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Abstract

Transient Receptor Potential (TRP) channels are activated by stimuli as diverse as heat, cold, 

noxious chemicals, mechanical forces, hormones, neurotransmitters, spices, and voltage. Besides 

their presumably similar general architecture, probably the only common factor regulating them is 

phosphoinositides. The regulation of TRP channels by phosphoinositides is complex. There is a 

large number of TRP channels where phosphatidylinositol 4,5 bisphosphate [PI(4,5)P2 or PIP2], 

acts as a positive cofactor, similarly to many other ion channels. In several cases however, 

PI(4,5)P2 inhibits TRP channel activity, sometimes even concurrently with the activating effect. 

This review will provide a comprehensive overview of the literature on regulation of TRP 

channels by membrane phosphoinositides.

1. Introduction

Membrane phospholipids had generally been viewed as passive media that ion channels are 

embedded in. The beginning of the end of this view was probably marked by Donald 

Hilgemann’s finding that the cardiac Na+/Ca2+ exchangers and the cardiac KATP channels 

requires the presence of PI(4,5)P2 for activity (Hilgemann and Ball, 1996). There were 

sporadic publications before this article reporting effects of PI(4,5)P2 on channels or 

transporters, see (Huang, 2007) for references, but it was Hilgemann’s seminal publication 

that sparked the explosion of interest in this lipid in the context of ion channel regulation. In 

1998 high profile articles from four different laboratories extended PI(4,5)P2 regulation to 

several inwardly rectifying K+ (Kir) channels (Baukrowitz et al., 1998; Huang et al., 1998; 

Shyng and Nichols, 1998; Sui et al., 1998). This was followed by an ever-growing number 

of publications showing that a largely unexpected number and variety of ion channels 

require PI(4,5)P2 for activity. By now it seems that phosphoinositides are general regulators 

of most mammalian ion channels (Hilgemann et al., 2001; Suh and Hille, 2008; Gamper and 

Rohacs, 2012).

The first two papers on the phosphoinositide regulation of TRP channels were published in 

2001. Chuang et al reported that PI(4,5)P2 tonically inhibits the heat- and capsaicin-

activated TRPV1 channels, and breakdown of this lipid upon PLC activation relieves this 

inhibition leading to potentiation of TRPV1 activity by pro-inflammatory agents such as 

bradykinin (Chuang et al., 2001). Another article found that PI(4,5)P2 inhibits the 

drosophila TRPL channel in excised patches (Estacion et al., 2001). Since the whole 
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subfamily of mammalian TRPC-s are activated downstream of PLC, PI(4,5)P2 being a 

general inhibitor of TRP channels was a highly attractive hypothesis. For a while, the 

general view was that TRP channels are inhibited by PI(4,5)P2. This started to change when 

paper after paper showed that PI(4,5)P2 activates other TRP channels, such as TRPM7 

(Runnels et al., 2002), TRPM5 (Liu and Liman, 2003), TRPM8 (Liu and Qin, 2005; Rohacs 

et al., 2005), TRPV5 (Lee et al., 2005; Rohacs et al., 2005) and TRPM4 (Nilius et al., 2006) 

similar to most other ion channel families. The number TRP channels that are influenced by 

phosphoinositides are growing ever since. It is quite likely, that at least in the 3 major 

families, most, if not all members are regulated by phosphoinositides, with the majority 

showing a dependence on some of these lipids for activity, in most cases PI(4,5)P2.

There have been several reviews on the topic published in recent years (Hardie, 2007; Qin, 

2007; Rohacs and Nilius, 2007; Nilius et al., 2008; Rohacs, 2009). The field progressed 

considerably since; here I will give a comprehensive overview of the literature, 

incorporating novel findings since the last reviews, but trying to systematically describe 

earlier results too. Due to space restrictions, in several cases I refer to earlier reviews for 

details where I was not aware of new publications on PI(4,5)P2 regulation. I will also have 

no room for extensive discussions on some of the more complex or controversial regulation 

themes. I will provide a brief overview of the general function of the individual channels 

before discussing their regulation by phosphoinositides. In some cases the function of the 

channel is more complicated, or debated, so these short summaries are unavoidably over-

simplifications. The reader is referred to other chapters of this handbook for more detailed 

information on individual TRP channels.

2. Phosphoinositide signaling

PI(4,5)P2 is generated by two phosphorylation steps from phosphatidylinositol (PI) (Fig. 1). 

Phosphoinositide 4 kinases (PI4K) catalyze the formation of phosphatidylinositol 4-

phosphate [PI(4)P], which is further phosphorylated by phosphatidylinositol 4-phosphate 5 

kinases (PIP5K). Phosphoinositide 3 kinases (PI3K) add a phosphate to the 3 position in the 

inositol ring, and form either PI(3,4)P2 or PI(3,4,5)P3, which are second messengers in 

signaling by various growth factors. Phospholipase C (PLC) enzymes catalyze the 

hydrolysis of PI(4,5)P2 and the formation of the two classical second messengers inositol 

1,4,5 trisphosphate (IP3) and diacylglycerol (DAG). PI(4)P is also known to be the substrate 

for PLC enzymes, even though most PLCs are less active in hydrolyzing this lipid than 

PI(4,5)P2. PLCβ isoforms (PLCβ1-4) are activated by G-protein coupled receptors (GPCR) 

that couple to the Gq family of heterotrimeric G-proteins. PLCγ-s (PLCγ1 and 2) are 

activated by receptor tyrosine kinases. PLCδ-s (PLCδ1, δ3 and δ4) do not have obvious 

activators; these isoforms are the most sensitive to Ca2+ among the three classical PLC 

groups, and they can be activated by Ca2+ influx alone (Allen et al., 1997; Lukacs, 2013). In 

addition to the classical PLC-s, newer isoforms have also been cloned more recently (PLCη1 

and η2 and PLCε); their regulation is less well understood (Fukami et al., 2010).

Besides their precursor function, and regulation of ion channels, phosphoinositides are 

important regulators of cytoskeletal organization, membrane traffic, and general cellular 

architecture (Saarikangas et al., 2010; Shewan et al., 2011). These other functions of 
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phosphoinositides may also affect ion channel activity, see the regulation of TRPV1 and 

TRPC channels.

3. Methods to study phosphoinositide regulation

The methods to study phosphoinositide regulation of ion channels have been reviewed 

extensively in several articles (Rohacs et al., 2002; Rohacs and Nilius, 2007; Suh and Hille, 

2008; Gamper and Rohacs, 2012). Here I will give a brief overview of the various 

techniques to study phosphoinositide regulation. Figures 2 and 3 show a compilation of 

experimental data using a number of techniques discussed here, all demonstrating the 

dependence of the activity of TRPM8 on PI(4,5)P2.

3.1 Excised inside-out patches

Perhaps the most often used technique to demonstrate the effects of phosphoinositides is the 

excised inside-out patch configuration of the patch clamp technique. A common 

characteristic of PI(4,5)P2 dependent ion channels is run-down of channel activity upon 

excision into an ATP free solution, see Figure 2A for an example on TRPM8. Run-down of 

PI(4,5)P2 dependent ion channels is caused by dephosphorylation of PI(4,5)P2 and PI(4)P by 

lipid phosphatases associated with the patch membrane. Agents that chelate endogenous 

PI(4,5)P2 and other phosphoinositides such as poly-Lysine (Fig. 2A) or anti PI(4,5)P2 

antibody accelerate run-down (Fig. 2A). When PI(4,5)P2 is applied to the patch, it 

reactivates PI(4,5)P2 dependent ion channels (Fig 2A and B). Natural phosphoinositides 

have a combination of long acyl chains, arachidonyl-stearyl (AASt) being the most 

common. These natural lipids or their synthetic versions such as dipalmitoyl PI(4,5)P2 form 

micelles in aqueous solutions, and activate channels relatively slowly, and their effects are 

usually long lasting, since they accumulate in the patch membrane (Rohacs et al., 2002). 

Short acyl chain DiC8 phosphoinositides are easier to handle, and their effect washes out 

quickly (Fig. 2A), making it possible to test multiple compounds in one patch, which can be 

useful for constructing dose-response curves or testing phosphoinositide specificity profiles.

Exogenously applied lipids may cause unwanted side effects (Hilgemann, 2012). The effects 

of endogenous phosphoinositides however can also be studied in excised patches, by 

applying MgATP, which activates endogenous lipid kinases in the patch membrane 

(Hilgemann and Ball, 1996; Sui et al., 1998). Figure 2B shows an example, where MgATP 

re-activated the PI(4,5)P2 dependent TRPM8 channels, and the effect was inhibited by 

LY294002 at concentrations where it inhibits PI4K-kinases, but not at lower concentrations 

where it acts selectively on PI3-Kinases.

Applying PI(4,5)P2 directly to the patch membrane is still the state of the art method 

technique to demonstrate direct activation by the lipid. Excised patches however may 

contain many different proteins, including the lipid phosphatases and kinases just described, 

and cytoskeletal elements (Sachs, 2010), which may affect channel activity (Furukawa et al., 

1996). Thus to demonstrate a direct effect of phosphoinositides beyond doubt, techniques 

based on purified proteins are needed.
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3.2 Techniques on purified channel proteins

Biochemical binding assays have also been used to demonstrate direct binding of channel 

proteins to PI(4,5)P2. There is a plethora of specific techniques; most of them use isolated 

cytoplasmic fragments of ion channels (Rohacs, 2009; Gamper and Rohacs, 2012). 

Conceptually, if PI(4,5)P2 acts directly on the channels, it has to bind to it. If binding of 

PI(4,5)P2 is demonstrated, however, it does not prove that the biological effect of PI(4,5)P2 

happens through that binding. PI(4,5)P2 has a very high charge density, thus it could bind to 

positively charged protein surfaces, even if those do not face the plasma membrane in situ.

Perhaps the most convincing evidence for a direct effect of PI(4,5)P2 on a channel is to 

study its effect on purified proteins in an artificial membrane (Zakharian et al., 2009; 

D'Avanzo et al., 2010; Zakharian et al., 2010, 2011; Cao et al., 2013b). Figure 2C shows an 

example of activation by PI(4,5)P2 on the purified TRPM8 protein. The advantage of using 

reconstituted protein that it is probably the strongest evidence for a direct functional of the 

lipid an ion channel. The disadvantage is that the artificial membranes have different lipid 

composition from that of the plasma membrane, and other lipids may modify the effects of 

phosphoinositides (Cheng et al., 2011).

3.3 Pharmacological tools in intact cells or whole cell patch clamp

The major pathway most likely to decrease PI(4,5)P2 levels in intact cells is activation of 

PLC, which often inhibits PI(4,5)P2 sensitive channels. PLC can be activated by G-protein 

coupled receptors (PLCβ), Receptor tyrosine kinases (PLCγ), Ca2+ influx through the 

channel itself (PLCδ) or a chemical activator m-3M3FBS (Fig. 3A). Upon activation of PLC 

it is often hard to differentiate if the inhibitory effect is due to PI(4,5)P2 depletion, or other 

downstream pathways such as PKC.

PI4K can be inhibited by high concentrations of PI3K inhibitors such as LY294002 or 

wortmannin. These compounds slowly deplete PI(4)P and PI(4,5)P2 and may inhibit 

phosphoinositide sensitive ion channels (Rohacs et al., 2005). Since long treatments are 

necessary to significantly reduce phosphoinositide levels, many cellular processes may be 

affected, compounding interpretation. PI4K inhibitors have also been used to inhibit 

recovery from channel inhibition after PLC activation (Suh and Hille, 2002; Liu et al., 

2005). New more specific PI4K inhibitors are being developed, but not yet commercially 

available (Altan-Bonnet and Balla, 2012).

3.4 Inducible phosphatases in intact cells or whole cell patch clamp

Over-expression of constitutively active lipid kinases and phosphatases can be used to 

modify phosphoinositide levels, but those again exert long-term effects on many cellular 

functions. For this reason various inducible phosphatases have been developed to rapidly 

and specifically dephosphorylate PI(4,5)P2. One group of these tools is based on the 

rapamycin-induced heteromerization of FKBP12 and the mammalian target of rapamycin 

(mTOR). Using this system, a lipid phosphatase located in the cytoplasm can be translocated 

to the plasma membrane with rapamycin, where it dephosphorylates PI(4,5)P2 to form 

PI(4)P (Suh et al., 2006; Varnai et al., 2006). If the activity of an ion channel depends on 

PI(4,5)P2, but PI(4)P cannot activate it, translocation of the 5-phosphatase is expected to 
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inhibit it (Fig. 3B). A novel version of this system was recently developed, where both a 5 

and a 4 phosphatase was linked to FKBP12. This construct, pseudojanin, dephosphorylates 

both PI(4,5)P2 and PI(4)P in response to rapamycin (Hammond et al., 2012). With the 

combination of these tools, the effects of PI(4,5)P2 and PI(4)P can be differentiated.

Voltage sensitive phosphatases from ciona intestinalis (ciVSP) or danio rerio (drVSP) are 

alternative tools to dephosphorylate PI(4,5)P2 (Okamura et al., 2009). These naturally 

occurring membrane proteins remove the 5 phosphate from PI(4,5)P2 in response to 

depolarizing voltages. They also dephosphorylate PI(3,4,5)P3, but the concentration of this 

lipid in non-stimulated cells is essentially zero, thus these tools can be assumed to 

selectively deplete PI(4,5)P2 in most cases. The advantage of voltage sensitive phosphatases 

over the rapamycin-inducible systems is that PI(4,5)P2 depletion is quickly reversible, and it 

is much easier to induce graded responses either with smaller or shorter depolarizing pulses. 

Generally, the inducible phosphatases are considered the most specific tools in intact cells to 

selective decrease PI(4,5)P2 levels, and they have been used to systematically clarify the role 

of phosphoinositides in regulation of various mammalian ion channel families (Suh et al., 

2010; Kruse et al., 2012). The inducible phosphatases are not physiological however.

Overall, all of the tools have advantages and disadvantages, only the combined use of them 

can bring meaningful conclusion. For Kir and KCNQ channels and some TRP channels, 

such TRPM8 (Figures 2 and 3) essentially all tools support the same conclusion, channel 

activity depends on PI(4,5)P2. There are several TRP channels however where the different 

tools support seemingly opposite conclusions. In some cases most data can be explained 

with a congruent model, in some other cases it cannot. Regulation of TRP channels by 

phosphoinositides is more complex than Kir and KCNQ channels, and in many cases future 

work is required to clarify the picture.

4. General principles of phosphoinositide regulation

We have extensively discussed this topic in two previous reviews in the context of TRP 

channels (Rohacs, 2007, 2009). The following is a brief summary of some of the key 

concepts, some of which were worked out on the best studied PI(4,5)P2 sensitive ion 

channel families Kir channels and voltage gated KCNQ K+ channels (Kv7.x).

4.1 How do phosphoinositides interact with ion channels?

Kir channels were the first ion channel family where PI(4,5)P2 dependence was 

demonstrated. The molecular mechanism of PI(4,5)P2 activation is best understood on these 

channels. The general view from the beginning was that the negatively charged head-group 

of PI(4,5)P2 interacts with positively charged residues in the cytoplasmic domains of the 

channels (Fan and Makielski, 1997; Huang et al., 1998). Thorough mutagenesis studies later 

mapped the positively charged residues mainly to the larger C-terminal domain, but 

PI(4,5)P2 interacting residues in the smaller N-terminus were also found (Lopes et al., 

2002). Several homology models have been built based on partial crystal structures 

(Rosenhouse-Dantsker and Logothetis, 2007), when finally in 2011 two co-crystal structures 

with PI(4,5)P2 were published (Hansen et al., 2011; Whorton and MacKinnon, 2011). Quite 

remarkably, the original idea that the interaction of the lipid’s head group with the 
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cytoplasmic domain(s) of the channel leads to a conformation change opening the channel 

(Fan and Makielski, 1997), was essentially confirmed, needless to say at a much higher 

molecular resolution (Hansen et al., 2011; Whorton and MacKinnon, 2011). Since the 

overall homology of TRP channels between sub-families is negligible outside the 

transmembrane domains, it is unlikely that such a conserved PI(4,5)P2 interaction binding 

site is responsible for the effects of PI(4,5)P2 on TRP channels. Accordingly, a variety of C- 

or N-terminal segments have been proposed as PI(4,5)P2 interacting sites in different TRP 

channels (Rohacs et al., 2005; Nilius et al., 2006; Brauchi et al., 2007; Klein et al., 2008; 

Garcia-Elias et al., 2013).

4.2 Phosphoinositide specificity

Kir channels have diverse specificities for phosphoinositides (Rohacs et al., 2003). 

Similarly, some TRP channels such as TRPM8 (Rohacs et al., 2005) or TRPV6 

(Thyagarajan et al., 2008) are activated relatively specifically by PI(4,5)P2, whereas others, 

like TRPV1 are activated by many different phosphoinositides (Lukacs et al., 2007).

To put the effects of various phosphoinositides in context, we need to consider their in situ 

concentrations. PI(4,5)P2 constitutes up to 1 % of the phospholipids in the plasma 

membrane; PI(4)P is found in comparable quantities (Fruman et al., 1998). Their precursor 

PI constitutes up to 10% of membrane lipids (Fruman et al., 1998), but it has no effect on 

most PI(4,5)P2 sensitive channels, and its concentration is not expected to change 

significantly upon PLC activation. PI(3,4,5)P2 and PI(3,4)P2, the products of PI3K may also 

activate some PI(4,5)P2 sensitive ion channels, but their concentrations in the plasma 

membrane do not reach higher than 0.1 % even in stimulated cells (Fruman et al., 1998), 

thus their effect is likely to be overridden by the much higher concentration of PI(4,5)P2. 

Therefore based on their concentrations the two most likely phosphoinositides regulating ion 

channels are PI(4,5)P2 and PI(4)P; both these lipids are substrates for PLC. In most cases 

however, PI(4,5)P2 which has a higher charge density is much more potent than PI(4)P. 

Some intracellular channels, such as TRPML1 may be specifically activated by PI(3,5)P2, 

which is found mainly in intracellular membranes, see later.

4.3 Relation to other channel regulators

Some TRP channels, such as TRPV5 and 6 are constitutively active, but most require 

another stimuli to open. In the case of PI(4,5)P2 dependent TRP channels opening happens 

when both PI(4,5)P2 and the stimulus, such as menthol for TRPM8 are present. These 

stimuli often modify the effect of PI(4,5)P2, see below.

4.4 The role of apparent affinity

The resting concentration of PI(4,5)P2 in the plasma membrane is relatively high. Thus 

channels with high apparent affinity for this lipid may be over-saturated, and physiological 

decreases in PI(4,5)P2 will not affect their activity significantly. Channels with lower 

affinity on the other hand are more likely to be regulated by physiological changes in 

PI(4,5)P2 levels. The apparent affinity for PI(4,5)P2 is not static for several TRP channels, 

their chemical ligands, such as capsaicin or menthol can increase PI(4,5)P2 affinity (Rohacs 

et al., 2005; Lukacs et al., 2007).
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4.5 Potential indirect effects of phosphoinositides

The regulation of TRP channels by PI(4,5)P2 is complex, in many cases opposing effects of 

the lipid are reported even on the same channel. Phosphoinositides regulate many cellular 

processes, including the organization of the cytoskeleton, and membrane traffic 

(Saarikangas et al., 2010; Shewan et al., 2011). These effects are mediated by a large 

number and variety of PI(4,5)P2 binding proteins (DiNitto et al., 2003). It is quite likely that 

some, or most of the complexity originates from other phosphoinositide binding proteins 

influencing channel activity (Rohacs, 2009). See TRPC and TRPV1 channels for some 

specific details.

5. TRPM channels

TRPM channels are the most diverse group in terms of activation mechanisms, and 

biological function. When their phosphoinositide regulation is concerned, however, we 

probably have the clearest picture here. In short, it is quite likely that PI(4,5)P2 is a common 

co-factor for members of this group, necessary for activity. There are variations to this 

theme, but there is a clear agreement in the literature on the overall direction of the effect of 

phosphoinositides. Six out of the eight members have been reported to be positively 

regulated by PI(4,5)P2 by now (Table 1).

5.1 TRPM8

The literature on phosphoinositide regulation is most extensive on the cold and menthol 

sensitive TRPM8. These channels are expressed in sensory neurons of the dorsal root 

ganglia (DRG), and trigeminal ganglia (TG). Their genetic deletion in mice significantly 

impaired detection of moderately cold temperatures (Bautista et al., 2007; Dhaka et al., 

2007).

TRPM8 was reported by two different laboratories to be re-activated by PI(4,5)P2 after run-

down in excised patches, and inhibited by either poly-lysine (Fig. 2A) or anti PI(4,5)P2 

antibody (Liu and Qin, 2005; Rohacs et al., 2005). Mutations of positively charged residues 

in the highly conserved proximal C-terminal TRP domain shifted PI(4,5)P2 dose-response to 

the left, and accordingly, made the channels more sensitive to inhibition by PLC, as 

expected from reduced apparent affinity for PI(4,5)P2 (Rohacs et al., 2005). Later it was also 

reported that TRPM8 is reactivated by MgATP in excised patches, and this was prevented 

by inhibiting PI4K (Yudin et al., 2011), see Fig. 2B. TRPM8 was the first TRP channel that 

was reported to be inhibited by selective reduction of PI(4,5)P2 by rapamycin-induced 

translocation of a 5-phosphatase (Varnai et al., 2006), see Fig. 3B, a finding confirmed by 

other laboratories (Daniels et al., 2009), see also supplemental material in (Wang et al., 

2008). Later the voltage sensitive phosphatase ciVSP was also shown to inhibit the channel 

(Yudin et al., 2011), see Fig. 3C. Consistent with the robust inhibition by two different 5-

phosphatases, PI(4)P had very little effect on TRPM8 in excised patches (Rohacs et al., 

2005). The channel protein was also purified and reconstituted in planar lipid bilayers (Fig. 

2C), where activation by both menthol and cold depended on the presence of PI(4,5)P2, and 

PI(4)P could not support channel activity (Zakharian et al., 2009; Zakharian et al., 2010). 

PI(3,4,5)P3 and PI(3,4)P2 were also much less effective both in excised patches (Rohacs et 
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al., 2005) and in lipid bilayers (Zakharian et al., 2010). These data show that PI(4,5)P2 is a 

direct specific activator of TRPM8.

Both menthol- and cold-induced currents display a time dependent decrease, in the presence 

of extracellular Ca2+, a phenomenon termed adaptation, or desensitization. It has been 

shown that both menthol (Rohacs et al., 2005; Daniels et al., 2009) and cold (Yudin et al., 

2011) decrease cellular PI(4,5)P2 levels via Ca2+-induced activation of PLCδ isoforms. 

Dialysis of PI(4,5)P2 but not PI(4)P through the whole-cell patch pipette inhibited 

desensitization of menthol-induced currents (Yudin et al., 2011). These data together with 

the clear dependence of channel activity on PI(4,5)P2 support a model in which Ca2+ influx 

through TRPM8 induces depletion of PI(4,5)P2, which limits channel activity, leading to 

desensitization. A more recent paper confirmed the role of PI(4,5)P2 depletion in 

tachyphylaxis, the decrease in amplitude after repeated agonist applications, but proposed a 

role for Calmodulin (CaM) in acute desensitization (Sarria et al., 2011). A recent paper also 

implied that PI(4,5)P2 is involved in setting the threshold temperature for TRPM8 (Fujita et 

al., 2013).

GPCR-s activating PLC have also been shown to inhibit TRPM8 (Liu and Qin, 2005), but 

the involvement of PI(4,5)P2 depletion here is much less clear. Both PKC (Premkumar et al., 

2005) and direct inhibition by Gq-alpha (Zhang et al., 2012b) have been implicated.

In conclusion, it is universally accepted now that the activity of TRPM8 depends on 

PI(4,5)P2, see Figures 2 and 3 for supporting data using a variety of techniques. It is also 

clear, that activation of PLC either by GPCR-s or by Ca2+ influx through the channel 

inhibits TRPM8. How much PI(4,5)P2 depletion and other signaling pathways contribute to 

this inhibition is less clear; we refer to our recent review for further details (Yudin and 

Rohacs, 2011).

5.2 TRPM6 and TRPM7

TRPM6 and TRPM7 are closely related to each other; both channels have an atypical kinase 

domain at their C-terminus. Loss of function mutations in TRPM6 cause familial 

hypomagnesemia with secondary hypocalcemia in humans (Walder et al., 2002). TRPM7 

has been proposed to have a variety of functions, but from knockout studies it appears that 

this channel has important roles in development (Jin et al., 2012). Interestingly, despite the 

relatively restricted disease its mutation causes in humans, genetic deletion of TRPM6 in 

mice is also embryonic lethal (Walder et al., 2009).

TRPM7 was reported to require PI(4,5)P2 for activity (Runnels et al., 2002; Gwanyanya et 

al., 2006) and PLC activation was shown to inhibit it (Runnels et al., 2002). Two articles 

however challenged the inhibitory effect of PLC activation (Takezawa et al., 2004; 

Langeslag et al., 2007). We have discussed this controversy in more detail in a recent review 

(Rohacs, 2009). TRPM6 was also recently reported to require PI(4,5)P2 for activity, and 

inhibited by PI(4,5)P2 depletion with inducible phosphatases (Xie et al., 2011).
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5.3 TRPM4 and TRPM5

Both TRPM5 and TRPM4 are Ca2+ activated non-selective cation channels that are not 

permeable to Ca2+. TRPM5 is mainly expressed in taste and related tissues, whereas 

TRPM4 is more widely expressed. Both channels have been shown to undergo 

desensitization to Ca2+ in excised patches, which was restored by the application of 

PI(4,5)P2 (Liu and Liman, 2003; Zhang et al., 2005; Nilius et al., 2006). On TRPM4, the 

PI(4,5)P2 interaction site was proposed to be a distal C-terminal cluster of positively charged 

residues, termed PH-like domain (Nilius et al., 2006). Regions conforming to the K/R-X3-11-

K/R-X-K/R consensus sequence of this region can be found in most TRP channels either in 

the C- or the N-terminal cytoplasmic domains (Nilius et al., 2008). Interestingly, the N-

terminal PI(4,5)P2 interacting region recently proposed in TRPV4, also conforms to this 

consensus sequence (Garcia-Elias et al., 2013), see later. The role of this sequence motif in 

PI(4,5)P2 regulation of other TRP channels remains to be determined.

5.4 TRPM2

TRPM2 is another TRP channel that has an enzyme domain on its C-terminus, an ADP 

ribose hydrolase; accordingly, the channel can be activated in excised patches by ADP 

ribose. TRPM2 has been implicated in a variety of physiological functions, such as insulin 

secretion and immunological responses, but the overall phenotype of the knockout mouse is 

quite moderate (Yamamoto et al., 2008). To our knowledge there is only one publication of 

examining potential effects of PI(4,5)P2 on TRPM2 (Toth and Csanady, 2012). In this work 

the authors found that run-down of TRPM2 activity in excised patches is not caused by loss 

of PI(4,5)P2 from the patch membrane, but rather a collapse of the pore. When poly-Lysine 

was applied to excised inside out patches however, channel activity was inhibited, and this 

could be relieved by application of PI(4,5)P2. It is quite possible that TRPM2 also requires 

PI(4,5)P2 for activity, but its affinity to the lipid is quite high, thus loss of the lipid does not 

contribute to run-down at high agonist (ADP ribose) concentrations.

6. TRPV channels

TRPV channels can be divided into two groups, TRPV1-4 are all outwardly rectifying non-

selective Ca2+ permeable cation channels that can be activated by heat with various 

thresholds. TRPV5 and 6 on the other hand are Ca2+-selective inwardly rectifying ion 

channels that play roles in epithelial Ca2+ transport. Phosphoinositides have been implicated 

in regulation of all members of this sub-group, in most cases PI(4,5)P2 has a positive 

regulatory role, but inhibition by PI(4,5)P2 has also been described with or without the 

presence of concurrent activating effect (Table 2).

6.1 TRPV1

TRPV1 is activated by heat, capsaicin, low extracellular pH and a plethora of other pain-

producing agents in sensory neurons. TRPV1 is perhaps the most studied member of the 

TRP superfamily; its phosphoinositide regulation is no exception. Compared to the 

relatively simple picture with the TRPM family, the regulation of TRPV1 by 

phosphoinositides is quite complex and controversial.
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There is full agreement in the literature that TRPV1 is activated by phosphoinositides in 

excised patches. First it was shown that poly-Lysine inhibits, and diC8 PI(4,5)P2 activates 

both native TRPV1 currents in DRG neurons, and recombinant TRPV1 expressed in F11 

cells (Stein et al., 2006). A following article confirmed these results in recombinant TRPV1 

expressed in Xenopus oocytes using both DiC8 and AASt PI(4,5)P2 (Lukacs et al., 2007). 

The apparent affinity for PI(4,5)P2 was increased by higher capsaicin concentrations, and 

accordingly, the velocity of current run-down was inversely correlated with the 

concentration of capsaicin in the patch pipette. The same article also found that all other 

phosphoinositides tested, PI(3,4,5)P2, PI(3,4)P2, PI(3,5)P2, PI(5)P, and PI(4)P activated 

TRPV1. PI(4)P was less potent than PI(4,5)P2, i.e. its dose-response was shifted to the right, 

but the maximal effect was similar to that induced by PI(4,5)P2 (Lukacs et al., 2007). 

Similar results have been obtained in excised patches with PI(4)P in two additional 

publications (Klein et al., 2008; Ufret-Vincenty et al., 2011). Finally an article from a 

different laboratory studying mainly TRPA1 channels, confirmed the activating effect of 

PI(4,5)P2 on TRPV1 in excised patches (Kim et al., 2008c).

Results with inducible phosphatases also generally confirm the positive regulatory role of 

PI(4,5)P2, but there is a debate on weather or not PI(4)P contributes to channel activity in 

intact cells. Shortly after the first publication with the rapamycin inducible 5-phosphatase, it 

was shown that using this construct, depletion of PI(4,5)P2 via conversion to PI(4)P, did not 

inhibit TRPV1 activity at saturating capsaicin concentrations, whereas it inhibited TRPM8 

(Lukacs et al., 2007). The lack of inhibition of TRPV1 was explained by the fact that PI(4)P 

also activates these channels, whereas TRPM8 is specifically activated by PI(4,5)P2. Two 

recent publications using the rapamycin-inducible dual specificity phosphatase pseudojanin 

supported this conclusion. First it was shown that capsaicin-induced TRPV1 currents were 

inhibited by rapamycin-induced activation of pseudojanin, which dephosphorylates both 

PI(4,5)P2 and PI(4)P, but not when either the 5 or the 4 phosphatase activity was eliminated 

by mutations (Hammond et al., 2012). Another article confirmed these results, and showed 

that TRPV1 currents induced by low pH were inhibited by rapamycin in pseudojanin 

expressing cells, but they were not inhibited by the specific 5-phosphatase drVSP (Lukacs, 

2013). In contrast to these publications, two articles found that a rapamycin-inducible 5-

phosphatase inhibited capsaicin-induced TRPV1 currents (Klein et al., 2008; Yao and Qin, 

2009). The discrepancy between these and earlier results is not clear, but the rapamycin-

inducible system in these studies used a different 5-phosphatase than the one used by 

(Lukacs et al., 2007). Despite discrepancies on the specific roles of PI(4,5)P2 and PI(4)P, 

data using excised patches and inducible phosphatases are consistent with the idea that 

phosphoinositides are positive regulators or cofactors of TRPV1.

Data in the literature support the idea that the positive regulation by phosphoinositides plays 

a role in desensitization of TRPV1 currents, in a similar fashion that was described earlier 

for TRPM8 (Rohacs et al., 2005). It was shown that desensitization of recombinant (Lishko 

et al., 2007; Lukacs et al., 2007) and native TRPV1 (Lukacs, 2013) is inhibited by dialysis 

of either PI(4,5)P2 or PI(4)P through the whole cell patch pipette. It was also shown that 

activation of recombinant (Liu et al., 2005; Lukacs et al., 2007; Yao and Qin, 2009) and 

native TRPV1 channels in DRG neurons (Lukacs, 2013) leads to a depletion of PI(4,5)P2 
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and PI(4)P presumably via activation of PLCδ isoforms by the massive Ca2+ influx through 

the channels. Phosphoinositide depletion is probably not the only mechanism of 

desensitization, since neither PI(4,5)P2 not PI(4)P could fully inhibit desensitization. 

Consistent with this, several other mechanisms, such as CaM, calcineurin, and direct binding 

of ATP to the channel have been proposed to play roles in desensitization (Mohapatra and 

Nau, 2005; Lishko et al., 2007; Rohacs, 2013).

As mentioned earlier however, TRPV1 was first proposed to be inhibited by PI(4,5)P2 

(Chuang et al., 2001) via direct binding to a distal C-terminal lipid interacting site (Prescott 

and Julius, 2003). It was also proposed that pro-inflammatory mediators such as bradykinin 

sensitize TRPV1 to moderate stimuli, via removing this inhibitory effect by PLC mediated 

PI(4,5)P2 hydrolysis. This model was mainly based on indirect evidence, and the effects of 

phosphoinositides were not tested in excised patches. To lend further support to the idea that 

PI(4,5)P2 inhibits TRPV1, the same laboratory recently purified the TRPV1 protein, and 

incorporated it into artificial liposomes. By patch clamping those liposomes, they showed 

that the channel was fully active in the absence of phosphoinositides, and that incorporation 

of PI(4,5)P2, PI(4)P or even PI, inhibited TRPV1 activity, more precisely, shifted the 

capsaicin dose-response curve to the right. Removal of the distal C-terminal 

phosphoinositide binding domain eliminated inhibition by PI(4,5)P2 (Cao et al., 2013b).

How do we reconcile these two seemingly incompatible views? First of all, the fact that 

TRPV1 showed both heat and capsaicin activation in an artificial membrane devoid of 

phosphoinositides makes it very clear that these lipids are not necessary for channel activity 

per se. As mentioned earlier, activation of TRPV1 by phosphoinositides was not specific to 

PI(4,5)P2, any other phosphoinositide could exert similar effects in excised patches (Lukacs 

et al., 2007). Among Kir channels, Kir6.2 (KATP) has a similar non-specific activation 

profile for phosphoinositides (Rohacs et al., 2003). Those channels can be activated not only 

by phosphoinositides, but many other negatively charged lipids, such as oleoyl-CoA 

(Rohacs et al., 2003), phosphatidylserine at high concentrations (Fan and Makielski, 1997) 

and even the artificial lipid DGS-NTA (Krauter et al., 2001). The liposomes used by (Cao et 

al., 2013b) contained high concentrations (~25%) of phosphatidyl glycerol (PG), which has 

a negative charge. One possible explanation for the full activity of TRPV1 in the complete 

absence of phosphoinositides is that the high concentrations of PG satisfied the requirement 

for negatively charged lipids for the activity of the channel. Indeed, when PG was tested in 

excised inside-out patches, it reactivated TRPV1 currents after run-down when applied at 

very high concentrations (Lukacs et al., 2013). Other phospholipids with single negative 

charges, phosphatidylserine (PS) and phosphatidylinositol (PI) could also support TRPV1 

activity at high concentrations. Similar to KATP channels, oleoyl-CoA and DGS-NTA also 

activated TRPV1 (Lukacs et al., 2013). When the purified channel was incorporated in 

planar lipid bilayers consisting of neutral lipids, capsaicin activation depended on the 

presence of PI(4,5)P2 (Lukacs et al., 2013). TRPV1 activity showed ~90% run-down in 

excised patches after 5 minutes in an ATP free solution, and MgATP reactivated the channel 

in a PI4K dependent manner. This shows that phospholipids with single negative charges 

(PS, PI and PG) that do not become dephosphorylated in excised patches contribute to 

TRPV1 activity 10% or less. In conclusion, despite its promiscuous lipid specificity profile, 
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in the context of the plasma membrane, the major intracellular lipids supporting TRPV1 

activity are PI(4,5)P2 and potentially PI(4)P (Lukacs et al., 2013).

As to the inhibitory effect of PI(4,5)P2, there are many other data supporting this idea, most 

are based on measurements in intact cells or whole-cell patch clamp. We have found earlier 

that at low stimulation levels with capsaicin or heat, the rapamycin inducible 5-phoshatase 

potentiated TRPV1 currents both in HEK cell and in Xenopus oocytes (Lukacs et al., 2007). 

More recently we found that depleting PI(4,5)P2 with ciVSP potentiated TRPV1 currents 

induced by low capsaicin in Xenopus oocytes (unpublished observation), but neither ciVSP 

nor drVSP potentiated TRPV1 currents in a mammalian expression system either with low 

capsaicin, or low pH (Lukacs, 2013). On the other hand, selective depletion of PI(4,5)P2 by 

drVSP potentiated the sensitizing effect of sub-threshold and submaximal concentrations of 

the PKC agonist OAG (Lukacs, 2013). Dialysis of PI(4,5)P2, but not PI(4)P via the whole 

cell patch pipette inhibited bradykinin-induced sensitization, which again is compatible with 

PI(4,5)P2 being inhibitory. Based on this and other experiments, we have proposed a model 

in which GPCR activation leads to a selective moderate decrease in PI(4,5)P2 levels, which 

potentiates the well known sensitizing effect of PKC (Lukacs, 2013).

The fact that inhibition by PI(4,5)P2 was not detected in excised patches by any laboratory, 

argued that any inhibition of TRPV1 by PI(4,5)P2 is likely to be indirect, i.e. mediated by 

other cellular components or PI(4,5)P2 binding proteins. The A-Kinase anchoring protein 

AKAP150 for example was proposed to mediate the inhibitory effect of PI(4,5)P2 (Jeske et 

al., 2011). Another PI(4,5)P2 binding protein that was proposed to influence TRPV1 activity 

is Pirt (Kim et al., 2008a). This protein, however was proposed to mediate positive effects of 

PI(4,5)P2, and its role has been recently challenged (Ufret-Vincenty et al., 2011). The 

finding that PI(4,5)P2 inhibited the purified TRPV1 in artificial membranes provided strong 

support for a direct inhibition by phosphoinositides (Cao et al., 2013b). Clearly, more work 

is needed at this point to understand the mechanism of negative modulation of TRPV1 by 

phosphoinositides.

Overall, the author’s view is that TRPV1 requires negatively charged lipids for activity, and 

in the cellular context these lipids are PI(4,5)P2 and probably PI(4)P. Removal of these 

phosphoinositides contribute to desensitization upon maximal pharmacological activation. A 

concurrent inhibitory effect is also quite likely, and smaller selective decreases in PI(4,5)P2 

levels contribute to sensitization by pro-inflammatory mediators such as bradykinin (Lukacs, 

2013; Rohacs, 2013).

6.2 TRPV2

TRPV2 was originally proposed to be a noxious heat sensor, with activation temperatures 

over 50 °C, but subsequent studies showed that TRPV2−/− mice have no temperature 

sensation deficit (Park et al., 2011). At the same time, the knockout animals had impaired 

phagocytosis by macrophages (Link et al., 2010). As opposed to the large number of papers 

on TRPV1, there is only one publication on TRPV2 in connection to PI(4,5)P2 (Mercado et 

al., 2010). This article showed that TRPV2 is inhibited by poly-Lys, and reactivated by DiC8 

PI(4,5)P2 in excised patches. It was also shown that activation of the channel with its 
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chemical agonist 2-APB induced a depletion of PI(4,5)P2 resulting in desensitization of the 

channel.

6.3 TRPV3

TRPV3 is activated by moderate heat in keratinocytes. Gain of function mutations in 

TRPV3 cause Olmsted syndrome, a rare congenital disorder characterized by palmoplantar 

and periorificial keratoderma, alopecia, and severe itching (Lin et al., 2012). This channel 

was reported to be inhibited by PI(4,5)P2 in excised patches and its voltage and temperature 

dependent gating was potentiated by hydrolysis of the lipid (Doerner et al., 2011).

6.4 TRPV4

TRPV4 is another temperature sensitive TRP channel, which also acts as an osmosensor. 

Mutations in this channel are also associated with a variety of human diseases (Nilius and 

Voets, 2013). A recent report (Garcia-Elias et al., 2013) showed that activation of this 

channel in excised patches by heat required PI(4,5)P2. In intact cells, both osmotic and heat-

induced activation was eliminated if PI(4,5)P2 was depleted using a rapamycin-inducible 

PI(4,5)P2 phosphatase (Garcia-Elias et al., 2013). Activation by a direct chemical agonist 

4α-phorbol 12,13-didecanoate was not affected by PI(4,5)P2 depletion. Positively charged 

residues in the N-terminal cytoplasmic domain (121KRWRK125), located before the ankyrin-

repeats and the proline-rich domain, were implied in the effect of PI(4,5)P2. PI(4,5)P2 

depletion increased the distance between the C-terminal ends of the channel as determined 

by fluorescence resonance energy transfer, indicating a structural rearrangement of the 

channel upon PI(4,5)P2 binding (Garcia-Elias et al., 2013).

6.5 TRPV5 and TRPV6

These two channels are highly homologous to each other, but less to other members of the 

TRPV family. Unlike any other TRP channels, TRPV5 and 6 are Ca2+ selective, and they 

display inward rectification. Both are implicated in epithelial Ca2+ transport, TRPV5 in the 

kidney (Hoenderop et al., 2003), whereas TRPV6 in the duodenum (Bianco et al., 2007) and 

in epididymal epithelia (Weissgerber et al., 2011).

The activity of both TRPV5 (Lee et al., 2005) and TRPV6 (Thyagarajan et al., 2008) runs 

down in excised patches, and they are reactivated by PI(4,5)P2, but not PI(4)P. TRPV6 has 

also been shown to be re-activated by MgATP in excised patches and this effect was 

inhibited by three structurally different compounds that inhibit PI4K activity, showing that 

MgATP in this system acted by providing substrate for lipid kinases (Zakharian et al., 2011). 

TRPV6 was also shown to be activated by PI(4,5)P2 but not PI(4)P in planar lipid bilayers, 

demonstrating direct effect on the channel (Zakharian et al., 2011). Consistent with the lack 

of effect of PI(4)P, the channel is inhibited by the rapamycin-inducible 5-phosphatase 

(Thyagarajan et al., 2008). Ca2+ influx through TRPV6 was also shown to activate PLC, 

contributing to channel inactivation (Thyagarajan et al., 2009). CaM has also been 

implicated in Ca2+-induced inactivation of both TRPV6 (Niemeyer et al., 2001; Derler et al., 

2006) and TRPV5 (de Groot et al., 2011). CaM was shown to inhibit TRPV6 in excised 

patches, which could be alleviated, but not prevented by excess PI(4,5)P2 (Cao et al., 

2013a). CaM and PI(4,5)P2 thus compete with each other, even though it probably does 
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happen through direct competition, as proposed for TRPC6 (Kwon et al., 2007) since we 

could not observe competition in biochemical binding experiments. Overall, it is quite likely 

that PI(4,5)P2 depletion and CaM cooperatively produce Ca2+-induced inactivation of 

TRPV6 (Cao et al., 2013a).

7. TRPC channels

Mammals have 6 or 7 TRPC channels, depending on the species; in humans TRPC2 is a 

pseudogene. From the functional point of view, this group is the most homogenous, all 

members are activated downstream of PLC. There are certainly flavors to this general 

theme, but at least on the textbook level we can make this generalization. TRP channels 

were discovered in drosophila, where they play a role in visual transduction. The channel 

complex that generates the receptor potential in the insect eye consists of the TRP and the 

TRPL channels, both are homologues of the mammalian TRPC channel, thus they will be 

discussed here.

When it comes to their phosphoinositide regulation, this group is probably the most 

complicated among the three major families (Table 3). Inhibition by PI(4,5)P2 and relief 

from inhibition by depletion of this lipid upon PLC activation was proposed originally as a 

mechanism contributing to activation (Estacion et al., 2001). This notion however is 

controversial, it may contribute to activation in some cases, but it is certainly not a general 

mechanism of opening. What activates TRPC-s is not elucidated yet; activation of TRPC3, 6 

and 7 channels by DAG is very well accepted, but there is less agreement on how other 

TRPC-s are activated. It is quite likely that multiple and diverse mechanisms converge on 

most TRPC channels (Putney and Tomita, 2011; Rohacs, 2013).

7.1 Excised patch data

The first publication implying PI(4,5)P2 in this channel family showed that the drosophila 

TRPL channel expressed in SF9 cells was inhibited by PI(4,5)P2 in excised patches 

(Estacion et al., 2001). The authors proposed that PI(4,5)P2 depletion together with DAG 

activates dTRPL. This finding fits very well the hypothesis that PI(4,5)P2 is a general 

inhibitor of TRP channels, and would also provide a logical activation mechanism for TRPC 

channels that are also activated downstream of PLC. Several years later, however, this 

finding was challenged, and it was shown that DiC8 PI(4,5)P2 activated TRPL, whereas 

PI(4)P and PI inhibited it (Huang et al., 2010).

Recombinant TRPC channels are often used as models to study channel regulation, since 

endogenous TRPC currents are often too small to measure reliably. Recombinant TRPC5 

(Trebak et al., 2009) as well as TRPC3, 6 and 7 channels (Lemonnier et al., 2008) have been 

shown to be activated by PI(4,5)P2 in excised patches.

There is quite some work performed in native vascular smooth muscle cells on 

phosphoinositide regulation of TRPC channels, reviewed in (Large et al., 2009). TRPC1 

channels were shown to be activated in excised patches either alone (Saleh et al., 2009b) or 

in complex with TRPC5 channels (Shi et al., 2012). These results are consistent with the 

general activation of recombinant TRPC channels. On the other hand, native TRPC5 (Shi et 
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al., 2012), TRPC6 (Albert et al., 2008; Ju et al., 2010) and TRPC7 channels were shown to 

be inhibited by PI(4,5)P2 in excised inside-out patches (Ju et al., 2010). These results 

contradict the activating effect of PI(4,5)P2 on the same channels studied in expression 

systems.

7.2 Whole cell patch clamp experiments

Recombinant TRPC5 is activated by PI4K inhibition, and inhibited by inclusion of PI(4,5)P2 

or PI(4)P in the patch pipette (Trebak et al., 2009). This is consistent with PI(4,5)P2 

depletion contributing to activation. As mentioned earlier however, the same paper showed 

that TRPC5 is activated in excised patches, furthermore, PI(4,5)P2 depletion with a 

rapamycin-inducible 5-phosphatase inhibited the channel (Trebak et al., 2009). A general 

feature of TRPC channel activation by GPCR-s is that after an initial peak, current 

amplitudes decline (desensitization). It was shown that inclusion of PI(4,5)P2 in the patch 

pipette inhibited desensitization of TRPC5 (Kim et al., 2008b). This is compatible with the 

idea that hydrolysis of PI(4,5)P2 initiates TRPC5 channel activation, but the loss of the lipid 

limits channel activity on a longer time course.

TRPC4α but not TRPC4β was shown to be inhibited by intracellular dialysis of PI(4,5)P2. 

This effect depended on the actin cytoskeleton, and was prevented by the deletion of the C-

terminal PDZ-binding motif that links TRPC4 α to F-actin through the sodium-hydrogen 

exchanger regulatory factor and ezrin (Otsuguro et al., 2008). Intriguingly, TRPC4β was 

inhibited by a rapamycin-inducible 5 phosphatase, and desensitization was inhibited by both 

PI(4,5)P2 and its non-hydrolyzable analogue (Kim et al., 2013).

Depletion of PI(4,5)P2 using the voltage sensitive phosphatase drVSP inhibited recombinant 

TRPC3, 6 and 7 channels (Imai et al., 2012; Itsuki et al., 2012). The same study showed that 

channels desensitized less if endogenous muscarinic receptors were stimulated than if 

similar receptors were over-expressed. They also showed that stimulation of over-expressed 

receptors lead to a much stronger decrease in PI(4,5)P2 levels than that induced by 

endogenous receptors. This is consistent with the idea that loss of PI(4,5)P2 is a major factor 

in desensitization during PLC activation. Accordingly, intracellular dialysis of PI(4,5)P2 

slowed the desensitization of recombinant TRPC3, 6 and 7 channels, and endogenous 

TRPC-s in A7r5 vascular smooth muscle cells (Imai et al., 2012).

7.3 Conclusions

Many TRPC channels have been shown to be activated by PI(4,5)P2 in excised patches, and 

inhibited by specific inducible phosphatases in intact cells. Depletion of PI(4,5)P2 may 

contribute to desensitization of several of them during PLC stimulation. In principle, loss of 

PI(4,5)P2 may limit channel activity in two different ways. Since PI(4,5)P2 activates many 

TRPC-s in excised patches, it is possible that it functions as a co-factor needed for channel 

activity. It is also possible however, that loss of PI(4,5)P2 is limiting channel activity, 

because there is less substrate for PLC, thus less activating messenger, for example DAG, is 

generated. PI(4)P however is also a substrate for PLC, even though generally most isoforms 

are more active in hydrolyzing PI(4,5)P2 (Fukami et al., 2010). It also has to be noted that 
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much of the data supporting this desensitization model is performed in expression systems, 

and some native channels may behave differently.

An opposing model, in which PI(4,5)P2 is inhibitory, and its depletion contributes to 

activation, may be valid for some TRPC-s, but it is unlikely to be a general mechanism. 

Overall, there are several discrepancies in the literature, especially between excised patch 

data on native TRPC-s and recombinant ones (see table 3). It is possible that endogenous 

channels assemble with accessory proteins that modify their function. Given that drosophila 

visual TRP-s function in a highly organized local complex (Montell, 2012), it would not be 

surprising if endogenous mammalian TRPC functioned similarly. TRPC4 and TRPC5 

channels for example are shown to be associated with the phospholipid binding protein 

SESTD1 (Miehe et al., 2010). It has to be noted that when studying endogenous TRPC 

channels, it may be difficult to unambiguously identify individual TRPC channel subtypes in 

native tissues. Clearly, more work is needed to understand how phosphoinositides regulate 

TRPC channels.

8. Other TRP channels

8.1 TRPA1

TRPA1 was originally proposed to be a noxious cold sensor. Its activation by cold is 

controversial; there are numerous articles claiming that cold temperatures activate the 

channel, and similar number claiming that cold has no effect. There is full agreement in the 

literature that noxious chemicals, such as mustard oil, formaldehyde and compounds in tear 

gases, activate this channel. TRPA1 is especially important in the respiratory system for 

avoiding inhalation of harmful chemicals (Nilius et al., 2012). The involvement of TRPA1 

in pain in humans is demonstrated by the finding that gain of function mutations of these 

channels cause Familial Episodic Pain Syndrome (Kremeyer et al., 2010).

The regulation of TRPA1 by phosphoinositides is also complicated (Table 4). The activity 

of recombinant TRPA1 channels was found to run down in excised patches, and could be re-

activated by PI(4,5)P2 and by MgATP. Run down however became irreversible after >2 min 

in ATP free conditions (Karashima et al., 2008). This behavior of TRPA1 in excised patches 

was quite similar in our hands (T.R. unpublished observation). The same study by 

Karashima et al reported that mustard oil-induced currents in DRG neurons were inhibited 

by high concentrations of wortmannin, where the drug inhibits PI4K. Rapid desensitization 

in response to mustard oil was inhibited by supplying PI(4,5)P2 through the patch pipette, 

whereas neomycin, which chelates phosphoinositides accelerated it (Karashima et al., 2008). 

These data support a model in which TRPA1 activity depends on PI(4,5)P2 and its depletion 

plays a role in desensitization. Consistent with the proposed dependence of TRPA1 activity 

on PI(4,5)P2, another study found that capsaicin-induced cross desensitization of TRPA1 

was prevented by dialysis of PI(4,5)P2 through the patch pipette (Akopian et al., 2007). 

Contrary to these findings however, two articles reported no effect of PI(4,5)P2 in excised 

patches (Kim and Cavanaugh, 2007) or inhibition in the presence of inorganic poly-

phosphate (Kim et al., 2008c), which is an intracellular activator of these channels. Another 

study found that depletion of PI(4,5)P2 with a rapamycin inducible 5-phosphatase did not 

inhibit TRPA1, while it inhibited TRPM8 (Wang et al., 2008). In conclusion there are 
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indications, that TRPA1 requires PI(4,5)P2 for activity, but there are also contrary data in the 

literature, and the regulation of these channels by phosphoinositides may be more complex 

than a simple dependence on PI(4,5)P2.

8.2 TRPML1

Members of the TRPML sub-family are Ca2+ and Fe2+ permeable non-selective cation 

channels located in intracellular membranes. Functional TRPML1 channels are located in 

the endolysosomal membranes. Mutations in this channel cause type IV mucolipidosis in 

humans. TRPML requires the presence of PI(3,5)P2, which is also specifically located in 

endolysosomal membranes. Activation by PI(3,5)P2 is highly specific, and the channels 

have a very high apparent affinity for this lipid, the EC50 of TRPML for PI(3,5)P2 is 48 nM 

(Dong et al., 2010). For comparison, the highest affinity mammalian plasma membrane 

channels have an EC50 of 5 μM for Kir2.1 (Rohacs et al., 2002), and 1.3 – 4.9 μM for 

TRPV1 depending on the conditions (Lukacs et al., 2007; Klein et al., 2008). On the low 

affinity end, KCNQ2/3 channels have an EC50 of 40-80 μM (Zhang et al., 2003; Li et al., 

2005). Intriguingly, a similar high specificity activation by PI(3,5)P2 was also described for 

another intracellular ion channel family, the two-pore TPC1 and TPC2 channels, very 

distant homologues of TRP channels (Wang et al., 2012).

One very important function of phosphoinositides is to serve as markers of identity of 

various membrane compartments, such as the plasma membrane (PM), endoplasmic 

reticulum (ER), Golgi or endosomes (Shewan et al., 2011). It was proposed by Hilgemann, 

that a major function of the general dependence of ion channels on PI(4,5)P2 is to avoid their 

opening during their passage through the ER and Golgi, which are devoid of PI(4,5)P2, and 

selectively open on the arrival in the PM, which contains this lipid (Hilgemann et al., 2001). 

An “inverted” version of this theme was proposed for TRPML1 channels; it was shown that 

TRMPL1 is inhibited by PI(4,5)P2 thus the channels that “accidentally” reached the plasma 

membrane, are inactivated by PI(4,5)P2. PM channels could be activated by either depleting 

PI(4,5)P2 or adding excess PI(3,5)P2 (Zhang et al., 2012a).

8.3 TRPP1

TRPP1 (PKD2, Polycystin 2, also called TRPP2 in older nomenclature) is a member of the 

TRPP family (Wu et al., 2010). It co-assembles with PKD1, and loss of function mutations 

of either proteins lead to autosomal dominant polycystic kidney disease. Despite its well-

established role in the pathophysiology of this quite common genetic disorder, its 

physiological roles and regulation is not very well understood. TRPP2 is activated by 

epidermal growth factor, and this was proposed to proceed via relief from PI(4,5)P2 

inhibition upon PLC activation (Ma et al., 2005).

9. Conclusions and future questions

PI(4,5)P2 modulates many different ion channels. For Kir and KCNQ channels it has been 

demonstrated beyond doubt that PI(4,5)P2 is an obligatory cofactor for the activity of all 

members of the respective ion channels families. This is based on results from many 

different techniques, including excised patches and specific inducible lipid phosphatases in 
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intact cells, and the results with these channels are largely in agreement between different 

laboratories. For Kir channels high-resolution co-crystal structures of channels with and 

without PI(4,5)P2 have recently became available.

By now, there is data in the literature for almost all members of the 3 major TRP channel 

families showing some form of modulation by PI(4,5)P2. On these channels however, we are 

very far from the clear picture with Kir-s and KCNQ-s. In most cases TRP channel activity 

depends on PI(4,5)P2, just like for Kir-s and KCNQ-s. It is safe to say, that activation by 

PI(4,5)P2 via direct binding of the lipid to the channel is a conserved feature among many 

members of the 3 major subfamilies. The dependence of channel activity on PI(4,5)P2 seem 

to play a role in desensitization via PLC induced depletion of the lipid for a large number of 

TRP channels including some members of all three major sub-families.

For several TRP channels inhibitory effects of PI(4,5)P2 were published, often in 

contradiction with the presence of an activating effect on the same channel. Often the 

different techniques we described gave seemingly non-coherent results. Since this is a 

recurring theme, it is hard to dismiss them as unreliable data. Apparently the 

phosphoinositide regulation of many TRP channels, TRPV1 and TRPCs for example, is 

quite complex, and it is likely that some of the effects of phosphoinositide effects are 

mediated by other PI(4,5)P2 binding proteins. Clearly more work is needed to solve the 

puzzle of how TRP channels are regulated by phosphoinositides.

Much is needed also on the structure-function front. Since direct activation by PI(4,5)P2 was 

shown for several TRP channels, it is quite likely that the activating effect of the lipid results 

from direct binding. From the sporadic mutations affecting PI(4,5)P2 regulation no coherent 

picture is arising about the binding site. With representative members of most major 

mammalian ion channel families having been crystallized, we may be cautiously optimistic 

about the prospect of obtaining full-length structures of TRP channels, which would be a 

tremendous boost to structure function studies on these channels.

Abbreviations

AASt Arachydonyl-stearyl

AKAP A-kinase anchoring protein

DAG Diacylglycerol

DGS-NTA 1,2-dioleoyl-sn-glycero-3-[(N-(5-amino-1-carboxypentyl)iminodiacetic 

acid)succinyl]

DRG dorsal root ganglion

ER endoplasmic reticulum

GPCR G Protein Coupled Receptor

IP3 Inositol-1,4,5-trisphopshate

Kir K+ inwardly rectifying
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PI Phosphatidylinositol

PI(4)P Phosphatidylinositol 4-phosphate

PI(4,5)P2 Phosphatidylinositol 4,5-bisphosphate

PI4K Phosphatidylinositol 4-kinase

PIP5K Phosphatidylinositol 4-phosphate 5-kinase

PI3K Phosphoinositide 3-kinase

PLC Phospholipase C

PG phosphatidyl glycerol

PKC Protein Kinase C

PH Pleckstrin-homology

Pirt phosphoinositide interacting regulator of TRP

PM Plasma membrane

TG trigeminal ganglion

TPC Two-pore channel

TRP Transient Receptor Potential

TRPA TRP Ankyrin

TRPC TRP Classical

TRPL TRP-like

TRPM TRP Melastatin

TRPML TRP Mucolipin

TRPP TRP Polycystin

TRPV TRP Vanilloid

VSP Voltage sensitive phosphatase
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Figure 1. 
Phosphoinositide metabolism
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Figure 2. 
Activation of TRPM8 excised inside-out patches and planar lipid bilayers. A. Representative 

trace for recording of TRPM8 currents in large patches in Xenopus oocytes with 500 μM 

menthol in the patch pipette from (Rohacs et al., 2005). Left panel shows currents at −100 

and +100 mV, from ramp protocol shown in the middle. Application of 30 μg/ml poly-

Lysine and 50 μM diC8 PI(4,5)P2 are indicated with the horizontal lines. B. Similar excised 

inside out patch measurement from (Yudin et al., 2011), demonstrating the effect of 2 mM 

MgATP and LY294002. Right panel shows summary for 300 μM LY294002 that inhibits 

both PI4K and PI3K, and for 10 μM LY294002 that selectively inhibits PI3K. C. 

Representative measurement in planar lipid bilayers with purified TRPM8 from (Zakharian 

et al., 2009). In the upper trace first the TRPM8 protein shows no activity in the absence of 

menthol and PI(4,5)P2, then diC8 PI(4,5)P2 is applied, then menthol, in the continuous 

presence of PI(4,5)P2. In the bottom trace menthol and PI(4,5)P2 is applied in the reverse 

order.
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Figure 3. 
Inhibition of TRPM8 by reduction of PI(4,5)P2 in intact cells, right panels in A,B and C 

show cartoon of the method used. A. Whole cell patch clamp measurement from (Daniels et 

al., 2009) showing inhibition of menthol induced RPM8 currents by the pharmacological 

PLC activator m-3M3FBS. B. Inhibition of TRPM8 activity by the rapamycin inducible 5-

phosphatase from (Varnai et al., 2006). C. Inhibition of TRPM8 activity by depolarization-

induced depletion of PI(4,5)P2 in ciVSP expressing cells from (Yudin et al., 2011). Left 

panel shows a measurement with the active ciVSP, middle panel with an inactive mutant.
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Table 1

Mammalian TRPM channels

Name Regulation/function Phosphoinositide effects

TRPM1 Mutation causes night
blindness in humans

No phosphoinositide effect reported yet

TRPM2 Activated by ADP ribose Poly-lysine inhibits, and PI(4,5)P2 re-activates in excised
patches (Toth and Csanady, 2012)

TRPM3 Heat, pregnenolon sulphate No phosphoinositide effect reported yet

TRPM4 Intracellular Ca2+ activates,
non-selective Ca2+

impermeable cation channel

PI(4,5)P2 activates in excised patches (Zhang et al., 2005;
Nilius et al., 2006)

TRPM5 Intracellular Ca2+ activates
non-selective Ca2+

impermeable cation channel

PI(4,5)P2 activates in excised patches (Liu and Liman, 2003)

TRPM6 Mg2+ transporter, mutation
causes human disease

PI(4,5)P2 activates in excised patches, rapamycin-inducible 5
phosphatase and ciVSP inhibits (Xie et al., 2011)

TRPM7 cAMP, shear stress,
plays important roles in
development

PI(4,5)P2 activates in excised patches, activation of PLC
inhibits (Runnels et al., 2002).
PI(4,5)P2 is needed for the activity of the cardiac magnesium-
inhibited TRPM7-like channels (Gwanyanya et al., 2006).
Role of PLC mediated inhibition is challenged (Takezawa et al., 2004;
Langeslag et al., 2007)

TRPM8 Cold, Menthol PI(4,5)P2 activates in excised patches (Liu and Qin, 2005;
Rohacs et al., 2005; Yudin et al., 2011)
PI(4,5)P2 depletion inhibits (rapamycin, ciVSP), plays a role in
desensitization (Rohacs et al., 2005; Daniels et al., 2009;
Yudin et al., 2011)
PI(4,5)P2 but not PI(4)P activates in planar lipid bilayers
(Zakharian et al., 2009; Zakharian et al., 2010)
PI(4,5)P2 regulates temperature threshold (Fujita et al., 2013)
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Table 2

Mammalian TRPV channels

Name Regulation/function Phosphoinositide effects

TRPV1 Heat, capsaicin, low pH,
involved in nociception

Positive effects of phosphoinositides:
PI(4,5)P2 activates in excised patches (Stein et al., 2006;
Lukacs et al., 2007; Kim et al., 2008c; Klein et al., 2008;
Ufret-Vincenty et al., 2011)
Channel activity runs down in excised patches, MgATP
restores activity in a PI4K dependent manner
(Lukacs et al., 2013)
In addition to phosphoinositides, many other negatively
charged lipids including phosphatidylglycerol and oleoyl-CoA
also activate TRPV1 in excised patches (Lukacs et al., 2013)
PI(4,5)P2 inhibits desensitization in intact cells (Liu and Qin, 2005;
Lishko et al., 2007; Lukacs et al., 2007; Lukacs, 2013)
Channel activity is inhibited by combined depletion of PI(4,5)P2

and PI(4)P using a rapamycin-inducible dual-phosphatase
pseudojanin (Hammond et al., 2012; Lukacs, 2013)
TRPV1 is inhibited by PI(4,5)P2 depletion with a rapamycin-
inducible 5 phosphatase (Klein et al., 2008;
Yao and Qin, 2009).
PI(4,5)P2 enhances thermosensation and thermal
hyperalgesia. Depletion of PI(4,5)P2 by prostatic acid
phosphatase-induced PLC activation inhibits thermal sensitivity
(Sowa et al., 2010)
PI(4,5)P2 sensitivity was proposed to be mediated via a
PI(4,5)P2 binding protein Pirt (Kim et al., 2008a), was
challenged (Ufret-Vincenty et al., 2011)
Negative effects of phosphoinositides:
PI(4,5)P2 may partially inhibit in intact cells (Chuang et al., 2001;
Prescott and Julius, 2003; Lukacs et al., 2007;
Patil et al., 2011)
PI(4,5)P2 inhibits in lipid vesicles (Cao et al., 2013b)
PI(4,5)P2 inhibits via competing for AKAP (Jeske et al., 2011)

TRPV2 Growth factors activate,
noxious heat activates,

PI(4,5)P2 activates in excised patches (Mercado et al., 2010)

TRPV3 Heat activates in keratinocytes PI(4,5)P2 inhibits in excised patches (Doerner et al., 2011)

TRPV4 Heat, hyposmosis activates PI(4,5)P2 is required for osmotic and heat activation
(Garcia-Elias et al., 2013)

TRPV5 Constitutively active epithelial
Ca2+ channel

PI(4,5)P2 activates in excised patches (Lee et al., 2005;
Rohacs et al., 2005)

TRPV6 Constitutively active epithelial
Ca2+ channel

PI(4,5)P2 activates in excised patches and planar lipid bilayers
(Thyagarajan et al., 2008; Zakharian et al., 2011;
Cao et al., 2013a)
Rapamycin-inducible 5 phosphatase inhibits, PI(4,5)P2

depletion plays a role in Ca2+-induced inactivation
(Thyagarajan et al., 2008)
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Table 3

Mammalian TRPC channels and drosophila orthologues,

Name Regulation/function Phosphoinositide effects

dTRPL Activated downstream of PLC,
drosophila vision

PI(4,5)P2 inhibits in excised patches (Estacion et al., 2001)
PI(4,5)P2 activates but PI(4)P and PI inhibits in excised
patches (Huang et al., 2010)

TRPC1 Activated downstream of PLC PI(4,5)P2 activates in excised patches, native cells (Saleh et al., 2009b, a;
Shi et al., 2012)

TRPC3 Activated downstream of PLC,
DAG activates

PI(4,5)P2 activates in excised patches, expression system
(Lemonnier et al., 2008)
VSP inhibits (Imai et al., 2012; Itsuki et al., 2012)

TRPC4 Activated downstream of PLC TRPC4α but not TRPC4β is inhibited by PI(4,5)P2, whole cell
patch clamp (Otsuguro et al., 2008)
TRPC4β is inhibited by PI(4,5)P2 depletion (rapamycin-
inducible phosphatase) (Kim et al., 2013)

TRPC5 Activated downstream of PLC, PI(4,5)P2 activates in excised patches, but inhibits in whole
cell, PI(4,5)P2 depletion may inhibit or activate it
(Trebak et al., 2009)
PI(4,5)P2 inhibits desensitization in whole-cell patch clamp
(Kim et al., 2008b)
PI(4,5)P2 activates in excised patch in complex with TRPC1 in
native cells, but inhibits in the absence of TRPC1
(Shi et al., 2012)

TRPC6 Activated downstream of PLC,
DAG activates

PI(4,5)P2 activates in excised patches (expression system)
(Lemonnier et al., 2008)
VSP inhibits (Imai et al., 2012; Itsuki et al., 2012)
PI(4,5)P2 inhibits in excised patches (native smooth muscle
cells) (Albert et al., 2008; Ju et al., 2010)
Extracellular PI(4,5)P2 enhances its activity in platelets
(Jardin et al., 2008)
Calmodulin inhibits by displacing PI(3,4,5)P3

(Kwon et al., 2007)

TRPC7 Activated downstream of PLC,
DAG activates

PI(4,5)P2 activates in excised patches, expression system
(Lemonnier et al., 2008)
VSP inhibits (Imai et al., 2012; Itsuki et al., 2012)
PI(4,5)P2 inhibits in excised patches, native channels
(Ju et al., 2010)
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Table 4

Other TRP channels

Name Regulation/function Phosphoinositide effects

TRPA1 Mustard oil and other noxious
chemicals

PI(4,5)P2 inhibits heterologous desensitization by capsaicin
(Akopian et al., 2007)
PI(4,5)P2 activates in excised patches, inhibits desensitization
in whole cell (Karashima et al., 2008)
PI(4,5)P2 inhibits sensitization by PAR in whole-cell
(Dai et al., 2007)
PI(4,5)P2 inhibits in excised patches in the presence of PPPi,
no effect w/o PPPi (Kim and Cavanaugh, 2007;
Kim et al., 2008c)
Depletion of PI(4,5)P2 with rapamycin-inducible phosphatase
have no effect (Wang et al., 2008)

TRPML1 Intracellular channel, mutation
causes mucolipidosis

Specifically activated by PI(3,5)P2 (Dong et al., 2010;
Zhang et al., 2012a)

TRPP2 Mutated in polycystic kidney
disease, Mechanosensor?

PI(4,5)P2 inhibits, depletion of PI(4,5)P2 by EGF activates
(Ma et al., 2005)
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