRPV1, it was found that the

C-terminal domain binds CaM in a Ca2þ -dependent manner.

Mutant channels, in which this CaM binding site (CBS) was

deleted, continued to show desensitization in whole-cell cur-

rent measurements,96 suggesting that CaM is not required for

the inhibitory effect of Ca2þ . However, application of Ca2þ to

excised patches produced a small decrease in capsaicin-acti-

vated current that could not be mimicked by Mg2þ . Also,

application of Ca2þ with CaM produced a much larger re-

duction in current, suggesting that it is the Ca2þ -CaM com-

plex that is required for the inhibitory effect. Overexpression

of CaM also potentiated the inhibitory effect of Ca2þ , whereas

coexpression of a mutant CaM within TRPV1 did not produce

a Ca2þ -mediated inhibition. In addition, a second N-terminal
CBS was found in TRPV1, which binds CaM in a Ca2þ -

dependent manner.79 These results support a role for CaM in

the inhibitory effect of Ca2þ , yet mutations in this region

inactivated the channel, leaving this issue still open.79

TRPC1123 and TRPV3124 were also shown to be inhibited by

Ca2þ -CaM, further supporting a role for CaM in the inhibi-

tory effect of Ca2þ .

Other data are compatible with a direct binding of divalent

cations to the channel as the main mechanism for inhibition.

Thus, TRPC5 was shown to be blocked in a voltage-dependent

manner by intracellular Mg2þ , which binds to aspartate resi-

due 633 located just after the sixth transmembrane do-

main.125 In addition, for TRPC6 and TRPC7, extracellular

Ca2þ has inhibitory effects, presumably by voltage-dependent

reduction of unitary conductance and a reduction of the open

probability at the single-channel level.126 Similar to TRPC6

and TRPC7, extracellular Ca2þ blocks TRPV4 in a voltage-

dependent manner.88 For TRPM7 it was suggested that di-

valent cations block the permeation path (i.e., stay in the open

pore).127 It was found that external Ca2þ and Ba2þ block

TRPM8.128 These results support the hypothesis that direct

binding of Ca2þ to the TRP channels underlies the inhibitory

effect of Ca2þ . The divalent cation block of TRP channels

operates at a wide range of concentrations. For example, the

Ca2þ EC50 for blockade of TRPV5 and TRPV6 is approxi-

mately 100 nM,22 while the blockade of TRPC6 and TRPC7 is

in the range of 4 mM and 400 mM, respectively.126 TRPV4

shows an EC50 of 765 mM, while the EC50 for TRPV3 is



82 Biophysics of TRP Channels
o50 mM.124 For TRPM5, 1 mM Ca2þ already blocks the

channel.129 Thus, for each TRP channel an examination of

whether direct inhibition by Ca2þ (or other divalent cations)

underlies the voltage dependence of the channel should be

carried out.

The Drosophila TRP channel reveals an outwardly rectifying

I-V curve in the presence of divalent cations. Removal of the

extracellular divalent cations results in a dual rectifying I-V

curve, yet the underlying mechanism and whether the effect of

Ca2þ is direct or indirect were not initially established.53,130

In a later study, Ca2þ (o5 mM) was shown to inhibit the TRP

channel directly, but by a still-unknown mechanism.131

It was argued that the presence of a Ca2þ -CaM mode of

inhibition rules out the possibility of direct block, and espe-

cially that of open channel block.44 It was further argued that

the Ca2þ -CaM mode of inhibition indicates that the voltage

dependence of TRP channels is not due to open channel

block, but rather due to an intrinsic property of the channels.

However, for the CNG channels it was shown that the two

mechanisms of inhibition coexist: Ca2þ entering through

CNG channels activates CaM that inhibits the channel and

direct binding of divalent cations also blocks the permeation

pathway and produces the voltage-dependent activity.113

Together, in a manner similar to the CNG and NMDA

channels, the available data suggest that there might be a

direct link between the voltage dependence of TRP channels

and the block by divalent cations, in addition to inhibition by

Ca-CaM.
6.4.3.3 Divalent Cation Open Channel Block of Drosophila
TRPL

Recently, a possible relationship between voltage dependence

and divalent open channel block of TRP channels was ad-

dressed.132 In this study the mechanism underlying the volt-

age dependence of the Drosophila TRPL channel was

investigated. Detailed analyses of single-channel and whole-

cell currents indicated that the voltage dependence of the

TRPL channel is not an intrinsic property but arises from open

channel block by Ca2þ . The open channel block was mani-

fested by the ability to robustly enhance the activity of these

channels at physiologically relevant negative membrane po-

tentials by reducing Ca2þ levels in expressed and native TRPL

channels. In addition, in both the expressed and native sys-

tems without divalent cations the TRPL channel showed a

linear I-V curve that was transformed to an outwardly recti-

fying I-V curve upon addition of various divalent cations.

Furthermore, the inhibitory effect of divalent cations was ob-

served on both sides of the plasma membrane when measured

at the level of whole-cell and single-channel currents.

Although the TRPL channel is a CaM binding protein,11,133

the blocking effect of Ca2þ on the channel most likely did not

involve CaM, because the blocking effect of Ca2þ was simi-

larly obtained by application of Mg2þ and Ba2þ , which vir-

tually do not activate CaM.134 This conclusion was supported

by another study showing that the Ca2þ block of the TRPL

channel was not affected by calmidazolium, a known blocker

of CaM.50
Detailed analysis of single-channel current of TRP channels

is still limited. A rigorous demonstration of the open channel

block mechanism requires single-channel analysis. Accord-

ingly, the mean open time of a channel reflects the values of

the kinetic constants leading out of the closed state (i.e., the

channel closing rate constants). For the case of the TRPL

channel expressed in S2 cells, the mean open time is voltage

independent, but it is strongly dependent on the presence of

divalent cations. Thus the mean open time is short in the

presence of divalent cations and long in the absence of di-

valent cations. Therefore, divalent cations facilitate the closing

of the TRPL channel and affect the open state directly, typical

for the open channel block mechanism. In addition, the TRPL

channel reveals bursting behavior. This feature is a prominent

characteristic of TRP channels in general (e.g.,126). Bursting

behavior of a channel is known to arise from fast transitions of

the channel between a conducting (open state) and non-

conducting closed or blocked states. Interestingly, the bursting

behavior of the TRPL channel (as for other TRP channels) is

voltage dependent, and bursts are prolonged at positive

membrane potential but become voltage independent in the

absence of divalent cations. All these features are consistent

with the open channel block mechanism.49

The preceding observations fit well with the hypothesis of

voltage-dependent block of a channel by permeable charged

blocking ions that permeate the channel from both outside

and inside the channel, while only depolarization can relieve

this block135 (see also Ref. 136). Therefore, the enhanced

channel openings at positive membrane potential of TRPL in

the presence of divalent cations is fully consistent with the

notion that Ca2þ open channel block underlies the outward

rectification of these channels, because depolarization re-

moves Ca2þ channel block. Similarly, channel openings at

negative membrane potential in divalent free conditions,

when this block is reduced, support this notion. The voltage-

dependent Ca2þ block of the native TRPL channel is remin-

iscent of a very similar property of CNG channels (see above).

The close similarity of the Ca2þ open channel block phe-

nomenon in the TRPL channel and the thoroughly investi-

gated CNG channels strongly supports the hypothesis that

Ca2þ blocks the native TRPL channel by an open channel

block mechanism.

It is important to note that although a detailed single-

channel analysis has not been performed for most TRP

channels, there is experimental evidence suggesting that sev-

eral other members of the TRP family (e.g., TRPC2,137

TRPC6,138 TRPV3,139 TRPM6,140 TRPM7,127 and the Dros-

ophila TRP49) undergo open channel block.
6.4.4 Activation and Regulation Mechanisms of TRP
Channels

TRP channels are activated by diverse stimuli such as various

lipids, chemical compounds with assortment of structures,

mechanical stimuli such as membrane stretch, osmotic stress,

and hot or cold temperatures. Some TRP channels seem to be

constitutively open and undergo modulation of their activity

by the various stimuli. It was suggested that for a fraction of

the constitutively open TRP channels the gating involves the



Table 4 Thermosensitivity

<17 °C         <22 °C         >33 °C          >35 °C         >43 °C         >45 °C         >52 °C 

TRPA1         TRPM8        TRPM2         TRPV3        TRPV1        TRPV4         TRPV2 

Temperature for activation

TRPA1 o17 1C36

TRPM4/5 415 1C and o35 1C148

TRPM2 435 1C147

TRPM8 o22 1C146

TRPV1 443 1C141

TRPV2 452 1C142

TRPV3 433 1C319

TRPV4 445 1C144
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insertion and extrusion of the channels from the plasma

membrane. Most TRP channels respond to a large number of

these diverse stimuli and thus can act as signal integrators (see

below).
6.4.4.1 Thermosensitivity

Members of three TRP subfamilies reveal sensitivity to tem-

perature and are activated by either cold or warm tempera-

tures. These channels are collectively designated thermoTRPs,

and they include members of the TRPV, TRPM, and TRPA

subfamilies. TRPV1 is activated by moderate heat

(442 1C141). Similarly, TRPV2–4 are also activated by

heat.142–145 TRPV2 is activated by noxious heat (452 1C),142

while TRPV3 and TRPV4 are activated by moderate heat

(433 1C and 424 1C o34 1C).62,146 Of the TRPM subfamily,

TRPM2 is activated by moderate heat (435 1C147), TRPM4

and TRPM5 by a relatively large range of temperatures

(415 1C and o35 1C148), and TRPM8 by cold temperature

(o25 1C149). TRPA1 is also activated by cold temperature

(o17 1C).36 The rest of the TRP channels are not responsive to

temperature (see Table 4).

ThermoTRPs are steeply temperature dependent. A tem-

perature dependence of a biological process is reflected in

its Q10 value. Q10 is defined as the relative increase in the

rate of a process over a 10 1C temperature (T) interval:

Q10¼ rate(Tþ 10)/rate(T).135 Most enzymatic reactions and

ion channels activity have a Q10 of 2–4. In contrast, ther-

moTRPs have Q10 values as high as 20, indicating their unique

property as thermosensors.18 For most thermoTRPs, tem-

perature activation is retained in cell-free membranes, sug-

gesting that temperature activation of these channels is a

membrane delimited process and is independent of cyto-

plasmic processes. An exception is the activation of TRPV4 by

warm temperatures, which is lost in cell-free membranes.144

Normally, chemical reactions are accelerated at higher

temperatures. Therefore, we usually assume that ion channels,

like other proteins, function more effectively at warm tem-

peratures. It is therefore puzzling how an ion channel, such as

TRPM8, can be activated by cold temperatures. The ‘gating by

shifting’ model has addressed this question. According to this

model, membrane depolarization can activate the channels,

and temperature changes alter this voltage-dependent
activation. Analysis of channel kinetics led to a simple two-

state model for channel activation in which the transitions

between the closed and open state are both voltage and tem-

perature sensitive. According to this model, temperature and

voltage sensitivity are closely associated and both stimuli act

on the same gating step. In agreement with this model, mu-

tations affecting the voltage sensitivity of TRPM8 also affect

temperature sensitivity.120 However, TRPM2 seems to be an

exception to this rule. This channel is activated at warm tem-

peratures but is voltage independent, suggesting that tem-

perature activation can occur independently of voltage

activation.147 Furthermore, there are many TRP channels that

show weak voltage dependence similar to the thermoTRPs, but

they are not sensitive to temperature. These channels include

the Drosophila TRP and TRPL, all the mammalian TRPCs,

TRPV5–6, and TRPM7. Therefore, the link between the voltage

dependence of TRP channels and thermosensitivity remains to

be resolved. It is important to mention that an alternative

model for thermal activation has been suggested.150 According

to this model, temperature activates the thermoTRPs with no

dependence on membrane voltage or other activating signals

by an allosteric gating mechanism (see below).
6.4.4.2 Chemical Sensing

The first TRPV channel was identified by screening a cDNA

library of dorsal root ganglion for its sensitivity to capsaicin,

the spicy substance occurring in chili peppers. The library was

divided repeatedly until a single gene encoding the capsaicin

responsive protein was identified. The same channel that

mediated the response to capsaicin also mediated the response

to elevated temperatures.141 The same approach led to the

identification of another member of a different TRP subfamily,

the cold-sensitive TRPM8, which is activated by menthol, a

terpene found in mint species. The involvement of TRPV1 in

neuropathic pain and other clinically relevant conditions led

to extensive research programs, in both academy and industry,

toward modulators of TRPV1. A huge variety of natural

products, mostly from plants, and endogenous molecules in

mammalians affecting TRPV1 have been identified. The shear

number of molecules is beyond the scope of this chapter but

has been extensively reviewed.151

While two of the TRPV channels, namely, TRPV1 and

TRPV3, and the cold-sensitive channels, TRPM8 and TRPA1,

have a variety of chemical modulators, the other channels

have either few (e.g., TRPV2) or no (TRPV5 and TRPV6)

known small molecule modulators. The four thermosensitive

members of the TRPV family sense elevated temperatures,

while TRPA1 and TRPM8 sense cold. Interestingly, all those

thermal sensations can be mimicked by natural chemical

products.

The TRPA1 channel that is activated by noxious cold

(o17 1C) senses a variety of noxious endogenous molecules.

It therefore represents a general mechanism for sensing and

avoiding potential damage. Molecules that have been identi-

fied as endogenous activators of TRPA1 include the following:

• 4-Hydroxynonenal, 4-oxo-nonenal, and 4-hydroxyhexenal

are formed from membrane lipids after a variety of cell-

damaging insults, for example, mechanical damage,
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inflammation, or excessive formation of reactive oxygen

species.152

• 15-Deoxy-D12,14-prostaglandin J2, a nonenzymatic product

of prostaglandin PGD2.153,154

• Nitrooleic acid, a product of nitrative stress.155

These compounds not only activate the channel in vitro but

also cause pain-related behavior in mice, which was absent in

TRPA1 knockout mice. The question of how those structurally

distinct chemicals are all able to activate TRPA1 was answered

by the research groups of Cravatt and Patapoutian.156 Due to

their chemical reactivity, several cysteine residues are co-

valently modified. By mutating all 31 cysteine residues, which

were modified by TRPA1 agonists, three essential cysteine

residues were identified. All three of them were in the N ter-

minus and two of them in close proximity to each other and

in one ankyrin repeat. Unlike ‘classic’ ligand-gated ion chan-

nels like the 5-HT3 channel with a defined binding site,157

TRPA1 is activated by forming a new channel agonist adduct.

The question of how after such an irreversible activation the

channel becomes inactivated is currently unanswered.

A similar mechanism of TRP channel activation was ob-

served for TRPC5. The cysteine 533 residue located near the

pore in the S5/S6 linker became nitrosylated after application

of the nitric oxide donor S-nitroso-N-acetyl-DL-penicilla-

mine.158 Other TRP channels (TRPC3, TRPC7, and TRPM2)

also showed activation after treatment with nitrosylating

agents, but higher concentrations were needed. Unlike the

case of TRPA1, the activation could be reversed by application

of reducing agents, such as ascorbate and dithiothreitol. The

very same cysteine residue was identified by other research as

part of a disulfide bridge. After application of thioredoxin, a

reducing protein that is elevated in rheumatoid arthritis,

TRPC5-mediated currents were significantly elevated. TRPC5

mutants lacking either of the cysteine residues did not respond

to thioredoxin or other reducing agents. Those findings further

strengthen the role of TRP channels as cellular sensors and

offer an interesting gating mechanism depending on the redox

state of the cell. How two opposing mechanisms, oxidation

and reduction, can both cause opening of the channels is

unanswered to date.

The question of how small molecules gate TRP channels is

still a controversial issue. Several possibilities have been raised:

• direct binding to a specific binding site

• modulation of membrane fluidity

• affecting enzymes that in turn modulate TRP activity

While mammalian TRPV1 isoforms are sensitive to capsaicin,

the avian TRPV1 protein is insensitive even to high concen-

trations. Nevertheless, just like its mammalian counterparts it

is sensitive to heat and protons, and the ion flux can be par-

tially blocked by capsazepine (CPZ), originally designed as a

capsaicin antagonist. Two amino acids were identified as being

responsible for the capsaicin sensitivity, tyrosine 511 and ser-

ine 512, located at the second intracellular loop and the third

trans membrane (S3) domain.85 These findings were chal-

lenged when one amino acid each in the N and C terminus

was identified as essential for TRPV1 activation by resinifer-

atoxin.159 A possible explanation is that the TRPV1 channel

has multiple sites that are capable of binding ligands. CPZ is
far less potent in inhibiting proton-activated currents in rat

than in human TRPV1. Mutating three amino acids in the S3

to S4 region to their human analogues increased the inhibi-

tory potency of capsazepine. Also, another TRPV1 agonist,

12-phenylacetate 13-acetate 20-homovanillate, shows species-

dependent differences. While rat TRPV1 responds with Ca2þ

influx, the human isoform is about 20 times less sensitive. In

this case methionine 547 in the S4 segment was responsible

for the sensitivity, while a leucin residue in this position re-

sulted in decreased activity. Consistent with the idea of mul-

tiple binding possibilities is the notion that these isoforms

were identical in their response to capsaicin, resiniferatoxin,

and olvanil.

The prototypical TRPV1 agonist capsaicin is capable of

activating channels other than TRPV1. While concentrations

of less than 1 mM seem to be specific for activation of TRPV1,

higher concentrations modulate various ion channels,160 as

evidenced by using gramicidin A channels, which consist of

two subunits that assemble by locally altering the membrane

structure. Additionally, the authors used the voltage-

dependent sodium channels that are sensitive to membrane

stiffness. Both CAP and CPZ were able to modulate membrane

stiffness as measured by gramicidin A channel assembly, and

voltage-dependent sodium channels mediated currents. The

effects of capsaicin are therefore mediated by modulating the

local phospholipid environment of the channel rather than

binding to the channel itself. This concept of membrane lipid

protein interaction has recently been summarized.161 Al-

though CPZ was designed by a medicinal chemistry approach

as a CAP antagonist162 and shares some structural similarities

with CAP, it is able to block TRPM8 activation by the struc-

turally unrelated terpene menthol. Furthermore, when ion

channels involved in synaptic transmission in rod bipolar cells

were characterized by a pharmacological approach, they were

identified as TRPV1 channels because of their sensitivity to

CAP and CPZ. Surprisingly in TRPV1 knockout mice, identical

current amplitudes were observed after applying CAP, while

rod cells of TRPM1 knockout mice were unaffected by CAP.

These results indicate that CAP and CPZ might be able to

affect the TRPM1 channel in a similar fashion to their effect on

TRPV1, although they belong to two different TRP subfamilies

having different amino acid sequence.163

Carvacrol, a major constituent of oregano oil, activates

TRPV3 in the high micromolar range. Even before the cloning

of TRPV3, the effects of carvacrol (as well as other terpenes) on

bacterial membranes were investigated, because of its anti-

bacterial properties. It was found that carvacrol affects the

fluidity of bacterial membranes.164 A single amino acid in the

pore region of TRPV3 was identified as essential for its tem-

perature sensitivity.

It is likely that together, changes in the membrane fluidity/

structure, either by hot temperature or by changes in mem-

brane composition, may affect TRP channels.

Most of the natural TRP modulators are small amphiphilic

molecules, and part of their ‘selectivity’ stems from the fact

that they were only tested on a small array of ion channels.

When camphor, cinnamaldehyde, and menthol, all com-

monly used TRP ligands, were tested for their effects on

phospholipase C (PLC) activity, they were found to inhibit

PLC at concentrations commonly used in experiments
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involving TRP channels.165 Given the sensitivity of most TRP

channels to PIP2, inhibition of PLC is expected to affect their

activity. Furthermore, when compounds believed to be specific

for one thermoTRP channel were tested on other channels,

both activation and inhibition were observed (e.g., menthol

used to identify the molecular identity of TRPM8 also activates

TRPV3, while inhibiting TRPA1).166 This observation was ex-

tended beyond thermoTRP channels when carvacrol, the ac-

tivator of TRPV3, was identified as an inhibitor of TRPL and

TRPM7.167

Since TRP channels are usually capable of sensing various

stimuli and are modulated by several second messengers, it is

possible that different mechanisms of activation are valid (e.g.,

activation by a specific binding site for ligands, as well as ac-

tivation by altering the membrane channel interaction). Vari-

ous stimuli may be integrated into one effect of opening of the

channel.

Part of the progress in identifying the role of TRP channels

in their physiological context depends on the availability of

selective ligands. For the case of TRPV1 and TRPM8, which

accounts for a large portion of publications on TRP channels,

our understanding of their role was greatly facilitated by the

existence of natural and synthetic agonists and antagonists.

For other TRP channels selective synthetic modulators are

emerging (e.g., the specific TRPV4 activator GSK1016790A168).
Table 5 Chemosensitivity

Activators

TRPA1 Nicotine,326 mustard oil,327 cinnamaldehyde,328 cannabinoid
tear gases,329 zinc330

TRPC1 ND
TRPC2 ND
TRPC3 ND
TRPC4 Lanthanides potentiate336

TRPC5 Lanthanides potentiate,336 lysophospholipids,337 SNAP,158

thioredoxin289

TRPC6 Hyperforin283

TRPC7 ND
TRPM1 Capsaicin, anandamide163

TRPM2 ADPR340

TRPM3 D-erythro-sphingosine,311 pregnenolone sulphate344

TRPM4 Vanadate,345 YM-58483346

TRPM5 ND
TRPM6 ND
TRPM7 ND
TRPM8 Menthol,146 icilin,350,351 WS12350

TRPV1 Anandamide,354 NADA,355 capsaicin,141 piperin356

TRPV2 THC,359 cannabidiol,360 probenecid361

TRPV3 Incensole acetate,363 monoterpenes, such as camphor364 an
carvacrol365

TRPV4 4a-Phorbol 12,13-didecanoate,145 epoxyeicosatrienoic acids
bisandrographolide,169 GSK1016790A168

TRPV5 ND
TRPV6 2-APB95

TRPP3 ND

ND: no data reported.
Screening efforts such as the screening of Chinese herbal

plants identified the TRPV4 activator bisandrographolide,169

and further screens will surely expand our pharmacological

arsenal (Table 5).

Among all chemical modulators of TRP channels, one

deserves special attention, 2-aminoethoxydiphenyl borate

(2-APB). It was introduced by the group of Katsuhiko

Mikoshiba as a membrane-permeable inhibitor of IP3-induced

intracellular Ca2þ release.170 It is widely used as a pharma-

cological tool, but as is usually the case with new compounds,

it is less selective than originally assumed. For example, it

blocks the light-induced current of Drosophila photoreceptors,

which does not depend on IP3.171 Furthermore, it was not an

effective inhibitor of store-operated Ca2þ entry when applied

intracellularly, but only from the extracellular site.172 This

observation suggests that 2-APB is a channel blocker rather

than an IP3 receptor antagonist. But if 2-APB were a simple

pore blocker, one would expect that it should inhibit ion

channels independently of how they were activated, contrary

to several observations. In case of the Drosophila TRP channels,

light activation of the channel was blocked but not activation

by metabolic stress.171 A similar observation was found in

TRPC3. 2-APB was capable of inhibiting the activation by re-

ceptor stimulation, but not by DAG activation.173 It blocks

most TRP channels, but also activates others (i.e., TRPV3).174
Inhibitors

s,327 HC-030031,331 AP18332

SKF96365333

2-APB137

Pyr3,334 KB-R7943335

Niflumic acid,303 4,40-Diisothiocyanatostilbene-2,20-disulfonic
acid(DIDS)303

Halothane, chloroform,338 KB-R7943335

Lanthanum, SKF96365,339 KB-R7943335

ND
Capsazepine163

Clotrimazole,341 econazole,341 flufenamic acid,342

N-(p-amylcinnamoyl)anthranilic acid343

La3þ , Gd3þ 249

Flufenamic acid,347 glibenclamide,347 MPB-104,348

9-Phenanthrol348

Protons349

Ruthenium red315

La3þ ,186 Gd3þ ,286 MnBTAP286

Capsazepine,351 AMTB,352 BCTC353

Capsazepine,162 AMG 517,357 50-iodoresiniferatoxin,358

BCTC353

Ruthenium red,142 SKF96365362

d Ruthenium red143

,366 Ruthenium red,145 Gd3þ , La3þ ,320 RN-1734367

Ruthenium red,92 econazole92

Ruthenium red324

Phenamil, benzamil, amiloride368



Table 6 P 2-PB sensitivity

TRPA1 ND

TRPC1 Inhibition (80 mM)369 Legend

TRPC2 IC99: 50 mM137 Activating

TRPC3 IC20: 50 mM370 Inhibiting

TRPC4 ND Conflicting data

TRPC5 IC50: 20 mM371 No data reported

TRPC6 IC50 (voltage dependent): B10 mM174

TRPC7 Inhibition (30 mM)372

TRPM1 ND

TRPM2 Insensitive (75–150 mM)371

IC50: 1 mM373

TRPM3 Inhibition (100 mM)371

TRPM4 ND

TRPM5 ND

TRPM6 EC50: 205 mM316

M6/M7 multimer: EC50: 1.6 mM316

TRPM7 IC50: 178 mM316

c(41mM) activating316

TRPM8 IC50 (voltage dependent): B10 mM174

TRPV1 EC50: 114 mM174

TRPV2 EC50: 129 mM174

TRPV3 EC50: 34 mM174

TRPV4 Insensitive (500 mM)174, 374

TRPV5 Insensitive (500 mM)174

TRPV6 Insensitive (500 mM)174

ND: not determined.
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It affects mainly TRPs, but it also inhibits connexin chan-

nels.175 Despite its drawbacks and potential pitfalls 2-APB

is still widely used and constitutes a useful tool in

studying TRP channels and store-operated calcium entry

(Table 6).
6.4.4.3 Allosteric Gating Mechanism

As discussed in the previous sections, it has been suggested

that gating charges are important for the high temperature

sensitivity of the thermoTRPs, as they both affect the same step

of their gating mechanism, provided that this charge is

small.118,119 This concept is supported by the fact that in a two-

state model, a lower apparent gating charge correlates with a

larger shift of the probability of channel openings and mem-

brane voltage relationship (Po-V curves) as a function of

temperature. However, it has been argued that the most
efficient temperature-activated channel is a voltage-in-

dependent one.121 According to this notion, if mutations were

made so that the gating charge became very small, a shift in

V1/2 of the Po-V curves with temperature would indeed be

large, but the actual Po value would not change much with

temperature, leaving the channel essentially insensitive to

temperature. Therefore, voltage sensitivity limits the voltage

range, whereas nonvoltage stimuli can efficiently activate the

channel. In the absence of voltage sensitivity (gating

charge¼ 0), temperature (and other stimuli) can activate the

channel at any voltage.

Despite the fact that temperature and voltage gating of

TRPM8 and TRPV1 have been described using a two-state

model,119,120 the kinetic model of these two channels seems to

be more complex. It has been shown that TRPV1 and TRPM8

have more than two states (open and closed). Detailed studies

at the single-channel level demonstrated that the TRPV1

channel has at least four closed and four open states.176–178
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Furthermore, all TRP channels reveal bursting behavior (as

explained previously). The minimal model that can explain

this behavior must have one open and two closed states.179

Finally, a kinetic model was also described for the TRPL

channel, and according to this model, the TRPL channel has at

least two open states and three closed states. Thus, it seems

that all the attempts to model the single-channel behavior of

TRP channels have resulted in kinetic models, which are more

complicated then the two-state model.

An allosteric coupling model between the different sensors

that confer sensitivities to external stimuli can explain the TRP

channel’s behavior. In this type of model, when the channel

undergoes transitions between closed and open states by one

sensor, the other sensors are in rest conformation. Each sensor

functions independently, and interactions between sensors is

represented by allosteric factors that couple each sensor with

channel opening and also couple the different sensors.121

When the channel has three different sensors (such as tem-

perature, chemical, and voltage), there are eight possible

states. The allosteric model requires that the different sensors

are localized to the channel’s different domains. This feature

has been corroborated by the modular nature of TRP channels

as described previously.
6.4.4.4 Translocation

An additional possibility for regulation of TRP channel activity

is to store them in an activated state in vesicles close to the

plasma membrane. Upon external stimulation, the channels

are integrated by translocation into the plasma membrane,

where they immediately function as active ion channels. This

mechanism was observed for several TRP channels. TRPV2 was
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Figure 6 Light-dependent translocation of TRPL molecules in the photorec
wild-type Drosophila (A–F) eyes of light- and dark-raised flies were double-
figure shows translocation of the TRPL channel from the rhabdomeres (red
translocation of the TRP channel (E) or the INAD scaffold protein (F). Scale
Minke, B.; Paulsen, R.; Huber, A. Light-regulated subcellular translocation o
modifies the light-induced current. Neuron 2002, 34, 83–93, with permissio
the first TRP channel for which translocation was demon-

strated, but without specification of physiological function.180

The TRPV2 channel was independently identified by two

research groups. While one research group was searching for

TRPV1 homolog channels, another group observed that after

stimulation of MIN-6 insulinoma cells with insulin-like

growth factor-I, a Ca2þ -permeable channel was activated.

After the gene encoding the channel was cloned, it became

clear that it is the second member of the TRPV family. The

GPCR-induced Ca2þ influx following IGF-I application did

not activate the channel directly, but by translocation of the

diffusely localized channel from the cytosol towards the

plasma membrane.180

The first study, which demonstrated in vivo translocation of

a TRP channel and its physiological implications, came from

studies on the light-activated Drosophila TRPL channel. Direct

visualization of intracellular movements of TRPL in photo-

receptors upon illumination was obtained by immunolabel-

ing of cross sections through Calliphora and Drosophila eyes.

This study further revealed that unlike TRPL, the other chan-

nel, TRP, is confined to the light-absorbing signaling com-

partment, the rhabdomeres, regardless of the illumination

regime (Figure 6). Antibodies directed against TRPL specific-

ally labeled the rhabdomere area of cross-sectioned eyes ob-

tained from dark-raised flies. In the eye sections of light-raised

flies the TRPL-specific immunofluorescence was distributed

over the cell body of the photoreceptor cell and was not de-

tected in the rhabdomeres (Figure 6). Since the translocation

of TRPL depends on illumination, the question arises as to

whether or not the response to light through activation of the

TRP and TRPL channels is the trigger for TRPL movement to

the cell body. Using green fluorescent protein (GFP) labeling
P �INAD

(c)

(f)

eptor cells of Drosophila compound eye. Cross-sections through
labeled with rhodamin-coupled wheat germ agglutinin. The
) to the cell body (green) after illumination (light, D) but no
bars in (A), 10 mm. From Bähner; M; Frechter, S.; Da Silva, N.;

f Drosophila TRPL channels induces long-term adaptation and
n.



Table 7 Stimuli causing translocation

TRPC1 Yes,375 store depletion
TRPC3 Yes,376–378 PLC stimulation
TRPC4 Yes,185 stimulation with EGF
TRPC5 Yes,377 stimulation with EGF
TRPC6 Yes,379 Gq coupled receptors
TRPM4 Yes,380 exocytosis by increased intracellular Ca2þ

concentrations
TRPM6 Yes,381 stimulation with EGF
TRPM7 Yes,187,188,190 fluid flow, vesicle release
TRPV1 Yes,382 stimulation with IGF-1 and insulin
TRPV2 Yes,180 stimulation with insulin-like growth factor-I
TRPV5 Yes,383 extracellular pH
TRPV6 Yes,384 stimulation with vitamin D3
TRPL Yes,183 light dependent translocation
TRP No,183
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and immunocytochemistry, TRPL translocation from the

rhabdomere to the cell body was tested in the nearly null PLC

mutant, norpAP24, and the null mutant of TRP, trpP343. Light-

induced translocation of TRPL to the cell body did not occur

in the trp null mutant or in norpAP24 mutants when tagged

with GFP (TRPL-eGFP). These findings reveal that when TRP

is missing, as in the trp mutant, TRPL internalization is not

observed. Therefore, the presence of TRP seems to be re-

quired for TRPL internalization. If the lack of PLC blocks

TRPL translocation as found in vivo, then the block of TRPL

translocation by the absence of either TRP or PLC suggests

that light-induced Ca2þ influx is the trigger for TRPL trans-

location. This is because lack of PLC completely blocks Ca2þ

influx via the light-activated channels while genetic elimin-

ation of TRP eliminates the main route of Ca2þ entry into

the photoreceptor cell. This expectation was directly dem-

onstrated when light-dependent movement of TRPL was

blocked by EGTA.181

The light-induced current (LIC) of wild-type Drosophila is

composed of two independent components arising from

activation of the TRP and TRPL channels.53,182 Patch clamp

whole-cell recordings in isolated ommatidia of Drosophila

were used to examine two properties of the LIC that dis-

criminate between the contribution of the TRP and TRPL

channels to the LIC: the block by La3þ and the reversal

potential, which is B15 mV and B0 mV for the TRP and

TRPL channels, respectively. Application of La3þ in micro-

molar concentration is known to specifically block the TRP

but not the TRPL channels. In wild-type Drosophila appli-

cation of La3þ specifically blocks the TRP channels, leaving a

residual response, which is mediated by the TRPL channels

and is indistinguishable from the response measured in trp

mutant photoreceptors. In wild-type flies kept in light (light-

raised), application of La3þ largely reduced the peak amp-

litude of the LIC in response to intense light and modified

the waveform of the response to prolonged light, displaying

the typical trp phenotype. In dark-raised wild-type flies ap-

plication of La3þ under identical experimental conditions

had a much smaller effect on the peak amplitude of the LIC

in response to similar light intensity. The weak trp phenotype

in dark-raised flies indicates a reduced effect for La3þ .

Quantitative analysis at dim lights shows that La3þ sup-

pressed the LIC, suggesting a relative contribution of TRPL to

the LIC of B9% and 38% in light- and dark-raised flies,

respectively. Roughly similar conclusions were derived from

measurements of the change in the reversal potential of

light- and dark-raised flies, together suggesting that a sig-

nificantly larger amount of functional TRPL channels is

present in dark-raised flies relative to light-raised flies.

Measurements of the sensitivity to light of dark- and light-

raised flies in vivo revealed that wild-type flies kept in dark-

ness are very sensitive to dim background lights and respond

within a relatively wide dynamic range, having relatively a

low sensitivity to small changes in stimulus intensity. Wild-

type flies kept in light are different: (1) they are less sensitive

to dim background lights, (2) they have a smaller dynamic

range, but (3) their photoreceptors are more sensitive to

small changes in light intensity within their dynamic range.

The fact that trpl mutants, when kept in either light or

darkness, behave similarly to light-raised wild-type flies
strongly suggests that translocation of TRPL underlies the

fine-tuning of long-term adaptation.

In summary, the Drosophila photoreceptor TRPL channel,

which translocates between the cell body and the signaling

compartment (the rhabdomere) in a light-regulated mech-

anism, participates in long-term adaptation under dim back-

ground lights.183 Drosophila mutant analysis revealed that

activation of phototransduction is the trigger for the translo-

cation process, which requires Ca2þ influx via the TRP

channel.181

TRPC5 is localized both to the plasma membrane and in

vesicles in close proximity. Upon stimulation with epidermal

growth factor, the TRPC5 containing vesicles fused within 1 to

2 min with the plasma membrane and functioned as active

channel. After stimulation with EGF, cells overexpressing only

TRPC5 showed increased currents induced by carbachol, while

TRPC1/C5 expressing cells were unaffected. These data suggest

that TRPC5 translocates as a homotetramer but not as a het-

eromultimer.184 A very similar finding was reported with

TRPC4. After stimulation of cells with EGF, tyrosine residues

959 and 972 became phosphorylated. Then activated channels

moved rapidly toward the plasma membrane and were sub-

sequently inserted into this membrane.185

In overexpression systems of nonexcitable cells, TRPM7 is

located mainly on the cell membrane.186 This is in contrast to

the findings that in PC12 cells (a pheochromactyoma cell

line)187 and in sympathic neurons188 TRPM7 is located in the

membrane of synaptic vesicles. TRPM7 becomes activated by

interacting with PIP2, which is located in the plasma mem-

brane, but not in vesicle membranes, thereby facilitating ves-

icle release by inducing Ca2þ influx.189 In addition to the

dynamic translocation in neurons, TRPM7 was shown to re-

spond to fluid flow in aortic smooth muscle cells. The amount

of TRPM7 channels that are localized to the plasma mem-

brane is doubled within 100 s after increasing the flow of

extracellular solution bathing the cells expressing GFP-tagged

TRPM7.190

In summary, signal-dependent translocation of TRP chan-

nels characterizes specific members of TRP channels that be-

long to almost all subfamilies. An interesting question arises

as to what are the factors that determine whether or not a
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specific channel would translocate. The Drosophila photo-

receptor channels TRP and TRPL channels seem to constitute a

good model system to investigate this important question.

This is because these channels belong to the same subfamily,

are localized to the same signaling membrane, and are both

activated by light, yet the TRPL channel translocates while the

TRP channel does not (Table 7).
6.4.5 TRP and Lipids

Understanding the widespread physiological functions of

TRP channels requires knowledge of the general aspects of

their regulation and modulation. One critical aspect of TRP

channel regulation is its interaction with and modulation by

plasma membrane lipids, mainly by phosphatidylinositol
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phosphates (PIPs), and in particular by phosphatidylinosi-

tol-4,5-bisphosphate (PI(4,5)P2).
6.4.5.1 Regulation by Phosphoinositides

PI(4,5)P2 is present in the cytoplasmic leaflet of the plasma

membrane, where it constitutes about 1% of the lipids and

forms the precursor of important signaling molecules such as

inositol 1,4,5 trisphosphate (IP3), diacylglycerol (DAG), and

phosphatidylinositol 3,4,5 trisphosphate (PI(3,4,5)P3; Fig-

ure 7).191,192 Importantly, PI(4,5)P2 itself exerts an effect as a

signaling molecule that modulates the function of a variety of

membrane proteins, including ion channels and transpor-

ters.193 For TRP channels, both positive and negative regu-

lations have been reported.

Several types of PIP2 sensitive channels are constitutively

active, and they are opened in the presence of PIP2 (e.g., the

Kþ channel Kir2.1). TRP channels of this category are TRPV5

and TRPV6. Most PIP2 sensitive channels are signal activated

channels in addition to their PIP2 sensitivity (e.g., the Kþ

channel GIRK). In excised patches none of these channels are

activated in the absence of both PIP2 and the additional sig-

nal. TRPM8 is a typical channel with dual activation. It is

opened by cold temperature or by menthol, but signal acti-

vation requires the presence of PIP2. The current view re-

garding the mechanism of PIP2 action is that negatively

charged hydrophilic head groups of PIP2 interact with positive

charged amino acid residues in the cytoplasmic domains of

the channels (reviewed by Rohacs194). The most detailed in-

formation regarding PIP2 channel interaction came from

studies on the Kir2.1 channel in which mutation analysis re-

vealed PIP2 interacting positive charges mostly at the C ter-

minus, but also some at the N terminus. It is important to

emphasize that mutations that affect binding do not neces-

sarily imply direct interaction of the mutated residue with

PIP2. Also, it is not well understood how phosphoinositide

binding leads to channel opening.194

Although it is likely that most PIP2 sensitive channels are

activated directly by PIP2, especially when determined in ex-

cised patch clamp experiments, PIP2 also affects channel ac-

tivity indirectly. One possible indirect effect is via calmodulin

(CaM). Some of the putative CaM binding domains overlap

with several positively charged residues that may bind PIP2.

Indeed, competition between CaM and phosphoinositides

was demonstrated for several TRPs and other channels.194

Thus, a rise in cellular Ca2þ activates CaM, which usually

inhibits ion channels. CaM competes with PIP2 for binding,

thus causing channel inhibition. Elevation of PIP2 replaces

CaM and therefore releases the channel from its block. Such a

model was suggested for TRPC6, where inhibitory Ca2þ -CaM

competes for binding sites with PI(3,4,5)P3. Biochemical

(without physiological) data of competition between CaM

and phosphoinositides for the C terminus of TRPV1 and

several TRPCs was demonstrated. Rapid changes in PI(4,5)P2

concentration occur upon activation of phospholipase C

(PLC), leading to the formation of IP3 and DAG (Figure 7).

Moreover, different PIPs can reside in microdomains where

they can be rapidly interconverted by an extremely dynamic

signaling network of phosphoinositide phosphatases and
kinases.195 At physiological conditions PIPs are negatively

charged (e.g., PI(4,5)P2 has a valence of approximately –4),

allowing them to interact electrostatically rather non-

specifically with positively charged residues on membrane

proteins and with other cationic molecules. In addition,

specialized PIP interaction sites have been identified, such as

the pleckstrin homology (PH) domains that function as a

more specific PIP binding pocket. Interactions with PIPs have

been reported for a large number of TRP channels. TRPM7

was the first mammalian TRP that was reported to require

PIP2 for activity. It was shown that hydrolysis of PIP2 by PLC

inhibits TRPM7. TRPM7 activity was inhibited upon mus-

carinic receptor activation of PLC, while channel activity after

washout of the agonist was recovered faster after application

of PIP2 via the patch pipette or slowed down if PIP2 synthesis

was inhibited by wortmannin (a PI3 and PI4 kinase inhibi-

tor).186 Detailed and conclusive evidence for direct activation

of TRP channels by PIP2 came from studies on TRPM8. These

experiments clearly demonstrated that TRPM8 requires PIP2

for activity. In excised patches the activity of menthol or cold-

activated TRPM8 runs down, and application of PIP2 restores

channel activity in an isomer-specific manner.196,197 Se-

questration of PIP2 by poly-lysine or application of PIP2

antibodies inhibits the channels in excised patches. More-

over, PIP2 is required for channel activity in lipid bilayers

reconstituted with recombinant purified TRPM8, thus dir-

ectly indicating activation of TRPM8 by PIP2. Activation of

PLC inhibits TRPM8. Also, specific conversion of PIP2 into

PIP by rapamycin-inducable PIP2 phosphatase, or appli-

cation of a high concentration of wortmannin (which in-

hibits PIP2 resynthesis) inhibits TRPM8 activity. Both cold

temperature and menthol make channel activation by PIP2

more sensitive (i.e., effective at lower dose). Also, the effect of

PIP2 is voltage dependent: At positive voltage the channel

displays higher apparent affinity to PIP2 and becomes more

sensitive to inhibition by depletion of PIP2 than at negative

membrane potentials. Taken together, regulation of TRPM8

by PIP2 is a complex phenomenon, which depends on

interplay among PIP2, membrane voltage, temperature, and

cooling chemicals in a still unclear mechanism (reviewed by

Rohacs194).

PIP2 regulation was also reported for TRPM4 and TRPM5

in a less detailed manner than for TRPM8. PIP2 regulation was

also reported for three TRPV channels in excised patches:

TRPV1, TRPV5, and TRPV6. The most detailed studies have

been carried out on TRPV1. Unlike TRPM8, in excised patches

TRPV1 is activated by several PI species. The interplay among

capsaicin, low pH, voltage, and temperature in regulation/

activation of TRPV1 is in general reminiscent of TRPM8. Al-

though there is agreement that in excised patch, PIP2 is re-

quired for activation of TRPV1, there is disagreement

regarding the role of PIP2 in whole-cell configuration. Ori-

ginally, it was suggested that PIP2 tonically inhibits TRPV1,

and its hydrolysis via receptor activation of PLC leads to

sensitization of the channel.198 There are several studies re-

porting partial inhibition by PIP2 of TRPV1, and potentiation

by PIP2 depletion is observed at low (but not high) concen-

tration of capsaicin. Clearly, more studies are required to sort

out this issue. A new protein designated Pirt that interacts with

PIP2 and is expressed in dorsal root ganglia has been reported.
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The majority of data suggest that Pirt is probably not involved

in regulation of TRPV1 activity by PIP2 (reviewed by

Rohacs194).

In some cases, molecular details about the mode and

specificity of the interaction between TRP channels and PIP2

have been reported. Although different PIPs may have com-

parable potencies in regulating TRP channels, it seems that

PI(4,5)P2 is the more crucial regulator, most likely due to its

relative abundance in the plasma membrane. For example,

TRPV1 was inhibited only by a recombinant PI(4,5)P2-specific

PH-domain construct, whereas a PH domain that binds

PI(3,4,5)P3 or enzymatic production of PI(4)P was ineffect-

ive.199 However, there are also a worrisome number of con-

flicting reports for several TRP channels as to whether

PI(4,5)P2 activates or inhibits TRP channel gating. Apart from

differences in experimental procedures and/or their inter-

pretation, such apparently conflicting results may indicate the

existence of more than one mode of PI(4,5)P2-dependent

regulation of a single TRP channel, leading to a bell-shaped

PI(4,5)P2 dependence.

In addition to PIPs, TRP channels are affected by numerous

other lipids. The Drosophila, TRPL, and TRPg channels were

shown to be activated directly by application of DAG (but

only in tissue culture cells) and polyunsaturated fatty acids
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Figure 8 Light- and G protein-dependent hydrolysis of PIP2 in fly retina. E
incubated in the dark for 4 at 30 1C with [3H]inositol to label PIP2. Preparat
phosphoinositide hydrolysis were carried out at 50 nM Ca2þ and 0.1 mM G
IP2, IP2 production was used as a monitor of PIP2 hydrolysis. Application o
production of IP2 (left). Removal of GTP had only little effect (right). Howev
completely blocked the light-induced production of IP2. The figure shows th
machinery to hydrolyze PIP2. From Devary, O.; Heichal, O.; Blumenfeld, A.;
Z. Coupling of photoexcited rhodopsin to inositol phospholipid hydrolysis in
with permission.
(PUFAs, both in native and tissue culture cells), such as oleic

acid, linoleic acid, linolenic acid, and arachidonic

acid.132,200,201 PUFAs were also shown to activate TRPV3.139

Interestingly, in a manner similar to PIP2, PUFAs also inhibit

rather than activate some TRP channels such as TRPV1 and

TRPM8.202
6.4.5.2 The Critical Role of PLC in Activation and
Regulation of TRP Channels

The important role of PIP2 in the activity and regulation of

TRP channels highlights the signal-dependent activation of

PLC, which hydrolyzes PIP2 and thus plays a critical role in the

control of PIP2 at signaling compartments.

Pioneering studies in the fly photoreceptor cells revealed

that PLC is critically involved in light activation of the TRP and

TRPL channels.

Evidence for a light-activated PLC in fly photoreceptors

came from biochemical experiments in membrane prepar-

ations of Musca and Drosophila eyes.9 An eye membrane

preparation was developed in which light-dependent phos-

phoinositide hydrolysis could be studied under defined con-

ditions, and effects of activators and inhibitors were analyzed.

Musca eyes or Drosophila heads containing intact cells were
InsP2 InsP2 (−)GTP
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Dark
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Dark

quivalents of 100 Musca eyes each cut into two halves were
ion of eye membranes and measurements of light-dependent
TP concentration as described.9 Since IP3 was rapidly hydrolyzed to
f GTPgS (10 mM, without GTP) largely enhanced the light-induced
er, application of GDPbS, which strongly inhibits Ga activity,
at fly retina has a robust light- and G protein-dependent enzymatic
Cassel, D.; Suss, E.; Barash, S.; Rubinstein, C. T.; Minke, B.; Selinger,
fly photoreceptors. Proc. Natl. Acad. Sci. USA 1987, 84, 6939–6943,
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preincubated with [3H]inositol to label the phosphoinosi-

tides. The membrane prepared from these cells was used to

analyze the hydrolysis of phosphoinositides. The Musca eye

membrane preparation responded to illumination by an in-

crease in the accumulation of InsP3 and inositol bisphosphate

(InsP2), the respective products of polyphospoinositide hy-

drolysis by a phospholipase C type enzyme. Application of

GDPbS, the inhibitor of G proteins, completely inhibited light-

induced production of inositol phosphates. In addition, ap-

plication of GTPgS followed by illumination persistently
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from Selinger, Z.; Minke, B. Inositol lipid cascade of vision studied in mutan
activated the production of inositol phosphates, which was

much more pronounced than in the control. It was thus ap-

parent that fly eye membranes are endowed with the enzym-

atic system necessary to hydrolyze PIP2 in a signal-dependent

manner (Figure 8).9

One of the key pieces of evidence that light-activated PLC

is a necessary step in visual excitation in the fly was provided

by the isolation and analyses of a PLC gene of Drosophila –

the no receptor potential A (norpA) (for reviews see Ref.

203,204). The norpA gene encodes a b-class PLC8 that is
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he effect of high temperature on the amplitude, but not shape, of the
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predominantly expressed in the rhabdomeres of the com-

pound eye.205 It was one of the first PLC cDNA sequences to

be elucidated. The norpA mutant206,207 has long been a

strong candidate for a transduction-defective mutation be-

cause of the drastically reduced receptor potential. The re-

duction in receptor potential amplitude in the norpA mutant

is variable in different alleles: in the strongest alleles the

light response is totally abolished while the photopigment is

normal (Figure 9; for reviews see Ref. 204,208). The cor-

relation between light-activated PLC and the norpA mutation

was provided by electrophysiological209 and biochemical

studies of the norpA allele norpAH52.10 The norpAH52 was

found to be a reversibly temperature-sensitive mutant. At

permissive temperature (19 1C) the electroretinogram (ERG)

of this allele is normal. However, raising the temperature

above 35 1C abolishes the ERG instantaneously in a revers-

ible manner (Figure 9).10 Light-dependent phosphoinosi-

tide hydrolysis in either norpAH52 or wild-type derived head

membranes reveals that in the systems containing wild-type
Rhabdomere
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Figure 10 The phosphoinositide cascade of visio. Cloned genes (for all of
corresponding proteins. Upon absorption of light, rhodopsin (Rhodopsin, ni
activates a heterotrimeric G protein (dGq). This leads to activation of phosp
classes of light-sensitive channels encoded at least in part by trp and trpl g
leads to the light-induced current (LIC). Deactivation of channel activity is r
ion channel form a supramolecular complex with the scaffolding protein INA
the soluble second messenger IP3 and the membrane-bound diacylglycerol
of the smooth endoplasmic reticulum called submicrovillar cisternae (SMC,
via DAG kinas (DGK, rdgA gene) and to CDP-DAG via CD synthetase (not s
to be transported back to the microvillar membrane by the PI transfer prote
been immunolocalized to the SMC.
membranes, there was practically no difference in phos-

phoinositide hydrolysis at 21 1C or 37 1C. On the other

hand, incubation of norpAH52 membranes at the restrictive

temperature of 37 1C considerably reduced the rate and ex-

tent of InsP2 accumulation, as compared with the system

that was incubated at 21 1C (Figure 9). Control experiments

indicated that that the temperature dependence of PLC ac-

tivity in norpAH52 membranes was solely due to the effect on

PLC.

The most conclusive evidence that the norpA gene encodes

light-activated PLC came from the cloning and sequencing of

the norpA locus of Drosophila.8 Studies using transgenic Dros-

ophila carrying the norpA gene on null norpA background have

shown that that the transformed flies are rescued from all the

physiological, biochemical, and morphological defects that

are associated with the norpA mutations.210 The norpA mutant

thus provides essential evidence in favor of the inositol-lipid

signaling system in the controversy concerning the pathway of

excitation in invertebrates, by showing that no excitation takes
trp
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which mutants are available) are shown in italics alongside their
naE gene) is converted to the active metarhodopsin state, which
holipase C (PLCb, norpA gene) and subsequent opening of two
enes, by an as-yet-unknown mechanism. TRP and TRPL opening
egulated by protein kinas C (PKC, inaC gene). PLC, PKC, and the TRP
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place in the absence of functional PLC (Figure 9; for review

see Ref. 211).

6.4.5.2.1 Activation of the Drosophila TRP and TRPL
channels by PLC

The mechanism by which PLC activity results in channels

opening is still under debate (Figure 10). Several hypotheses

have been presented over the years.

First, the IP3 hypothesis, which suggested that the elevation

of IP3, following PIP2 hydrolysis, activates the IP3R, resulting

in Ca2þ store depletion and activation of the channels in a

store-operated mechanism, was suggested for a number of

mammalian TRPCs.12,212,213 The ion channels of the Limulus

ventral photoreceptors214 can be directly activated using caged

Ca2þ or IP3 to elevate Ca2þ . However, similar experiments

performed in Drosophila failed to activate the TRP and TRPL

channels.215,216 Rather, direct application of Ca2þ in excised

inside-out patches inhibits expressed TRPL channels in S2 cells

by an open channel block mechanism,49 suggesting an in-

hibitory rather than excitatory effect of Ca2þ . Furthermore, a

genetic elimination of the only IP3 receptor of Drosophila had

no effect on the light response.217 Therefore, the IP3 hypoth-

esis was abundant (Figure 10). It became evident that the

alternative branch of PLC, DAG production should be in-

vestigated.218 The most familiar action of DAG is to activate

the classical protein kinase C (PKC) synergistically with Ca2þ .

However, mutations in the eye-specific PKC (ePKC, inaC) lead

to defects in response termination with no apparent effects on

activation.219

Second, the polyunsaturated fatty acids (PUFA) or DAG

hypothesis argues that the elevation of DAG and consequently

of PUFA acting as second messengers results in channel

opening. This hypothesis emerged from a detailed pharma-

cological study that tested the effect of various fatty acids

(including PUFAs) on TRP and TRPL channels activation

in vivo and TRPL expressed in Drosophila S2 cells.200 In add-

ition, a detailed analysis of the rdgA mutant encoding DAG

kinase has established the importance of the DAG branch in

channel activation. This mutant shows light-independent ret-

inal degeneration and constitutive activity of the light-

activated channels, while a partial rescue of the degeneration

is achieved by eliminating the TRP channel in the double

mutant rdgA;trpP343.220 Furthermore, it has been shown that

the double mutant norpAP24, rdgA partially rescues the light

response in the almost null norpAP24 mutant. This finding

further supports the hypothesis that DAG or its surrogate

PUFA is involved in channel activation.221 Several lines of

evidence challenge this hypothesis. First, application of DAG

to intact ommatidia does not activate the channels (Minke

et al., unpublished data), while application of DAG analogues

1-oleoyl-2-acetyl-sn-glycerol (OAG) at low concentration

(2 mM) in inside-out patches excised from the microvilli of

dissociated ommatidia results in activation of the TRP and

TRPL channels in kinetics slower by three orders of magnitude

(B60 s after application) compared to the light stimuli.222

Second, the localization of RDGA in the smooth endoplasmic

reticulum, a cellular compartment relatively distant from the

transduction machinery,223 makes it unlikely that DAG could

act as a second messenger without a considerable slow kinetics

of response termination, which does not fit with the fast
termination of the response to light. Furthermore, establishing

the role of PUFA in excitation requires that the complex

enzymatic machinery of PUFA production by DAG lipases will

be elucidated. Recently, the inaE gene was identified as en-

coding a homolog of mammalian sn-1 type DAG lipase and

was shown to be expressed predominantly in the cell body of

Drosophila photoreceptors. Mutant flies, expressing low levels

of the inaE gene product, have an abnormal light response,

while the activation of the light-sensitive channels was not

prevented.224 The discovery of the InaE gene is a first step in an

endeavor to elucidate lipids regulation of the channels (see

review, Ref. 225). Thus, the participation of DAG or PUFAs in

TRP and TRPL activation in vivo needs further exploration.

Third, the PIP2 depletion and DAG accumulation hy-

pothesis argues that PIP2 acts as a negative modulator while

DAG or its surrogates act as positive modulators of the TRPL

channel. It was demonstrated in Sf9 cells expressing TRPL that

application of DAG or PUFA activates the channels, while

application of PIP2 in inside-out patches inhibits their activ-

ity.226 However, the hypothesis used to explain the trp mutant

phenotype (in which the light response decays to baseline) by

depletion of PIP2
227 is not compatible with a PIP2 inhibitory

action. In addition, a PIP2 binding domain has not been

functionally identified in the TRP or TRPL channels. Together,

the above arguments put the PIP2 depletion and DAG accu-

mulation hypothesis in question.

And finally, a recently published hypothesis argues that

plasma membrane lipid-channel interaction controls channel

gating. Accordingly, disruption of this interaction by mem-

brane lipid modification through PLC activation causes the

opening of the channels.132 It is important to realize that PLC

activation, which converts PIP2, a charged molecule, con-

taining a large hydrophilic head group, into DAG, devoid of

the hydrophilic head group, is known to cause major changes

in lipid packing and lipid-channel interactions.228 It is there-

fore possible that neither PIP2 hydrolysis nor DAG production

affects the TRP and TRPL channel as second messengers, but

rather act as modifiers of membrane lipid-channel inter-

actions. This may in turn act as a possible mechanism of

channel activation.132 This hypothesis evades the two main

problems of the DAG or PUFA hypothesis, hence the need of

RDGA at close proximity and a channel binding domain for

DAG and PUFA. This hypothesis suffers from insufficient

direct demonstration both in cell expression systems and

in vivo (for review see Ref. 211).

6.4.5.2.2 A role for PLC product in mammalian TRPC
channels

In general, members of the TRPC3, TRPC6, and TRPC7 sub-

group can be activated by DAG,173,229–231 suggesting that DAG

is the PLC-derived product mediating their physiological ac-

tivation. In contrast, the Drosophila TRPs (which are most

homologous to TRPC6), TRPC1, TRPC4, and TRPC5, which

are also activated following receptor-induced PLC activation,

are unresponsive to DAG.230–232

Almost all TRPC channels have been proposed to act as

store-operated channels (SOCs) (see Chapter 6.9), which are

assumed to be activated by depletion of IP3-sensitive intra-

cellular calcium stores.233 However, for all members of the

TRPC family, store depletion independent mechanisms have
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Table 8 Mechanosensitivity

TRPA1 Yes37 Legend

No385

TRPC1 Yes237 Mechanosensitive

No386

Conflicting data

TRPC2 ND No data reported

TRPC3 ND

TRPC4 ND

TRPC5 Yes387
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been suggested as well. There is conflicting evidence regarding

TRPCs’ function as receptor-operated channels that are mostly

insensitive to store depletion.18,234–236 Therefore, the acti-

vation mechanism via PLC stimulation remains controversial

and is still unresolved for TRPCs.

Although it is generally agreed that TRPCs are activated via

a PLC-dependent pathway, it is important to mention that

recently, TRPC1 has been identified as a component of the

vertebrate mechanosensitive Ca2þ -permeable channel that is

gated by tension developed in the lipid bilayer (see also

Ref. 237). In addition, it was suggested that a common gating

mechanism underlies the effect of DAG and membrane

stretching on the TRPC6 channel.138
TRPC6 Yes138

No265

TRPC7 ND

TRPM1 ND

TRPM2 ND

TRPM3 Yes249

TRPM4 Yes388

TRPM5 ND

TRPM6 ND

TRPM7 Yes247,248

No389

TRPM8 ND

TRPV1 Yes390

TRPV2 Yes391

TRPV3 ND

TRPV4 Yes392

TRPV5 ND

TRPV6 ND

TRPY1 Yes257

TRPP1 Yes393

TRPP2 Yes393
6.4.5.3 Mechanosensitivity

Mechanosensitive (MS) ion channels convert mechanical

force into ionic current (see Chapter 6.5). An MS channel

must be sensitive to some membrane parameters that change

with mechanical deformation. MS ion channels mediate a vast

array of different cellular and organismic sensations, ranging

from the most basic that must occur in all living cells, such as

osmoregulation, to the highly specialized, such as hearing and

touch. A number of mechanisms have been shown to be in-

volved in mechano- and osmoregulation by plasma mem-

brane ion channels (for review see Ref. 238): (i) A change in

force acting within the lipid membrane causing conforma-

tional changes in the ion channel. (ii) Channel displacement

via reorganization of the cortical cytoskeleton. (iii) Changes

in the lipid content of the plasma membrane, which alters the

membrane structure around the channel in a convex or con-

cave manner. (iv) Mechanical (or osmotic) force can trigger an

intracellular signaling cascade, which involves lipid metabol-

ism or changes in protein phosphorylation. So far, it has been

difficult to differentiate among the above mechanisms.238

Also, the identities of channels, which mediate the mechano-

osmo sensations and how they convert a force stimulus into

channel gating, have remained largely unknown.

One of the first mechanically sensitive currents was found

in Xenopus laevis oocytes.239 The stretch-activated channel

(SAC) underlying this current has a response latency of less

than 5 ms, suggesting that the channel is directly activated by

stretch. Recent evidence suggests that this oocyte SAC contains

TRPC1.237 TRP channels have been implicated in a wide

variety of mechanotransduction processes in diverse organs

and species following forward genetic screens, which started

from mechano-insensitive phenotypes arising from the effects

of mutagenic compounds. Several MS TRP channels, which

belong to almost all subfamilies and are natively expressed in

mammals, have been identified (Table 8). MS TRP channels

have also been identified in C. elegans, Drosophila, zebrafish,

and even in yeasts. The first MS TRP channel was reported in

C. elegans following a screen using a high-molar osmotically

active substance. The osm-9 mutant did not respond to os-

motic barrier and turned out to be the first member of the

TRPV subfamily in C. elegans. This channel is expressed in the

amphid sensory neurons containing the exterosensive sensing

of chemical, osmotic, and mechanical stimuli.240 Several MS

TRP channels have been identified in the Drosophila MS
organs. The only two TRPV channels of Drosophila are located

in the fly chordotonal organ, the hearing organ of the fly.

These TRPV channels, designated NAN and IAV, form a

heteromeric channel that transduces vibration into receptor

potentials, although the detailed mechanism is not

clear.241,242 An additional MS TRP channel is NOMPC, which

was identified following a screen for Drosophila mutants with

behavioral defects in coordinated movement. The MS organs

of suspected mutants were examined electrophysiologically,

leading to the discovery of the no mechanical potential C

(nompC) gene, which is the only Drosophila member of the

dx.doi.org/B978-0-08-095718-0.00618-0
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TRPN subfamily. Interestingly, NOMPC has 29 ankyrin repeats

of still unclear function. A C. elegans homolog of NOMPC was

identified, showing high expression level in MS neurons of the

nematode.24 The first vertebrate TRPN channel was found in

sensory hair cells of zebrafish; it is required for hearing and

balance in zebrafish.23

Mammalian TRP channels sensitive to mechanostimula-

tion are TRPC3 and TRPC6, along with TRPV2 and TRPM4,

which have been implicated in mediating myogenic tone (the

constriction of blood vessels under increasing pressure).243

Knockdown of these TRP channel genes in the smooth muscle

cells of blood vessels decreases the mechanically responsive

current that is observed in response to experimental stretch of

these cells.244–246 TRPC6 was shown to be directly activated by

positive pressure.138 TRPM7 has been implicated in mechan-

osensation in vascular smooth muscles at higher pressures.

The mechanism of activation is controversial: one group re-

ported that there was an increase in the insertion of TRPM7 to

the plasma membrane during membrane stretch,190 whereas

another study found that stretching the membrane directly

activated TRPM7 currents in cell-free and in cell-attached

patches in the presence of a blocker of membrane trafficking

from the Golgi.247,248 TRPM3 was also activated by hyper-

osmotic stimuli when it was first characterized.249 TRPV1 has

been implicated in controlling the response of the bladder

urothelium to stretch, while TRPV1�/� mice have defects in

bladder voiding, a process that is mediated by TRPV1 located

in urothelial cells.250 However, currents have not been re-

corded from urothelial cells in response to a mechanical

stimulus. Therefore, it is still uncertain whether TRPV1 acts as

a sensor of mechanical force in this system or, instead, detects

the presence of molecules produced by stretch, which are ei-

ther released into the extracellular space or produced in the

cytoplasm. Expression of TRPV4 in CHO cells caused these

cells to respond to hypotonic solution,251 and in trpv4�/�

mice, the response to mechanical stimulation is diminished

(see also Ref. 252). Members of the TRPP are also thought to

mediate mechanosensation in the primary cilium of kidney

epithelial cells in the nephron.253 When the primary cilia of

kidney cells are experimentally displaced by a flow stimulus of

the same magnitude as the flow in the nephron, a rise intra-

cellular Ca2þ levels is observed.254 TRPY1 is the only member

of the TRP family in yeast that has been implicated in the

ability of yeast vacuoles to respond to osmotic stimuli.255

Single-channel recordings and Ca2þ imaging showed an in-

crease in TRPY1 activity when osmolarity was increased.256,257

6.4.5.3.1 TRPV4
The most extensively studied mammalian MS TRP is TRPV4,

which is found in variety of tissues including the circumven-

tricular organ of the CNS and inner ear hair cells (for review

see Ref. 62). In the heterologously expressed channel, whole-

cell current through TRPV4 is activated by inflation with

pressure, by mechanical shear force with bath flow, and by

mild hypo-osmotic solution. However, direct stretching by

suction during single-channel measurements was ineffective.

Interestingly, the rat TRPV4 channel, which is only 24%

identical to C. elegans osem-9, rescued the osmo- and

mechanosensitive defects of the osem-9 mutant.258 TRPV4 has

been implicated in maintaining systemic osmotic pressure in
live animals. Trpv4�/� mice did not regulate efficiently their

osmotic equilibrium when exposed to systemic anisoosmo-

tonicity. Their synthesis of diuretic hormones (ADH-AVP) in

response to hypertonicity was modified. All these findings

point toward deficit in central osmotic sensing of trpv4�/�

mice.252,252,259 TRPV4 is also involved in pain-related be-

havior following application of subcutaneous hypertonic and

hypotonic solutions.260 This conclusion was derived from

absence of pain-related behavior of Trpv4�/� mice under these

conditions, suggesting that noxious tonicity depends on the

presence of TRPV4. Additional experiments revealed that ac-

tivation of GPCR proteinase-activated receptor-2 (PAR-2) led

to mechanical hyperalgesia in mice, which is dependent on

TRPV4. Interestingly, PAR-2 linked to TRPV1 mediates tem-

perature stimuli-dependent hyperalgesia, while PAR-2- TRPV4

mediates mechanical stimuli-dependent hyperalgesia (for re-

view see Ref. 62).

TRPV4 is also involved in cell volume regulation. Fol-

lowing osmotic cell volume changes, most cells are able to

regulate their volume in a process called regulatory volume

increase or regulatory volume decrease (RDV). Evidence for a

role of TRPV4 in RDV has come from several studies. CHO

cells have a poor RDV, which strongly improve after trans-

fection with TRPV4.261 Also, human corneal keratinocytes of

the eye are dependent on TRPV4 for hypotonicity-induced

RDV.262 Importantly, TRPV4 mediates cell swelling-induced

Ca2þ influx into bronchial epithelial cells that triggers RDV

via Ca2þ -activated Kþ channels, a process that does not

function in cystic fibrosis bronchial epithelia. TRPV4 could be

activated by a specific activator (4a-phorbol-12,13-didecano-

ate; see Table 4) in these cells, indicating that TRPV4 acts

downstream to the genetically defective cascade in cystic fi-

brosis bronchial epithelia.263 In salivary glands, TRPV4 inter-

acts and functions together with aquaporin-5 in hypotonic

swelling-induced RDV.264 Finally Trpv4�/� mice have a re-

duced capacity for RVD.252

The observed mechanosensitivity of at least some TRP

channels is not necessarily due to direct activation of the TRP

channel itself; rather, the channel may derive its mechan-

osensitivity from being functionally linked to an MS receptor

upstream to the channel, such as a G protein-coupled receptor

(GPCR). Gudermann and colleagues have convincingly dem-

onstrated that TRPC channels, which mediate myogenic tone,

are not gated by membrane stretch but rather by agonis-

tindependent activation of Gq-coupled receptors, which sub-

sequently signal to TRPC channels in a G protein- and PLC-

dependent manner. The mechanosensitivity in this case arises

from mechanically activated GPCRs, which adapt an active

conformation following mechanical stimuli.265
6.4.5.4 Lipid Rafts, Cholesterol, and TRP Channels

An enigma in cellular signaling is how identical ion influx

through different channels causes different effects, for

example, how Ca2þ coming from a different source causes cell

death in one case and proliferation in another, or how

G protein-coupled receptors associated with identical pathway

selectively activate a specific ion channel. In the case of TRP

channels, part of this enigma can be explained by their
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localization in lipid rafts. Lipid rafts are micro domains in cell

membranes, an association of specific proteins, cholesterol,

and enriched levels of PIP2.

In the case of the first discovered mammalian TRP chan-

nel, TRPC1, it was shown that it associates with caveolin-1,

which is preferably localized in lipid raft domains. Methyl-b-

cyclodextrin, a reagent commonly used to sequester choles-

terol from cell membranes, affected not only the localization

of TRPC1 but also its activation. While under regular

conditions stimulation with carbachol caused Ca2þ influx,

depletion of cholesterol abolished this influx. It was shown

that the association of TRPC1 with caveolin provides a scaf-

fold for other TRPC1 interacting proteins such as the IP3

receptor.266

In the case of the cold-sensitive TRPM8 channel, which

shares much lower homology with TRPC channels, its asso-

ciation with lipid rafts was shown as well. In both native

conditions in dorsal root ganglions and overexpressing sys-

tems TRPM8 channels are localized to lipid rafts. Depletion of

cholesterol led to an increased activation by cold or menthol

and increased calcium influx.267 TRPV1 channels that are also

expressed in DRG neuron are also localized in lipid rafts.

Unlike TRPM8, their dislocation outside of those rafts led to

diminished capsaicin-activated currents.268

The physiological role of lipid rafts in TRP channel lo-

calization was shown by a series of elegant experiments by

Tsunoda and colleagues by feeding Drosophila flies with yeast

extract from mutant yeasts lacking the ability to synthesize

ergosterol (the major sterol in Drosophila).269 Multiple pro-

teins of the phototransduction complex translocated to

lipid rafts in a light-dependent manner. However, when

ergosterol was missing and hence lipid rafts did not exist, no

translocation was observed. The scaffolding protein INAD,

which binds TRP, PLC, and PKC and anchored to the plasma

membrane by the TRP channel, was identified as the

essential protein mediating the translocation toward lipid

rafts.

It is not only the shear expression of the channel but also

its proper localization that determine its physiological role.

Those associations of TRP channels with lipid rafts have to be

taken into consideration when interpreting the results from

overexpression systems compared to TRP channels in their

native environment, such as brain tissue with much higher

cholesterol content.
6.4.5.5 Direct or Indirect Effect of Lipids on TRP Channels

A common feature of most of the TRP channels’ activators is

that they modify the plasma membrane properties. Capsaicin,

camphor, carvacrol, menthol, icilin, and obviously the various

lipids such as linoleic acid and DAG have very different

structures, but they are all lipophilic substances that affect the

plasma membrane properties. It has been demonstrated that

applications of lipids affect plasma membrane properties such

as curvature228,270 and elasticity.271 Changes in plasma mem-

brane curvature were shown to affect the activity of various

channels.272,273 The lipid content of the plasma membrane,

which changes upon exogenous application of lipids, was

shown to be crucial for the gating properties of voltage-
activated channels.274 Elasticity was shown to affect channel

activity. For example, capsaicin activates Naþ channels by af-

fecting the plasma membrane elasticity.160 Membrane stretch

and osmotic stress also change membrane elasticity and

membrane thickness.275 Heat and cold affect membrane flu-

idity and elasticity.276 It is therefore possible that the effect of

these very diverse activators on the TRP channel is not a direct

effect on the channel itself but rather an indirect effect on the

plasma membrane properties, which affect the channel-

plasma membrane lipids interactions.

As discussed in Section 6.4.3, the voltage dependence of

several members of the TRP channel superfamily arises from

divalent cation open channel block, which can be removed by

voltage or in divalent free conditions. Recently, a novel

mechanism of open channel block alleviation by lipids was

demonstrated for two types of ion channels: TRPL and

NMDA.132 This study showed open channel block removal

without depolarization by LA due to an increased flow rate of

the blocking divalent cations through the channel pore. It was

suggested that modulation of the channel-membrane lipids

interface underlies the increase in the flow rate of the blocking

cations, leading to removal of the open channel block.

This study, thus, suggests that lipids do not affect the TRPL

channels as second messengers but rather as modifiers of

plasma membrane lipid-channel interactions (see Chapter 5.2

and Chapter 5.3).
6.4.6 Physiological Implications

For voltage and ligand gated channels, the biophysical

properties of the channels fit well to the physiological func-

tions of the channels. For example, activation of the L-type

Ca2þ channels in the synaptic terminal by the arriving action

potential causes Ca2þ influx, which is necessary for trans-

mitter release. Similarly, light-induced hydrolysis of cGMP in

the rods and cones of the vertebrate retina, which causes

closure of the CNG-sensitive channels, produces the

physiological response to light. For most TRP channels, it is

still not clear how their biophysical properties and gating

mechanism fit to their physiological function. This is because

for many TRP channels their physiological function is still

not clear.

The physiological role of the Drosophila TRP and TRPL

channels is well established (i.e., they are the light-activated

channels); therefore, the biophysical properties of the chan-

nels can be related to their physiological function. Since most

of the proteins required for the phototransduction cascade are

regulated by Ca2þ (e.g., arrestin, rhodopsin phosphatase,

PLC, PKC, CaM), the Ca2þ permeability of the TRP and TRPL

channels is highly important. The sensitivity to single photons

dictates assembly of a huge number of signaling proteins,

including the channels in a single photoreceptor cell. Hence,

the huge current (420 nA) during extended intense illumin-

ation, with Ca2þ being a dominant ion, puts the cell in great

danger of Ca2þ overload and cell death. This danger is avoi-

ded by a Ca2þ open channel block mechanism. On the other

hand, the experiments suggesting that modification of the

lipid-channel interactions alleviate open channel block have

important implications in understanding other aspects of
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Drosophila phototransduction. Divalent open channel block is

an efficient and fast process that quickly blocks the activated

channels and prevents current flow through the channel pore.

Since the TRPL49 and TRP130 channels undergo open channel

block and there is no depolarization prior to the channels’

activation, it is not clear how the light-induced current de-

velops under physiological conditions. An explanation to this

dilemma came from the study showing that a change in

membrane lipid properties by PLC activation, which converts

PIP2 (with a large hydrophilic head group) into DAG (with a

small hydrophilic head group) removes open channel block

and allows light-induced current flow through the channels in

the presence of B1.5 mM external Ca2þ and B4 mM external

and internal Mg2þ . Thus, a possible scenario for TRPL and

TRP channel activation is as follows: PLC activation, down-

stream to rhodopsin activation by light in turn activates the

TRPL and TRP channels by a still unknown mechanism. These

channels immediately undergo open channel block and are

functionally closed at resting membrane potential. The PLC

activity also affects the membrane lipid properties by con-

verting PIP2 to DAG, which now alleviates the open channel

block and allows the activated channels to generate inward

current, giving rise to the physiological receptor potentials.

The ensuing huge increase in cellular Ca2þ reestablishes open

channel block and prevents Ca2þ overload.

The unusually high Q10 values of thermoTRPs make them

suitable for detecting change in temperature. In addition, their

polymodal activation mechanism allow them to respond to

tissue damage and insults via pain-producing sensation. Ac-

cordingly, TRPV1 is a detector of noxious heat, TRPA1 is a

detector of noxious cold, while TRPV4 is a detector of noxious

pressure. The ability of some TRP channels to form hetero-

multimeres together with their polymodal activations enable

the ubiquitously expressed type of TRP channels to fulfill a

variety of specific functions in different cells and tissues ac-

cording to the specific interaction with cell-specific proteins

and heteromultimeric composition. Accordingly, TRPC1 may

function as Ca2þ influx channel in one tissue and as a

mechanosensor in another tissue.
6.4.7 TRP Integrative Function

The identification of the first mammalian TRPV channel as a

temperature-sensitive protein as well as a chemosensor gave a

glimpse of what the next few years of research would reveal.

TRP channel activation is downstream of various signals,

starting from physical effects such as temperature change and

mechanical force as well as chemical signals such as pH

changes and effects of complex natural compounds. Activation

of a specific TRP channel can occur in multiple ways: (i) by

direct action on the channel via endogenous (such as free

radicals, ADP ribose, endocannabinoids) and exogenous

compounds, (ii) downstream of GPCRs, and (iii) in response

to altered cellular conditions such as oxidative stress. For

several TRP channels, such as TRPV1, TRPC1, and TRPC5,

those features have been demonstrated in great detail. The

physiological role of a TRP channel is therefore dependent on

its cellular environment, which determines its interacting

partners. TRPV1 may function as a chemosensor and
thermosensor in keratinocytes, as a pain sensor in dorsal root

ganglions, and as a thermoregulator in the brain. Moreover,

TRPV1 can be activated by GPCR activation (via the PLC

coupled bradykinin receptors), can be modulated by CaM and

via phosphorylation sites by PKC (also through GPCRs),

translocates as a sensitization-desensitization mechanism, and

interacts directly with specific scaffolding proteins. TRPC1 can

be selectively activated by metabotropic glutamate receptors

type 1, but can also respond dynamically to altered intracel-

lular Ca2þ concentrations by interacting with the protein

Homer, or deliver Ca2þ necessary for activating BK channels.

It is therefore not surprising that TRP channels have attracted

scientists from different disciplines who did not originally

focus on TRP channels but have been interested in a certain

physiological or pathological question.

The ability of different TRP channels to interact with each

other adds another level of complexity. Single TRP channels

are utilized for several defined functions; adding another

interacting protein to a protein complex does not simply result

in a linear increase in the number of functions but increases

exponentially the possible functions. Therefore, TRP channels

present a unique family of ion channels because of their

ability to funnel a variety of stimuli toward a single protein.
6.4.8 Concluding Remarks

One of the fascinating aspects of TRP channels is their diver-

sity and versatile function. The thermoTRPs sense a wide range

of temperatures, are modulated by variety of natural com-

pounds, and thus present interesting and challenging

pharmacological targets. Their ability to function as a direct

sensors by responding to chemicals, pH, and voltage and

temperature changes, as well as being modulated by other

sensors (such as GPCRs), make the TRP family one of the

most versatile ion channel families. Part of the versatility of

the superfamily stems from the fact that TRP channels are only

distantly related: The amino acid sequence homology among

the subfamilies is quite low. Homology by itself might not

predict their function. For example, TRPM8 is cold activated,

strongly PIP2 regulated, and intrinsically voltage sensitive,

while its closest homolog, TRPM2, is warm activated, PIP2

insensitive, and voltage insensitive. On the other hand,

TRPM8 shares low homology with TRPV1, but both are

blocked by capsazepine, expressed in the same cells of the

mammalian body, and show similar voltage dependency.

TRP channels are involved in many physiological process,

which include temperature sensing (TRPV1, TRPV3, TRPA1,

TRPM8),277 temperature regulation (TRPV1),278 calcium

homeostasis (TRPV5, TRPV6),279 insulin release (TRPM2),147

neurotransmitter release (TRPM7),187,188 saliva secretion

(TRPC1),280 motor coordination (TRPC3),281 and neurite

outgrowth (TRPC5 and TRPC6),282,283 to name only a few

functions. The list of pathological conditions associated with

deregulated TRP channels is also immense, including

neuropathic pain (TRPV1, TRPM8), pruritus (TRPV3), pro-

state cancer (TRPV6),284 chronic inflammation (TRPM2),285

neuronal cell death (TRPM7 and TRPC1),286,287 ataxia

(TRPC3),288 and rheumatoid arthritis (TRPC5).289 The

physiological role of most TRP channels is still poorly
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understood. One of the major challenges in the TRP field is

to unravel their function in their native environment. For

some TRP channels the determination of their physiological

function is not a simple task. This is because of their ability

to interact with various other proteins (as has been exten-

sively demonstrated for the Drosophila TRP and the mam-

malian TRPC1), which thus alters their function, depending

on their cellular expression. In order to understand TRP

channel function we need novel chemical modulators of TRP

channels, which are more selective than the available agents.

This need is especially urgent for channels lacking specific

activators and inhibitors, such as most members of the TRPC

and TRPML subfamilies. The field of TRP channels was re-

stricted to the Drosophila eye for about 20 years, but now it

includes all mammals commonly used for scientific research,

as well as C. elegans and zebrafish. It has attracted researchers

studying a wide range of research fields using many research

disciplines, including electrophysiology, biochemistry, mo-

lecular biology, and medicinal chemistry.

The TRP field of research has become an interdisciplinary

field where answers cannot be found without combining

those different approaches. Although research has accelerated

tremendously in the last decade by introducing new techni-

ques, we are still at the very beginning of understanding TRP

channels. Both physiological function and biophysical chan-

nel properties are not well understood. The Drosophila light-

activated channels TRP and TRPL have been studied for more

than 20 years, but their gating mechanism is still unknown

and the subject of ongoing controversy. One can expect many

exciting discoveries and surprises in the field of TRP channel

research in the future.
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