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Abstract The transient receptor potential channel of the

ankyrin-binding repeat subfamily, TRPA1, is a Ca2+-

permeable non-selective cation channel that depolarizes

the plasma membrane and causes Ca2+ influx. A typical

feature of TRPA1 is its rapid desensitization following

activation by agonists such as mustard oil (MO), cinna-

maldehyde, and a high intracellular Ca2+ concentration. In

whole-cell recordings on Chinese hamster ovary (CHO)

cells expressing TRPA1, desensitization was delayed when

phosphatidylinositol 4,5-biphosphate (PIP2) was supple-

mented via the patch pipette, whereas the PIP2 scavenger

neomycin accelerated desensitization. Preincubation with

the PI-4 kinase inhibitor wortmannin reduced both consti-

tutive TRPA1 channels activity and the response to MO.

Run down was also accelerated by high intracellular Mg2+

concentrations, whereas chelating intracellular Mg2+ with

10 mM ethylenedinitrilotetraacetic acid (EDTA) increased

the basal channel activity. In inside-out patches, we

observed a rapid run down of TRPA1 activity, which could

be prevented by application of diC8-PIP2 or 2 mM Mg-ATP

but not Na2-ATP to the cytosolic side of the excised

patches. In isolated trigeminal ganglion neurons, preincu-

bation with wortmannin resulted in inhibition of endoge-

nous TRPA1 activation by MO. Taken together, our data

indicate that PIP2 modulates TRPA1, albeit to a lesser

extent than other known PIP2-dependent TRP channels, and

that tools modifying the plasma membrane PIP2 content

often have direct effects on this channel.
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Introduction

TRPA1 is the only mammalian member of the TRPA

subfamily. It is expressed in the dorsal root ganglion and

trigeminal ganglion (TG) neurons, where it is involved in

nociception [3, 55]. It is also expressed in non-sensory tissue

such as inner ear [9, 38] and in low abundance in the small

intestine, colon, skeletal muscle, heart, brain, and compo-

nents of the immune system [54]. Initial reports [3, 55]

claimed TRPA1 to be activated by the noxious cold (<17°C);

however, at this point, it remains uncertain whether TRPA1

actually functions as a cold sensor [5, 19, 38, 50]. Indirect

support for a thermosensitive function of TRPA1 derives

from recent reports showing that antisense knockout of

TRPA1 alleviates cold hyperalgesia subsequent to spinal

nerve ligation [21] and that the upregulation of the channel in

sensory neurones following injury and inflammation con-

tributes to cold hyperalgesia [41]. Unfortunately, the recent,

independent generation of two TRPA1 knockout mouse

models has not settled the controversy regarding whether

TRPA1 could be activated by the noxious cold [5, 24].

In contrast, the activation of TRPA1 by a diversity of

chemical agents is widely accepted. Chemical activators of
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TRPA1 include isothiocyanates (allylisothiocyanate), the

pungent compounds in mustard oil (MO), wasabi, and

horseradish [3, 19], methyl salicylate (from winter green

oil) [3], cinnamaldehyde (from cinnamon) [3], allicin and

diallyl disulphide (from garlic) [5, 32], acrolein (an irritant

in vehicle exhaust fumes and tear gas) [5], and Δ9-

tetrahydrocannabinol (Δ9-THC, the psychoactive com-

pound in marijuana) [19]. TRPA1 has also been reported

to be insensitive to the TRPV1 activator capsaicin [43, 55],

but the well-known TRPM8 agonist menthol also activates

TRPA1 at low concentrations, whereas high concentrations

inhibit the current through TRPA1 [20, 34].

Many of the TRPA1 agonists are thiol-reactive electro-

philes that activate TRPA1 through a covalent binding with

cysteine residues in the NH2 terminus of TRPA1 [17, 33].

Such covalent modifications rather than structural similar-

ities may account for the similar agonist action of

compounds such as MO, allicin, or acrolein on TRPA1

(for a review see [7, 44]). In addition, endogenous

messengers acting as electrophilic irritants have been

described for activation of TRPA1 [4, 33, 35, 37, 58].

In contrast to many reports on the modulation of various

TRP channels by phosphatidylinositol 4,5-biphosphate

(PIP2; see for reviews [46, 48]), up to now there are only

a few indications for modulation of TRPA1 function by

PIP2. First, Ca2+-dependent desensitization of TRPA1

following activation might be linked to PIP2 depletion by

PLC [11, 38, 47, 65]. Second, application of bradykinin

induces moderate PLC-dependent activation of TRPA1

followed by a strong desensitization [3], which would be

in line with channel run down due to PIP2 depletion.

However, data on PIP2 modulation of TRPA1 are contro-

versial. Whereas one report claims that PIP2 inhibits

TRPA1 [10], another report implies activation of TRPA1

by PIP2 [1] and a third claims that PIP2 has no effect [23].

However, none of the papers systematically studied the

possible modulation of TRPA1 by PIP2. Here, we provide

for the first time direct evidence that PIP2 modulates

TRPA1 function, although weaker than described for other

TRPs, e.g., TRPM4 [40]. We also show that some

experimental manipulations commonly used to investigate

the action of PIP2 have striking effects on TRPA1 itself and

must be considered with caution.

Materials and methods

Cell culture and neuronal cells

The tetracycline-inducible Chinese hamster ovary (CHO)

cells stably expressing mouse TRPA1 (kindly provided by

Dr. A. Patapoutian, La Jolla, USA; for details see [55])

were grown in Dulbecco’s modified Eagle’s medium

containing 10% (v/v) human serum, 1% (v/v) non-essential

amino acids, 2 mM L-glutamine, 2 U/ml penicillin, 2 mg/ml

streptomycin, 100 μg/ml hygromycin B, and 5 g/ml

blasticidin at 37°C in a humidity-controlled incubator with

5% CO2. To induce expression of TRPA1, 0.5 μg/ml

tetracycline was added to the culture medium, and cells

were used 5–24 h after induction. Alternatively, regular

CHO cells were grown in Ham’s F12 containing 10% (v/v)

human serum, 2 mM L-glutamine, 2 U/ml penicillin, and

2 mg/ml streptomycin at 37°C in a humidity-controlled

incubator with 5% CO2 and then transiently transfected

with mouse TRPA1 cloned in the bicistronic pCAGGS-

IRES-GFP vector using TransIT-293 transfection reagent

(Mirus). Successfully transfected cells were identified by

their green fluorescence and used between 16 and 24 h after

transfection.

TG neurons from adult mice (postnatal months 1–3)

were cultured as described previously [36]. In brief, mice

were killed by inhalation of 100% CO2 followed by rapid

decapitation. After removal, ganglia were cut in small

pieces and incubated for 45 min at 37°C in a dissociation

solution containing (in mM): 155 NaCl, 1.5 K2HPO4, 5.6

N-(hydroxyethyl)piperazine-N′-2-ethanesulfonic acid

(HEPES), 4.8 Na–HEPES, and 5 glucose. The solution

also contained 0.07% collagenase type XI (Sigma-Aldrich,

St. Louis, MO, USA) and 0.3% dispase (Invitrogen,

Carlsbad, CA, USA). After incubation, tissue fragments

were gently triturated with a fire-polished glass pipette, and

the resultant suspension was centrifuged at 1,700 rpm for

10 min. The pellet obtained was resuspended and cultured

in a medium containing: 89% minimum essential medium

(MEM), 10% fetal calf serum supplemented with 1% MEM

vitamins (Invitrogen), 100 μg/μl penicillin/streptomycin,

and nerve growth factor (NGF; mouse 7S, 100 ng/ml;

Sigma-Aldrich). Cells were plated on poly-L-lysine-coated

glass coverslips and used after 1 day in culture.

Solutions

The extracellular solution for whole-cell patch clamp

measurements contained (in mM) 156 NaCl, 1.5 CaCl2, 1

MgCl2, 10 HEPES, and 10 glucose buffered at pH 7.4 with

NaOH. The pipette solution for whole-cell measurements

and the bath solution for cell-attached and inside-out

measurements contained (in mM) 156 CsCl, 1 MgCl2, 10

HEPES, and 5 ethylene-glycol-O,O′-bis(2-aminoethyl)-N,

N,N′,N′-tetraacetic acid (EGTA), pH 7.2 with CsOH. In

some experiments, the Ca2+ concentration was adjusted to

100 or 250 nM by adding appropriate amounts of CaCl2
calculated by the CaBuf program (ftp://ftp.cc.kuleuven.be/

pub/droogmans/cabuf.zip). The pipette solution containing

10 μM Ca2+ contained (in mM) 156 CsCl, 10 HEPES, and

10 N-hydroxyethyl-ethylenediaminetriacetic acid, pH 7.2
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with CsOH. The Ca2+ (10 μM) and Mg2+ (1 mM)

concentrations were adjusted by adding appropriate

amounts of CaCl2 and MgCl2, respectively, calculated by

the CaBuf program. For the pipette solution containing

10 mM Mg2+ or ethylenedinitrilotetraacetic acid (EDTA),

10 mM of MgCl2 or EDTA, respectively, was added to the

solution containing (in mM) 156 CsCl and 10 HEPES, and

pH 7.2 was adjusted with CsOH. The pipette solution for

inside-out measurements contained (in mM) 150 NaCl, 0.1

Mg, and 10 HEPES, pH 7.4 with NaOH. Experiments were

performed at room temperature (22–25°C). DiC8-PIP2 was

purchased from Echelon Biosciences (Salt Lake City, UT,

USA), and mustard oil (allyl isothiocyanate), inorganic

triphosphate (PPPi, see supplement), neomycin, wortman-

nin, PAO, poly-L-lysine, U73122, and U73433 from Sigma

(St. Louis, MO, USA).

Electrophysiology

Currents were measured using an EPC-7 or EPC-9 patch-

clamp amplifier (HEKA Elektronik, Lambrecht, Germany).

Patch electrodes had a DC resistance between 2 and 4 MΩ

when filled with the different recording solutions, and

between 50% and 80% of the series resistance was

electronically compensated to minimize voltage errors.

Currents were sampled at 2.5–5 kHz and filtered off-line

at 1–5 kHz. The ramp protocol consisted of a 400-ms ramp

from −100 to +100 mV or a 500-ms ramp from −150 to

+150 mV from a holding potential of 0 mV applied every

1.5 s. In single channel measurements, we estimated open

channel probability at a constant membrane potential

because of the undefined number of channel in the patch,

from Gaussian fits of the single channel amplitude histo-

grams as Popen=1−Pclosed.

Measurement of intracellular Ca2+

Cells were incubated with 2 μM Fura-2 acetoxymethyl

ester for 30 min at 37°C. The fluorescent signal was

measured upon alternating illumination at 350 and 380 nm

using a Polychrome IV monochromator (TILL Photonics).

After correction for the individual background fluorescence

signals, the ratio of the fluorescence at both excitation

wavelengths (F350/F380) was monitored. The extracellular

solution used in ratiometric [Ca2+]i measurements

contained (in mM) 140 NaCl, 4 KCl, 2 CaCl2, 1 MgCl2,

5 glucose, and 10 HEPES, pH 7.4.

Data analysis

Electrophysiological data were analyzed using the

WinASCD software (G. Droogmans, Leuven, Belgium).

Pooled data were given as mean ± SEM of n cells.

Significance was tested using Student’s paired t test (p<

0.05). The Kolmogorov–Smirnov test was used to deter-

mine statistical differences between probability distribu-

tions, and p<0.01 was considered statistically significant.

Results

Desensitization of TRPA1 during activation by agonists

TRPA1 channels in CHO cells were constitutively open

without any stimulation and exhibited characteristic inacti-

vation at positive potentials (Fig. 1a). Another typical

feature of whole-cell TRPA1 currents was the rapid current

decay after stimulation with MO (Fig. 1a,d, and data not

shown). We first examined whether diC8-PI(4,5)P2 (re-

ferred to as PIP2 in the further text) could interfere with this

desensitization. When activated by 200 μM MO, currents

through TRPA1 decreased with a time constant of 33±5 s

(n=6) at −100 mV. Because TRPA1 currents inactivated at

positive potentials, we restricted our analysis on inward

currents at −100 mV and did not consider other properties

such as rectification. When 15 μM PIP2 was included in the

patch pipette, desensitization of the MO-activated currents

through TRPA1 was significantly diminished, and the time

constant amounted to 92±12 s (n=5; p<0.05; Fig. 1b,d). In

addition, both the basal and the maximal MO-activated

currents were slightly but significantly increased by

intracellular application of PIP2 (Fig. 1e,f).

Wortmannin, an inhibitor of phosphatidylionsitol-4-

kinase (PI-4-K), retards the replenishment of PIP2, which

results in depletion of the intracellular PIP2 pool [39]. In the

whole-cell mode, preincubation of the TRPA1-expressing

CHO cells with 50 μM wortmannin for 15 min reduced

both the constitutive and MO-activated currents (Fig. 1c–f).

No effects could be observed when 1 μM wortmannin was

used, a concentration which should still block phosphati-

dylinositol-3-kinase (PI-3-K) [59] but not PI-4-K (n=3,

data not shown).

The aminosteroid derivative U73122 inhibits PLC

activity [6, 52] and thereby prevents PIP2 hydrolysis. As

such, U73122 strongly attenuated the desensitization after

activation of TRPM4 by intracellular Ca2+ [40]. We found

that application of 1 μM U73122 activated TRPA1,

whereas the inactive analogue U73343 had no effect

(Fig. 2a–c). Although this result would be in line with a

positive effect of cellular PIP2 levels on TRPA1 activity,

some caution is warranted. U73122 is an electrophilic

compound and might thus act on TRPA1 through covalent

linking with channel cysteines. In line herewith, application

of the cysteine-reactive agonist MO was ineffective

following treatment with 1 μM U73122. Similar results

have been previously found using Ca2+ imaging [3]. It
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should also be noted that U73343 lacks the electrophilic

double bound that is predicted to be responsible for the

cysteine reactivity of U73122.

Another widely used tool to modulate the PIP2 content

of the plasma membrane is phenylarsine oxide (PAO),

which inhibits PI-4-K and decreases PIP2 synthesis [22, 61,

64]. We found that application of 1 μM PAO induced

robust activation of TRPA1 (Supplementary Fig. 1). Also

here, these effects of PAO should be interpreted with

caution, since PAO has been shown to inhibit tyrosine

Fig. 2 Effects of the PLC inhibitor U73122 on whole-cell currents

through TRPA1. a Time course of the whole-cell currents activated by

U73122 measured at +80 mV (open squares) and −80 mV (open

circles). A 500-ms voltage ramp protocol from −150 to +150 mV was

applied continuously every 2 s. The membrane potential was held at

0 mV between sweeps. b Current–voltage (I–V) relations measured at

the times indicated in (a). c Pooled data of the maximal currents at −80

and +80 mV. Activation by U73122 is highly significant (p<0.01)

Fig. 1 Effects of PIP2 and wortmannin on whole-cell currents through

TRPA1. a Time course of the whole-cell currents trough TRPA1

measured at +40 mV (open circles) and −100 mV (triangles). Bars

indicate application of 200 μM MO. Note the current activation and

the decay of the current during MO application. This decay was fitted

to a monoexponential function to obtain the time constant for

desensitization. As seen in the voltage ramps traces, currents decay

at positive potentials indicates inactivation of TRPA1. Same calibra-

tion for a–c. b Same protocol as in (a). The patch pipette contains

15 μM diC8-PIP2. Note that TRPA1 was constitutively activated

before application of 200 μM MO. Decay of the current was slower

than in the absence of PIP2 (monoexponential fit included). Current

traces (panel below the time course) showed again inactivation which

was shifted towards more positive potentials. c Same protocols as in

(a). Cells were preincubated with 50 μM wortmannin for 15 min. d

Averaged values for the time constant of desensitization obtained from

monoexponential fit as shown in a–c. PIP2 significantly delayed

desensitization (p<0.01, n=5). e Current densities of constitutive open

TRPA1 channels before application of MO. Currents were measured at

−100 mV. PIP2 increased and wortmannin decreased this current

significantly. f Current density measured at peak during MO

application. No significant differences were obtained between controls

and PIP2-loaded cells. Wortmannin highly significantly decreased the

MO-activated current (n=8, p<0.01). Same ordinate as in (e)

Pflugers Arch - Eur J Physiol



phosphatase activity by modifying cysteine residues at the

active site of the enzyme [13, 15, 51] and preferentially

reacts with vicinal cysteine residues to form stable ring

structures [60]. Following PAO treatment, MO was inef-

fective to further stimulate TRPA1 (data not shown, n=5).

Being a cysteine-reactive agent, PAO appears not to be a

usable tool for studying PIP2 effects on TRPA1.

Neomycin, a positively charged aminoglycoside antibi-

otic, binds the negatively charged head group of PIP2 and

thereby masks its effect [12, 25, 45]. To examine the effects

of neomycin on TRPA1, we dialyzed cells with 10 μM Ca2+

via the pipette, which resulted in stable currents for ∼6 min

followed by slow desensitization (data not shown, n=12) and

allowed a direct comparison of the effects of neomycin on

current decay. Inclusion of 1 or 5 mM neomycin in the patch

pipette resulted in a much faster decay of the Ca2+-activated

TRPA1 current (Fig. 3a–c), which can be appreciated by the

faster time constants of current decay and the significantly

Fig. 3 Effects of neomycin on

whole-cell currents through

TRPA1. a Representative time

course of whole-cell currents

elicited by 10 μM Ca2+ with or

without neomycin via the patch

pipette, and by 20 μM MO.

Shown are the currents obtained

from voltage ramps at −80 mV

(lower trace) and +80 mV

(upper trace), respectively.

b Averaged time course of

whole-cell currents at +80 mV

activated by 10 μM Ca2+ via the

patch pipette with and without

neomycin. Dotted lines show the

standard deviation. c I–V rela-

tions obtained at the indicated

time shown in (a). d I–V rela-

tions activated by 20 μM MO

shown in (a). e Average values

for current density at +80 and

−80 mV at 0 and 300 s after

break in. f Average values for

MO-activated current density.

g Time constant of current de-

sensitization of the current at

+80 mV obtained from mono-

exponential fitting. Error bars

indicate SEM (n>3; *p<0.05;

**p<0.01; ***p<0.001)
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reduced residual current after 300 s (Fig. 3e,g). Moreover,

the current response to 20 μM MO was significantly reduced

in cells dialyzed with 5 mM neomycin (Fig. 3a,d, and f).

When we used neomycin in inside-out patches (Fig. 4), we

observed a very fast block and unblock (n=3). In addition,

the block by neomycin from the intracellular side was

pronounced at positive potentials and weakened at negative

potentials (data not shown, n=3). All these effects may

indicate a “shielding” effect of the negative charges of PIP2
by neomycin in agreement to the direct binding to PIP2 [12]

and explain the fast block and unblock which is also in

agreement also with the whole-cell data. However, a direct

block of TRPA1 cannot be excluded.

It has been recently shown that KCNQ K+ channels

(Kv7), which require PIP2 binding for activation, are

suppressed by high intracellular Mg2+ concentrations,

Fig. 4 Effects of neomycin on

single channel currents through

TRPA1. a Spontaneous activity

from an inside-out patch mea-

sured at +60 mV. Application of

1 mM neomycin to the inner

side immediately inhibited

channel activity (b) and (c)

shows amplitude histograms

from the same cell as shown in

(a). The single channel conduc-

tance is ∼102 pS. d Block by

neomycin is fast and channel

activity reappears immediately

after washing out of neomycin.

This fast recovery is in complete

contrast with a PIP2 scavenger.

e Single channel traces in a

higher time resolution from the

trace shown in (d)
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which is attributed to electrostatic binding of this cation to

PIP2 and thereby reducing its free amount [57]. We found

that application of 10 mM Mg2+ through the patch pipette

caused a strong decline of the basal current activity (18±

4% of the initial current density at +80 mV and 28±7% at

−80 mV after 5 min; n=4), but did not prevent the response

to MO (Fig. 5a,b). In contrast, buffering intracellular

divalents with 10 mM EDTA in the pipette caused a clear

run up of TRPA1 channel activity (244±45% at +80 mV,

p=0.034, and 279±50% at −80 mV, p=0.0016 after 5 min;

n=3) but left the MO response unaltered (Fig. 5c–e, MO

response in 10 mM Mg2+: 375±12 pA/pF at +80 mV,

−260±17 pA/pF at −80 mV, and in 10 mM EDTA: 313±

76 pA/pF at +80 mV and −215±20 pA/pF at −80 mV, p>

0.05, n=3). These whole-cell data are supported by inside-out

experiments. After excision, channel activity was immediately

blocked after application of 10 mM Mg2+ to the inner side of

the excised patch and partially recovered after washing out of

Mg2+ (n=5, see Supplementary Fig. 2 for an example

including statistics). In conclusion, all measured Mg2+ effects

support the hypothesis that electrostatic binding of Mg2+ to

PIP2 is involved in TRPA1 modulation.

Fig. 5 Effects of Mg2+ and EDTA on whole-cell currents through

TRPA1. a Time course of whole-cell currents with 10 mM Mg2+ via

the patch pipette at +80 mV (open squares) and −80 mV (open circles)

elicited by 10 μM Ca2+ and by 20 μM MO. b I–V relations obtained at

the indicated time shown in (a). c Time course of whole-cell currents

with 10 mM EDTA via the patch pipette elicited by 10 μM Ca2+ and

by 20 μM MO. d I–V relations obtained at the indicated time shown in

(c). See text for statistical analysis. e Averaged time course of whole-

cell currents at +80 and −80 mV with 10 mM Mg2+ or 10 mM EDTA

in the pipette. Currents were normalized to the currents obtained at the

beginning of the whole-cell configuration. Dotted lines show the

standard deviation
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Run down of currents through TRPA1 in inside-out patches

In cell-attached patches, single TRPA1 channels recapitu-

lated the properties of the whole-cell currents: constitutive

current activity was obvious in the absence of an activating

stimulus, and extracellular application of MO evoked a

strong increase in channel activity followed by a rapid

current decay (Supplementary Fig. 3).

In line with previous reports [23, 38], TRPA1 currents in

inside-out patches decayed to a quasi zero steady-state level

(Fig. 6a). However, the time it takes for channel activity to

completely disappear varies between patches and ranges

from seconds to minutes. Application of 15 μM PIP2 to the

inner side of an excised patch induced recovery of channel

activity (Fig. 6a). Moreover, when 15 μM PIP2 was present

in the bath solution prior to patch excision, desensitization

was no longer observed. This behavior could also be seen

using voltage ramps. Averaged single channel currents from

cell-attached patches without any stimulation nicely mim-

icked the features of whole-cell current, i.e., nearly linear

current at negative potentials and inactivation at positive

potentials (Fig. 6b). From five experiments as shown in

Fig. 6a, we obtained an open probability (Popen) value at

−60 mV of 0.39±0.07 before excision. Channel activity

decreased in inside-out patches to a Popen<0.01. Applica-

tion of PIP2 to the inner side of the excised patches led to

current recovery and a Popen of 0.36±0.06. Similar results

were obtained using ramp protocols (Fig. 6b–d). After

virtually complete run down of the current, application of

PIP2 leads to a reactivation of channel activity. At +80 mV,

the average current amplitude of the TRPA1 current after

PIP2 application amounted to 118±34% (n=6) of the

current amplitude before excision.

We also examined the effect of Mg-ATP, which is known

to activate PI-4-K leading to regeneration of PIP2 from

phosphatidylinositol(4)phosphate (PI(4)P) [2, 16]. Applica-

tion of 2 mM Mg-ATP to inside-out patches in which

TRPA1 channel activity had run down resulted in the

reappearance of channel activity (Fig. 7a). In this set of

experiments, Popen at −60 mV changed from 0.39±0.11

before excision to <0.01 after excision and to 0.49±0.15

upon application of 2 mM Mg-ATP (n=5). Similar results

were obtained when the ramp protocol was used. In

cell-attached patches, currents through TRPA1 were con-

stitutively present and displayed characteristic voltage-

dependent inactivation at positive potentials (Fig. 7b). After

Fig. 6 PIP2 modulates TRPA1 activity in inside-out patches. a Single

channel currents measured first in cell-attached patches at −60 mV

(pipette 5 mM Mg2+, 0 Ca2+). The arrow indicates the time of

excision. No ATP was present at the inner side of the inside-out patch.

Note the fast disappearance (run down) of single channel activity.

Activity in the excised patch completely disappeared. After applica-

tion of 15 μM diC8-PIP2 channel activity reappeared. b Ensemble-

averaged current from voltage ramps obtained from a cell-attached

patch (38 sweeps averaged). Note the activity of constitutive open

channels. Three consecutive individual traces are shown below the

averaged. c Same cell as in (b). The patch was now excised. The

ensemble-averaged current was almost zero (30 sweeps averaged).

Individual traces (below) obtained after patch decision showed nearly

no activity. d Same cell as in (b), however, 15 μM PIP2 was added at

the inner side of the patch. Note the increase in the averaged current

(from 45 sweeps) and the activity of the individual channels shown in

the current traces below the average current
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excision, channel activity disappeared almost completely

(Fig. 7c), but subsequent application of Mg-ATP restored

current activity (Fig. 7d, 167±19% of current amplitude

before excision at +80 mV, n=7). Moreover, when patches

were excised in an intracellular solution containing 2 mM

Mg-ATP, the current run down was prevented (data not

shown). Importantly, Mg-free ATP was much less potent in

restoring channel activity after run down than Mg-ATP

(Fig. 7e–g). Ensemble-averaged currents obtained from

ramp protocols as shown in Fig. 7 decreased after excision

and in the presence of 2 mM ATP to 9±3% of the value

obtained from the cell-attached mode but increased in the

same patch after reapplication of 2 mMMg-ATP to 119±7%

(n=3). These findings speak against a direct binding of

ATP to the channel and are in line with the notion that Mg-

ATP reverses the decay of TRPA1 activity by restoring the

PIP2 levels in the membrane patch. Consequently, these

results may also indicate that PI-4-K activity remains

preserved in TRPA1-containing inside-out patches.

The effects of PIP2 and Mg-ATP were different from

what we have described previously for TRPM4 [40]. For

example, if the channel activity completely ceased for more

than 2 min, we could not recover the current by any

measure. If patches were excised in 15 μM PIP2 or 2 mM

Mg-ATP containing solution, run down to zero activity was

prevented (n=4, and n=12, respectively). Similarly, if we

excised the patches in 1 mM inorganic triphosphate [23],

channel activity could be preserved. However, when after

patch excision channel activity ceased for more than 2 min,

PPPi or MO could also not reactivate the channel (n=7,

data not shown). However, as long as some residual activity

in excised patches was observed, this activity could be

increased by MO (see Supplementary Fig. 4).

Surprisingly, application of poly-L-lysine (PLL), a

positively charged macromolecule that acts as a scavenger

of PIP2 analogous to neomycin [29, 62], to inside-out

patches activated rather than inhibited currents through

TRPA1 (Supplementary Fig. 5). This activation occurred at

concentrations that rapidly and completely abolished

TRPM4 currents (5 μg/ml) [40]. Although we have no

explanation for this effect of PLL, we consider it unlikely

that this compound activates TRPA1 by removing tonic

block by PIP2, given the opposite effects of neomycin and

Mg2+.

Effects of wortmannin in TG neurons

Finally, we examined whether interference with PIP2
metabolism affects native TRPA1 in sensory neurons. In

isolated mouse TG neurons, approximately 30% of the cells

displayed a robust increase in intracellular Ca2+ upon

stimulation with 25 μM MO. In neurons pretreated with

50 μM wortmannin for 20 min, the MO-induced Ca2+

transient decayed much faster than in the non-treated

control group (Fig. 8a). Four minutes after washing out of

MO, [Ca2+]i decreased to 61±9% of the peak value under

control conditions (n=11) and to 5±3% (n=7) after

Fig. 7 Mg-ATP rescues single channel activity in inside-out patches.

a Single channel currents were first measured in cell-attached patches

at −60 mV (pipette 5 mM Mg2+, 0 Ca2+). This patch had a high

constitutive activity. The arrow indicates the time of excision. No ATP

or Mg2+ was present at the inner side of the inside-out patch. Note the

fast disappearance (run down of single channel activity). At the time

indicated by the bar, 2 mM Mg-ATP was added and channel activity

was rescued. b Averaged mean current obtained from a cell-attached

patch (from 30 sweeps). Single consecutive traces are depicted below

the average current. c Same patch as in (b) but after excision. As

single traces, the first three consecutive sweeps after excision are

shown. Ensemble-averaged current (top) is from 17 sweeps. d Same

cell as in (b). The inside-out patch faced on its internal side 15 μM

PIP2. Single traces in the presence of 2 mM ATP are shown below the

averaged current (from 32 sweeps). Note the dramatic increase in

channel activity. e Averaged current from 12 sweeps in the

cell-attached mode. Two selected traces are shown below the

ensemble-averaged current. f Averaged mean current from ten sweeps

the cell-attached patch in (e) after excision. Activity run nearly

completely down and application of 2 mM ATP without Mg2+ did not

reactivate the current. Single channel traces from the first two sweeps

are shown below the averaged current. Note the lack of TRPA1

activation. g Averaged mean current (from 15 sweeps) obtained from

the same inside-out patch as shown in (e) after application of 2 mM

Mg-ATP. Note the substantial increase in TRPA1 activity. Single

channel traces from this patch are shown below the averaged current.

The dotted lines always indicate zero current and 0 mV
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preincubation with wortmannin (Fig. 8a inset). In addition,

the average increase in intracellular Ca2+ was significantly

smaller in the wortmannin-treated cells. In order to quantify

the distribution of the Ca2+ peaks in individual cells, we

determined the probability density function of the fluores-

cence ratios (X axis). Normalizations to their respective

maximum values are shown in Fig. 8b and indicate that

wortmannin-pretreated neurons have significantly smaller

Ca2+ transients. However, the Ca2+ response to a depolariz-

ing stimulus was unchanged by wortmannin, excluding a

non-specific effect on Ca2+ homeostasis in these cells

(Fig. 8c).

Discussion

Phosphoinositides, and PIP2 in particular, regulate a

plethora of ion channels including TRP channels (for

reviews see [8, 14, 26–28, 46–49, 56, 63]). The action of

PIP2 on TRP channels is mainly stimulatory, as is clearly

the case for TRPM4, TRPM5, TRPM7, TRPM8, and

TRPV5 [26, 28, 40, 47, 49]. Also TRPV1 is probably

activated by PIP2 [53]; however, this effect might depend

on the concentration of the used agonist, e.g., capsaicin

[30]. Clear inhibitory effects of PIP2 have been reported for

TRPC4 [42] and TRPP2 (PKD2) [31].

The situation is controversial for TRPA1. It has been

recently shown that TRPA1 can be potentiated via the

protease-activated receptor PAR2 [10]. Moreover, whole-

cell dialysis with either by application of PLL or a PIP2-

specific antibody, or activation of PLC using m-3M3FBS

mimicked the effect of PAR2 activation, which led to the

suggestion that the PAR2-mediated potentiation reflects a

relief of TRPA1 from inhibition by PIP2 [10]. These data

appear at variance with the main findings of our present

study, which suggest activation rather than inhibition of

TRPA1 by PIP2. However, in their report, a direct

application of PIP2 to the channel in inside-out patches,

which is the most direct approach to check channel

modulation, has not been performed. It is also possible,

that PIP2 might have a dual effect on TRPA1 activity. For

example, in the case of TRPV1, the capsaicin concentration

determines whether PIP2 has an inhibitory or stimulatory

action on channel activity [30].

Kim and Cavanaugh [23] have reported that PIP2 has no

effect on channel activation in inside-out patches, whereas

inorganic polyphosphates can reconstitute channel activity

in excised patches. We could confirm these latter findings

(see also Supplementary Fig. 2), but also see clear effects

with PIP2. However, in comparison with its effects on other

TRP channels, e.g., TRPM4 [40], the effects of PIP2 on

TRPA1 were clearly less pronounced and were weaker. A

possible action of PIP2 could resemble the poly-phosphate

action on the TRPA1-N-terminus as described by Kim and

Cavanaugh [23]. Unfortunately, this is difficult to test

experimentally because deletion mutants of TRPA1 lacking

one or more ankyrin repeat domains are not functional

(Nilius and Prenen, unpublished).

A recent study on the mechanisms of TRPA1 desensi-

tization has demonstrated that the depletion of PIP2 is

responsible for the desensitized MO-activated TRPA1.

Prolonged elevation in [Ca2+]i in sensory neurons induced

Fig. 8 Effects of MO on intracellular Ca2+ of isolated TG neurons in

control cells and cells preincubated with wortmannin. a Application of

25 μM MO induced a fast and slowly decaying Ca2+ transient (n=11,

black trace, mean values ± SEM). Preincubation with 50 μM

wortmannin for 20 min dramatically accelerated Ca2+ decay (gray

trace, mean value ± SEM). The inset shows the statistics on all cells:

4 min after washing out of MO, [Ca2+]i decreased to 61±9% of the

peak value under control conditions (n=11) and to 5±3% (n=7) after

preincubation with wortmannin. b Cumulative probabilities of the MO

induced changes in fluorescence ratio. Preincubation with wortmannin

increased the fraction of neurons, which did not respond to MO and

reached probability 1 at much smaller ratios as compared with the

neurons with no preincubation (data from 57 cells). The Kolmogorov–

Smirnov test was used to determine statistical differences between

probability distributions (p<0.01). c Same analysis as in (b), however,

cells were stimulated by 60 mM K+. No difference between non- and

preincubated cells (n=46)
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by capsaicin triggers PIP2 depletion which, in turn,

attenuates TRPA1 activity. This desensitization is prevented

by application of PIP2 in the recording pipette in whole-cell

measurements, which is in line with our data suggesting a

positive regulation of PIP2 on the channel activity of

TRPA1 [1].

In the present study, we demonstrate the direct effects of

PIP2 on TRPA1 in excised patches. In inside-out patches in

which TRPA1 activity was diminished, PIP2 was able to

reactivate the channel. A similar effect was obtained using

Mg-ATP, which we attribute to its ability to activate lipid

kinases and thereby regenerate PIP2 from PI(4)P [2, 16, 40,

46, 48, 56]. However, if the channel activity in inside-out

patches had ceased for a prolonged period (>2 min), we no

longer observed channel reactivation using PIP2, Mg-ATP,

or PPPi [23], indicating that after a prolonged time of

excision run down is irreversible. In whole-cell recordings,

we found that PIP2 supplied via the patch pipette delayed

the decay of TRPA1 current after stimulation with MO,

whereas the PIP2 scavenger neomycin accelerated this

current decay and diminished the Ca2+- and MO-activated

TRPA1 currents. Similar inhibitory effects were obtained

when the PIP2 pool was reduced by treatment with the PI-4-

K inhibitor wortmannin or when intracellular Mg2+ or

neomycin screened PIP2. On the other hand, inclusion of

10 mM EDTA in the pipette, which chelates all intracellular

free Mg2+, provoked an increase of the channel activity.

These findings are reminiscent of the inhibitory action of

Mg2+ on KCNQ K+ channels, which has been attributed to

the electrostatic interaction between Mg2+ and the nega-

tively charged moiety of PIP2, leading to loss of interaction

between PIP2 and the KCNQ K+ channels [57]. In addition

to the shielding effect of negative PIP2 charges by Mg2+, it

may also serve as a co-factor for lipid phosphatases which

would promote PIP2 depletion and might also explain the

partial recovery of TRPA1 currents in excised patches after

wash out of Mg2+ [18].

At present, we have no information about the regions of

TRPA1 involved in the actions of PIP2. In other TRP

channels, regions in the C-terminus rich in basic residues

have been implicated in the effects of PIP2 and may act as

PIP2 interaction sites. Sequence analysis identified several

clusters of positively charged residues in TRPA1 that could

serve a similar role (Supplementary Fig. 6).

In conclusion, we have demonstrated that PIP2 has a

positive modulatory effect on the cation channel TRPA1.

However, when compared to the PIP2 modulation of

another Ca2+-activated TRP channel TRPM4 [40], there

were some clear differences. The PIP2 scavenger PLL

activated TRPA1 (own data and see [10]), whereas it

inhibited channel activity of TRPM4 and other TRP

channels. However, intracellular Mg2+ and neomycin

showed an inhibitory action on Ca2+-activated TRPA1

channel, in line with their known interaction with PIP2.

Possibly, PLL acts directly on TRPA1 in a PIP2-independent

manner. PIP2 applied to excised patches had only a modest

effect on channel activity, in contrast to the dramatic effects

on TRPM4, which included a ∼100-fold increase in Ca2+

sensitivity and an important leftward shift of the voltage-

dependent activation curve. Moreover, our data point out that

several widely used tools to study the effects of PIP2 (PLL,

PAO, U73122) are of only limited use in the case of TRPA1,

as they have non-specific effects and/or activate the channel

through covalent modification. However, taken together, our

data indicate that TRPA1 activity depends on cellular PIP2
levels, providing a mechanism for regulation of the

sensitivity of TRPA1-expressing (nociceptive) neurons.
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