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There are eight thermosensitive TRP (transient receptor

potential) channels in mammals, and there might be other

TRP channels sensitive to temperature stimuli. Here, we

demonstrate that TRPM2 can be activated by exposure

to warm temperatures (4351C) apparently via direct heat-

evoked channel gating. b-NADþ - or ADP-ribose-evoked

TRPM2 activity is robustly potentiated at elevated tem-

peratures. We also show that, even though cyclic ADP-

ribose (cADPR) does not activate TRPM2 at 251C, co-

application of heat and intracellular cADPR dramatically

potentiates TRPM2 activity. Heat and cADPR evoke similar

responses in rat insulinoma RIN-5F cells, which express

TRPM2 endogenously. In pancreatic islets, TRPM2 is co-

expressed with insulin, and mild heating of these cells

evokes increases in both cytosolic Ca2þ and insulin re-

lease, which is KATP channel-independent and protein

kinase A-mediated. Heat-evoked responses in both RIN-

5F cells and pancreatic islets are significantly diminished

by treatment with TRPM2-specific siRNA. These results

identify TRPM2 as a potential molecular target for cADPR,

and suggest that TRPM2 regulates Ca2þ entry into pan-

creatic b-cells at body temperature depending on the

production of cADPR-related molecules, thereby regulat-

ing insulin secretion.
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Introduction

TRP (transient receptor potential) channels were first de-

scribed in Drosophila, where photoreceptors carrying trp

gene mutations exhibited an abnormal transient responsive-

ness to continuous light (Montell and Rubin, 1989). In

mammals, TRP channels comprise six related protein families

(TRPC, TRPV, TRPM, TRPA, TRPML, TRPP) (Minke and

Cook, 2002; Clapham, 2003; Montell, 2005). In general,

TRP channels are ubiquitously expressed, indicating that

most cells have a number of TRP channel proteins. While

physiological functions for most TRP channels remain un-

known, this wide distribution indicates that biological func-

tions and activation mechanisms for these channels are

diverse. Perhaps, TRP channels are best recognized for their

contributions to sensory transduction, responding to tem-

perature, nociceptive stimuli, touch, osmolarity, pheromones

and other stimuli from both within and outside the cell.

In a sense, their role is much broader than classical sensory

transduction.

Among the huge TRP super-family of ion channels, some

have been proven to be involved in thermosensation

(Benham et al, 2003; Jordt et al, 2003; Patapoutian et al,

2003; Tominaga and Caterina, 2004). Insight into the mole-

cular nature of temperature-gated ion channels came with the

cloning of the capsaicin receptor, TRPV1 (also known as VR1)

and the recognition that this ion channel protein could be

activated by elevated temperatures with a threshold near

431C (Caterina et al, 1997; Tominaga et al, 1998; Caterina

and Julius, 2001). Three other TRPV channels (TRPV2,

TRPV3 and TRPV4) and two TRPM channels (TRPM4 and

TRPM5) have been cloned and characterized as thermosen-

sors (Caterina et al, 1999; Guler et al, 2002; Peier et al, 2002b;

Smith et al, 2002; Watanabe et al, 2002; Xu et al, 2002;

Talavera et al, 2005). The threshold temperatures for the

activation of these channels range from relatively warm

(TRPV3, TRPV4, TRPM4 and TRPM5) to extremely hot

(TRPV2). In contrast to the six heat-sensitive TRPV channels,

TRPM8 and TRPA1 have been found to be activated by cold

stimuli (McKemy et al, 2002; Peier et al, 2002a; Story et al,

2003). Many of the mammalian thermosensitive TRP chan-

nels (thermo-TRPs) identified to date can alternatively be

activated by chemical stimuli, such as capsaicin for TRPV1

(Caterina et al, 1997; McKemy et al, 2002; Peier et al, 2002a;

Bandell et al, 2004; Jordt et al, 2004; Moqrich et al, 2005),

and a shift of voltage dependence by temperature change has

been reported to be a fundamental mechanism for thermal

activation in some of them (Brauchi et al, 2004; Voets et al,

2004; Nilius et al, 2005).

We sought to determine whether additional TRP channels

might exhibit thermosensitivity. Among those we focused on

TRPM2 (previously named TRPC7 or LTRPC2), a channel

known to be activated by nicotinamide adenine dinucleotide

(b-NADþ ), adenosine 50-diphosphoribose (ADPR) or hydro-

gen peroxide (Perraud et al, 2001; Sano et al, 2001; Hara et al,

2002), because it is phylogenetically very close to the cold-

gated channel, TRPM8 (Clapham, 2003). While TRPM2 is

dominantly expressed in the brain, it is also detected in many

other tissues, including bone marrow, spleen, heart, liver and

lung. Native TRPM2 currents have been recorded from U937
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monocyte cell line (Sano et al, 2001), neutrophil cell line

(Heiner et al, 2003), Jurkat T cells (Gasser et al, 2006),

microglia (Kraft et al, 2004) and CRI-G1 insulinoma cells

(Inamura et al, 2003). We observed that TRPM2 responses

were evoked by heat over 351C and that activation by

b-NADþ or ADPR was greatly potentiated by heat. A related

molecule, cyclic ADP-ribose (cADPR) catalyzed from

b-NADþ by ADP-ribosyl cyclase (CD38) is a well-known

messenger molecule for Ca2þ signaling in a variety of cells

(Guse, 2000; Lee, 2002; Berridge et al, 2003), and has been

believed to be important with regard to potential roles in

insulin secretion from pancreatic b-sells (Takasawa and

Okamoto, 2002), although there is some debate about it.

However, cADPR was not found to be an agonist of TRPM2

at room temperature (Perraud et al, 2001; Hara et al, 2002).

We found that cADPR activates TRPM2 at body temperature

similar to b-NADþ and ADPR. TRPM2 expression was ob-

served in rat insulinoma RIN-5F cells and rat pancreatic

b-cells where heat-evoked responses, including insulin secre-

tion, were observed through endogenous TRPM2 proteins.

Thus, TRPM2 activated by cADPR may play an important role

in the regulation of insulin secretion in pancreas at body

temperature.

Results

Heat-evoked TRPM2 activation in HEK293 cells

We determined the change of cytosolic-free Ca2þ concentra-

tion ([Ca2þ ]i) of the cells expressing human TRPM2 upon

cold stimulus with a temperature as low as 51C using a Ca2þ -

indicator dye, fura-2, since TRPM2 is phylogenetically very

close to the cold stimulus-activated channel, TRPM8. We

used CHO-K1 cells for this experiment because some

[Ca2þ ]i increase was observed in HEK293 cells but not in

CHO-K1 cells without TRPM2 expression upon cold stimulus.

We could not detect any [Ca2þ ]i changes upon cold stimulus

(data not shown). Surprisingly, however, human TRPM2-

expressing HEK293 cells (hTRPM2-HEK) but not vector-

transfected cells showed significant [Ca2þ ]i increases upon

heating with a threshold of about 401C (Figures 1A and B),

suggesting that TRPM2 is activated by warm temperatures.

This [Ca2þ ]i increase was abolished in the absence of extra-

cellular Ca2þ (Figure 1C), suggesting that Ca2þ influx

through TRPM2 channels causes the [Ca2þ ]i increase.

Next, we measured TRPM2-mediated current responses

in hTRPM2-HEK using the patch-clamp technique. We first

confirmed TRPM2 activation by its reported stimuli, b-NADþ

and ADPR (Supplementary Figures 1A and B). At a holding

potential of �60 mV, a gradual increase in inward current was

observed several minutes after the establishment of the

whole-cell configuration with a pipette solution containing

b-NADþ or ADPR at room temperature (251C)

(127.7710.1 pA/pF for b-NADþ , n¼ 20 and 217.1723.0 pA/pF

for ADPR, n¼ 14), although b-NADþ -evoked responses

might be induced by ADPR contaminated in the b-NADþ as

reported recently (Kolisek et al, 2005). Heat alone induced

significant current responses in hTRPM2-HEK (54.576.0 pA/

pF, n¼ 14) but not in vector-transfected cells (6.470.7 pA/

pF, n¼ 6, Po0.01) (Figure 1D and Supplementary Figure 1C),

indicating that TRPM2 can be activated by heat. We applied

heat to cells already exposed to b-NADþ (1 mM) or ADPR

(100 mM). When temperature ramps were applied to cells

showing small inward currents evoked by either b-NADþ

or ADPR, the current responses were immediately observed

and robustly potentiated (Figures 1E and F). To facilitate the

observation of a maximal TRPM2 response to heat, we

applied heat ramps approximately 2–3 min after establishing

the whole-cell configuration. Much larger current responses

than those induced by heat, b-NADþ or ADPR alone were

detected under these circumstances (7.171.2 and

564.5746.7 pA/pF before and after heat in b-NADþ -exposed

cells, respectively, n¼ 15, Po0.01; 36.479.5 and 452.27
28.7 pA/pF before and after heat in ADPR-exposed cells,

respectively, n¼ 14, Po0.01) (Figure 1G).

To examine how heat changes TRPM2 responsiveness,

we measured TRPM2 currents in cells by serially applying

a range of concentrations of b-NADþ with or without heat.

Substantial inward currents were observed upon heat stimu-

lation at low concentrations of b-NADþ , which induced

small currents by itself at 251C. An increase in heat-evoked

TRPM2 responses was detected in cells exposed to 300 mM

b-NADþ and even larger increases to 1 or 3 mM b-NADþ ,

indicating that the synergistic effects of the two stimuli

depend on b-NADþ concentration (Figure 1H). Whereas

maximal current density during heating was 3.7 times bigger

than that at 251C, the EC50 for TRPM2 activation by b-NADþ

was not significantly changed by heat (349716 and

477766mM with and without heat, respectively), suggesting

that heat does not alter the kinetics of b-NADþ binding to

TRPM2.

TRPM2 activation by cyclic ADP-ribose and heat

We next examined whether a related molecule, cADPR, could

interact with heat at TRPM2. When cADPR (100 mM) was

included in the pipette, little current response was observed

at 251C. However, heat stimulation evoked large inward

currents in these cells (Figures 2A and B). cADPR-activated

TRPM2 currents showed desensitization upon repeated heat

stimuli similar to that observed in b-NADþ -induced TRPM2

responses (Figure 2A). These results indicate that, at mam-

malian body temperature, TRPM2 functions as a molecular

target of cADPR. Only one report (Kolisek et al, 2005), to

date, describing the ability of cADPR to activate TRPM2 in

heterologous expression systems might therefore be owing

to the conduct of experiments at room temperature (Perraud

et al, 2001; Hara et al, 2002). The similarities observed

between b-NADþ - and cADPR-induced currents suggest

that cADPR, like b-NADþ , binds to the Nudix motif of

TRPM2 to exert its effects (Hara et al, 2002). Consistent

with this hypothesis, a TRPM2 mutant lacking the Nudix

motif (DNudix) failed to respond to the combination of heat

and cADPR (6.871.1 pA/pF, n¼ 5) (Figure 2B). The binding

of cADPR to the Nudix motif of TRPM2 was further supported

biochemically, by the finding that cADPR considerably in-

hibited binding of [32P]-b-NADþ to TRPM2 (Figure 2C) and

by the cADPR concentration dependence of TRPM2 currents

evoked by cADPR with heat (Figure 2D).

Body temperature gates TRPM2 directly

We then carried out more detailed analyses of heat-evoked

TRPM2 current responses. The temperature-response profile

with or without b-NADþ or cADPR revealed that the tem-

perature threshold was about 351C with no significant differ-

ence in the presence or absence of b-NADþ or cADPR
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(33.570.31C, n¼ 8; 35.070.81C, n¼ 10; 35.170.91C, n¼ 9

for heat alone, b-NADþ plus heat or cADPR plus heat,

respectively) (Figures 3A, Supplementary Figure 2A and

data not shown). This finding differs from that reported for

other thermo-TRPs exposed to simultaneous thermal and

chemical stimulation; decreases and increases of the activa-

tion temperature threshold in the presence of other effective

stimuli, protons and menthol were reported for TRPV1 and

TRPM8, respectively (Tominaga et al, 1998; McKemy et al,

2002). To analyze the temperature dependence of TRPM2

activation more precisely, we made Arrhenius plots for the

currents activated by heat with ADPR or cADPR at both

negative and positive potentials, and found that the plots

showed the similar temperature threshold for TRPM2 activa-

tion to that obtained in the temperature-response profiles

(35.070.71C, n¼ 4; 33.671.51C, n¼ 5; 33.970.61C, n¼ 4

for cADPR plus heat, b-NADþ plus heat or heat alone). Q10

values were 44.475.3 (n¼ 11), 44.177.9 (n¼ 12), 32.372.9

(n¼ 4), 38.073.7 (n¼ 5) and 15.672.0 (n¼ 4) for ADPR-

activated TRPM2 currents at þ 60 mV, ADPR-activated

currents at �60 mV, cADPR-activated currents at �60 mV,

b-NADþ -activated currents at �60 mV and currents activated

by heat alone at �60 mV, respectively (Supplementary

Figures 2B–D, and data not shown). Linear current–voltage

(I–V) relationships were observed for heat-evoked currents

both in the presence and absence of each ligand (Figure 3B,

Supplementary Figure 2E and data not shown). As the

observed reversal potentials were close to 0 mV

(Erev¼ þ 1.172.3 mV, n¼ 3 for heat; Erev¼�1.971.2 mV,

n¼ 3 for heat plus cADPR), the heat-evoked responses most

likely involve a nonselective cation channel. Heat-evoked

TRPM2 currents exhibited a relatively higher permeability

B

0.8

1.0

1.2

1.4

1.6

25

35

45

 R
at

io
 (

34
0/

38
0 

nm
)

T
em

p.
 (

°C
)

0 30 60 90
Time (s)

TRPM2 (Ca2+ plus)A

T
em

p.
 (

°C
)

R
at

io
 (

34
0/

38
0 

nm
)

0.8

1.0

1.2

1.4

1.6

25

35

45

0

TRPM2 (Ca2+ free)

30 60 90
Time (s)

C

0.8

1.0

1.2

1.4

1.6

25

35

45

R
at

io
 (

34
0/

38
0 

nm
)

T
em

p.
 (

°C
)

Vector (Ca2+ plus)

0 30 60
Time (s)

90

D

2001000
Time (s)

20 s

Te
m

p.
 (

°C
)

30

40

2 
nA

TRPM2 (ADPR, 100 µM + heat)TRPM2 (heat)

Time (s)

Te
m

p.
 (

°C
)

3002001000

30

40

 0
.3

 n
A

30 s

E

Te
m

p.
 (

°C
)

TRPM2 (β-NAD+, 1 mM + heat)

2001000
Time (s)

30

40

2 
nA

30 s

G *
*

*
*

##

100

200

300

400

500

600

700

H
ea

t
H

ea
t

β-
N

A
D

+

β-
N

A
D

+  (w
/h

ea
t)

β-
N

A
D

+  (w
/h

ea
t)

β-
N

A
D

+  (p
re

he
at

)

A
D

P
R

A
D

P
R

 (w
/h

ea
t)

A
D

P
R

 (p
re

he
at

)
A

D
P

R
 (w

/h
ea

t)

C
ur

re
nt

 d
en

si
ty

 (
pA

/p
F

)

*

0
(6) (6) (6)(20)(14) (14)(14)(15)

V V V

*
**

**

(6) (6)

(7)

(6)
(20)

(15)

(5)

(6)

(5) (5)

H

0

100

200

300

400

500

600

700

C
ur

re
nt

 d
en

si
ty

 (
pA

/p
F

)

Concentration of β-NAD+ (µM)

10 100 1000

Figure 1 Heat-evoked responses in HEK293 cells expressing TRPM2. (A–C) Representative traces of [Ca2þ ]i change by heat in cells expressing
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for divalent cations than monovalent cations (PCa/

PCs¼ 2.870.1, n¼ 3; PMg/PCs¼ 2.270.1, n¼ 5; PNa/

PCs¼ 0.570.1, n¼ 3) (Supplementary Figure 2F). This find-

ing somehow contradicts previous reports in which Ca2þ was

shown to be less permeant than Naþ in b-NADþ - or ADPR-

induced currents (Perraud et al, 2001; Sano et al, 2001). The

relative high permeability of heat-evoked TRPM2 responses

to Ca2þ (PCa/PNa¼ 5.83) might explain the robust [Ca2þ ]i

increase upon heat stimulation (Figure 1A). These electro-

physiological properties indicate that heat does activate

TRPM2 and suggest that heat and ligands share some over-

lapping mechanism for TRPM2 activation. Temperature-

induced change in cADPR-related enzyme activities might

also be involved in the TRPM2 activation by heat with cADPR.

HEK293 cells expressing mouse TRPM2 (mTRPM2-HEK)

exhibited essentially similar current responses to those

observed in hTRPM2-HEK (data not shown).

How do heat-evoked TRPM2 currents behave at the single-

channel level? To address this question, we performed single-

channel recordings in inside-out membrane patches excised
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from hTRPM2-HEK. When we applied heat ramps to these

patches, well-resolved single-channel currents were observed

with a temperature threshold of about 341C and maximal

activities at about 361C (Figure 3C). This finding demonstrates

the existence of heat-gated ion channels within this patch

whose activation does not depend upon soluble cytoplasmic

components. Heat-evoked channel activity became relatively

diminished when we further increased temperature over 371C,

suggesting that the optimal temperature for TRPM2 activation

is near core body temperature. This phenomenon was more

clearly recognized when NP0 values were plotted against

temperatures (Figure 3D). The I–V relation at the single-

channel level was almost identical to that established in the

whole-cell configuration (Figures 3E and F). A slope conduc-

tance for Naþ as the sole charge carrier was 60.6 pS. These

single-channel properties are like those described for b-

NADþ - or ADPR-gated TRPM2 currents (Perraud et al, 2001;

Sano et al, 2001; Hara et al, 2002). It has been reported that a

shift of voltage dependence by temperature is the fundamen-

tal mechanism of temperature-evoked activation of TRPV1,

TRPM8, TRPM4 or TRPM5 (Brauchi et al, 2004; Voets et al,

2004; Nilius et al, 2005). Therefore, we applied voltage step-

pulses to heat-activated TRPM2 currents to examine whether

a similar mechanism is involved in TRPM2 activation by

warm stimulus. As shown in the Figure 3G, temperature

elevation simply increased the slope without changing the

linear I–V relationship, suggesting that temperature activation

of TRPM2 involves a different mechanism from that reported

for TRPV1, TRPM8, TRPM4 or TRPM5.

Expression of TRPM2 in pancreatic b-cells

To explore the potential physiological significance of heat-

evoked activation of TRPM2, we first examined the expres-

sion of endogenous TRPM2. An anti-mouse TRPM2 antibody

specifically recognized a protein with similar molecular

weight (about 171 kDa) in lysates from hTRPM2-HEK or

mTRPM2-HEK (Figure 4A). Specificity of the antibody was

confirmed in the absorption experiment using the immuno-

genic peptide (Supplementary Figure 3A). We could not

detect TRPM2 expression using this antibody in mouse

DRG neurons, where TRPV1 is expressed (Supplementary

Figures 3B and C). The fact that TRPM2 can be activated by

cADPR with heat prompted us to examine TRPM2 expres-

sion in pancreatic b-cells where cADPR is known to be

involved in insulin secretion (Takasawa et al, 1993). The

antibody recognized TRPM2 in lysates from rat insulinoma

RIN-5F cells (Figure 4A). We detected clear TRPM2-like

immunoreactivity not only in hTRPM2-HEK or mTRPM2-

HEK but also in RIN-5F cells (Figure 4B, and data not

shown). TRPM2 was highly coexpressed with insulin,

a marker for b-cells, but not with glucagon, a marker for

a-cells in mouse pancreatic islets (Figure 4C), suggesting

the important and specific function of TRPM2 in pancreatic

b-cells.

Heat-evoked responses in RIN-5F cells

We next investigated heat-evoked responses in RIN-5F cells,

using both Ca2þ -imaging and patch-clamp methods. In these

cells, as in hTRPM2-HEK, [Ca2þ ]i was increased upon heat
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stimulation with a temperature threshold of about 401C in the

presence of extracellular Ca2þ (Supplementary Figures 4A

and B). Significant and desensitizing inward currents were

observed in the presence or absence of cADPR when tem-

perature ramps were applied at �60 mV (19.371.9 pA/pF for

heat alone, n¼ 4; 8.171.9 and 144.2726.7 pA/pF before and

after heat in cADPR-exposed cells, Po0.05, n¼ 6) (Figure 5A,

and data hot shown). The temperature threshold for heat-

evoked responses in RIN-5F cells with cADPR was

34.071.01C (n¼ 5) (Figure 5B) and the whole-cell currents

showed a linear I–V relationship with a reversal potential

near 0 mV (þ 3.4 mV71.2, n¼ 3) (Figure 5C). It should be

noted that the threshold temperature for heat-evoked activa-

tion was not changed, regardless of the heat-stimulus se-

quence, a quite different phenomenon from those reported

for TRPV1 and TRPV2, whose temperature thresholds for

activation decrease upon repetitive heat stimulation (Caterina

et al, 1999). Heat-evoked currents in the RIN-5F cells de-

creased upon further temperature increases over 40–421C,

suggesting the existence of an optimal temperature for activa-

tion. These electrophysiological properties are almost iden-

tical to those obtained from hTRPM2-HEK, suggesting that

endogenous TRPM2 functions as a thermosensor and a target

of cADPR. To further prove the involvement of endogenous

TRPM2 in the heat-evoked responses, we treated RIN-5F cells

with a TRPM2-specific siRNA (siTRPM2). This intervention

reduced expression of TRPM2 both at protein and mRNA

levels, whereas treatment with control siRNA did not

(Figure 5D). Heat failed to increase [Ca2þ ]i upon treatment

with siTRPM2, but evoked normal responses with control
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siRNA (Figures 5E and F), indicating that endogenous TRPM2

is responsible for heat-evoked [Ca2þ ]i increase in RIN-5F

cells.

Heat-evoked responses in pancreatic b-cells

To assay for heat-evoked responses in the rat primary pan-

creatic b-cells, we utilized Ca2þ imaging in dissociated rat

pancreatic cells. Isolated cells (49.6%) were insulin positive

and 24.5% were glucagon positive. TRPM2 was highly colo-

calized with insulin but not with glucagon (Figure 6A), a

phenomenon similar to that observed in mouse pancreas

sections. Almost all TRPM2-positive cells costained with

anti-insulin antibody (91.7%). Upon exposure to heat,

55.3% of the isolated pancreatic cells showed a [Ca2þ ]i

increase in the presence of extracellular Ca2þ (Figures 6B–

D) like those seen in hTRPM2-HEK and RIN-5F cells. The

percentage of heat-sensitive cells in the isolated pancreatic

cells (55.3%) was almost equal to that of TRPM2-positive

cells (53.1%), suggesting that TRPM2 is involved in the heat-

evoked responses.

Insulin release involving endogenous TRPM2

in pancreatic islets

Finally, we examined the temperature effects on insulin

release from pancreatic islets. We examined the effects of

heat stimulation (401C, 5 min) on insulin release from islets.

In this experiment, pancreatic islets were cultured overnight

at 331C and incubated for 60 min at 291C to minimize TRPM2

activation at 371C before measurement. Even such short heat

stimulation caused a significant increase in insulin release

from islets incubated with either 3.3 mM glucose (G3.3) or

16.7 mM glucose (G16.7) (Figure 7A). Furthermore, the

amount of insulin released from the islets heated for 5 min

(401C) after 291C incubation was comparable to that released

from islets incubated for 60 min at 371C (Figure 7A), suggest-

ing that exposure to body temperature causes insulin release,

probably through TRPM2 activation. To prove the involve-

ment of endogenous TRPM2 in the heat-evoked insulin

release, we first examined the effects of known TRPM2

inhibitors on insulin release. Both econazole (Eco, 10 mM)

and flufenamic acid (FFA, 200 mM) significantly inhibited

glucose-induced insulin release from pancreatic islets
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maintained at 371C (49.7 and 20.1% of the control, respec-

tively, n¼ 4 each) (Figure 7B). Next, we treated the pancrea-

tic islets with siTRPM2. siTRPM2 but not control siRNA

caused a significant reduction of TRPM2 mRNA (Figure 7C,

inset). Control siRNA-treated islets exhibited an insulin

release pattern similar to that observed in naı̈ve islets

(Figure 7C, left). On the other hand, heat-induced insulin

release was significantly reduced in siTRPM2-treated pan-

creatic islets (Figure 7C, right). These results clearly indicate

the involvement of endogenous TRPM2 activation in insulin

release from pancreatic islets.

It is well documented that both KATP channel-dependent

and -independent mechanisms are involved in insulin secre-

tion in pancreatic b-cells and that the former mechanism

involves L-type voltage-gated Ca2þ channels, whereas the

latter involves several events, including cAMP production,

which causes insulin release through protein kinase A (PKA)-

dependent and -independent mechanisms (Henquin, 2004;

Seino and Shibasaki, 2005). Therefore, it was examined

which mechanism is more related to the TRPM2-mediated

response. TRPM2 currents in HEK293 cells were significantly

potentiated by forskolin (FSK, 2mM) treatment (Figure 7D).

The FSK-induced potentiation of TRPM2 currents was almost

completely inhibited by H-89 (1 mM), a PKA inhibitor, sug-

gesting that TRPM2 activity is enhanced by phosphorylation

of TRPM2 or its closely related protein by PKA. Then, we

examined the involvement of cAMP-dependent mechanism

in insulin release at more physiological condition at 371C for

both culture and incubation steps. In the presence of nimo-

dipine (NDP, 2mM), an inhibitor of L-type voltage-gated Ca2þ

channel, the FSK-induced increase in insulin release was

significantly reduced in siTRPM2-treated islets in G16.7 con-

ditions (Figure 7E), suggesting that endogenous TRPM2 is

involved in the glucose-dependent and KATP channel-inde-

pendent insulin release mediated by cAMP to some extent.

One of the likely candidate stimuli causing insulin release

through a cAMP-dependent mechanism is glucagon-like

peptide 1 (GLP-1) (Lund, 2005; Meier and Nauck, 2005).

Therefore, we examined GLP-1 receptor-mediated insulin

release in our system. Exendin-4, a GLP-1 receptor agonist,

significantly increased insulin release at 371C, which was

inhibited by both H-89 (Supplementary Figure 5) and

siTRPM2 treatment (Figure 7F). These results suggest that

insulin release from pancreatic b-cells involves PKA-depen-

dent phosphorylation of TRPM2 or its closely related protein

in the downstream of GLP-1 receptor activation.

Discussion

A common feature among the known thermo-TRPs is that

they are expressed in sensory neurons and therefore are

believed to be involved in temperature sensation by neurons,

although TRPV3 and TRPV4 have been reported to be in-

volved in thermosensation in skin epithelial cells, as well. On

the other hand, TRPM2 was found to be expressed in many

tissues including pancreas but not in DRG neurons, making

this new thermo-TRP unique. The fact that the threshold and

optimal temperatures for TRPM2 activation are near normal

mammalian body temperature is in good agreement with this

broad expression pattern. Our study suggests that body

temperature functions as ‘an endogenous coactivator’ of

TRPM2, allowing this channel to act as a molecular integrator

of chemical and physical signals.

We demonstrated that cADPR could activate TRPM2 in

a warm environment, despite a negligible ability to activate

TRPM2 at 251C. Ca2þ release in response to cADPR was
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initially reported for sea urchin eggs (Clapper et al, 1987).

Since then, cADPR has been increasingly recognized as a

pivotal signaling molecule in such diverse functions as cell

cycle regulation, egg fertilization, insulin secretion and cell

proliferation in mammalian and nonmammalian cells (Guse,

2000; Lee, 2002; Berridge et al, 2003). Many of these re-

sponses have been proposed to result from cADPR action on

ryanodine receptors expressed on the ER membrane. To date,

however, it is not completely clear if this is the only mechan-

ism by which cADPR exerts its Ca2þ -mobilizing effect. For

example, a direct effect of cADPR on Ca2þ entry was reported

in human T-lymphocytes (Guse et al, 1997), and cADPR was

found to regulate Ca2þ influx through plasma membrane

Ca2þ channel in neutrophils (Partida-Sanchez et al, 2001).

It has been reported that a temperature signaling cascade in

marine sponges involves cADPR and a heat-gated cation

channel, although the molecular identity of this channel is

not known (Zocchi et al, 2001). This result suggests an

ancient role for cADPR as an intracellular signal relating

cell function to temperature, one that appears to be evolu-

tionally conserved in more complex organisms. Together with

the recent work showing cADPR and hydrogen peroxide

synergize in the activation of TRPM2 (Kolisek et al, 2005),

our study reveals TRPM2 as the ion channel activated by

cADPR, and indicates that TRPM2 may play important func-

tions in [Ca2þ ]i homeostasis in the warm environment of our

body. Thirty to 100 mM of cADPR seems to be necessary to

activate TRPM2 with heat, although it is not known how

much amount of cADPR is produced in the native cells and

concentrated beneath the plasma membrane. However, the

facts that b-NADþ , ADPR and cADPR, all of which have

ability to activate TRPM2, are in the same complex metabolic

network and that cADPR synergizes with ADPR in the

activation of TRPM2 (Kolisek et al, 2005) suggest that much

less amount of each ligand is needed to activate TRPM2 in the

physiological condition.

The findings reported in this study also provide evidence

that the interaction of body temperature and cADPR at

TRPM2 may have physiological significance in insulin-secret-

ing pancreatic b-cells. In these cells, TRP channels have

previously been proposed as candidate targets of cADPR

action (Qian et al, 2002). The results in this study clearly

indicate that endogenous TRPM2 is involved in insulin

release from the pancreatic islets in a KATP channel-indepen-

dent cAMP-mediated (probably through PKA-dependent

phosphorylation) manner at body temperature, and are con-

sistent with a previous report that cooling dissociates glu-

cose-induced insulin release in rodent pancreatic islets

although glucose metabolism is also thought to be tempera-

ture dependent (Atwater et al, 1984). What might be the

relevance of TRPM2 activation to glucose-stimulated insulin

release at 371C? Body temperatures around 371C could render

TRPM2 in pancreatic islets maximally susceptible to activa-

tion by the cADPR that is produced following glucose uptake

depending on metabolism (Takasawa et al, 1998). The in vivo

relevance of TRPM2-mediated insulin release remains

unclear. Mice lacking KATP channel (Kir 6.2) exhibit mild

impairment in glucose tolerance (Miki et al, 1998), suggest-

ing the existence of other regulators of insulin secretion such

as TRPM2, although increased insulin sensitivity in the mice

also causes the phenotype as well. Interestingly, it has been

reported that serum from patients with diabetes that contains

autoantibodies against CD38 (an ADP-ribosyl cyclase/cADPR

hydrolase that catalyzes b-NADþ to cADPR) inhibits insulin

secretion from pancreatic islets by glucose (Ikehata et al,

1998). In light of this observation and the findings of our

study, it is therefore tempting to speculate that a TRPM2-

dependent mechanism for insulin secretion might be related

to the pathophysiology of diabetes.

Materials and methods

Cell culture
HEK293 cells or RIN-5F cells were maintained in Dulbecco’s
modified Eagle’s medium or RPMI-1640 medium, respectively.
HEK293 cells were transfected with 1.0mg of hTRPM2 or mTRPM2
cDNA using Lipofectamine and Plus Reagent (Invitrogen), and kept
at 331C. RIN-5F cells were also kept at 331C for 24–48 h before
experiments. Pancreatic islets were isolated from male Wistar rats
by the method modified from one described before (Sutton et al,
1986; Ban et al, 2000). Islets were dispersed in RPMI-1640 medium,
and then cultured over night at 33 or 371C. Dissociated pancreatic
islet cells were reseeded on coverslips coated with poly-D-lysine
(Sigma).

Fluorescent measurements and electrophysiology
The fura-2 fluorescence was measured in standard bath solution
containing (in mM) 140 NaCl, 5 KCl, 2 MgCl2, 2 CaCl2, 10 HEPES
and 10 glucose, pH 7.4. The 340:380 nm ratio was shown. Standard
bath solution for the patch-clamp experiments is same as that used
in fluorescent measurements. For divalent cation permeability
experiments, the bath solution was changed to 110 MgCl2 (or 110
CaCl2 or 140 NaCl), 10 glucose, 10 HEPES or Tris, pH 7.4, adjusted
with Mg(OH)2 (or Ca(OH)2 or NaOH), and the reversal potential
was measured using voltage ramps (�100 to þ 40 mV in 100 ms).
Bath solution for inside-out patch recordings (Figure 3C) contained
140 KCl, 10 HEPES and 5 EGTA, pH 7.4. Pipette solution for whole-
cell recordings contained 140 CsCl, 5 EGTA and 10 HEPES, pH 7.4.
Pipette solution and bath solution for other inside-out patch
recordings (Figure 3E) contained 140 NaCl, 1 CaCl2 and 10 HEPES,
pH 7.4. Whole-cell or single-channel recording data were sampled
at 10 or 2 kHz and filtered at 5 or 1 kHz for analysis, respectively.
Whole-cell or single-channel patch-clamp recordings and Ca2þ

imagings were performed 1 day after transfection to HEK293 cells,
3–4 days after replating of RIN-5F cells or 1 day after isolation of rat
pancreatic cells. Liquid junction potentials were measured directly
in separate experiments, and significant changes (45 mV) were
observed and corrections made for membrane potentials and
reversal potentials. All patch-clamp experiments were performed
at room temperature (251C), except for heat stimulus. In an effort to
observe a maximal TRPM2 response to heat, we decided to apply
heat ramps at about 2–3 min (180, 9678, 567779 or 180 s for
b-NADþ -, ADPR- or cADPR-exposed cells, respectively) after estab-
lishing the whole-cell configuration with a pipette solution contain-
ing b-NADþ , ADPR or cADPR. As ADPR-evoked currents developed
at various time points (about 3 min) after getting exposed, heat
stimuli were applied just after showing significant inward currents.
Thermal stimulation was applied by increasing the bath tempera-
ture at a rate of 1.01C/s with a preheated solution. When the heat-
activated currents started to inactivate, the preheated solution was
changed to a 251C one. FSK with or without H-89 was extra-
cellularly applied for 2 min before heat stimulation (Figure 7D).
Chamber temperature was monitored with a thermocouple placed
within 100 mm of the patch-clamped cell. Permeability ratio for
cations was calculated as described previously (Adams et al, 1980;
Caterina et al, 1997). In brief, permeability ratio for Na to Cs (PNa/
PCs) was calculated as follows: Px/PCs¼ exp(DVrev F/RT), where Vrev

is the reversal potential, F is Faraday’s constant, R is the universal
gas constant and T is absolute temperature. For measurement of
divalent cation permeability, PY/PCs was calculated as follows:

PY=PCs¼½Csþ�iexpðDVrevF=RTÞ

ð1 þ expðDVrevF=RTÞÞ=4½Y2þ�0

where the bracketed terms are activities. NP0 values were obtained
using Fetchan software (Axon). Linear regression analyses were
conducted using Origin (Microcal).
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The temperature coefficient Q10 was used to characterize the
temperature dependence of the membrane current. The absolute
current values were plotted on a log scale against the reciprocal of
the absolute temperature (T) (Arrhenius plot). Q10 values were
calculated from QDT¼ (Q10)

DT/10 for an arbitrary temperature DT.

Immunofluorescence staining
Anti-mouse TRPM2 rabbit antiserum (anti-TRPM2-C1) was directed
against the C-terminus 1488–1506 (YANHKTILQKVASLFGAHF)
(Hara et al, 2002). Cells were fixed with 4% paraformaldehyde,
and then blocked and incubated with the anti-TRPM2-C1. After
washing, cells were incubated with Alexa 488-conjugated anti-
rabbit IgG (Molecular probes), DAPI (Amersham Pharmacia) and
Texas Red–phalloidin (Molecular probes). Adult mouse (C57BL/6)
was perfused transcardially with 2% paraformaldehyde in 0.1 M
sodium phosphate (pH 7.3). Then, organs were removed and
frozen, and the frozen tissue was cut on a cryostat. The sections
were incubated with the anti-TRPM2-C1 or the anti-rat TRPV1
antibody (Oncogene). In some experiments, the sections were
incubated with mixture of the anti-TRPM2-C1, guinea-pig anti-
porcine insulin antibody (DAKO) and anti-porcine glucagon mouse
monoclonal antibody (Sigma). Slides were washed with PBS,
followed by incubation with Alexa 488-conjugated anti-rabbit IgG,
Alexa 350-conjugated anti-mouse IgG (Molecular Probes) and Cy3-
conjugated anti-guinea-pig IgG antibody (Jackson Immnuno-
Research).

Immunoblot analysis
Immunoblotting was performed by using whole-cell lysates from
the cells. The protein-transferred PVDF membranes were blotted
with the anti-TRPM2-C1 or monoclonal anti-b-tubulin (Sigma)
antibody, followed by blotting with HRP-conjugated anti-rabbit or
anti-mouse IgG (Cell Signaling technology) antibody, respectively.
In some experiments, the anti-TRPM2-C1 was preincubated with
immunogenic peptide described above.

b-NADþ binding and cADPR competition assay
The template DNA was pCI-neo-TRPM2 or DNudix (Hara et al,
2002). The fusion proteins immobilized with His-Bind (Novagen)
resins were used for b-NADþ -binding assay. The resins were
incubated with [32P]-NADþ (Amersham) and were washed with
binding buffer. In cADPR competition assay, 10 mM cADPR (Sigma)
was added in reaction mixture. The primers used for the TRPM2
C-terminus were 50-AAAGAATTCGCGGAGGAGCCGGATGCTG-30 (for-
ward) and T3 primer (reverse). The resins were incubated with
[32P]-NADþ (1000 Ci/mmol; Amersham) in 0.3 ml of binding buffer
for 30 min and were washed three times with binding buffer at room
temperature.

Measurement of insulin release from islets
Insulin release from islets was measured after 16 h culture at 331C
(Figures 7A and C) or 371C (Figures 7B, E and F) after isolation as
described (Fujimoto et al, 1998). The amount of immunoreactive
insulin was determined by ELISA (Morinaga). Incubation tempera-
ture was 371C, except for the experiments in Figures 7A or C (291C).
Amount of insulin was normalized to the values released from the

islets incubated at 371C (G3.3) (Figure 7A), the islets cultured and
incubated at 371C (G3.3) (Figure 7B and Supplementary Figure 5),
the islets treated with control siRNA without heat stimulation
(G3.3) (Figures 7C, E and F), respectively. Eco (10mM), FFA
(200mM), FSK (2 mM), NDP (2 mM), H-89 (10 mM) or exendin-4
(10 nM) was applied in the step of incubation (60 min). Groups of
islets were incubated for 60 min with Krebs–Ringer bicarbonate
buffer with additives. At the end of the incubation period, islets
were pelletted by centrifugation and aliquots of the buffer were
sampled.

siRNA treatment
siRNA designed to against rat TRPM2 was synthesized using
Silencer siRNA Construction Kit (Ambion) and control siRNA
(Silencer Negative Control #1 siRNA) was obtained from Ambion.
siRNA was transfected using Lipofectamine 2000 (Invitrogen). Cells
and pancreatic islets were treated the siRNAs for 46 h. The primers
to construct for siTRPM2 were 50-AACCAGAUUGUGGAAUGGAtt-30

and 50-UCCAUUCCACAAUCUGGUUtt-30. To estimate the transfec-
tion efficiency, Cy-3-labeled siRNA was used for fluorescent
measurements by using Label IT siRNA Tracker Intracellular
Localization Kit (Mirus). Primer sequences for RT–PCR detecting
TRPM2 message were 50-AAGTATGTCCGGGTCTCCC-30 and 50-
TAACGGCCCAAAT GAGAAGGTCACG-30.

Chemicals
All chemicals were from Sigma, except for H-89 (from Upstate).

Statistical analysis
Data are analyzed using an unpaired (* or **) or a paired (#) t-test.
Values are shown as mean7s.e.m. P-values o0.05 were considered
significant.

Supplementary data
Supplementary data are available at The EMBO Journal Online.
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