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Abstract

Transient Receptor Potential (TRP) channels were discovered while analyzing visual mutants in
drosophila. The protein encoded by the transient receptor potential (trp) gene is a Ca?* permeable
cation channel activated downstream of the phospholipase C (PLC) pathway. While searching for
homologues in other organisms, a surprisingly large number of mammalian TRP channels were
cloned. The regulation of TRP channels is quite diverse, but many of them are either activated
downstream of the PLC pathway, or modulated by it. This review will summarize the current
knowledge on regulation of TRP channels by the PLC pathway, with special focus on TRPC-s,
which can be considered as effectors of the PLC pathway, and the heat and capsaicin sensitive
TRPV1, which is modulated by the PLC pathway in a complex manner.
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Introduction

PLC catalyzes the hydrolysis of phosphatidylinositol 4,5-bisphosphate [P1(4,5)P5] to form
the two classical second messengers inositol 1,4,5 trisphosphate (IP3) that releases CaZ*
from intracellular stores, and diacylglycerol (DAG) that activates protein kinase C (PKC).
Since the storage capacity of the intracellular Ca2* stores is finite, it has been appreciated
long time ago that Ca2* influx from the extracellular space is necessary for sustained Ca2*
signaling (Putney, 1986). The search for this enigmatic Ca2* influx pathway was a very
important driving force for the discovery of mammalian Transient Receptor Potential (TRP)
channels. Putney proposed in 1990 that the major mechanism, by which Ca2* influx is
initiated upon PLC activation, is the emptying of the intracellular Ca2* stores (Putney,
1990). He called this mechanism the “capacitative” Ca2* influx, but later the term “store
operated Ca2* entry” became more widely used. Approximately at the same time, the
channel responsible for generating the receptor potential in the drosophila photoreceptor
cells was cloned (Montell and Rubin, 1989), and from the phenotype of the mutant it was
named transient receptor potential (TRP). Since invertebrate vision is mediated by the PLC
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pathway, the search begun for the mammalian homologues of the drosophila TRP, as
obvious candidates for store-operated or receptor-operated Ca2* channels. It was soon found
out that mammals have 7 relatively close homologues of the drosophila TRP channel; these
were termed TRPC, for classical or canonical (Clapham et al., 2001). Essentially all
mammalian TRPC-s are activated downstream of PLC, thus they can be considered as
downstream effectors of PLC. The first part of this review will focus on the regulation of
mammalian TRPC channels and the drosophila visual TRP channel complex. This topic has
been reviewed recently in detail (Putney and Tomita, 2011), but the author felt that
reviewing PLC regulation of TRP channels is not possible without discussing TRPC
channels.

TRPC channels are however only one subfamily of TRP channels; based mainly on
homology cloning, a large number of more distant mammalian homologues of the
drosophila TRP were cloned. The superfamily is now divided into sub-families, named after
their first discovered members. In mammals the two other major subfamilies TRPV.
(vanilloid) and TRPM (melastatin) have 6 and 8 members, respectively. More distant
relatives of TRP channels are the 3 TRPP-s (polycystins), 3 TRPML-s (mucolipins) and the
single TRPA (ankyrin) (Wu et al., 2010). The functions of these non-classical TRP channels
are extremely diverse, and difficult to summarize. Many them channels are considered
sensory ion channels, since they respond to physical cues such as heat (TRPV1, TRPV3,
TRPM3), cold (TRPM8), or mechanical stimuli (TRPV4) and some are involved in taste
perception (TRPMD5) or vision (TRPM1). Their functions however include many non-
sensory functions such as epithelial Ca2* transport (TRPV5 and 6) and Mg2* transport
(TRPMS6), and some of them such as TRPM7 and TRPV4 play important roles in
development. Most TRP channels are non-selective, Ca2* permeable, outwardly rectifying
cation channels; their opening acts as an excitatory signal by both inducing depolarization
and Ca?* influx. The PLC pathway modulates many non-classical TRP channels, even
though for most of them the PLC pathway is not the primary activator. The second part of
the review will describe current knowledge on PLC modulation of non-classical TRP
channels with special focus on the capsaicin- and heat-activated TRPV1, for which the PLC
pathway plays important roles in both sensitization by pro-inflammatory agents and
desensitization upon maximal pharmacological stimulation.

PLC modulation of TRP channels can not be discussed without considering the membrane
phospholipid PI(4,5)P,, the substrate of PLC, which is also general regulator of many
mammalian ion channels (Hilgemann et al., 2001; Suh and Hille, 2008; Gamper and Rohacs,
2012). Generally the activity of most phosphoinositide sensitive channels depends on
P1(4,5)P,, in other words, this phospholipid is a necessary cofactor for channel activity (Suh
and Hille, 2008). This is also true for most TRP channels (Rohacs, 2013). In many cases
regulation of TRP channels by PLC happens through decreasing PI(4,5)P5 levels. We have
discussed the literature on PI(4,5)P, regulation of TRP channels in more detail in a
concurrent review (Rohacs, 2013); this article will focus on the consequences of PLC
activation.

PLC isoforms

PLCp isoforms are probably the best-known PLC-s; these enzymes are activated by G-
Protein Coupled Receptors (GPCR) through the Gq heterotrimeric G-proteins. Mammals
have 4 PLCp isoforms, numbered 1-4. The other classical pathway, Receptor Tyrosin
Kinases activate one of the 2 PLC[ isoforms. PLCd-s have no obvious activators, but they
are the most sensitive to activation by increased cytoplasmic Ca?*. Mammals have 3 PLC3
isoforms, PLC31, 3, and 4. Besides the three major classical PLC groups, there are several
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more recently identified PLC isoforms, such as PLCg, two PLCn-s and a single PLCC (Rhee,
2001; Fukami et al., 2010).

PLC and TRP channels in invertebrate vision

The invertebrate eye is different from its vertebrate counterpart both anatomically and in
molecular signal transduction mechanisms. In both cases photons activate the G-protein
coupled receptor rhodopsin, but the downstream mechanism is different (Raghu and Hardie,
2009). In mammals, the G-protein transducin activates a phosphodiesterase, which decreases
cyclic nucleotide levels, and closes a cyclic nucleotide gated channel that will eventually
lead to a hyperpolarizing receptor potential (Fain et al., 2010).

In drosophila and many other invertebrates the G-protein activated by rhodopsin is a
homologue of Gq, and the downstream effector is PLC, which activates TRP cation channels
leading to a depolarizing receptor potential. The channel complex mediating the receptor
potential consists of a heterotetramer of TRP and TRPL channels. If you ever tried to catch a
fly, you may have guessed already that insect vision is much faster than vertebrate vision,
which is mainly due to the fact that the components of the signal transduction machinery are
held in a complex by the scaffolding protein INAD. Even though the basic signal
transduction pathway and its key players have been known for more than 15 years now, how
exactly PLC activation leads to TRP channel opening in the insect eye, is still not clear
(Montell, 2012). Ca?* release from internal stores is clearly dispensable since knocking out
the single drosophila isoform of the 1P3 receptor did not cause blindness (Acharya et al.,
1997).

Diacylglycerol (DAG), the downstream product of PI(4,5)P5 hydrolysis is an attractive
candidate for being a messenger, since it activates several mammalian TRPC channels, see
later. The effect of DAG analogues on the drosophila TRP and TRPL channels however is
controversial. Stearyl-arachidonyl glycerol (SAG), but not oleoy-acetyl glycerol (OAG)
activated heterologous TRPL channels (Estacion et al., 2001). Another article found that in
native drosophila rhabdomeral patches OAG activated endogenous TRP channels (Delgado
and Bacigalupo, 2009). A third article on the other hand found no effect of either OAG or
SAG on heterologously expressed TRPL channels (Lev et al., 2012).

P1(4,5)P, has been shown to inhibit recombinant TRPL channels in excised patches
(Estacion et al., 2001), thus decrease in PI(4,5)P, levels upon PLC activation is also a
feasible candidate. In a contrary report however P1(4,5)P, activated drosophila TRP
channels in excised patches, while P1(4)P and PI inhibited them (Huang et al., 2010).
Another report showed that depletion of P1(4,5)P, using a rapamycin-inducible 5-
phosphatase did not activate TRPL channels (Lev et al., 2012). The same study found that
rapamycin-induced depletion of PI(4,5)P, inhibited TRPL currents activated by carbachol.
This result is consistent with P1(4,5)P, serving as a co-factor for the TRPL channel, similar
to other TRP(C) channels, see the TRPC channel section for further discussion.

The acyl chains in P1(4,5)P, in vivo are a mixture, one of them is usually a poly-unsaturated
fatty acid (PUFA), the other is usually saturated, in mammals arachidonyl-stearyl being the
most common. Upon PLC activation, hydrolysis of PI(4,5)P, results in the formation of IP3
and DAG, and the latter can be further hydrolyzed by DAG lipase enzymes to form PUFA.
It was shown that in drosgphila photoreceptors the native TRP channel complex, as well as
recombinant TRPL channels are activated by PUFA (arachidonic acid and linoleic acid)
(Chyb et al., 1999, Estacion et al., 2001). This finding was confirmed by (Lev et al., 2012),
and the authors proposed that the most likely physiological activators of TRPL channels are
PUFA. A DAG lipase enzyme required for normal phototransduction was also identified
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(Leung et al., 2008), and a DAG lipase inhibitor partially inhibited carbachol-induced
activation of TRPL (Lev et al., 2012).

Upon hydrolysis of P1(4,5)P, a H* is also liberated, a fact overlooked for a long time. It was
proposed recently, that local low pH also contributes to TRP channel activation in the highly
localized phototransduction complex in the drosophila eye (Huang et al., 2010).

A recent paper proposed a radically new idea for the activation of drosophila photoreceptor
TRP channels. Hardie et al found that light exposure evoked rapid PLC-mediated
contractions in the photoreceptor cells. They also found that these contractions were
sufficient to activate mechanosensitive channels introduced into the photoreceptor cells
(Hardie and Franze, 2012). The authors suggested that the PLC-generated mechanical forces
contribute to gating the light-sensitive channels. This idea is quite intriguing, since several
mammalian TRPC channels have also been proposed to be mechanically regulated (Maroto
et al., 2005; Spassova et al., 2006; Garrison et al., 2012; Quick et al., 2012). Mechanical
activation of TRPC channels however is somewhat controversial (Gottlieb et al., 2008).

Mammalian TRPC channels — activation by PLC

After the cloning of the mammalian TRPC-s, the closest homologues of the drosophila light
transduction channels, it quickly became accepted that these channels are activated by cell
surface receptors that couple to PLC (Zhu et al., 1996; Vazquez et al., 2004). The opening of
TRP channels leads both to increased Ca2* influx and depolarization. Most cell types have
some endogenous expression of several TRPC channels, but the currents are usually quite
small. Quite a lot of the work on the activation mechanism of TRPC-s have been performed
in expression systems. Most TRPC channels have been genetically deleted in mice, yielding
important information on their biological functions. Interestingly, most knockout phenotypes
are quite moderate, none of them are lethal, suggesting that the other isoforms can
compensate the lack of a specific isoform (Birnbaumer, 2009). Because the activation
mechanism of TRPC channels is still not elucidated, the various hypotheses will be briefly
discussed below. It is quite possible that the activation mechanism of TRPC-s is multimodal,
several of the mechanisms below contributing to different extents to the activation of various
TRPC channels.

Activation by store depletion

As mentioned earlier TRPC-s were cloned in a quest for the holy grail of the “store operated
Ca?* channels”. Despite initial positive results (Zhu et al., 1996), the activation of these
channels by store depletion quickly became controversial. Some laboratories could and
some others could not activate these channels by pure store depletion. Some of the problems
were caused by the lack of clear definition of what constitutes a pure store depletion, and the
fact that many of the protocols used also had effects other than store depletion, such as
increased cytoplasmic Ca2* (Clapham et al., 2001; Parekh and Putney, 2005). Despite the
controversies, TRP channels were considered store-operated by many for a long time, and
even clearly non-store operated TRP channels were designated initially as such (Perez et al.,
2002). As mentioned earlier, store depletion is clearly not the activation mechanism for the
drosophila TRP channel complex, since phototransduction functions normally in the absence
of IP3 receptor (Acharya et al., 1997), and also it is difficult to imagine store depletion to
activate a channel with a speed characteristic of invertebrate vision.

An additional problem with the hypothesis that TRPC-s are responsible for store operated
Ca?* entry was the fact that the biophysical properties of the best-characterized store
operated current Icrac, (Hoth and Penner, 1992) were dramatically different from those of
TRPC channels. Briefly, Icrac is an inwardly rectifying, Ca2* selective current, with
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unitary currents too small to measure, while TRPC-s are outwardly rectifying, non-selective
cation channels with measureable single channel conductances. This led several laboratories
for a renewed search for store-operated channels, using siRNA-based screens to knock down
endogenous store operated Ca2* entry pathways. In 2006 three groups reported the cloning
of orail, also know as CRACM that quickly became accepted as molecular counterpart of
the store operated Icrac current (Feske et al., 2006; Vig et al., 2006; Zhang et al., 2006).

It is noteworthy that, the cloning of orail resurrected efforts to study store operated
activation of TRPC channels, mainly because of cloning of the endoplasmic reticulum Ca2*
sensor STIM1. Several laboratories showed that STIM1 interacts with TRPC channels, and
it was proposed that in some cases it may contribute to opening of TRPC channels (Huang et
al., 2006; Worley et al., 2007). It was also proposed that orai and TRPC channels interact to
form store-operated channels (Liao et al., 2009). Nevertheless, the topic of store operated
activation of TRPC channels remained controversial in most cases (Putney and Tomita,
2011). As opposed to TRPC channels orai mediated currents could be activated by store
depletion by many different laboratories, with basically no contradictory results (Putney and
Tomita, 2011).

Diacylglycerol

One of the products of PLC activation is diacylglycerol (DAG), which is best known as the
activator of PKC. DAG activates TRPC3, TRPC6 and TRPC7, in a PKC independent
manner (Hofmann et al., 1999). This effect has been reproduced by many different
laboratories, and DAG analogues, especially OAG have been widely used as tools to
specifically activate channels consisting of TRPC3,6 or 7. Even though the original paper
claimed that DAG exerted its effect directly on the channels, this finding has been debated
(Putney and Tomita, 2011). Nevertheless, whether or not this lipid acts directly on the
channels, DAG activation still is the least controversial and best-accepted mechanism of
TRPC activation. It cannot account however for the activation of other TRPC-s, such as
TRPC4 and 5, which are not activated by DAG. While PUFA-s are prominent candidates for
the activation of the drosophila visual TRP complex, they received less attention as potential
activators of mammalian TRPC-s even though some TRPC-s, but not others, have been
shown to be activated either by arachidonic acid or its downstream products (Beech, 2012).

Activation by the IP3 receptor

The 1P receptor has a large enough cytoplasmic domain to traverse the gap between the
endoplasmic reticulum and the plasma membrane (Fig 1) and it was proposed that upon
binding to IP3, it interacts with TRPC3 channels and plays a role in their activation
(Kiselyov et al., 1998). This activation was proposed to happen through displacing
calmodulin form an inhibitory binding site (Zhang et al., 2001). Direct activation by the IP3
receptor is unlikely to be a general mechanism for TRPC activation, since most of these
studies focused on TRPC3, and the drosophila visual TRP channels function well in the
absence of the IP3 receptor (Acharya et al., 1997).

Depletion of PI(4,5)P,

The first two publications on TRP channels and P1(4,5)P, reported that this lipid inhibits
two very distantly related TRP channels, the drosophila TRPL (Estacion et al., 2001) and the
mammalian heat- and capsaicin-sensitive TRPV1 (Chuang et al., 2001). Thus it was an
attractive hypothesis that PI1(4,5)P, is a general inhibitor of TRP channels, and that the
activation mechanism by PLC is the depletion of P1(4,5)P, and a relief from this inhibition.
By now it is apparent that P1(4,5)P is not an inhibitor, but rather an activator of most TRP
channels (Gamper and Rohacs, 2012; Rohacs, 2013). Nevertheless in many cases, including
TRPC-s, the regulation by P1(4,5)P, is complex, and concurrent inhibitory effects of the
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lipid may also exist. For example, TRPC5 channels can both negatively, and positively
affected by decreasing P1(4,5)P, levels, depending on the method used (Trebak et al., 2009).

Negative effects of phosphoinositide depletion and PLC

Despite the fact that the PLC pathway is the major activator of TRPC channels, and
P1(4,5)P, depletion has been one of the hypotheses explaining their activation, there are data
arguing that decreasing membrane P1(4,5)P, levels negatively regulate at least some TRPC
channels. It was reported that despite its possible negative regulation by P1(4,5)P,, TRPCS is
activated by PI1(4,5)P, in excised patches (Trebak et al., 2009) similarly to TRPC3, 6 and 7
channels (Lemonnier et al., 2008). Similarly, a voltage dependent 5 phosphatases, that
depletes P1(4,5)Ps, was shown to inhibit TRPC3,6 and 7 channels (Imai et al., 2012).
P1(4,5)P, applied through the whole-cell patch pipette was shown to slow down
desensitization of TRPC5 (Kim et al., 2008a). Overall, it appears that depletion of PI(4,5)P,
limits activation of these channels upon sustained PLC activation, either because P1(4,5)P»
is a co-factor, needed for channel activity, or because the loss of the substrate limits the
generation of the second messenger, such as DAG. Overall, the regulation of TRPC
channels by PI(4,5)P, is quite complex, and we have discussed it in more detail in a recent
review (Rohacs, 2013).

The role of TRP channels in mammalian vision

As mentioned earlier, the signal transduction mechanism of primary image forming
photoreceptor cells (rods and cones) in the vertebrate eye is different from that in insects and
most invertebrates. Intriguingly, other, non-image forming light responses of the mammalian
eye, such as circadian rhythm, and pupil light responses are not mediated by rods and cones,
but rather specialized light responsive ganglion cells. These cells express the light sensitive
receptor melanopsin, which is more similar to insect rhodopsin than to mammalian opsins in
rods and cones. Accordingly, melanopsin in the mouse eye couples to PLCB4 and TRPC6
and TRPCY channels and induces depolarization (Xue et al., 2011). This is in agreement
with the idea that in early evolution common ancestors of the vertebrate and arthropod
lineages had both types of photoreceptors. In each lineage one signal transduction pathway
usually dominated, but vestigial functions of the other non-dominant phototransduction
system remained. (Fain et al., 2010).

TRPV1 channels - involvement of the PLC pathway in sensitization and
desensitization

TRPV1 is a multimodal nociceptive ion channel, activated by heat, low tissue pH, capsaicin,
the pungent compound in chili peppers, and a plethora of other pain producing compounds
(Caterina and Julius, 2001). This channel was the first non-classical mammalian TRP-s that
was cloned, by expression cloning from sensory neuron mRNA using its chemical agonist
capsaicin (Caterina et al., 1997). As opposed to most other TRP channels, this channel was
extensively studied before it was cloned. Sensory dorsal root ganglion (DRG) and trigeminal
ganglion (TG) neurons have been known to exhibit heat-activated (Cesare and McNaughton,
1996) and capsaicin-induced inward currents (Liu and Simon, 1996; Koplas et al., 1997).
Capsaicin was also well known to stimulate sensory nerves (Szolcsanyi et al., 1988). The
cloned receptor reproduced well the properties of endogenous channels when expressed
heterologously (Tominaga et al., 1998). Genetic deletion of TRPV1 reinforced the role of
this channel in certain forms of nociception, especially in thermal hyperalgesia, the
increased sensitivity to heat upon inflammation (Caterina et al., 2000).
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Sensitization and thermal hyperalgesia

The threshold and sensitivity of TRPV1 to its activators is not static. Upon injury or
inflammation, a plethora of pro-inflammatory mediators, such as bradykinin, ATP,
prostaglandins and chemokines are released from immune cells and the damaged tissues.
These agents sensitize TRPV1 to its activators: heat, low pH and capsaicin, at sub-maximal
stimulation levels, see Fig. 2A for an example. These mediators activate GPCR-s that exert
their effects mostly through the PLCP pathway, and some through increasing intracellular
cAMP. After sensitization of TRPV1 by the PLC pathway, lower concentrations of protons
or capsaicin are required to activate the channel, but the maximal response does not change
(Tominaga et al., 2001). Some other sensitizing agents, such as NGF act through Receptor
Tyrosine Kinases and increase the maximal response, i.e. the number of available channels
via the PI3K pathway (Zhang et al., 2005a; Stein et al., 2006).

There are two alternative hypotheses for the mechanism of sensitization of TRPV1 upon
GPCR-induced PLC activation. PKCe has been proposed to mediate sensitization of TRPV1
(Cesare et al., 1999) via direct phosphorylation of S502 and S800 (Numazaki et al., 2002).
As mentioned earlier, an alternative hypothesis was that PI(4,5)P, keeps TRPV1 under tonic
inhibition, and upon PLC activation the decrease in PI(4,5)P5 levels relieves this inhibition,
leading to potentiation (Chuang et al., 2001). An inhibitory binding site at the very distal C-
terminus was proposed that mediates the inhibition by PI(4,5)P5 (Prescott and Julius, 2003).

Desensitization by high capsaicin concentrations

Prolonged application of maximal concentrations of capsaicin leads to a biphasic current
response, an initial peak followed by a much smaller plateau both in native sensory neurons
and in expression systems (Koplas et al., 1997; Liu et al., 2005; Lukacs, 2013) see Fig. 2B.
This is a Ca?* dependent phenomenon, since reducing extracellular Ca%* to zero strongly
reduced or eliminated desensitization (Koplas et al., 1997; Lukacs et al., 2007). It was
shown that calmodulin (CaM) interacts with a C-terminal segment of TRPV1, removal of
which inhibited desensitization (Numazaki et al., 2003). Neither calmodulin inhibitors nor a
dominant negative mutant of calmodulin interfered however with desensitization, and the
authors concluded that “CaM is not likely involved in Ca2*-dependent desensitization of
TRPV1” (Numazaki et al., 2003). Nevertheless, CaM was shown to inhibit TRPV1 slowly
and partially in excised patches (Rosenbaum et al., 2004) and another study found that a
CaM inhibitor inhibited desensitization (Lishko et al., 2007).

The Ca?* sensitive phosphatase calcineurin has also been implicated in desensitization of
TRPV1 (Docherty et al., 1996; Mohapatra and Nau, 2005). In another study, however, a
calcineurin presudosubstrate inhibitor did not inhibit acute desensitization (Piper et al.,
1999).

Liu et al found that intracellular hydrolysable ATP was necessary for the recovery of
TRPV1 from desensitization, and recovery was also inhibited by high concentrations of
wortmannin, an inhibitor of type 3 phosphatidylinositol 4 Kinases, that inhibit resynthesis of
P1(4,5)P, (Liu et al., 2005). The same paper also showed that activation of TRPV1 by
capsaicin inhibited the P1(4,5)P, dependent Kir2.1 channels, suggesting that Ca2* influx
though TRPV1 depletes PI(4,5)P,. In subsequent articles, two laboratories found that
P1(4,5)P, in excised patches activates, rather than inhibits TRPV1 channels (Stein et al.,
2006; Lukacs et al., 2007). Both the PLC inhibitor U73122 and inclusion of PI(4,5)P, or
P1(4)P in the whole-cell patch pipette inhibited desensitization (Lishko et al., 2007; Lukacs
et al., 2007). Activation of TRPV1 with saturating capsaicin concentrations induced a
translocation of a P1(4,5)P, binding fluorescent probe form the plasma membrane to the
cytoplasm, which was inhibited by U73122, signifying PLC dependent P1(4,5)P, depletion
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(Lukacs et al., 2007). Furthermore, capsaicin induced the formation of 1Pz and IP,, further
supporting PLC activation (Lukacs et al., 2007). Overall, these data support a model for
desensitization similar to that proposed for TRPM8 (Rohacs et al., 2005), and several other
TRP channels, in which Ca2* influx stimulates PLC, leading to depletion of PI(4,5)P, and
limiting channel activity, see Fig. 3.

On the other hand, these data were in direct contradiction with the P1(4,5)P, depletion-based
model of sensitization and raise two key questions. First, does P1(4,5)P, activate or inhibit
TRPV1 ? Second, how can the same PLC pathway play important roles in two phenomena,
with opposing effects on channel activity?

Does PI(4,5)P, activate or inhibit TRPV1?

In the original article proposing the inhibitory effect of phosphoinositides were not tested in
excised inside-out patches (Chuang et al., 2001). All articles published later agree that in
excised patches phosphoinaositide chelating agents, such as poly-Lysine inhibit, while
application of various phosphoinositides like P1(4,5)P, and its precursor PI(4)P reactivate
TRPV1 (Stein et al., 2006; Lukacs et al., 2007; Kim et al., 2008b; Klein et al., 2008).
Dependence on phosphoinositides is further supported by the finding that TRPV1 is
inhibited by the combined dephosphorylation of PI(4,5)P, and P1(4)P by the dual specificity
phosphatase pseudojanin (Hammond et al., 2012; Lukacs, 2013). On the other hand there are
indications in recent articles that in intact cells, P1(4,5)P, also exerts an inhibitory effect
(Lukacs et al., 2007; Jeske et al., 2011; Lukacs, 2013). The detectability of PI1(4,5)P,
inhibition in intact cells but not in excised patches suggested an indirect effect (Rohacs,
2009). A recent paper however showed that P1(4,5)P, and other phosphoinositides inhibited
the purified TRPV1 in lipid vesicles (Cao et al., 2013b). Currently it is difficult to bring all
these observations into a coherent picture but it is safe to say that in the context of the
cellular membrane there is a dependence of activity on P1(4,5)P, and probably its precursor
P1(4)P, but there also is a concurrent inhibitory effect by P1(4,5)P5. This seemingly complex
and not completely resolved regulatory scheme is similar to that seen with TRPC channels.
More discussion on phosphoinositide regulation of TRPV1 can be found in our concurrent
review on this topic (Rohacs, 2013).

Opposing regulation by PLC in sensitization and desensitization

As we discussed earlier, activation of PLC by GPCR-s increases TRPV1 activity
(sensitization), but activation of PLC by maximal CaZ* influx through TRPV1 inhibits
channel activity (desensitization). How is this possible? First of all, it is quite likely that the
main PLC isoforms activated during these two processes are different, GPCR-s activate
PLCp isoforms, whereas Ca2* influx though TRPV1 most likely activates PLC3 isoforms
such as PLC64 (Lukacs, 2013). This does not explain the difference however, since the
enzymatic reaction is the same in the two cases, most PLC isoforms hydrolyze PI(4,5)P, and
to a lesser extent its precursor P1(4)P (Rhee, 2001). One possible explanation can be that one
of the pathways activates another signaling mechanism. PKC activation by GPCR-s is an
obvious candidate, since it clearly participates in sensitization of TRPV1. PKC however is
also activated by capsaicin, as expected upon PLC activation (Xu et al., 2012). The same
argument can be made for all other candidates, such as increased cytoplasmic Ca2*,
calmodulin, calcineurin, etc, since all of these will probably be activated by both pathways.
Thus the difference is likely to be quantitative.

We have found that indeed, the phosphoinositide changes induced by GPCR activation and
maximal stimulation of TRPV1 by capsaicin are quantitatively different. In DRG neurons,
capsaicin induced a robust decrease in both PI1(4)P and PI(4,5)P,, whereas bradykinin
induced a moderate decrease in P1(4,5)P, levels, but no change in PI(4)P (Lukacs, 2013),

Adv Biol Regul. Author manuscript; available in PMC 2014 September 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Rohacs

Page 9

explaining lack of inhibition by bradykinin, despite the dependence of TRPV1 activity on
these lipids. Consistent with the partial inhibitory effect of P1(4,5)P,, dialysis of P1(4,5)P,
but not P1(4)P through the patch pipette inhibited bradykinin-induced sensitization, and
dephosphorylation of P1(4,5)P, with a voltage dependent phosphatase potentiated the effect
of sub-threshold stimulation of PKC on TRPV1 (Lukacs, 2013).

Overall, during sensitization by bradykinin, activation of PLCP isoforms leads to a moderate
reduction of PI(4,5)P, levels that probably synergizes with PKC activation and leads to
sensitization. The remaining P1(4,5)P, and the unchanged levels of P1(4)P are sufficient to
sustain channel activity (Lukacs, 2013). During desensitization maximal stimulation of
TRPV1 induces activation of PLCS isoforms, resulting in a robust depletion of P1(4,5)P, and
P1(4)P, limiting TRPV1 activity, which depends on these lipids (Lukacs, 2013). Figure 2
summarizes our model for the involvement of phosphoinositide changes and PKC in
sensitization and desensitization based mainly on data in (Lukacs, 2013).

Other TRP channels

As described so far, activation of the PLC pathway may have both positive and negative
effects on TRP channels. Many of the effects below are mediated by changes in P1(4,5)P,
levels. The details of TRP channel regulation by PI(4,5)P, are beyond the scope of this
article, but have been extensively discussed in a recent review (Rohacs, 2013).

Positive regulation by the PLC pathway

TRPV3

There are few other examples not discussed so far where positive regulation of TRP
channels by the PLC pathway was described. In several cases, similar to TRPV1, this
positive regulation coexists with a PLC dependent negative regulation.

TRPV3 is expressed in keratinocytes of the skin and activated by moderate heat (Dhaka et
al., 2006). Deletion of this channel in mice impairs thermosensation (Mogrich et al., 2005)
and results in wavy hair and thin stratum corneum (Cheng et al., 2010). Gain of function
mutations in this channel cause Olmsted syndrome in humans, a rare congenital disorder
characterized by palmoplantar and periorificial keratoderma, alopecia, and severe itching
(Lin et al., 2012). This channels was shown to be inhibited by P1(4,5)P, in excised patches,
and activation GPCRs that activate PLC potentiated currents evoked by heat or its chemical
agonist 2APB both in keratinocytes and in an expression system (Doerner et al., 2011).

TRPM4 and TRPM5

TRPM4 and TRPM5 are Ca?*-activated non-selective cation channels that do not permeate
Ca?*. When PLC is activated, cytoplasmic Ca2* increases, activating these channels, which
induces depolarization. TRPMS5 is selectively expressed in taste cells, and genetic deletion
of either this channel or PLCB2 abolished sweet, bitter and umami (amino acid) tastes
(Zhang et al., 2003). Thus TRPM5 can be considered as a downstream effector of PLC in
taste cells. TRPM4 is more widely expressed, and has been implicated in a variety of
functions, including immune responses, insulin secretion, constriction of cerebral arteries,
and cardiac dysfunction (Guinamard et al., 2011). Both TRPM4 and TRPMS5 require
P1(4,5)P, for activity (Liu and Liman, 2003; Zhang et al., 2005b; Nilius et al., 2006), thus it
is likely that the effect of PLC activation is biphasic, the channels are quickly activated by
the increase in cytoplasmic Ca2*, but the following decrease in P1(4,5)P, potentially limits
their activity.
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TRPAL1 is a nociceptive ion channel, expressed in sensory neurons (Nilius et al., 2012). A
wide range of noxious or painful chemicals activate this channel, including mustard oil,
formaldehyde and compounds in tear gases; many of these agents stimulate the channels via
covalent modification. TRPAL is has been proposed to be both a cold sensor and a
mechanosensor, but both of these hypotheses are controversial (Nilius et al., 2012). The role
of TRPAL in nociception in humans is demonstrated by the fact that its gain of function
mutations cause Familial Episodic Pain Syndrome pain syndrome (Kremeyer et al., 2010).

Similar to TRPV1, TRPAL is sensitized by pro-inflammatory agents such as bradykinin
(Bandell et al., 2004) and protease-activated receptor PAR2 (Dai et al., 2007). The
mechanism of this is far less studied than that of TRPV1, but the PLC pathway is quite
likely to be involved either via increased cytoplasmic Ca2* (Wang et al., 2008), reduced
P1(4,5)P, levels (Dai et al., 2007) or increased trafficking (Schmidt et al., 2009). TRPA also
undergoes Ca2*-induced inactivation/desensitization, and PLC mediated PI(4,5)P, depletion
may also be involved in this phenomenon (Karashima et al., 2008). The regulation of this
channel by PI(4,5)P is quite controversial, and have been discussed earlier (Rohacs, 2009).

Inhibition or desensitization by PLC activation
TRPM7 and TRPM6

TRPMS8

These two channels are close homologues, and both have an atypical kinase domain at the
C-terminus. Unlike any other TRP channels, genetic deletion of both TRPM6 (Walder et al.,
2009) and TRPM7 (Jin et al., 2008) results in embryonic lethality in mice, due to various
developmental defects. In humans, loss of function mutations in TRPM6 cause a more
restricted disease phenotype, Hypomagnesemia with secondary hypocalcemia, presumably
due to impaired Mg2* absorption through this channel in the intestines and kidneys (Walder
etal., 2002).

TRPM?7 was the first TRP channel where dependence of activity on P1(4,5)P, was
demonstrated and it was proposed in the same study that activation of muscarinic receptors
by carbachol inhibited these channels via depletion of P1(4,5)P, (Runnels et al., 2002). Later
this was challenged and it was proposed that PLC is not a major regulator of these channels,
but rather the increase in CAMP exerts a robust inhibitory effect (Takezawa et al., 2004). In
another paper (Langeslag et al., 2007) found that activation of PLC activates, rather than
inhibits TRPM7 channels in the perforated patch configurations, but the inhibition observed
earlier was reproduced in the whole-cell configuration. A recent paper demonstrated
P1(4,5)P, dependence of TRPM®6, and showed that activation of PLC inhibited this channel
(Xieetal., 2011).

TRPM8 is a sensory ion TRP channel activated by cold temperatures and menthol (McKemy
et al., 2002; Peier et al., 2002). These channels are expressed mainly in sensory neurons of
the dorsal root and trigeminal ganglia, and knockout studies confirmed their role in detecting
moderately cold ambient temperatures (Bautista et al., 2007; Dhaka et al., 2007). The
activation of TRPMS8 both by cold and menthol requires the presence of P1(4,5)P,. The
dependence of TRPMS activity on PI(4,5)P, has been demonstrated in excised patches (Liu
and Qin, 2005; Rohacs et al., 2005; Yudin et al., 2011), planar lipid bilayers (Zakharian et
al., 2009; Zakharian et al., 2010) and in intact cells, using various inducible lipid
phosphatases (Varnai et al., 2006; Wang et al., 2008; Daniels et al., 2009; Yudin et al.,
2011). Activation of the PLC pathway either by the inflammatory mediator bradykinin
(Premkumar et al., 2005), or by Ca?* influx through the channel (Rohacs et al., 2005;
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Daniels et al., 2009; Yudin et al., 2011) inhibits TRPMS8. Ca2* influx through the channel
and the resulting PLC? activation and PI(4,5)P, depletion mediates desensitization/
adaptation of responses to menthol and cold (Daniels et al., 2009; Yudin et al., 2011),
(Figure 3). CaM has also been implicated in the acute phase of desensitization of TRPM8
(Sarria et al., 2011). The PKC pathway was implicated in the bradykinin-induced inhibition
(Premkumar et al., 2005; Linte et al., 2007). As an alternative hypothesis for the bradykinin-
induced inhibition it was proposed that Gq directly inhibits TRPM8 (Zhang et al., 2012).
Overall, the PLC pathway is a negative regulator of TRPMS8, and the relative roles of
various downstream effectors have not fully been deciphered yet. We have recently
reviewed the regulation of TRPM8 by various signaling pathways including PLC in more
detail (Yudin and Rohacs, 2011).

TRPV2 was originally proposed to be a noxious heat sensor, but its role in thermosensation
has been challenged, because TRPV2~/~ mice have no defects in heat sensation (Park et al.,
2011). On the other hand, TRPV2~/~ mice had impaired phagocytosis in macropages (Link
et al., 2010). Physiologically these channels are probably activated by various growth factors
(Kanzaki et al., 1999). It was shown that TRPV2 undergoes desensitization in response to
their chemical agonist 2-APB, with a mechanism similar to that of several TRP channels
(Figure 3), i.e. Ca2* influx mediated activation of PLC and the resulting depletion of
P1(4,5)P, (Mercado et al., 2010). The same article showed that these channels require
P1(4,5)P, for activity in excised patches.

TRPV4 is an ion channel activated both by moderate heat and cellular swelling induced by
hyposmosis. Accordingly, the knockout mice have disturbances in thermosensation (Lee et
al., 2005a) osmoregulation (Liedtke and Friedman, 2003), and some mutations in humans
are associated with hyponatremia (Tian et al., 2009). Quite intriguingly, other mutations in
TRPV4 cause a spectrum of developmental disorders (Nilius and Voets, 2013). A recent
paper showed that the activation of this channel by heat and osmotic stimuli requires the
presence of P1(4,5)P,, and activation of the PLC pathway inhibited channel activity (Garcia-
Elias et al., 2013). Another article however reported that bradykinin and activation of PKC
by phorbol esters potentiate TRPV4 channels (Fan et al., 2009).

TRPV5 and TRPV6

These two channels are close homologues of each other, but differ from other TRP channels
considerably both biophysically and functionally. While most TRP channels are outwardly
rectifying Ca2* permeable non-selective cation channels, TRPV5 and 6 are inwardly
rectifying Ca2* selective channels. They are found in the apical membrane of various
epithelial cells, including the distal tubule in the kidney, the duodenum and the epididymis.
They participate in vectorial Ca2* transport form the lumen to the interstitium (Hoenderop et
al., 2005). Accordingly, TRPV5™~ mice have disturbances in Ca?* reabsorption in the
kidneys (Hoenderop et al., 2003), TRPV6~~ mice have moderately impaired Ca2*
absorption in the duodenum (Bianco et al., 2007) and the male TRPV6~/~ animals are
infertile (Weissgerber et al., 2011). The activity of both of these channels depend on
P1(4,5)P, (Lee et al., 2005b; Rohacs et al., 2005; Thyagarajan et al., 2008; Zakharian et al.,
2011). Both channels are constitutively active, but undergo Ca2*-induced inactivation. We
have shown earlier that Ca2*-influx through TRPV6 activates PLC, and inhibition of this
pathway reduced Ca2* induced inactivation (Thyagarajan et al., 2009) (Figure 3). The
ubiquitous Ca2* binding protein, calmodulin (CaM) is also implicated in Ca?*-induced
inactivation of TRPV6 (Niemeyer et al., 2001; Derler et al., 2006) and TRPV5 (de Groot et
al., 2011). We have found that CaM and PI(4,5)P, reciprocally regulate TRPV6 in excised
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patches, i.e. high concentrations of P1(4,5)P, alleviate Ca2*-CaM inhibition (Cao et al.,
2013a). It is likely that CaM and PI1(4,5)P, depletion upon PLC activation cooperate to
mediate Ca2*-induced inactivation and thus the channel serves as a coincidence detector of
these two signals.

CONCLUSIONS

TRPC channels are downstream effectors of the PLC pathway, but their activation
mechanism is not elucidated yet; it is possible that multiple signaling mechanisms
cooperatively open these channels upon PLC activation. Figure 1 compiles potential
mechanisms that have been implicated in activation of the drosophila visual TRP channel
complex, or mammalian TRPC channels. The heat- and capsaicin-sensitive TRPV1 channels
are regulated in a complex manner by two different PLC isoforms, during sensitization and
desensitization, and signaling specificity may be mediated by differential changes in
P1(4,5)P, and PI(4)P levels (Figure 2). Many other TRP channels are also modulated by the
PLC pathway, in several cases this is mediated by the reduction of P1(4,5)P, levels, but
other downstream effectors of the PLC pathway also contribute to their regulation.
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Figure 1.
Potential activation mechanisms of mammalian TRPC and drosophila visual TRP channels.

The cartoon is a compilation of activation mechanisms proposed on a variety of channels in
this family; note that there is not one specific channel where all of these mechanisms have
been demonstrated.
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Figure 2.

Sensitization and desensitization of TRPV1. A. Top, Graphical summary of changes in
phosphoinositide levels during sensitization in DRG neurons, based on data from (Lukacs,
2013). Briefly, upon GPCR stimulation by Bradykinin, PLC activation leads to a moderate
decrease in PI(4,5)P,, but no change in P1(4)P. The decrease in P1(4,5)P, levels synergizes
with PKC activation to potentiate TRPV1 activity. Bottom, Representative trace for
sensitization of TRPV1 in a DRG neuron in the whole-cell configuration: the cell was
stimulated with 100 nM capsaicin, then 500 nM bradykinin was applied, then the cell was
stimulated by 100 nM capsaicin again. B. 7gp, Upon maximal TRPV1 activation, Ca*-
induced PLC? activation leads to a robust decrease in PI(4,5)P, and PI1(4)P. Even though
PKC is likely to be activated, its effect is over-ridden by the robust decrease in
phosphoinostide levels and thus channel activity decreases. Bottom, Representative trace for
desensitization in a DRG neuron in the perforated patch configuration: two subsequent
stimulations by a saturating concentration of capsaicin (1 uM). Traces are modified from
(Lukacs, 2013), scale bars are 100 pA and 1 min for both traces.
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Figure 3.

Model for Ca2*-dependent desensitization/inactivation of TRP channels. Calcium influx
though various TRP channels activate a Ca2* selective PLC, likely PLCS isoform, that leads
to depletion of P1(4,5)P,, and in some cases [P1(4)P], leading to diminished channel activity.
This mechanism has been implicated so far in the regulation of TRPM8, TRPV1, TRPV2,
and TRPV6, see text for further details.
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