
Molecular Cell 22, 1–11, May 5, 2006 ª2006 Elsevier Inc. DOI 10.1016/j.molcel.2006.04.015
Meeting ReviewA Road Map for TR(I)Ps
Bernd Nilius1,* and Frank Mahieu1

1Laboratory of Physiology
KU Leuven
B-3000 Leuven
Belgium

The development of our knowledge on the structure,
molecular regulation, and cell function on transient

receptor potential (TRP) channels has been growing
dramatically during the last few years. Many meetings

in the past and upcoming events are now focused on
TRP channels as general sensor molecules in cell

physiology. However, most of the scientists in the field
still feel that we are just beginning to understand these

truly remarkable proteins, called TRPs, and there is
still a long way to go from structure via molecular reg-

ulation to cell and organ function. This generally
accepted but exciting view about the long road to the

understanding of TRPs dominated all presentations

given at the 2006 Minerva-Gentner Symposium on
TRP channels and calcium signalling, which was

held in Eilat, Israel, and was excellently organized by
Baruch Minke (Jerusalem, Israel) and supported by

Veit Flockerzi (Homburg, Germany).

The Roots
When Cosens and Manning (Cosens and Manning, 1969)
isolated the Drosophila fly mutant with an abnormal
ERG, called mutant A, nobody could have imagined
the exciting future that lay ahead for probably the last
superfamily of ion channels in the human genome. This
mutant exhibited a transient instead of sustained re-
sponse to bright light and was designated transient
receptor potential (trp) by Minke (Minke et al., 1975).

Two decades later, the trp gene was cloned (Montell
and Rubin, 1989), and the mutant was shown to be miss-
ing one type of light-activated conductance (Hardie and
Minke, 1992). This latter observation, combined with the
predicted structure of TRP (Montell and Rubin, 1989),
led to the speculation that TRP was a Ca2+-permeable
cation channel. This proposal was confirmed upon
in vitro expression of TRP and the characterization of
the biophysical properties of TRP, including the demon-
stration that TRP has a selectivity of Ca2+ over Na+ of
w10:1 (Vaca and Kunze, 1994; Xu et al., 1997). The mile-
stones indicating the road to the discovery of the TRP
superfamily were beautifully presented by Zvi Selinger
(Jerusalem, Israel) at the beginning of this meeting and
are sketched here in Table 1. Indeed, the identification
of the trp gene in Drosophila led to the discovery of
a large TRP superfamily, of which the first mammalian
TRP was only cloned in 1995 (Wes et al., 1995; Zhu
et al., 1995, 1996). As shown in Figure 1, we can now
state with certainty that there are at least 28 TRP genes
in mice, 27 in humans, 17 in the worm C. elegans, and 13
in Drosophila. TRP channels are classified into seven
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subfamilies: TRPC, TRPV, TRPM, TRPA, TRPP, TRPML,
and TRPN (the latter not in mammalian). We now know
that activation of TRP channels occurs via a huge variety
of chemical and physical stimuli, ranging from photons,
temperature, voltage, and mechanical forces to the de-
tection of a plethora of molecules including many natural
compounds, chemicals, lipids, tastants, and olfactants
(for detailed reviews, see Clapham [2003], Montell
[2005], Nilius and Voets [2005], Pedersen et al. [2005],
Voets et al. [2005]).

Normally, reviews as well as TRP meetings start with
TRPCs, continue with TRPVs and TRPMs, and end up
with some talks about the less intensively studied chan-
nels such as TRPAs and ‘‘outsiders’’ (‘‘.second’’ or
‘‘class 2 TRPs,’’ Craig Montell, Baltimore, Maryland),
TRPMLs and TRPPs. This report will neglect this con-
vention, instead focusing on key properties and white
spots of the TRP road map.

TRPs and the Search for Protein Structure

The basic architecture of TRP channels is likely the same
as that of voltage-gated K+ channels: four subunits with
six transmembrane domains (S1–S6) and cytosolic
N- and C-terminal tails. Probably all TRPs tetramerize.
In the first part of his keynote lecture, David Clapham
(Boston, Massachusetts) referred to the probably close
relationship of TRP channels to the recently crystallized
mammalian Kv1.2 channels (Long et al., 2005a, 2005b).
This channel transducts a movement in the S4 voltage
senor via the S4-S5 linker to open the channel’s pore.
The S4-S5 in Kv1.2 linker is located in close vicinity to
S6. As Clapham pointed out, such a movement can
probably be transmitted to the TRP pore via the S6 helix,
which is coupled to the C terminus of TRP channels (see
also Clapham [2003]). Binding of small molecules will
change the Gibb’s free energy of the channel protein
and, as such, help opening the channel. Another exciting
concept comes from the interaction of positively
charged parts in the C terminus of many TRPs interact-
ing with negatively charged PIP2 microdomains (a con-
cept recently reviewed by McLaughlin and Murray
[2005]). Binding of Ca2+-calmodulin to these sites may
move S6, resulting in the opening of the channel pore.
This concept was also supported by data shown by
Bernd Nilius (Leuven, Belgium), who suggested that
binding of a positively charged PH domain to membra-
nous PIP2 may help to open the channel (TRPM4),
thereby inducing dramatic negative voltage shifts and
causing higher Ca2+ sensitivity of these channels. Im-
portantly, the very small gating charge of TRP channels
(w0.7 e) helps induce those dramatic shifts of the TRP
activation curves toward physiologically meaningful
potentials (Nilius et al., 2005b; Voets et al., 2004).

Unfortunately, up to now, these ideas lack any corre-
lation to structural data, which are not available so far.
Therefore, a communication presented by Rachelle
Gaudet (Boston, Massachusetts) on the first crystal
structure of a TRP channel domain (the N terminus of
TRPV1 and TRPV2) clearly pointed in the direction to
go. Both channels have three ankyrin and three
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ankyrin-like structural repeats, which are nearly identical
and consist of at least 33 amino acids each, and they
have both a small inner and a longer outer helix. These
helix pairs are coupled by finger-like loops, which
show some important differences to the conventional
ankyrin repeat structures: the fingers are much longer
and more flexible. Between repeats four and five, an ex-
tra twist is present, compared to conventional ankyrin
repeat structures. This flexible structure of the N termini
of TRPV1 and TRPV2 (probably universal for all TRPVs)
may therefore provide efficient interaction sites for bind-
ing other proteins. These sites seem to be less important
for tetramerization but provide an excellent scaffold for
protein-protein interaction, including possible binding
sites for calmodulin (for TRPV1, see Rosenbaum et al.
[2004]). Clearly, the TRP field needs more structural
data (but see also for a first approach Yamaguchi et al.
[2001]).

A somewhat better understood structural component
of TRP channels is the permeation pore, which decides
which type of ions can permeate the channel (for a de-
tailed review, see Owsianik et al. [2006]). Roger Hardie
(Cambridge, United Kingdom), one of the TRP pioneers
(see Table 1), helped identify critical features of the
drTRP pore. Importantly, the crucial residue determining
the high Ca2+ selectivity of the drTRP channel shows
MOLCE
a remarkable structural and functional similarity with
the pore of the high Ca2+ selective TRP channels,
TRPV5 and TRPV6. Mutation of this crucial site not
only removed Ca2+ selectivity of drTRP, but also turned
out to be of dramatic functional impact: Ca2+ influx via
drTRP triggers channel inhibition (similar to many other
TRP channels, like TRPV5, TRPV6, TRPM8, etc.), inhibits
PLC and, as a consequence, prevents depletion of PIP2,
which is required for maintaining signaling during light
adaptation. Hardie showed functional data using the
Ca2+-impermeable mutant TRP channel construct in
coexpression with the PIP2 biosensor Kir2.1 channels.
His data confirmed that Ca2+ influx via TRP is required
to inhibit PLC and that failure of this inhibition leads to
depletion of all PIP2 in the microvilli via to light-acti-
vated PLC. This results in the complete decay of the re-
sponse, which is of course the explanation for the origi-
nal transient receptor potential (trp) phenotype. These
data provided a nice example for a structure-function
relationship.

Molecular Modulation of TRP Channels

A Ca2+ Connection
Considering structure-function as the first challenge in
the TRP field, we can shift to the second. A much-better-
studied part is the analysis of signals regulating opening
Figure 1. The Phylogenic Tree of TRP Chan-

nels

The tree summarizes the TRP members dis-

cussed in the text. For details, also see Nilius

and Voets (2005), Pedersen et al. (2005), and

Voets et al. (2005). Note that a TRPA1 ortho-

log, TRP-4, in nematodes has been released

on the C. elegans database (wormbase)

(J. Anoveros, Chicago, Illinois; personal

communication).
L 1975



Meeting Review
3

and closing of the pore (‘‘channel gating’’). The majority
of the communications referred to this part. Modulation
of TRP channels by Ca2+ itself is certainly one of the
most fascinating aspects of TRP modulation.

Starting with the founding members, the real messen-
ger for drTRP activation is still not known. However,
there is much evidence that DAG is a key player and
a DAG-kinase (encoded by rdgA) regulates the messen-
ger level and mediates drTRP response termination
(Hardie, 2003). Craig Montell (Baltimore, Maryland, in
his communication) and P. Raghu (Cambridge, United
Kingdom, in his poster) showed that laza encodes a lipid
phosphate phosphohydrolase (LPP), which metabolizes
phosphatidic acid (PA) into DAG. Montell showed data
that laza is required for a maximal light response and
its normal termination in Drosophila and that the laza
mutant displays faster deactivation of drTRP. Raghu
showed data supporting the idea that synergistic activ-
ity of Laza and the rdgA encoded phospholipase D reg-
ulates PA and phosphatidylinositol (PI) levels and re-
sponse termination during phototransduction and
optimizes the drTRP light response (see also Garcia-
Murillas et al. [2006]). Baruch Minke (Jerusalem, Israel),
who organized this excellent meeting, showed in a thor-
ough single channel study a novel regulation mecha-
nism of drTRPL expressed in S2 cells. This is remark-
able, because the TRP field obviously lacks a thorough
analysis of channels at the single channel level. This
channel shows a voltage-dependent open probability,
which is due not to changes in the channel’s mean
open time but to changes in the frequency of channel
openings. This mechanism of inhibition (a shift in the
open probability of the channel) is reminiscent of a gen-
eral principle of TRP gating by shifts of their voltage-
dependent activation as previously shown for mamma-
lian TRP channels (Nilius et al., 2005a, 2005b; Voets
et al., 2004). [Ca2+]i inhibits drTRPML by reducing the
open frequency in a voltage-dependent manner. This
mechanism is important because PUFAs (LA), efficient
activators of TRPL, reduce the Ca2+-dependent inhibi-
tion. Thus, this removal of Ca2+ inhibition could provide
a novel gating mechanism of TRPs.

Michael Zhu (Columbus, Ohio) presented an intriguing
example for a novel mechanism of Ca2+-dependent reg-
ulation of the voltage-dependent channel TRPV3. He
described the central role of Ca2+ in the sensitization
property of TRPV3 to repetitive stimulation. Both intra-
cellular and extracellular Ca2+ appear to be important
for the sensitization. The sensitization proceeded more
slowly when intracellular Ca2+ was weakly buffered by
EGTA than when it was strongly buffered by BAPTA,
and sensitization was accompanied with a gradual shift
of voltage dependence of TRPV3 to more negative po-
tentials. The Zhu group has identified a Ca2+-calmodulin
binding site at the amino terminus of TRPV3, and disrup-
tion of this site abolished the sensitization so that near
maximal response was obtained upon first stimulation.
In addition, Asp641 at the pore loop seems to contribute
to an inhibitory effect of extracellular Ca2+ on TRPV3. In
fact, a detailed analysis of the dose-dependent inhibi-
tion of TRPV3 by extracellular Ca2+ revealed two affinity
states, of which the high-affinity one changed its affinity
from w1.5 mM to w9 mM during the repetitive stimula-
tion. The high-affinity state was completely abolished
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by changing the critical aspartate at the pore loop to
asparagine. Zhu’s data suggest that the apparent sen-
sitization of TRPV3 is a complex process whereby
the channel gradually overcomes pore blocking by extra-
cellular Ca2+ as well as the feedback inhibition by Ca2+-
calmodulin from the cytoplasmic side.

Of note, inhibition by intracellular Ca2+ was also
shown for drTRP (Hardie, Cambridge, United Kingdom),
for TRPM8 (Nilius, Leuven, Belgium), and for TRPV5
(Bindels, Nijmegen, The Netherlands).

Besides Ca2+-dependent inactivation of TRPs, TRP
activation by intracellular Ca2+ is also known (e.g.,
TRPM4 and TRPM5). Important new data concerning
activation of TRPA1 was shown by David Julius (San
Francisco, California). Activation of TRPA1, a receptor-
operated channel and putative mechanosensor, is po-
tentiated by an increase in [Ca2+]i by a still-unknown
mechanism.
The PIP2 Tale
Intriguingly, it turns out now that PIP2 is an extremely im-
portant modulator of activation of TRP channels. The
regulatory impact of PIP2 on the drTRP is not clear yet:
depletion of PIP2 in addition with the presence of DAG
and its metabolization to PUFAs are all considered as
potential activators of drTRPs. Hardie (Cambridge,
United Kingdom) argued that local DAG levels probably
reach concentrations close to 1 mM in the microvillus.
This is important because the experimental dilemma is
that, on one hand, genetic evidence strongly implies
that DAG must be the excitatory ligand, but at the
same time, exogenously applied DAG does not excite
the channels, perhaps because it is impossible to apply
exogenous DAG at levels as reached during phototrans-
duction. In contrast, PUFAs do excite the channels, but
there is no biochemical or genetic evidence for the req-
uisite DAG lipase. Hardie therefore suggested that per-
haps PUFAs act as (more soluble) surrogates for DAG.
There is also evidence that PIP2 depletion contributes
to excitation. The bottom line might be that drTRPs are
activated by simultaneous DAG (PUFA, including the
DGK pathway) increase and PIP2 decrease. This hypoth-
esis, however, is difficult to test directly.

Jim Putney (Research Triangle Park, North Carolina)
showed for TRPC5, whose gating is still unsolved, that
depletion of PIP2, e.g., by high concentrations of Wort-
mannin or by application of a PI4 kinase inhibitor
(LY294002), activates this channel. However, this
mode of activation remains controversial.

Clear evidence for the potentiating role of PIP2 to act
on the Ca2+- and voltage-activated channel TRPM4
was shown independently in two laboratories (Emily Li-
man, Los Angeles, California, and Bernd Nilius, Leuven,
Belgium). Both groups showed that PIP2 increases the
Ca2+ sensitivity of TRPM4 and that desensitization of
the currents could be explained by hydrolysis of PIP2

(Nilius et al., 2006; Zhang et al., 2005c). PIP2 affects
the voltage-dependent gating of the channels; the data
from the Liman lab show that some of the currents ap-
pear to become insensitive to voltage, whereas, in
data from the Nilius lab, PIPs evoke a dramatic shift of
the activation curve toward more negative potentials.
Unexpectedly, both groups showed surprising data
that the structural determinant for these effects is prob-
ably not a cluster of positive residues in the TRP box and
CEL 1975
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the adjacent TRP domain, which are conserved in all
TRP channels and were previously proposed to consti-
tute a general PIP2 binding site (Rohacs et al., 2005).
Neutralization of conserved basic residues in these do-
mains had only a small effect (if any) on the activation
of TRPM4 by PIP2. Nilius showed that mutations in a pu-
tative C-terminal pleckstrin homology (PH) domain,
however, dramatically attenuated the activation by
PIP2. It is intriguing to speculate whether a similar mech-
anism, i.e., interaction of negatively charged PIP2 with
C-terminal clusters of PH domains in TRPM4, as pro-
posed previously (McLaughlin and Murray, 2005;
McLaughlin et al., 2002), could induce a dramatic reduc-
tion in channel deactivation that could account for the
leftward voltage shift and probably also for the in-
creased Ca2+ sensitivity (Nilius et al., 2006).

A surprising result was communicated by Sharona
Gordon (Seattle, Washington). Previously it has been
shown that a reduction of cellular PIP2 levels, as occurs
upon activation of G protein-coupled receptors that ac-
tivate phospholipase C, activate TRPV1 (or release the
channel from tonical inhibition by PIP2, thereby increas-
ing its heat sensitivity [Chuang et al., 2001; Prescott and
Julius, 2003]). Gordon, however, showed that the PIP2

scavenger polylysine inhibited TRPV1 instead of activat-
ing it, and direct application of PIP2 in inside out patches
always activated TRPV1. These effects were observed in
both native and heterologously expressed channels.
TRP Channel Activation by Endogenous Ligands
The search for endogenous activating TRP channel
ligands is one of the most important topics in the TRP
field. Ca2+ can be considered as an endogenous activat-
ing ligand for TRPM4 and TRPM5.

TRPM2 forms a channel that is highly expressed in the
brain and in blood cells but is also found in a variety of
peripheral cell types, such as the vascular endothelium.
It forms a nonselective cation channel that conducts
mono- and divalent cations with little preference.
TRPM2 comprises a domain with structural homology
to the human nucleoside diphosphate-linked moiety
X-type motif 9 (NUDT9) within the intracellular C termi-
nus of the protein (Perraud et al., 2001). The latter region
constitutes a binding site for ADP-ribose (ADPR). It is
therefore not surprising that ADPR is an endogenous ac-
tivator of TRPM2. Cyclic ADPR (cADPR) additionally ac-
tivates TRPM2, but with an apparent efficacy greatly
less than that of ADPR. More interestingly, cADPR and
ADPR synergize in their activation of TRPM2 (Kolisek
et al., 2005). However, as shown by Makato Tominaga
(Okasaki, Japan), cADPR requires elevated tempera-
tures for activating the channel. Another intrinsic mech-
anism of TRPM2 activation occurs via poly(ADP)ribose
polymerase-1 (PARP-1), which generates free ADPR
that subsequently activates TRPM2. Andreas Lückhoff
(Aachen, GER) studied in detail which ADPR concentra-
tions are necessary to activate TRPM2 in native lympho-
cytes. The ADPR level in bursting neutrophil granulo-
cytes, sufficient to activate TRPM2, ranges between 3
and 30 mM. Ca2+ influx via TRPM2 increases [Ca2+]I,
which in his turn sensitizes activation of TRPM2 by
ADPR. Importantly, activation of TRPM2 accelerated
migration of leukocytes in a chemotaxis assay, provid-
ing a physiological perspective. An increase of [Ca2+]i
by the chemoattractant peptide N-formyl-methionyl-
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leucyl-phenylalanine (fMLP) together with increased
endogenous ADPR activates in vivo TRPM2. Stimula-
tion of the ectoenzyme CD38, a membrane-associated
glycohydrolase with ADPR as the main end product,
also stimulates TRPM2, and a glycohydrolase inhi-
bitor (3GA) inhibits TRPM2-mediated Ca2+ entry. Very
likely, there are many potential TRPM2 modulators,
which can be used pharmacologically for modulation
of neutrophil function.

Another endogenous activation mechanism came as
a big surprise and can certainly be considered as one
of the most exciting novel TRP modulators discussed
in this meeting. Johannes Oberwinkler (Homburg, Ger-
many) showed that one splice variant of TRPM3 chan-
nels, TRPM3a2, is activated by some steroidal com-
pounds. Activation by these compounds is lacking for
another splice variant, TRPM3a1, which is missing 12
amino acids in the pore region. Importantly, in mouse
endocrine cells, the same steroidal compounds activate
currents with TRPM3a2-like biophysical properties. It is
tempting to speculate that we are facing the advent of
a novel class of ‘‘endocrine’’ TRPs.
Activation by Store Depletion: The SOC Mystery
It is a long-standing puzzle how channels can be acti-
vated by Ca2+ depletion of intracellular stores. The
main question is still unsolved: ‘‘What is the molecular
nature of store-dependent Ca2+-entry channels, and by
which mechanisms do plasma membrane (PM) channels
sense the filling state of the store and gate thereupon?’’
Surprisingly, the expression level of TRP channels prob-
ably determines whether those channels are store oper-
ated or not. Lutz Birnbaumer (National Institute of Envi-
ronmental Health Sciences) showed that TRPC3 and
TRPC7 are store operated only at low expression levels.

Don Gill (Baltimore, Maryland) presented new data
concerning the role of the exciting proteins, called
STIM1 and STIM2, which interact with SOC. STIM1 is
a protein with only one Ca2+ binding EF hand motif,
which may therefore act as a low-affinity Ca2+ sensor
being able to measure high Ca2+concentrations in the
ER. Unlike previous studies (Liou et al., 2005; Roos
et al., 2005; Zhang et al., 2005a), Gill showed that over-
expression of STIM1 induces a ‘‘gain of function’’ by per-
forming electrophysiological measurements of CRAC
(the best-described SOC) currents in Jurkat cells, as
opposed to measuring changes in intracellular Ca2+

concentration. Mutations of the EF hand motif (E87A)
led to constitutively activated CRAC channels. Since
this CRAC channel activity could be blocked by extra-
cellular application of an anti-STIM1 antibody, Gill’s
data suggest that STIM1 is already in the PM, and is
therefore not translocated from the store to the PM dur-
ing store depletion, in contrast to a prior model (Liou
et al., 2005; Roos et al., 2005; Zhang et al., 2005a). The
prelocated STIM1 clusters in the membrane with Ca2+

entry channels, thereby activating SOC (CRAC). Unex-
pectedly and also not reported in previous publications,
the closely related protein STIM2 is a powerful inhibitor
of SOC-mediated Ca2+ entry. STIM2 expressed in HEK
cells, colocalizes in clusters—the so-called ‘‘puncta’’—
with STIM1, blocks SOC, and may prevent the inter-
action of STIM1 with the still-elusive Ca2+ entry (SOC,
CRAC) channel (Liou et al., 2005; Roos et al., 2005;
Zhang et al., 2005a).
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Channel gating has often been connected with phos-
phorylation. Lutz Birnbaumer (National Institute of Envi-
ronmental Health Sciences) demonstrated that the C ter-
minus of TRPC2, 3, 6, 7 but the N terminus of TRPC1, 4, 5
interacts with the tyrosine kinase src. Mutation of a crit-
ical residue, Y226F, in TRPC3 prevents activation of this
channel via G proteins (Kawasaki et al., 2006). Some of
the conflicting results of the mode of TRP channel gat-
ing may arise from the interaction of a putative gating
molecule (like OAG) with not only the channel but also
PKC (e.g., TRPC4, TRPC5, and TRPC7 are only acti-
vated by OAG when PKC is inhibited) (L. Birnbaumer
and J. Putney).

TRPC4 was considered a store-operated channel (for
a detailed discussion, see Parekh and Putney [2005],
Pedersen et al. [2005]). Veit Flockerzi (Homburg, Ger-
many) showed data on TRPC4 activation in native intes-
tinal cells. This is certainly one of the important exam-
ples showing how studies of TRP function must be
approached in a native system. This current has been
intensively characterized and has been termed mIcat

(Zholos et al., 2004). Carbachol and GTPgS can activate
it, while, in TRPC4 knockout mice, the mIcat is largely
reduced. The main functional significance seems to be
the TRPC4-mediated depolarization, which triggers ac-
tivation of the intestinal Cav1.2. The question of how
TRPC4 is activated, however, remains unsolved. Intrigu-
ingly, Flockerzi’s presentation provided impressive ex-
amples of how to test the specificity of antibodies with
perhaps the only reliable control: the same cell type
from the knockout animal!
Modulation by Trafficking, PM Insertion,

and Retrieval
Armin Huber (Stuttgart, Germany) and colleagues were
the first to show signal-dependent translocation of the
drTRPL channel in vivo (Bahner et al., 2002) with func-
tional consequences. drTRPL is light-dependently re-
moved from the microvilli back to the cells soma. This
translocation is prevented by mutations in essential
phototransduction proteins, including rhodopsin, ar-
restin, PLC, and Gaq and besides requires Ca2+ influx.
In his presentation, Huber extended this story and
showed elegantly by genetic dissection that the translo-
cation is triggered by Ca2+.

Of course, TRP ‘‘channelogists’’ want to have informa-
tion on channels in native membranes. Indu Ambudkar
(Bethesda, Maryland) studied TRPC distribution in po-
larized MDCK cells. Stimulating these cells by carbachol
procured TRPC3 recruitment in the apical membrane
and TRPC1 in the basolateral membrane requiring
SNARE proteins. Interestingly, the dwell time of the
channels in the PM is twice as long after store depletion
with thapsigargin compared to nonstimulated cells.

René Bindels (Nijmegen, The Netherlands) described
several examples, which are important for PM incorpo-
ration and retrieval of TRPV5 (Hoenderop et al., 2005).
Surprisingly, the protein klotho, which is likely involved
in aging processes because deletion of its gene in
mice results in a syndrome resembling human aging (in-
cluding short life span, bone aberrations, infertility, skin
atrophy, and hypercalcemia) as well as an increase in
serum vitamin D (Kuro-o et al., 1997; Kuro-o, 2001; Taka-
hashi et al., 2000), is a main player and regulator in con-
trolling TRPV5 lifetime in the PM. Klotho, a b-glucuroni-
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dase, hydrolyzes extracellular sugar residues on TRPV5,
thereby entrapping the channel in the PM, which main-
tains channel activity (Chang et al., 2005).

Bindels also showed that tissue kallikrein (TK), a serum
protease, which is involved in blood pressure regulation
and Na+ homeostasis, increases TRPV5 activity. It has
been shown that TK knockout mice display hypercalciu-
ria and that the TRPV5 knockout mice have increased
urinary kallikrein levels. A proposed mechanism for the
kallikreine action is a KK-receptor activation-mediated
PLCb activation that subsequently causes PKC activa-
tion. PKC-mediated TRPV5 phosphorylation very likely
increases TRPV5 PM insertion and delays channel re-
trieval. A similar effect has been shown by the Bindels
lab for alkalinization: a long exposure to increased pH
values increases TRPV5 expression and PM insertion;
vice versa, an acid exposure decreases expression
and PM insertion.

TRPM4 is a Ca2+-activated cation channel, and its ac-
tivation under whole-cell conditions occurs in a biphasic
manner: after a first desensitization, the channel again
increases its activity (Launay et al., 2002; Nilius et al.,
2003; Ullrich et al., 2005). Reinhold Penner (Hawaii)
showed that this second phase results from recruitment
of TRPM4 channels in the PM by exocytosis, while chan-
nel properties remain unchanged.

As discussed later, Sharona Gordon (Seattle, Wash-
ington) showed that NGF activation of PI3 kinase
induces an increased PM incorporation of TRPV1.

Toward a Molecular TRP Pharmacology

A selective TRP channel pharmacology does yet not ex-
ist. The best compounds, both blocking and activating,
act on TRPV1 and TRPM8. This lack of a specific TRP
pharmacology was highlighted by David Clapham (Bos-
ton, Massachusetts). His lecture mainly focused on nat-
ural compounds, which are activators of endogenous
TRP channels or which act via channel desensitization
as counterirritants. Such compounds are well known;
however, their mechanism of activation is very unclear.
In addition, as pointed out by Clapham, these natural
compounds express a rather high degree of promiscuity.
TRPV1 is activated by resiniferatoxin (from the cactus
Euphorbia resinifera and in medical use since 7000
B.C.) and by piperine, the pungent component in black
pepper. Importantly, camphor activates the Y511A mu-
tant (present in chicken), which is insensitive to capsaicin
(Jordt and Julius, 2002). Used medicinally for centuries,
camphor is a waxy substance with penetrating odor ex-
tracted from the laurel Cinnamomum camphora. Cam-
phor, first described as an activator of TRPV3 (Moqrich
et al., 2005), also acts as an agonist of TRPV1 (Clapham,
this meeting, and see Xu et al. [2005]) and even potenti-
ates TRPV1 activation but does not act on TRPV2. In-
triguingly, TRPV1 has been attributed to a component
of salt and sour taste (Lyall et al., 2004).

Second messengers like BK, Ach, and activators of
PKC all enhance camphor responses. This second mes-
senger modification might act on the channel itself or
involve channel recruitment. Also, eugenol, a colorless
aromatic liquid made from clove oil obtained from the
evergreen tree (Syzygium aromaticum), used as a dental
analgesic and also used in perfumery, is a potent activa-
tor of TRPV1 and TRPV3. Its analgesic property is
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probably due to its desensitization properties on TRPV1.
Another interesting natural substance is carvacrol,
which is an aromatic phenolic compound produced by
plant leaves from oregano. Oregano is a perennial Eur-
asian herb (Origanum vulgare), a member of the mint
family, and its flavoring compound carvacrol also comes
from the plant Satureja (also a member of the mint plant
family Labiatae or Lamaiceae). It has been used as an
aromatic herb; together with anchovies and prickled
fruits, it gives a piquant, sometimes pungent taste or
adds some saltiness to a dish. Clapham showed that
carvacrol activates TRPV3.

Clapham showed that TRPV3 is expressed in epider-
mal cells in the palate, in the nasal epithelium, and in
tongue keratinocytes. Carvacrol activated TRPV3 and
TRPA1, but not TRPV1, TRPV2, or TRPV4. Thymol is
an aromatic compound derived from thyme oil from
the leaves of the perennial herb Thymus vulgaris (also
a mint Labiatae member) and can be used as an antisep-
tic, a fungicide, or a preservative. Clapham showed that
thymol is an activator of TRPV3, potentiated by heat.
Taken together, these data suggest that TRPV1 is acti-
vated by the natural compounds in the efficacy ranking
capsaicin > eugenol >> carvacrol and TRPV3 by carva-
crol > eugenol >>> capsaicin. All activation modes are
potentiated by histamine and BK. Finally, TRPA1 is
probably not present in the tongue epithelium but is
located in the tongue sensory fibers. Isothiocyanates
(the pungent component in mustard, horseradish, and
wasabi), cinnamaldehyde (an active compound in cinna-
mon oil), and D9-tetrahydrocannabinol (the psycho-
active compound in marijuana (Cannabis sativa) all acti-
vate TRPA1. Allicin, an unstable component of fresh
garlic (Allium sativum), is an agonist for TRPA1 (see
also Voets et al. [2005]). Besides, TRPV1 can be sensi-
tized by mustard oil and can be effectively activated
by camphor, which induces fast desensitization. Given
the wide expression of TRPVs and TRPA1 in skin and
in skin sensory fibers, it is not surprising, as pointed
out by Clapham, that all these natural compounds are
able to exert many different sensations in the skin,
mouth, and nose. These include warmth and pain, but
they also can act as irritants or after TRP desensitization
as counterirritants. Indeed, this plethora of natural TRP-
activating compounds leaves us with an exciting possi-
bility to understand more about TRP pharmacology but
also about the effects of compounds that have been in
use for several centuries (see also Calixto et al. [2005]
for an exciting overview).

Reinhold Penner (Hawaii) provided a set of completely
different pharmacological data, which highly selectively
modulate TRPM4 channels using the immunosup-
pressive compound 3,5-bis(trifluoromethyl)pyrazole
derivative (BTP2). This compound potentiates TRPM4
activation without changing the Ca2+ sensitivity of the
channel. TRPM4 is a weakly voltage-dependent chan-
nel, and, as pointed out by Penner, the BTP2 activation
refers to a leftward shift in its voltage dependence. In
addition to TRPM4 activation, BTP2 inhibits CRAC
channels in Jurkat cells and also IL-2 production in lym-
phocytes. The mechanisms of these effects can be
attributed to a decrease in Ca2+ influx by inhibition of
CRAC but also by TRPM4 activation, which causes de-
polarization of the membrane potentials, thereby reduc-
MOLCE
ing the inwardly driving force for Ca2+ entry. This is a nice
example of the identification of TRPM4 as a key element
in lymphocyte signaling, providing a tool for highly se-
lective and potent suppression of cytokine release.
The opposite effect, downregulation of TRPM4 by dom-
inant-negative constructs or siRNA, which causes more
hyperpolarized membrane potentials, increased Ca2+ in-
flux and an increase in IL-2 production in T lymphocytes
and is, as such, supporting that data obtained with BTP2
(see also Launay et al. [2004]).

TRPs: Universal Sensors between the Outside

and Inside World
TRPs were discussed as general sensor channels,
which are involved in temperature sensing, taste, olfac-
tion, and mechanosensation. The complexity of taste
recognition was introduced by Charles Zuker (San
Diego, California). This exciting keynote lecture gave
a general overview about sweet, bitter, and umami
tastes, the respective taste receptors, and the coding
logic of these taste qualities in the brain. Importantly,
in contrast to what is generally believed, all taste buds
probably have receptors for all taste qualities, but one
taste cell confers only the information for one particular
taste quality. Concerning the TRP connection, the sweet
receptor (a heteromer of T1R2 and T1R3 subunits), the
umami receptor (a heteromeric receptor composed of
T1R1 and T1R3 subunits), and more than 30 T2R bitter
receptors are able to signal to the TRPM5 channel
(Zhang et al., 2003). Obviously, we need sophisticated
bitter recognition to survive! This channel is activated
by low Ca2+ concentrations and is very temperature
sensitive (‘‘thermoTRP,’’ see also Talavera et al.
[2005]). TRPM5 colocalizes with PLCb. Probably a small
increase in [Ca2+]i is already sufficient to activate TRPM5
and to induce depolarization. However, the detailed sig-
nal transduction cascade is still unclear. Obviously, the
main message of this lecture was not focused on the
TRPM5 signaling cascade.

TRPs are also involved in the recognition of chemical
compounds by smell. Frank Zufall (Baltimore, Maryland)
presented experiments showing that disruption of the
TRPC2 gene results in a now already widely reviewed,
dramatically altered male-male and male-female ag-
gression and mating behavior (Leypold et al., 2002;
Zufall et al., 2005). These changes are due to a defect
in pheromone recognition, which activates downstream
TRPC2 channels. The signaling cascade seems clear:
pheromones bind to a plethora of GPCR that signal to
PLC. The TRPC2 channel is subsequently activated by
DAG, and activation can be potentiated by inhibition of
DGK (R59949), which prevents PIP2 or DAG metaboliza-
tion. Interestingly, TRPC2 is also a candidate to be
added to the list of TRPCs inhibited by intracellular
Ca2+. Newer data from the Zufall laboratory concern
the involvement of the major histocompatibility complex
(MHC) in mating preference and in social behavior. MHC
class I peptides activate subsets of sensory neurons in
both the main olfactory epithelium (MOE) and the vom-
eronasal organ (VNO) (Leinders-Zufall et al., 2004; Spehr
et al., 2006). VNO neurons responding to peptides were
located in the basal layer of the sensory epithelium,
where V2R-type receptors and the G protein Ga are
expressed. These peptides function as individuality
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signals and, as such, encode the genotype of an individ-
ual (Boehm and Zufall, 2006). They function in mate rec-
ognition in the context of pregnancy block (Bruce effect)
and constitute a previously unknown family of chemo-
sensory stimuli by which MHC genotypic diversity can
influence social behavior (Leinders-Zufall et al., 2004).
The ‘‘Bruce effect’’ is a selective disruption of pregnancy
in mammals (best studied in rodents) in which exposure
of a female to the odor of an unknown male—during
a critical period—results in implantation failure. How-
ever, because of the fact that TRPC2-deficient mice
show a rather normal Bruce effect, the underlying ion
channels remain to be defined.

Mechanosensing is an exciting but as yet little under-
stood function of TRP channels. Don Gill (Baltimore,
Maryland) studied endogenous TRPC6 channels in
A7r5 smooth muscle cells, which are activated by VP
and mediate cell depolarization and activation of
L-type channels. When expressed in CHO cells or
HEK293 cells, TRPC6 channels are activated by two dis-
tinct mechanostimuli—pressure-induced stretch and
hypoosmotic cell swelling. Interestingly, the mechanical
activation of TRPC6 channels is inhibited by GsMTx4, an
w4 kDa peptide, which is isolated from the tarantula
venom and is the first specific reagent for mechanosen-
sitive channels. Its action indicates that TRPC6 channels
are likely directly activated by lipid stretch. Moreover,
the toxin blocks the DAG activation of TRPC6 channels,
suggesting that a common mechanism mediates both
chemical sensing and mechanical sensing of lipids by
TRPC6 channels.

One spectacular new result presented during this
meeting was the phenotypical description of the
TRPA1 knockout mouse by D. Julius (Bautista et al.,
2006). TRPA1 had been proposed to function as a key
element of the mammalian hair cell mechanosensory
system. It is expressed in the hair cells in the inner ear
and has been discussed as the transduction channel
for hearing (Corey et al., 2004; Lin and Corey, 2005).
However, after studying the TRPA1 knockout, no
mechanosensing function could be so far attributed to
this channel: no significant difference was found for
inner or outer hair cell function.

Jaime Garcia-Añoveros (Northwestern University,
Illinois) pointed out that our understanding of mechano-
sensation in general is the least developed of the five
Aristotelian senses. In his view, TRPA1 still remains
a candidate for a ‘‘mechano’’ TRP, with a wide expres-
sion pattern in somatosensory neurons. In the neonatal
organ of Corti, TRPA1 is prominently expressed in the
supporting cells, which participate in the postnatal
clearing of Na+ and Ca2+ to generate the K+-rich endo-
lymph. Only in late neonatal sensory epithelia TRPA1
immunoreactivity is found in hair cells, and no longer
in the supporting cells. The issue of whether there are
functional TRPA1 channels in hair cells was discussed
in regards to a recent report of AITC and icilin-activated
currents in hair cells (Stepanyan et al., 2006). In his view,
TRPA1 is not the mechanotransduction (MT) channel in
isolation, but may provide a subunit in mature hair cells.
He proposed that hair cell transducers are molecularly
heterogeneous and a product of several subunits. This
hypothesis is based on reported tonotopical variations
in the hair cell MT channel conductance along the length
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of the cochlea (Ricci et al., 2003). It might also explain
the absence of overt hearing defects in the mutant pre-
sented by Julius as well as the limited reductions with
acute gene knockdown methods (Corey et al., 2004).
Evidence that TRPA1, or a similar channel protein, is
a constituent of mechanosensory channels comes
from pharmacological experiments. Heterologously ex-
pressed TRPA1 channels are blocked by gentamycin,
ruthenium red, gadolinium, and amiloride (all mechano-
sensory channel blockers, although none of them is a se-
lective pharmacological tool, Bernd Nilius). Importantly,
expression of TRPA1 yields channels whose activation
is potentiated by Ca2+ followed by (see above) a strong
Ca2+-dependent inactivation, phenomena that are also
shared by the hair cell transducer (Corey et al., 2004; Na-
gata et al., 2005). He proposed a model (although heavily
discussed) in which Ca2+ binds in the pore, resulting in
a low single channel conductance and a high open prob-
ability. In the absence of Ca2+ binding in the channel
pore, TRPA1 is a high conductance channel with a low
open probability. A thorough single channel analysis
was not discussed but is studied more in depth in Na-
gata et al. (2005). The function of TRPA1 in the inner
ear, whether in hair cells or in supporting cells, remains
to be elucidated. However, there seems to be no doubt,
as pointed out in detail by Julius and also supported by
Garcia-Añoveros, that TRPA1 is a nociceptive channel,
as it is expressed in most nociceptive neurons, and it
translocates from the neuron soma to the sensory
endings (Nagata et al., 2005). In this context, Garcia-
Añoveros discussed how the voltage dependence of
the Ca2+ inactivation of TRPA1 could account for selec-
tive and persistent activation to suprathreshold (i.e.,
noxious) stimuli (Ricci et al., 2003).

Although temperature sensing by TRP channels is one
of the most exciting and best-understood phenomena of
TRP physiology, this meeting provided a limited amount
of novel information referring to temperature sensors.
Since the discovery of the TRPV1 as a heat-activated
channel, five additional mammalian temperature-sensi-
tive TRP channels (or thermoTRPs) have been de-
scribed. TRPV1, 2, 3, 4 are all activated by heat, whereas
TRPM8 and probably TRPA1 are activated upon cool-
ing. Nilius showed an example for activation of TRPA1
by cold, an effect that is still under dispute (Jordt
et al., 2004). Makato Tominaga (Okazaki, Japan)
described TRPM2 as a novel thermoTRP that functions
voltage independently, e.g., does not cause tempera-
ture sensing by shifting its activation curves, as it is de-
cribed for TRPV1 (Voets et al., 2004). This temperature
dependence is important, as cADPR causes TRPM2
activation only at temperatures above 35ºC. Only due
to this sensitization by higher temperatures, cADPR
is able to support glucose-activated insuline release
in pancreatic b cells. Nilius mentioned TRPM4 and
TRPM5 as novel thermoTRPs that might have, at least
for TRPM5, a physiological impact on taste, e.g., poten-
tiating bitter, sweet, and umami taste at increasing
temperatures.

TRPs Need Partners: Promiscuous TR(I)Ps

The idea for signalplexes forming TRPs was put forth
a long time ago by several researchers. The INAD scaf-
fold protein was originally found in the lab of C. Zuker
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(Shieh and Zhu, 1996). Huber and Zuker’s laboratory col-
leagues as well as, somewhat later, Montell and col-
leagues discovered the supramolecular organization of
TRP, eyePKC, PLC, and INAD (Chevesich et al., 1997;
Huber et al., 1996; Tsunoda et al., 1997).

During this meeting, many TRP partners were identi-
fied. Indu Ambudkar (Bethsda, Maryland) showed a pro-
teomic approach identifying possible interaction part-
ners of TRPC3. The most impressive example is the
binding of RACK1, the receptor of activated C kinase
1, with the N terminus of TRPC3. RACK1 further interacts
with the IP3 binding domain of the IP3R (without chang-
ing IP3 binding), and also the TRPC3 terminus has char-
acterized C-terminal interaction sites with the IP3R. It is
intriguing to speculate whether a dissociation of this
complex might be involved in activation of store-oper-
ated Ca2+ entry (compare also with the disassembly
hypothesis of the TRPC1-homer-IP3R complex, which
parallels TRPC1 activation Yuan et al., 2003).

Later on, we will discuss that TRPV1 binds function-
ally to PI3 kinase (S. Gordon).

René Bindels’ lab (Nijmegen, The Netherlands) has re-
cently discovered a number of proteins interacting with
the C terminus of TRPV5 (e.g., S100A10, 80K-H, Rab11,
calmodulin). Here, they showed the effects of calbindin-
D28K (CaBP28K), a Ca2+ sensor that comprises 6 EF-hand
motifs, which undergo a conformational change upon
Ca2+ binding. Obviously, CaBP28K, which colocalizes
with TRPV5 in distal convoluted tubules and connecting
tubules, strongly buffers the cytosolic Ca2+ concentra-
tion ([Ca2+]i) during high TRPV5-mediated Ca2+ influx.
Bindels demonstrated by using protein binding analysis
and evanescence-field microscopy (TIRF) that CaBP28K

translocates toward the plasmamembrane and directly
associates with TRPV5 at a low [Ca2+]i, thereby probably
buffering the Ca2+ entering the cell via TRPV5. This
mechanism may diminish Ca2+-dependent inhibition of
TRPV5 and facilitates a high Ca2+ transport rate.

TR(I)Ps into Diseases
We are now poised to begin understanding dysfunctions
of TRP channels and their relationship to distinct human
diseases. There is no doubt that TRP channels are in-
volved in many diseases, but only a few channelopa-
thies have been identified in which defects in TRP genes
are the direct cause of cellular dysfunction (Nilius et al.,
2005c). Nonetheless, strong indications of the involve-
ment of TRPs in several diseases come from correla-
tions between levels of channel expression and disease
symptoms, mapping of TRP genes in susceptible chro-
mosome regions, and their involvement in systemic dis-
eases due to their role as targets for irritants, inflamma-
tion products, and xenobiotic toxins. This meeting
provided some intriguing examples.

A major cause of retina degeneration in Drosophila is
connected to a Ca2+ overload of the photoreceptors,
e.g., due to constitutively open drTRP channels (e.g.,
the drTRP P365 mutation or exposure to anoxia)
(Agam et al., 2000; Yoon et al., 2000). Increased expres-
sion of the Ca2+-extruding Na+/Ca2+ exchanger, CalX,
prevents this retinal degeneration (communicated in
the Montell lecture). Another cause of retinal degenera-
tion is loss of drTRP, which results in a decreased Ca2+

influx. Degeneration due to low light-dependent Ca2+
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entry is suppressed by elimination of CalX and results
from stable rhodopsin-arrestin complexes, leading to
endocytosis of rhodopsin. Two other TRP channels are
well described in human diseases: mutations in TRPPs
provoke the development of large cysts in the kidney
and result in autosomal dominant polycystic kidney dis-
ease (ADPKD). This is a common inherited disease and
is caused by mutations in TRPP1 (PKD1) and TRPP2
(PKD2). Montell showed that drTRPP2 (PKD2), as in
mammals, is localized in axonemal structures and is
found in the distal tip of the sperm flagella. Defects in
drTRPP2 cause reduced male fertility due to a defective
storage of the sperm. The amo (‘‘almost there’’) males
produce normal amounts of motile sperm, but mutant
sperm fail to enter the female sperm storage organs
(see also Watnick et al. [2003]).

Mutations in another TRP channel, TRPML1, cause
Mucolipidosis type IV (MLIV). This disease is a recessive
neurodegenerative lysosomal storage disorder charac-
terized by severe psychomotoric retardation, ophthal-
mological abnormalities, retinal degeneration, agenesis
of the corpus callosum, and blood iron deficiency. Gid-
eon Bach (Jerusalem, Israel), one of the pioneers in the
discovery of the pathogenesis of MLIV, gave an impres-
sive overview of this disease. MLIV was discovered as
a lysosomal storage disease in 1976 and, surprisingly,
approximately 80% of the patients are Ashkanazi
Jews. All cells have so-called membraneous lamellar
cytoplasmic bodies. The storage material consists of
mucopolysaccharides and lipids such as gangliosides,
phospholipids, and neutral lipids. As shown from
pulse-chase experiments by Bach, in contrast to other
lysosomal storage diseases, degradation of the storage
material is intact. However, bodipy-lactosylceramide
experiments showed that the trafficking of early endo-
somes, lysosomes, and retrieval by the Golgi system is
disturbed. In particular, the step from late (sorting)
endosomes to lysosomes and from lysosomes to Golgi
retrieval is delayed. The stored material is not able to
move from the lysosomes to the Golgi anymore. Bach
referred to well-described different mutants in the TRP
channel TRPML1 that may cause these trafficking de-
fects (for a recent review, see Bach [2005]). Intriguingly,
Bach found that the lysosomal pH in MLIV patients is
higher compared to the one registered in lysosomes of
healthy persons. These findings are somewhat in con-
trast with recent data from the laboratory of Shmuel
Muallem (Dallas, Texas). Muallem showed that TRPML1
is a lysosomal monovalent cation channel. Interestingly,
both native and recombinant TRPML1 are cleaved, and
in native cells mainly the cleaved N and C termini are
detected. This proteolytic cleavage (probably at the
site R200/P201) is inhibited by inhibitors of Cathepsin
B (CatB) and is altered when TRPML1 is expressed
in CatB2/2 cells. Importantly, the cleavage inhibited
TRPML1 channel activity. This work provides the first
example of inactivation of a TRP channel by cleavage.
Measurements of lysosomal pH from the Muallem lab
have now revealed that the lysosomes in TRPML12/2

cells obtained from patients with MLIV are overacidified
(in contrast to the Bach data). Muallem showed that
TRPML1 functions as an H+ channel; the increased lyso-
somal acidification in TRPML12/2 cells is likely due to
a loss of function of TRPML channels causing a reduced
L 1975



Meeting Review
9

H+ leak. TRPML1 normally dissipates the lysosomal H+

gradient. In addition, a remarkable reduction in lipid
hydrolysis is observed in TRPML12/2 cells due to a
decreased lipase. These findings provide a new and ex-
citing mechanism for the TRPML channelopathia MLIV
(Kiselyov et al., 2005; Soyombo et al., 2005). Muallem
also provided exciting data on the channel function of
TRPML3, another member of the TRPML subfamily,
which is involved in the hearing loss and skin pigmenta-
tion phenotype of the varitint-waddler mouse.

Another intriguing role of TRPs in disease was
presented for TRPV1. This channel is the keyplayer in
neurogenic inflammation (vasodilation, plasma extrava-
zation, edema, inflammatory pain, thermal and mechan-
ical hyperlalgesia, and allodynia), which is caused by an
overstimulation of peripheral nociceptor terminals by
tissue injury or nonneurogenic inflammation. Overstimu-
lation of TRPV1 results in an increased release of sen-
sory neurotransmitters, mostly peptide transmitters or,
in the case of cell damage, ATP and protons. The major
neuropeptides involved in neurogenic inflammation
are substance P (SP), calcitonon-gen-related peptide
(CGRP), and neuropeptide Y (NPY), which in turn in-
duces directly or via axon reflexes vasodilation. Pro-
algesic, proinflammatory mediators are nerve growth
factor (NGF), protons, histamine, cytokines, chemo-
kines, glutamate, and ATP. David Julius (San Francisco,
California) introduced this important topic linking TRPs
and disease. TRPV1-activating compounds inducing
pain and hyperalgesia can trigger neurogenic inflamma-
tion. One striking example referred to in detail by Julius
is the generation of pain in bone sarcomas. Osteoclast
activation induces bone reabsorption and acidosis,
thereby activating TRPV1 in bone sensory fibers.
Not surprisingly, TRPV1 antagonists decrease bone-
pain-related behaviors in a mouse model of sarcoma
metastasis within bone (Ghilardi et al., 2005). This is an
intriguing example of the development of new therapeu-
tic concepts based on TRPV physiology. Importantly,
pain is also induced by TRPA1-activating compounds,
which all stimulate a subset of sensory fibers.

As already reported, the authors failed to verify this
mechanism. Instead, they discovered that PIP2 acti-
vates TRPV1 and, in addition, the regulatory subunit of
the PI3 kinase, p85b, binds to the N terminus of TRPV1
as shown by Y2H and coimmunoprecipitation from
DRG cells. In vitro experiments showed that recombi-
nant PI3K p85 bound TRPV1 through its SH2 domains.
Y200, in the N terminus of TRPV1, has recently been re-
ported to be required for the NGF sensitization of TRPV1
(Zhang et al., 2005b), raising the possibility that the inter-
action between PI3K and TRPV1 may be mediated by
phosphorylation of Y200. One possible mechanism of
TRPV1 sensitization could be the PI3K-mediated phos-
phorylation of PIP2 into PIP3. However, PIP3 binds to
the TRPV1 C terminus in vitro, and its potentiation of
TRPV1 is not significantly different from PIP2 potentia-
tion. Noise analysis and simultaneous TIRF-electro-
physiology recordings, however, showed that PI3K un-
derlies NGF sensitization of TRPV1 by increasing
channel incorporation into the PM, resulting in approxi-
mately 25% more available channels. This novel mecha-
nism clearly contributes to the generation of hyper-
algesia induced by NGF.
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David Julius clearly showed that, in addition to
TRPV1, TRPA1 mediates selective aspects of inflamma-
tory hyperalgesia. This channel is present in a subset of
peptidergic neurons. TRPA1-activating compounds af-
fect a subset of sensory fibers and also induce a release
of GCRP from sensory nerve endings. In this respect,
TRPA1 is a receptor-operated channel that is sensitized
by BK via the PLCb cascade, resulting in IP3-mediated
Ca2+ release. Ca2+ is a cofactor for TRPA1 activation
and helps gating the channel. Importantly, TRPV1 and
TRPA1 cooperate and are both main players in inflam-
matory and thermal hyoperalgesia. All activating effects
of MO and other TRPA1 agonists are absent in TRPA1
knockout mice. Data obtained from the TRPA1 knock-
out mouse also suggest that this channel is not cold
activated.

Concluding Remarks
The Eilat meeting was certainly a highlight on the pleas-
ant and painful road to determining TRP channel struc-
ture, unravelling mechanisms of molecular regulation,
and looking for their role in native cell function and in
the first trials knocking at the gate of diseases.

Participants were overwhelmed by novel data and
insights and could reevaluate key data in already-
published work. If a conclusion is at all valid, most of
the participants may have agreed that, in the near future,
the molecular structure of TRP channel must be ap-
proached, hopefully providing a better understanding
of TRP channel gating. Another issue, at least in many
personal discussions, concerned the lack of reliable an-
tibodies in the whole TRP field. If one urgent aim in TRP
channel research is the elucidation of their role in native
cells, cell systems, and organs, then the first step must
be the clear-cut identification of the presence of the pro-
tein in question. This is one of the most urgent demands.
In addition, we need to develop better methods to mod-
ify expression levels in native cells to verify and to
reduce the ‘‘noise’’ coming from too many siRNA data.
TRP phenotypes of knockout models are too mild to
receive conclusive information on the role of the respec-
tive TRP channel function. Better genetic approaches,
the more integrated use of model animals, the availabil-
ity of inducible transgenic models ,and a better ease of
distribution of material within the whole scientific com-
munity are required and might help the progress of
this exciting field of truly remarkable proteins.
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Arch. 451, 61–71.
EL 1975


	A Road Map for TR(I)Ps
	Outline placeholder
	The Roots
	TRPs and the Search for Protein Structure
	Molecular Modulation of TRP Channels
	A Ca2+ Connection
	The PIP2 Tale
	TRP Channel Activation by Endogenous Ligands
	Activation by Store Depletion: The SOC Mystery
	Modulation by Trafficking, PM Insertion, and Retrieval

	Toward a Molecular TRP Pharmacology
	TRPs: Universal Sensors between the Outside and Inside World
	TRPs Need Partners: Promiscuous TR(I)Ps
	TR(I)Ps into Diseases
	Concluding Remarks

	References


