Mol Neurobiol (2008) 37:153-163
DOI 10.1007/s12035-008-8027-y

Phospholipase C Mediated Modulation of TRPV1 Channels

Tibor Rohacs - Baskaran Thyagarajan - Viktor Lukacs

Received: 3 March 2008 /Accepted: 13 May 2008 /Published online: 5 June 2008

© Humana Press Inc. 2008

Abstract The transient receptor potential vanilloid type 1
(TRPV1) channels are involved in both thermosensation
and nociception. They are activated by heat, protons, and
capsaicin and modulated by a plethora of other agents. This
review will focus on the consequences of phospholipase C
(PLC) activation, with special emphasis on the effects of
phosphatidylinositol 4,5-bisphosphate (PIP,) on these
channels. Two opposing effects of PIP, have been reported
on TRPV1. PIP, has been proposed to inhibit TRPV1, and
relief from this inhibition was suggested to be involved in
sensitization of these channels by pro-inflammatory agents.
In excised patches, however, PIP, was shown to activate
TRPVI1. Calcium flowing through TRPV1 activates PLC
and the resulting depletion of PIP, was proposed to play a
role in capsaicin-induced desensitization of these channels.
We will describe the data indicating involvement of PLC
and PIP, in sensitization and desensitization of TRPV1 and
will also discuss other pathways potentially contributing to
these two phenomena. We attempt to resolve the seemingly
contradictory data by proposing that PIP, can both activate
and inhibit TRPV1 depending on the experimental con-
ditions, more specifically on the level of stimulation of
these channels. Finally, we also discuss data in the literature
indicating that other TRP channels, TRPAl and some
members of the TRPC subfamily, may also be under a similar
dual control by PIP,.
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Introduction

Transient receptor potential vanilloid type 1 (TRPV1) was
the first member of the mammalian transient receptor
potential (TRP) ion channel family that was reported to be
regulated by phosphatidylinositol 4,5-bisphosphate (PIP,)
[1]. The reported effect of PIP, on TRPV1 was inhibition.
This paper was followed by a stream of articles on other
members of the TRP channel family, all reporting the
opposite effect, activation by PIP, [2-8]. Soon, inhibition
of TRPV1 by PIP, became the odd man out on this field,
especially considering the essential lack of confirmatory
articles from other laboratories. Thus, the recent report by
Stein et al. showing that PIP, activates TRPV1 channels in
excised patches [9] was not very surprising, but it created
some confusion in the field [10, 11]. Can PIP, both activate
and inhibit TRPV1? An article published soon after Stein et
al. confirmed the activating effect of PIP, in excised
patches but also presented data supporting the idea that
under certain circumstances, PIP, may also inhibit the same
channels [12]. This short review will discuss the data on the
PIP, regulation of TRPV1 and present some ideas how
these two opposing effects of the lipid could be integrated.

Phospholipase C and PIP, Metabolism

The membrane phospholipid PIP, is the substrate for
phospholipase C (PLC), which catalyzes the formation of
the two classical second messengers inositol 1,4,5-
trisphosphate (IP3) and diacylglycerol (DAG). Beyond its
precursor function, PIP, has been shown to serve as a
membrane anchor for a wide variety of cytoplasmic
proteins. Recently, it was also found that PIP, regulates
many different of ion channels, including several members
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of the TRP channel family. The topic of phosphoinositide
regulation of ion channels [13—16], including TRP channels
[17-20], has been extensively reviewed recently.

When discussing PLC, our first thought is usually its
activation by G-protein coupled receptors (GPCRs). Ago-
nist binding to the heptahelical GPCRs leads to the
activation of members of the PLC[3 subfamily (PLC31-4)
through direct activation by either the Gqu or Gfvy
subunits of heterotrimeric G-proteins [21]. A large number
of extracellular messenger molecules, such as bradykinin,
angiotensin-2, acetycholine, and vasopressin, bind to
receptors coupled to Gq and activate of PLC( isoforms.

Stimulation of receptor tyrosine kinases (RTK) by
growth factors such as nerve growth factor (NGF), on the
other hand, leads to the activation of PLCy isoforms
(PLCy1-2). The mechanism of activation of PLCvys is very
different from that of PLCfs. The single transmembrane
domain RTK dimerizes upon ligand binding then phos-
phorylates itself, which leads to docking of various effector
molecules to the receptor, including PLCy. Finally, the
tyrosine kinase domain of the receptor also phosphorylates
PLCy which, in addition to docking, is also important for
activation of this enzyme [21].

The third classical group of PLCs are PLC8s (PLC31, 3,
and 4) [21]. PLC$2 is a bovine homologue of the human/
mouse PLC&4 [22]. These enzymes are considered more
ancient, even though certain lower animals such as
drosophila lack these isoforms (www.flybase.org). Their
regulation is less well understood than that of the other two
classical groups. The activator most likely to be of
physiological relevance is increased cytoplasmic Ca”".
Thus, these enzymes are thought to serve as signal
amplifiers after PLC3 or PLCy activation. All PLC
isoforms require some Ca®' for activity and can be
activated in vitro by high Ca®", but PLCds are the most
sensitive to changes of Ca®" in the physiological Ca>* range
among the classical isoforms [23]. Thus, it is likely that
these isoforms are activated in physiological conditions by
increased cytoplasmic Ca”’, especially since they do not
have any obvious other activating mechanism, unlike the
members of the other two classical groups. These three
classical PLC subfamilies have been extensively reviewed
[21, 24].

In the genomic era, several novel PLC isoforms have
been cloned [25]. Briefly, PLCe (epsilon) was shown to be
activated by the small G-protein ras [26]. PLC( (zeta) is
injected from the sperm into the oocyte (sperm factor)
where it induces Ca®" oscillations [27]. PLCnl (eta) and
PLCn2 are the most recently cloned PLC isoforms. Their
regulation is not well understood, but they may be even
more sensitive to Ca®" than the PLCS isoforms [25, 28].
Two PLC homologues with no apparent PLC activity
(PLCL1 and PLCL2) have also been identified [29].

TRPV1 Channels

TRPV1 channels are members of the TRP ion channel
family [30, 31]. They are nonselective cation channels that
are permeable to calcium and are mainly expressed in
sensory neurons [32, 33]. The cell bodies of these neurons
are found in dorsal root and trigeminal ganglia (DRG, TG)
and various other sensory ganglia such as the nodose and
jugular ganglia of the vagus nerve [34]. TRPV1 channels
are also expressed in various cell types other than sensory
neurons, but discussion of this topic is beyond the scope of
this review. The three best known activators of TRPV1 are
heat, low extracellular pH, and vanilloids, such as capsaicin
[35]. Several endogenous analogues of capsaicin (endova-
nilloids) such as anandamide have also been described [36],
and there are countless other compounds and pathways that
modulate these channels [37]. The activation of TRPV1
channels in sensory neurons evokes a painful burning
sensation, which is well known to all who ever tasted hot
chili peppers. Even though TRPV1 is clearly activated by
heat with a threshold of ~42 C, its role in thermosensation
is not well defined [38]. Deletion of the TRPV1 gene in
mice, for example, resulted in only a moderate [39] or no
change [40] in sensitivity to noxious heat. On the other
hand, TRPV1™" mice showed no behavioral responses to
local capsaicin or resiniferatoxin injection [39] confirming
that these compounds exert their effects exclusively through
TRPV1. Various aspects of the regulation and pharmacol-
ogy of TRPV1 have been extensively reviewed [32, 37, 41,
42].

Sensitization of TRPV1 and the Inhibitory Effect of PIP,

Tissue damage induces inflammation, which is character-
ized by hypersensitivity to noxious (hyperalgesia) or even
innocuous stimuli (allodynia). A number of substances are
released upon tissue damage and the following inflamma-
tion that sensitize TRPV1 to activating stimuli [43]. These
substances include bradykinin, NGF, ATP, chemokines, and
prostaglandins. As TRPV1~ mice show markedly de-
creased thermal hyperalgesia [39, 40], the sensitization of
these channels is likely to be involved in this phenomenon.

Many of the modulators that are released in inflamma-
tion and tissue damage activate PLC, leading to the
hydrolysis of PIP,. It is well established that activation of
PLC by cell surface receptors sensitizes TRPV1 channels to
their three major activators: capsaicin, protons, and heat.
For bradykinin [44], extracellular ATP [45], and the
chemokine CCL3 [46], protein kinase C (PKC) was shown
to be involved in sensitization of TRPV 1. Sensitization has
usually been studied at low stimulation strength, such as
low concentrations of capsaicin (10-100 nM), a moderate
drop of pH or moderate increase in temperature. Consistent
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with this notion, both extracellular ATP [45] and PKC
activation [47] shift the capsaicin dose-response curve to
the left and the H' sensitivity to higher pH values. In
contrast, several laboratories have shown that NGF
increases the number of TRPV1 channels in the plasma
membrane in a PI3K dependent manner [9, 48].

As mentioned earlier, it is quite well established that the
activation of PKC plays a role in sensitization of TRPV1 by
GPCR activation. An interesting alternative mechanism was
proposed by David Julius’ laboratory. In this paradigm,
PIP, tonically inhibits TRPV1 channels. Upon activation of
PLC, this tonic inhibition is relieved by PIP, hydrolysis, in
effect leading to channel sensitization [1]. This model was
very attractive, because members of one major subfamily of
TRP channels (TRPCs) are activated downstream of PLC.
As the regulation of TRPC channels is not well understood,
activation by relief from PIP, inhibition was postulated to
be a more general phenomenon among TRP channels, see
also later. A subsequent study showed that the region
responsible for PIP, inhibition of TRPV1 is in the very
distal C terminus, a region that does not show homology to
similar regions of other TRP channels [49].

The idea that PIP, inhibits TRPV1 channels was based
mainly on indirect evidence; the effects of phosphoinosi-
tides were not tested in excised patches. When phosphoi-
nositides were tested later in excised patches, they
consistently activated TRPV1 channels [9, 12], seemingly
contradicting the inhibitory role of PIP, [11]. However, two
additional pieces of evidence were obtained recently
supporting the idea of a partial inhibition by PIP, [12].
Depleting PIP, with a chemically inducible 5-phosphatase
[50] potentiated TRPV1 currents at low but not high
capsaicin concentrations [12]. The same intervention also
potentiated currents evoked by moderate increases in
temperature [12]. Overproducing PIP, by co-expressing a
phosphatidylinositol 4-phosphate 5-kinase inhibited
TRPVI1 currents at low but not high capsaicin concen-
trations [12]. These latter data are consistent with a partial
inhibition of TRPV1 by PIP, at low stimulation strength,
where sensitization usually occurs. The inhibitory effect of
PIP,, however, is likely to be indirect as it was not
detectable in excised patches regardless of the capsaicin
concentration used [12].

Fig. 1 Model of desensitization
of TRPV1. Calcium entry through
TRPV1 activates a calcium
sensitive PLC isoform, and the
ensuing depletion of PIP, inhibits
TRPV1 activity. This figure does
not include the potential roles
of calmodulin and calcineurin in
desensitization. See text for
further details and references

TRPV1

PLC Activation

Desensitization of TRPV1 and the Activating Effect of PIP,

Activation of TRPV1 by high concentrations of capsaicin
(=1 uM) in the presence of extracellular calcium evokes a
transient current. The decay of current during prolonged
application of capsaicin is termed desensitization. The
literature also uses the term tachyphylaxis that refers to
the decrease in capsaicin-induced currents after repetitive
applications of this compound. Tachyphylaxis was usually
induced by repetitive very short (5-10 s) pulses of
capsaicin. The boundaries between these two phenomena
are often blurred however, because several studies used
repetitive but longer (=1 min) pulses of capsaicin. The
following paragraphs will discuss the literature on the
mechanism of desensitization. Most of the data described
here refers to experiments with 1 min or longer application
(s) of capsaicin.

First, we describe the evidence indicating the role of
PIP, in the desensitization of TRPV1 then we will discuss
alternative mechanisms that were proposed. Figure 1 shows
a model explaining the potential role of PIP, depletion in
the desensitization of TRPV1. According to this model,
calcium flowing through TRPV 1 activates a Ca”" sensitive
PLC, leading to depletion of PIP,, which leads to
diminished channel activity. This model is based on the
following three key experimental findings: (1) as mentioned
earlier, TRPV1 channels require PIP, for activity. Two
laboratories have shown that TRPV1 currents are inhibited
in excised inside—out patches by scavenging endogenous
phosphoinositides with polylysine, and the channels could
be reactivated by the application of PIP, or other
phosphoinositides [9, 12]. (2) Several laboratories have
shown using various techniques that TRPV1 activation in
the presence of extracellular Ca®" leads to depletion of PIP,
[12, 51-53]. The likely mechanism is the activation of PLC,
as capsaicin also increased the formation of IP3;, which is
only expected if PIP, depletion is caused by activation of
PLC but not if the mechanism is dephosphorylation by
phosphatases [12]. Consistent with the role of PLC,
capsaicin-induced PIP, depletion was prevented by a PLC
inhibitor [12]. (3) Prevention of PIP, depletion by either
inhibition of PLC or inclusion of PIP, in the whole-cell
patch pipette inhibited desensitization [12, 54]. Both of
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these studies used water soluble diCg PIP, at 30 and
100 uM, respectively.

Furthermore, studies on the recovery from desensitiza-
tion are also compatible with this model. If the mechanism
of desensitization is the depletion of PIP,, recovery from
desensitization should require resynthesis of the lipid.
Synthesis of PIP, requires ATP, and it can be prevented
by inhibiting the kinase enzymes responsible for the
synthesis of this lipid. Recovery of TRPV1 currents from
desensitization in whole-cell patch clamp experiments
required ATP in the pipette solution [52]. The same study
showed that preventing resynthesis of PIP, by inhibiting
phosphatidylinositol 4-kinases with phenylarsine oxide, or
high concentrations of wortmannin delayed recovery from
desensitization [52]. These data together quite convincingly
demonstrate the role of PIP, depletion in the desensitization
of TRPV1 currents (Fig. 1). This mechanism is similar to
that proposed earlier for the menthol-induced desensitiza-
tion of TRPMS channels [6] and recently for Ca**-induced
inactivation of TRPV6 [55].

It is likely, however, that PIP, depletion is not solely
responsible for desensitization. In our hands, neither PLC
inhibitors nor inclusion of PIP, in the patch pipette
prevented desensitization completely [12]. The calcium
sensor calmodulin has also been implicated in desensitiza-
tion both directly and indirectly by activating the protein
phosphatase calcineurin. Two different laboratories have
shown that desensitization is reduced if calcineurin is
inhibited by dialyzing cells with the cyclosporine cyclo-
philin complex [56, 57].

The direct role of calmodulin is somewhat controversial.
It was shown that calmodulin interacts with the C terminus
of TRPV1 channels, and removal of this part of the protein
interfered with desensitization [58]. However, the same
study found that the calmodulin blocker calmidazolium did
not inhibit desensitization and neither did co-expression of
a calcium insensitive mutant of calmodulin. Calcium
calmodulin was shown to inhibit TRPVI1 in excised
patches; however, this inhibition was slow and moderate,
only reaching ~50% [59], in marked contrast to the fast and
almost complete disappearance of the current during
desensitization. A recent article found that calmodulin
interacts with the N-terminal ankyrin domains and inhibits
TRPV1 currents [54]. In this article, calmidazolium
inhibited capsaicin-induced desensitization of TRPV1.

ATP has been shown to bind to the C-terminal “walker
motif” of TRPV1 and enhance currents induced by 1 uM
capsaicin in excised patches [60]. The effect of ATP was
independent of protein or lipid phosphorylation, as non-
hydrolyzable analogues and ATP in the absence of Mg*"
had similar effects. Another study found that ATP binds to
the N-terminal ankyrin-repeat domains and competes with
calmodulin [54]. In this study, ATP included in whole-cell

patch pipettes inhibited capsaicin-induced desensitization
similar to nonhydrolyzable ATP analogues [54]. The
authors argued that calmodulin inhibits TRPV1 by displac-
ing ATP from this N-terminal binding site. The interplay
between PIP,, calmodulin, and ATP is probably quite
complicated. Calmodulin and ATP seem to have multiple
binding sites involving both the C- and N-terminal
cytoplasmic domains [54, 58, 60, 61]. PIP,, on the other
hand, was shown to bind to the C-terminal cytoplasmic
domain and compete with calmodulin [61]. Determining the
exact role of PIP, depletion and the other potential
mechanisms discussed here in desensitization will require
further studies.

Paradoxically, capsaicin has long been used as a topical
analgesic; after an initial burning pain, it induces pain
relief. The rationale for its use is generally thought to be the
desensitization we just described. It is worth mentioning
that the over-the-counter preparations of capsaicin available
in many pharmacies contain relatively low concentrations
of capsaicin. As the human skin poses a significant barrier
for capsaicin, it is unlikely that the drug reaches the nerve
endings in high enough concentrations to induce desensi-
tization [41]. Newer preparations, however, with much
higher concentrations of capsaicin are under clinical trials
for various painful disorders [62]. The pain relief induced
by these preparations may last for several days or even
weeks. Similarly, capsaicin-induced unresponsiveness in
vivo can be quite long lasting. The patch clamp experi-
ments we described in the previous paragraphs studied
desensitization of TRPV1 currents on a much shorter time
scale, minutes to tens of minutes. Recovery from desensi-
tization in patch clamp experiments also happens within
several minutes [52]. Whether the acute desensitization
observed in electrophysiological experiments is underlying
the long lasting unresponsiveness induced by capsaicin in
vivo remains to be established.

Dual Regulation by PIP,

How can we reconcile the opposing effects of PIP,? PIP,
clearly activates TRPV1 channels in excised patches [9,
12]; thus, it is likely that this effect is mediated by direct
binding of the lipid to the channel. PIP, is thought to
interact with ion channels via positively charged cytoplas-
mic residues [63—65]. Most TRP channels are also activated
by PIP,, but there is no consensus as to the binding site for
PIP,. For TRPM8 mutation of positively charged residues
in the highly conserved proximal C-terminal, TRP domain
significantly altered PIP, sensitivity, which is consistent
with these residues being part of the PIP, binding site [6].
Similar results were obtained with TRPMS5 and TRPVS [6].
On the other hand, mutations of these residues in TRPM4
had no significant effect on PIP, activation [5]. Interesting-
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ly, chimeras between TRPVI and the cold sensitive
TRPMS8 are functional, and data obtained with them
suggest that residues in the TRP domain are part of the
PIP, binding site of TRPV1 [66]. The R701Q mutation in
the same region markedly reduced activation of TRPV1 by
lidocaine [67].

The distal C terminus has been suggested to be involved
in the inhibitory effect of PIP, on TRPV1 [49]. This region
has no sequence homology to any other TRP channel; its
deletion eliminated sensitization by PLC coupled agonists
[49] and reduced but not eliminated inhibition by over-
producing PIP, [12]. Interestingly, the same region is also
implicated in binding to calmodulin [58]. Calmodulin has
been shown to bind to the C terminus of several other TRP
channels, including TRPV1 [61], and phosphoinositides
were shown to compete with calmodulin for binding. It was
proposed that phosphoinositides activate TRPC channels by
displacing the inhibitory calmodulin [61]. The competition
between PIP, and calmodulin is also well documented for
other proteins [68].

The inhibitory effect of PIP, is not detectable in excised
patches; thus, it is likely to be indirect, i.e., requires a cyto-
plasmic factor that is lost upon patch excision. Figure 2a
depicts a hypothetical model in which a cytosolic protein
competes with PIP, for binding to this distal C-terminal
region. In this model, binding of this protein to TRPV1
sensitizes the channel to its activating stimuli, e.g., low

concentrations of capsaicin. Under resting conditions,
binding of PIP, would displace this protein and inhibit the
channel, i.e., reduce its sensitivity for capsaicin. In this
scenario, activation of PLC would remove PIP, from
this region. Thus, this hypothetical protein could bind to
this region of the channel and sensitize it. Calmodulin,
which as we saw can compete with PIP, for binding to
various proteins, is unlikely to be this hypothetical protein,
as it inhibits TRPV1 in excised patches [59].

An alternative scenario is shown in Fig. 2b, where a
cytosolic protein binds to PIP, and inhibits TRPV1
(reduces its sensitivity to capsaicin). In this model, this
hypothetical cytoplasmic protein would have to bind both
to PIP, and TRPV1 to inhibit the channel. Depletion of
PIP, would release this protein from the plasma membrane;
thus, it could not interact with TRPV1, leading to the relief
from inhibition and sensitization.

Both these models are hypothetical, but they may help
visualize possible scenarios for the requirement of cyto-
plasmic factors in the inhibitory effects of PIP,. Other
themes, such as requirement for cytoskeletal element, could
also explain the indirect inhibitory effect of PIP,, as was
proposed for TRPC4c channels [69]. In addition, both
models in Fig. 2 assume that PLC activation removes only
the inhibitory but not the activating PIP, molecules. This is
highly unlikely to happen. The following paragraph
describes a possible model explaining how partial removal

a
low capsaicin
PLCP Activation
agonist
[ 4 AT
s ,%(PLCE» Gqo.
4
Sensitized
b low capsaicin
PLCp Activation

Fig. 2 Two alternative schemes to explain an indirect inhibitory effect
of PIP, on TRPV1 channels. a The distal C terminus of TRPV1 binds
to PIP,, which prevents binding of the same region to a hypothetical
cytoplasmic protein (red). Upon activation of PLC, the C terminus
ceases to bind PIP,, and the hypothetical protein can bind to the C
terminus and sensitize the channel. b A hypothetical cytoplasmic
protein (red) binds to PIP, that anchors it to the plasma membrane.
This protein, when bound to PIP,, also binds to the distal C terminus
of TRPV1 and inhibits the channel, i.e., the TRPV1 is less sensitive to

agonist

“A"H‘
) 4,0 oo
4

Sensitized @

its activating stimuli. Upon activation of PLC, the protein falls off
from the plasma membrane and does not bind to the C terminus of
TRPV1; the channel is relieved from inhibition and becomes
sensitized. The larger arrows in the right panels symbolize larger
currents in the sensitized state. For simplicity, this figure assumes that
PLC activation only removes the inhibitory PIP,, see legend of Fig. 3
and main text for further details. The model does not include the
potential role of PKC in sensitization
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of both the inhibitory and activating PIP, molecules can
result in activation (sensitization) of the channel.

On the descriptive level, the product of an inhibitory and
activating effect could be a bell-shaped dependence on PIP,
(Fig. 3a, dashed line). If resting PIP, levels are on the right
side of this bell-shaped curve, a moderate depletion of PIP,
could result in activation and a more severe depletion could
result in inhibition. According to our data [12], this model
could be valid at low capsaicin concentrations. At high
capsaicin concentrations, there is likely to be a simple
unidirectional dependence on PIP, (Fig. 3b). During

a low CAPS
1.0

0.8
PIP, or PIP

0.6

04

current

0.2

0.0

b high caps

current

concentration

Fig. 3 Model to explain the inhibitory and activating effects of PIP,
on TRPV1 based on the data in reference [12]. PIP, (and PIP)
activates TRPV1 channels, presumably directly (black curve). In
addition, there is an inhibitory effect (red curve), which is probably
indirect and specific to PIP,. The sum of these two effects results in a
bell-shaped dose response to phosphoinositides (dashed line), in intact
cells. The vertical dotted line shows possible resting cellular PIP,
levels. For simplicity, we labeled the figure with low capsaicin
(CAPS; top) and high CAPS (bottom), but these may also apply to
moderate and large drops in pH. The result of the changes in
phosphoinositide affinities is a bell-shaped dose responses at low
capsaicin, and a simple activating curve for high capsaicin, respec-
tively. The model also implies that moderate depletion of PIP, may
activate TRPV1 at low capsaicin but not at high capsaicin. For
intermediary capsaicin concentrations, these curves may lie between
the two scenarios depicted here. The regulation of TRPVI is
obviously more complex than described here; our model serves only
to illustrate the possible effect of the coexistence of inhibitory and
activating effects of phosphoinositides and their changes at various
stimulation strengths

desensitization, a severe depletion of PIP, may shut down
these channels. Again, this model is obviously an oversim-
plification; it only serves as a guide to imagine the results
of changing PIP, concentrations in the context of the
opposing effects of the lipid.

We also need to consider that the PLC isoforms that are
involved in sensitization and desensitization are likely to be
different. GPCRs that induce sensitization of TRPV1 activate
PLCfs, whereas RTKSs such as NGF activate PLCys. During
desensitization, the most likely isoform that is activated is a
PLCo isoform [12]. It is feasible to think that different
isoforms may deplete PIP, to different extents. Compatible
with this notion, it was shown that PLCS has much higher
activity in vitro than PLCf3 or PLCy [21].

Another factor that can affect the level of PIP, depletion
is the localization and relative abundance of the effector
molecules. Ca®>* entering through TRPV1 presumably
activates PLC at the right place to remove PIP, from the
channel. GPCRs in the nerve terminal may activate PLCf3
that is not in the exact vicinity of TRPV1; thus, the local
depletion of PIP, maybe more moderate. The relative
abundance of the various PLC isoforms and receptors
may also affect the extent of PIP, depletion, but very little
is known about this topic, especially in native neurons.

Another hypothetical possibility for differential regula-
tion by various PLC isoforms is the following. TRPV1 is
also activated by the precursor of PIP,, phosphatidylinositol
4-phosphate (PIP), but the inhibitory effect is likely to be
specific for PIP, [12]. The concentration of PIP in the
plasma membrane is thought to be comparable to that of
PIP,. PIP is also the substrate for PLC; thus, it is also
depleted during PLC activation. In case different PLC
isoforms deplete PIP and PIP, to different extents, they
could have distinct effects on TRPV1 channel activity. No
comprehensive study has been performed to our knowledge
on PLC isoforms concerning their relative efficiencies to
hydrolyze PIP, versus PIP.

The inhibitory effect of PIP; is likely to be indirect, and
the activating effect is likely to be direct [12]; thus, it not
impossible that PIP, in different compartments differentially
affects these two phenomena. Phosphoinositides are long
thought to be local, compartmentalized signaling molecules,
and it is possible that the different PLC isoforms deplete
PIP, in different compartments/pools. There is a large and
often contradictory literature on the compartmentalization of
phosphoinositides and local signaling. Two excellent reviews
have recently discussed this topic [68, 70].

Finally, a note on experimental protocols, most studies
examined desensitization using saturating capsaicin concen-
trations in the presence of extracellular calcium. Sensitiza-
tion, on the other, hand was usually studied using low
concentrations of capsaicin, in the absence of extracellular
calcium, presumably to avoid desensitization. Desensitiza-
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tion, however, may also happen at lower concentrations of
capsaicin, as long as extracellular calcium is present [71].
Thus, in the presence of extracellular calcium, sensitization
and desensitization may happen simultaneously, further
adding to the complexity of the picture. In addition, we
generally discussed activation of PLC by GPCRs and RTKs
in the context of sensitization. It is worth noting, however,
that there are reports that GPCR activation by carbachol [72]
and RTK activation by NGF [52] may inhibit TRPVI
currents induced by high capsaicin concentrations.

A very recent article identified a novel protein phosphoi-
nositide interacting regulator of TRP (Pirt) that associates
with TRPV1 and regulates its function [73]. Pirt is
specifically expressed in DRG neurons and has two
transmembrane domains. Heat and capsaicin-induced cur-
rents in DRG neurons were significantly attenuated in Pirt "~
mice. Heterologous expression of Pirt enhanced TRPV1
currents in HEK293 cells but only at high capsaicin
concentrations. This effect is different from what is observed
during sensitization, where marked enhancement of currents
is seen at low but not high capsaicin concentrations. Dialysis
of 10 uM diCg PIP, through the whole-cell patch pipette
potentiated currents induced by 5 uM capsaicin in wild type
but not Piri "~ DRG neurons. The authors concluded that Pirt
is required for the stimulatory effect of PIP, on TRPVI.
PIP,, however, activates TRPV1 in excised patches in
expression systems [12], where Pirt is unlikely to be present.
The authors argued that high concentrations of PIP, used in
expression systems may override the requirement for Pirt.
DiCg PIP, however, activated TRPV1 at concentrations as
low as 0.5 uM in excised patches in Xenopus oocytes [12].
In our experience, this concentration of the lipid exerts a
much lower activity on most ion channels than resting PIP,
levels in the plasma membrane. Thus, Pirt is not strictly
required for the stimulatory effect of phosphoinositides on
TRPVI1, unless it is also expressed in Xenopus oocytes,
which has not been tested yet. Interestingly, genetic deletion
of Pirt attenuated but not eliminated sensitization of
capsaicin-induced currents by bradykinin. As Pirt is a
transmembrane protein, it is unlikely to be the hypothetic
factor that is lost in excised patches and presumably
responsible for the inhibitory effect of PIP, (Fig. 2). More
experiments are needed to clarify the contribution of Pirt to
phosphoinositide regulation of TRPV1.

Other Examples of Potential Dual Effects of PIP,
on TRP Channels
TRPALI

There are many parallels between the functions of TRPV1
and TRPA1. Both channels are involved in nociception and

have chemical agonists that evoke a painful sensation.
TRPA1 was first described as a noxious cold sensor [74],
but this notion is controversial, and it has not been resolved
even by studies with deletion of this gene in mice [75, 76].
Another interesting proposal was that TRPA1 serves as the
mechanosensitive auditory channel in the inner ear. Genetic
deletion of this channel clearly refuted this idea, TRPA1 "~
mice have normal auditory function [75, 76]. In contrast to
these contradictory studies, the literature is very consistent
on the notion that this channel is involved in generating the
pain that is evoked by many noxious chemicals such as
formaldehyde and acrolein. TRPA1 is also clearly respon-
sible for the pungency of mustard oil and related com-
pounds, which are responsible for the characteristic feeling
evoked by eating horseradish or wasabi [75-78].

As to the PLC mediated regulation, there are also
similarities between TRPA1 and TRPV1. As with TRPV1,
both stimulatory and inhibitory effects of PIP, have been
described or implied for TRPA1. These channels, just as
TRPV1, undergo sensitization upon activation of PLC by
cell surface receptors such as the proteinase activated
receptor 2 [79, 80]. Unlike for TRPV1 [79], PKC does
not seem to be involved in this phenomenon [80]. On the
other hand, dialysis of PIP, through the patch pipette
inhibited the sensitization of TRPA1 by bradykinin [80].
This assumes that PIP, inhibits TRPA1, and bradykinin
sensitizes these channels by depleting PIP, and relieving
this inhibition.

As with TRPV1, these channels undergo desensitization
upon prolonged application of mustard oil. Interestingly, in
neurons expressing both TRPV1 and TRPAI, prolonged
application of capsaicin also diminishes subsequent cur-
rents evoked by mustard oil (heterologous desensitization).
The mechanism of the heterologous and homologous
desensitization was proposed to be different. For the
homologous desensitization of TRPAI1, internalization of
the channel was suggested to be the main mechanism [51].
Capsaicin, unlike mustard oil, was shown to deplete PIP, in
TG neurons and dialysis of PIP, through the patch pipette
inhibited heterologous desensitization, assuming an activat-
ing effect of PIP, on TRPA1 [51]. Interestingly, the effect
of PIP, in excised patches was not tested in any of these
two articles [51, 80]. One study found that TRPA1 shows
fast rundown in excised patches and PIP, did not reactivate
the channels [81]. A very recent article, on the other hand,
showed that PIP, reactivates TRPA1 in excised patches
after rundown [82]. The same study also found that dialysis
of PIP, through the whole-cell patch pipette inhibited
homologous desensitization of TRPAL.

Interestingly, in one study, application of bradykinin
activated TRPA1 currents, but this activation was transient,
followed by an actual inhibition [83]. Even though this
finding can have multiple interpretations, it is compatible
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with the idea of dual effects of PIP, on these channels.
Further studies are required to elucidate the roles of PIP, in
the regulation of TRPA1 channels.

TRPC Channels

All TRPC channels are activated by PLC coupled agonists
and mediate Ca®" influx and probably depolarization in the
sustained phase of stimulation. The mechanism of activa-
tion of these channels originally was thought be coupled to
the emptying of intracellular stores. Even though it may be
the mechanism in certain cases [84], it is controversial and
clearly not the general mechanism of TRPC channel
activation [85]. DAG, the breakdown product of PIP,,
consistently activates TRPC3, TRPC6, and TRPC7 [86, 88]
independently of the activation of PKC. The activation
mechanism of TRPC4 and TRPCS5 is less clear. An
attractive paradigm would be if PIP, inhibited these
channels, and depletion of PIP, upon PLC activation would
relieve this inhibition leading to channel activation. Indeed,
it was shown for the drosophila TRPL, a homolog of
mammalian TRPCs, that PIP, inhibits these channels in
excised patches [87]. This study was performed in an
expression system. In the drosophila eye relief from
inhibition by PIP,, depletion does not seem to be the
mechanism of activation of TRP by light, even though it
may play some auxiliary role [88]. Recently, TRPC4«x but
not TRPC4f was shown to be inhibited by dialysis of PIP,
through the whole-cell patch pipette [69]. In this study,
disruption of the actin filaments with cytochalasin D
eliminated the inhibitory effect of PIP,, showing the
requirement for cytoskeletal elements. The effects of PIP,
in excised patches were not tested in this study.

Interestingly, two recent papers showed an activating
effect of PIP, on various TRPCs. Lemonnier et al. showed
that in excised patches, PIP, activates TRPC3, 6, and 7
channels [89]. Jardin et al. showed that in platelets,
extracellular application of PIP, enhanced Ca®" entry
through TRPC6 [90]. Thus, it seems that PIP, can be both
inhibitory and activating on certain TRPC channels. It
remains to be seen whether these opposing effects can be
observed on the same channel isoform.

Conclusions and Future Questions

PIP, regulates an ever increasing number of ion channels
and transporters [13—16]. In most cases, the described effect
was a simple activation or requirement for PIP, for channel
activity. Indeed, one wonders sometimes whether there is
any mammalian ion channel that does not require PIP, for
activity. On the other hand, it seems that on some channels,
the effects of PIP, are more complex than just a simple

activation. Apart from the ones we discussed, it was shown
for voltage dependent Ca®" channels that PIP, has two
opposing effects, requirement for channel activity and shift
of voltage dependence to the right, making it more difficult
to open the channels [91]. On the Na/Ca exchanger, it was
shown that, in addition to direct effects of PIP, on the trans-
porter, there are complex effects of PIP, on trafficking [92].

On the role of PIP, in the regulation of TRPV, there are
several open questions. Even though the picture on the
involvement of PIP, depletion in desensitization seems
relatively well supported, most of the studies we described
were performed in various expression systems. The only
exception is that the capsaicin was shown to deplete PIP, in
TG neurons too [51]. Interestingly, in the same study, PIP,
dialysis only moderately inhibited capsaicin-induced de-
sensitization of TRPV1 in TG neurons. Clearly, more
experiments are needed in native neurons to resolve the
contribution of PIP, depletion to TRPV1 desensitization.
Even experiments in DRG or TG neuron preparations,
which are mainly the cell bodies, do not necessarily
represent events in the nerve terminals. Experiments on
more physiological preparations such as skin-nerve prepa-
rations [93] will be important to establish the role of PIP,
depletion in desensitization of capsaicin responses.

As to the partial inhibition of TRPV1 by PIP, at low
stimulation strength, there are two outstanding questions.
What is the relative contribution of PIP, depletion (if any)
and PKC to the sensitization of these channels by PLC
activation. This question can be answered by relatively
straightforward experiments, but it may be different for
different agonist. Second, what is the mechanism of the
(indirect) inhibition of the channel by PIP,? The most likely
mechanism is through a cytosolic PIP, binding protein or
other factor that becomes lost in excised patches (Fig. 2).
Given the large number of the potential candidates, this
hypothetical factor will not be easy to identify.

Finally, the recent discovery of Pirt adds to the
complexity of the picture. This protein is expressed DRG
neurons but presumably not in expression systems, where
many of the experiments addressing the role of PIP, were
performed. Interestingly, the absence of Pirt in expression
systems is only an assumption at this point; it needs to be
tested experimentally. This is a key experiment in deciding
whether phosphoinositides regulate TRPV1 through bind-
ing to this protein, or Pirt has only a modulatory role. Even
if Pirt is a modulator, its presence in the native environment
of the channel makes it an important player in the
phosphoinositide regulation of TRPV1 channels.
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