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Summary

The melastatin-related transient receptor potential
channel TRPM2 is a plasma membrane Ca2+-perme-
able cation channel that is activated by intracellular
adenosine diphosphoribose (ADPR) binding to the
channel’s enzymatic Nudix domain. Channel activity
is also seen with nicotinamide dinucleotide (NAD+)
and hydrogen peroxide (H2O2), but their mechanisms
of action remain unknown. Here, we identify cyclic
adenosine diphosphoribose (cADPR) as an agonist of
TRPM2 with dual activity: at concentrations above
100 �M, cADPR can gate the channel by itself, whereas
lower concentrations of 10 �M have a potentiating ef-
fect that enables ADPR to gate the channel at nano-
molar concentrations. ADPR’s breakdown product
adenosine monophosphate (AMP) specifically inhib-
its ADPR, but not cADPR-mediated gating of TRPM2,
whereas the cADPR antagonist 8-Br-cADPR exhibits
the reverse block specificity. Our results establish
TRPM2 as a coincidence detector for ADPR and
cADPR signaling and provide a functional context for
cADPR as a second messenger for Ca2+ influx.

Introduction

The TRPM2 ion channel, previously named TRPC7 (Na-
gamine et al., 1998) or LTRPC2 (Perraud et al., 2001;
Sano et al., 2001) and recently designated TRPM2 for
melastatin-related transient recptor potential channel 2
(Montell et al., 2002), has been shown to be a nonselec-
tive cation channel specifically gated by ADPR (Per-
raud et al., 2001; Sano et al., 2001). Intracellular Ca2+

appears to be an important modulator and cofactor of
TRPM2, as elevated [Ca2+]i can significantly increase
the sensitivity of TRPM2 toward ADPR, enabling the
nucleotide to gate the channel at lower concentrations
(Perraud et al., 2001; McHugh et al., 2003). The channel
can also be gated by H2O2 (Hara et al., 2002) and NAD+

(Sano et al., 2001; Hara et al., 2002; Heiner et al., 2003).
The mechanism of H2O2-mediated gating of TRPM2
has been proposed to be direct and independent of
NAD+ or ADPR (Wehage et al., 2002) as well as indirect
via conversion of NADH to NAD+ (Hara et al., 2002).
More recent evidence suggests an indirect mechanism,
because H O releases ADPR from mitochondria (Per-
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raud et al., 2005), and its ability to activate TRPM2 is
lost when mutating the ADPR binding site (Kuhn and
Luckhoff, 2004). The mechanism by which NAD+ medi-
ates activation of TRPM2 remains uncertain. This pre-
cursor of ADPR can also gate TRPM2 in both whole-
cell recordings and excised membrane patches (Sano
et al., 2001; Hara et al., 2002); however, this requires
very high concentrations of 1 mM NAD+ and even then
proceeds after long delays. It is neither clear whether
this effect has physiological relevance nor whether it
occurs via the highly specific ADPR binding site in the
channel’s Nudix domain.

Although TRPM2 is dominantly expressed in the
brain, it is also detected in many other tissues, includ-
ing bone marrow, spleen, heart, leukocytes, liver, and
lung. Native TRPM2 currents have been recorded from
the U937 monocyte cell line (Perraud et al., 2001), neu-
trophils (Heiner et al., 2003), microglia (Kraft et al.,
2004), and CRI-G1 insulinoma cells (Inamura et al.,
2003) where ADPR induces large cation currents (des-
ignated IADPR) that closely match those mediated by
heterologously expressed TRPM2. Interestingly, many
of the cell types in which TRPM2 is expressed (e.g.,
lymphocytes, neutrophils, and pancreatic β cells) have
also been reported to utilize cADPR as a second mes-
senger for Ca2+ signaling—cADPR is thought to func-
tion as an endogenous regulator of Ca2+-induced Ca2+

release via ryanodine receptors (for reviews see Dousa
et al. [1996], Lund et al. [1998], Lee et al. [1999], Galione
and Churchill [2000], Lee [2000b], Galione and Churchill
[2002], and Guse [2002]). Recent evidence has indi-
cated that cADPR may also be involved in Ca2+ influx
(Guse et al., 1997; Guse et al., 1999; Partida-Sanchez
et al., 2001), although it is not clear whether this effect
is indirect through Ca2+ release and subsequent activa-
tion of store-operated channels or through cADPR me-
tabolites or more directly via cADPR-activated cation
channels. Based on the crystal structure of the human
ADPR pyrophosphatase NUDT9, which is highly homol-
ogous to the ADPR binding C-terminal enzymatic do-
main of TRPM2 (Shen et al., 2003) and provides a highly
specific binding site for ADPR, it seems unlikely that
the rather different molecular structures of either NAD+

or cADPR may be able to bind to that domain and gate
the channel in lieu of ADPR.

ADPR is part of a complex metabolic network (see
Figure 1) that lies downstream of NAD+. NAD+ is a sub-
strate of CD38, a multifunctional ectoenzyme with ac-
tivities of ADP-ribosyl cyclase, cyclic ADPR hydrolase,
and NAD+ glycohydrolase that can generate both ADPR
and cADPR. cADPR can be further converted to ADPR
by the same enzyme. CD38 is expressed in a wide range
of cells and tissues and involved in growth and differen-
tiation signaling of lymphoid and myeloid cells (Funaro
and Malavasi, 1999; Lee, 2000a; Schuber and Lund,
2004). Many of these cells also express TRPM2, indi-
cating that CD38 signaling may be linked to TRPM2
channel activity. In addition to CD38 and the CD38-like
enzyme BST-1/CD157, several other less well-charac-
terized enzymes are involved in NAD+, cADPR, and
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Figure 1. Metabolic Pathways of NAD+, ADPR, and cADPR

Two-dimensional chemical structures of NAD+, ADPR, and cADPR and enzymes responsible for their metabolism.
ADPR metabolism, including NAD+ glycohydrolases, c
cADP-ribosyl transferases, and ADP-ribosyl cyclases.

Another source for ADPR is found in polymeric ADPR, c
iwhich is complexed by the poly-ADPR polymerase

PARP and hydrolyzed by the poly-ADPR glycohydro- t
wlase PARG (Davidovic et al., 2001; Soldani and Sco-

vassi, 2002; Fonfria et al., 2004). This mechanism is in- w
avoked in the context of DNA damage and repair, and

excessive production of ADPR could link TRPM2 acti- a
avation to apoptotic cell death. ADPR itself is subject to

enzymatic breakdown into AMP and ribose 5-phos- a
cphate by TRPM2’s endogenous Nudix domain as well

as a closely related ADPR pyrophosphatase, NUDT9 m
2(Perraud et al., 2001; Shen et al., 2003).

The present study was aimed at elucidating the role v
cof the molecules in the metabolic network surrounding

ADPR on the functional properties of TRPM2 ion chan- u
anels. Here, we report that ADPR and cADPR can acti-

vate TRPM2 directly via independent gating mecha- t
Tnisms. Importantly, both agonists synergize with each

other and dramatically reduce each others’ effective n
concentration required to gate the channel. In addition,
we demonstrate that one of the breakdown products of v

uADPR, AMP, exerts a potent negative feedback inhibi-
tion on TRPM2 activity. H

l
hResults
H
cTo assess the efficacy and characteristics of the vari-

ous molecules in the metabolic network surrounding a
wADPR, HEK-293 cells stably expressing TRPM2 under

a tetracycline-inducible promoter were perfused intra- T
ellularly with various concentrations of ADPR, NAD+,
ADPR, and H2O2 (Figure 2). We chose experimental
onditions in which the ionic composition of extra- and

ntracellular solutions were kept as close as possible
o physiological conditions, i.e., extracellular solutions
ere NaCl based with 1 mM Ca2+ and 2 mM Mg2+,
hereas intracellular solutions were K-glutamate based
nd contained 8 mM NaCl and 1 mM Mg2+ without
dded Ca2+ buffers. Within seconds, ADPR caused the
ctivation of large linear currents with the typical char-
cteristics of TRPM2 (Figures 2A and 2F). ADPR-induced
urrent activation was dose dependent with a half-
aximal effective concentration (EC50) of 12 �M (Figure

E). At high concentrations of ADPR, currents peaked
ery rapidly, reaching w17 nA at −80 mV. ADPR’s pre-
ursor, NAD+, also activated large linear currents (Fig-
res 2B and 2F), but it was less potent and had about
100-fold higher EC50 of w1 mM (Figure 2E). In con-

rast to the immediate onset of ADPR-induced currents,
RPM2 activation by NAD+ was characterized by a sig-
ificant delay of 50–150 s (Figure 2B).
Intracellular perfusion of cells with H2O2 also acti-

ated linear currents in a dose-dependent manner (Fig-
res 2C and 2F), but in contrast to ADPR and NAD+,
2O2 induced only modest increases in current well be-

ow 1 nA. The EC50 for H2O2 was w50 �M (Figure 2E);
owever, assessment of the dose-response curve for
2O2 was limited to concentrations up to 200 �M, be-
ause higher concentrations were not tolerated by cells
nd resulted in seal breakdown. The seal breakdown
as easily distinguished from the smoothly developing
RPM2 currents, because it manifested itself by abrupt
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Figure 2. ADPR, NAD+, H2O2, and cADPR Ac-
tivate TRPM2 Channels

Tetracycline-induced HEK-293 cells (1 �g/
ml, 15 hr) expressing TRPM2 were perfused
with K-glutamate-based pipette solutions
without added Ca2+ buffers containing
ADPR, NAD+, H2O2, and cADPR at various
concentrations.
(A–D) Average membrane currents (±SEM)
recorded at −80 mV induced by perfusion of
cells with various concentrations of ADPR
(n = 6–13), NAD+ (n = 3–10), H2O2 (n = 4–10),
and cADPR (n = 4–7).
(E) Dose-response curves for ADPR (EC50 =
12 �M, Hill coefficient = 2), NAD+ (EC50 = 1 mM,
Hill coefficient = 2), H2O2 (EC50 = 50 �M, Hill
coefficient = 4), and cADPR (EC50 = 700 �M,
Hill coefficient = 1). Data points reflect aver-
age peak currents (±SEM) recorded at −80
mV (n = 3–13). The right panel depicts en-
larged dose-response curves for H2O2 and
cADPR.
(F) Typical current-voltage (I-V) relationships
of TRPM2 whole-cell currents induced by
ADPR, NAD+, H2O2, and cADPR. I-V curves
were derived from voltage ramps taken from
representative cells.
(G and H) Examples of single-channel activ-
ity in excised membrane patches held at −80
mV and exposed to 100 �M ADPR or 1 mM
cADPR for the time indicated by the bar.
and erratic increases in linear leak currents that often
exceeded the typical maximal currents induced by
ADPR. Finally, we tested cADPR and found that it too
activated linear currents (Figures 2D and 2F) in a similar
manner as H2O2. Activation was dose dependent (Fig-
ure 2E) with an EC50 of 700 �M. As with H2O2, the
cADPR-induced currents were typically rather small.
On some rare occasions, we encountered cells in which
cADPR elicited currents in excess of 10 nA, and we
attribute this to elevated basal levels of ADPR (see be-
low). Neither of the agonists elicited any significant cur-
rents in wild-type HEK-293 cells or in noninduced cells
(TRPM2-transfected cells that were not exposed to tet-
racycline). It should also be noted that only ADPR was
capable of activating TRPM2 currents when [Ca2+]i was
clamped to very low levels with 10 mM BAPTA—maxi-
mal NAD+, cADPR, and H2O2 were completely ineffec-
tive in activating any TRPM2 currents under these con-
ditions (data not shown).

These results suggest that all four agonists, ADPR,
NAD+, cADPR, and H2O2, are capable of activating
TRPM2. However, they do so with varying degrees of
potency and also exhibit differences in kinetics of acti-
vation, indicating that they might act through different
mechanisms and/or through metabolic conversions. In
terms of kinetics of activation, ADPR was clearly the
fastest of the four agonists, suggesting a direct activa-
tion of TRPM2 channels and being consistent with its
binding to the Nudix domain (Perraud et al., 2001; Kuhn
and Luckhoff, 2004). The marked delay of TRPM2 acti-
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vation observed with NAD+ might indicate that its effect t
vis not direct and possibly due to ADPR contamination

and/or secondary to metabolic conversion to ADPR. i
1Given the fact ADPR is about two orders of magnitude

more potent than NAD+, the ADPR contamination of p
w2.9% in our lot of NAD+ (see Experimental Procedures)

likely accounts for the observed effects. The two other m
dagonists, cADPR and H2O2, had intermediate kinetics

so that peak currents were attained after 100–200 s. A
sIn addition, maximal currents induced by these stimuli

usually remained below 5% of those typically achieved T
aby ADPR. This would suggest that cADPR and H2O2

may gate TRPM2 directly, but their efficacy appears too p
ilow to bear physiological significance.

To assess whether the effects of cADPR were sec-
tondary to intracellular metabolism, we performed sin-

gle-channel recordings in excised membrane patches m
pwhere such conversion would likely be absent. Consis-

tent with the small cADPR-mediated, whole-cell cur- a
trents, it proved difficult to obtain cADPR-induced, sin-

gle-channel activity in excised membrane patches. c
tOnly one out of eight membrane patches exposed to

1 mM cADPR induced multichannel openings with the w
ctypical long open times of TRPM2 (Figure 2H). All other

patches were either silent or showed only rare channel c
Tactivity with brief openings. In contrast, 100 �M ADPR

reliably (eight out of 12 patches) caused multichannel c
Aactivity of up to 16 channels per patch (Figure 2G). Be-

cause HPLC analysis of our cADPR lot did not reveal s
aADPR as an appreciable contaminant, these data

would suggest that cADPR has some limited capability t
bto gate TRPM2 channels directly.

Because ADPR is subject to metabolic breakdown 3
sinto ribose 5-phosphate and AMP, we tested for pos-

sible effects of these two metabolites on ADPR-medi- c
Tated activation of TRPM2. Consistent with our previous

findings (Perraud et al., 2001), neither of the two metab- b
oolites activated TRPM2 at concentrations up to 1 mM

(data not shown). We also found no obvious inhibitory
Heffect of ribose 5-phosphate (100 �M) on TRPM2 cur-

rents induced by 30 �M ADPR (Figure 3A). In contrast, s
sAMP exhibited a potent dose-dependent inhibition of

ADPR-induced currents (Figure 3B), where 100 �M s
HAMP caused w70% inhibition, and 300 �M AMP essen-

tially abolished any current response to 100 �M ADPR. p
HThe dose-response relationship of this inhibitory effect

is illustrated in Figure 3C, and the fit to these data c
cyielded an IC50 of w70 �M. The antagonistic action of

AMP allowed us to test whether it affected any of the −
aother agonists. Figure 3D illustrates that 500 �M AMP

also completely suppressed TRPM2 activation by 1 mM c
eNAD+ (or its ADPR contaminant). However, the same

concentration of AMP was ineffective at antagonizing s
pthe small currents evoked by either 1 mM cADPR (Fig-

ure 3E) or 100 �M H2O2 (Figure 3F), which implies that w
athe inhibition is specific for the agonist and not due to

a simple block of the channel. These results therefore s
yindicate that the ADPR-mediated TRPM2 activation

mechanism is susceptible to AMP inhibition and dis- t
etinct from the AMP-insensitive channel activity induced

by cADPR or H2O2. w
ePrevious work has established 8-Br-cADPR as a se-

lective and potent antagonist of cADPR-mediated Ca2+ w
signaling (Walseth and Lee, 1993), prompting us to test
his molecule for possible antagonism on TRPM2 acti-
ation by the various agonists. When perfusing cells

ntracellularly with 100 �M of 8-Br-cADPR along with
mM cADPR, the compound indeed completely sup-

ressed TRPM2 activation by cADPR (Figure 4A). Like-
ise, 8-Br-cADPR completely suppressed the H2O2-
ediated activation of TRPM2. However, 8-Br-cADPR
id not suppress TRPM2 activation by either 100 �M
DPR (Figure 4C) or 1 mM NAD+ (Figure 4D). This would
uggest that both cADPR and H2O2 might activate
RPM2 through a common 8-Br-cADPR-sensitive mech-
nism, whereas ADPR and NAD+ activate TRPM2 inde-
endently through an AMP-sensitive, but 8-Br-cADPR-

ndependent, mechanism.
As evident from Figures 4C and 4D, 8-Br-cADPR ac-

ually accelerated the kinetics of ADPR- and NAD+-
ediated activation of TRPM2, and we considered the
ossibility that the gating mechanisms of ADPR/NAD+

nd cADPR/H2O2 might involve some form of coopera-
ivity or synergy. To test this, we stimulated cells with
ombinations of various agonists at concentrations
hat were below the threshold for activating TRPM2
hen used individually. As illustrated in Figure 5A, the
ombination of 10 �M cADPR and various subthreshold
oncentrations of ADPR caused a strong activation of
RPM2 with an IC50 of 90 nM. Thus, the presence of
ADPR caused a 100-fold shift in TRPM2’s sensitivity to
DPR (Figure 5B), demonstrating that TRPM2 activity is
ynergistically enhanced when the channel binds two
gonists. This synergy occurred over a narrow sub-
hreshold concentration range of cADPR and ADPR,
ecause lowering the concentration of either cADPR to
�M while maintaining ADPR at 300 nM (data not

hown) or reducing ADPR to 10 nM while keeping
ADPR at 10 �M was largely ineffective in triggering
RPM2 activity (Figure 5A). Disruption of this synergy
y adding 500 �M AMP caused complete suppression
f TRPM2 currents.
Because our previous experiments suggested that

2O2 behaves similarly to cADPR, we tested whether
ubthreshold concentrations of 10–30 �M H2O2 could
ynergize with 300 nM ADPR in a similar fashion as
ubtreshold levels of cADPR. At these subthreshold
2O2 concentrations, we did not observe significant
otentiation (data not shown). However, increasing the
2O2 concentration to 100 �M, which by itself typically
auses less than 5% of the maximal achievable TRPM2
urrent, induced large currents in excess of 15 nA at
80 mV even when the ADPR concentration was as low
s 300 nM (Figure 5C). As in the case of combining
ADPR and ADPR, addition of 500 �M AMP to the syn-
rgistic combination of H2O2 and ADPR completely
uppressed activation of TRPM2. We also assessed the
ossible synergy of 10 �M cADPR and 300 �M NAD+,
hich both represent ineffective concentrations when
pplied individually. As with ADPR, we observed a
trong facilitation of TRPM2 activation (Figure 5D),
ielding large currents that were almost identical to
hose observed with 1 mM NAD+ alone. AMP proved
ffective in suppressing this effect. However, because
e know that NAD+ is contaminated with ADPR, these
ffects are likely attributable to the synergy of cADPR
ith ADPR rather than NAD+.
A somewhat surprising aspect of the synergy be-
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Figure 3. AMP Inhibits TRPM2 Gating by
ADPR and NAD+, but Not H2O2 and cADPR

(A) Average membrane currents (±SEM) re-
corded at −80 mV in cells perfused with 30
�M ADPR alone (n = 13) and in combination
with its breakdown product ribose 5-phos-
phate (100 �M, n = 8).
(B) Average membrane currents (±SEM) re-
corded at −80 mV in cells perfused with 100
�M ADPR alone and in combination with var-
ious AMP concentrations (n = 4–8).
(C) Dose-response curve for AMP-depen-
dent inhibition of TRPM2 currents activated
by 100 �M ADPR. Data represent maximum
average currents (±SEM) recorded at −80 mV
and the dose-response fit yields an IC50 of
70 �M (Hill coefficient = 3).
(D) Average membrane currents (±SEM) re-
corded at −80 mV in cells perfused with 1 mM
NAD+ alone (n = 10) and in combination with
500 �M AMP (n = 5).
(E) Average membrane currents (±SEM) re-
corded at −80 mV in cells perfused with 1 mM
cADPR alone (n = 4) and in combination with
500 �M AMP (n = 9).
(F) Average membrane currents (±SEM) re-
corded at −80 mV in cells perfused with 100
�M H2O2 alone (n = 10) and in combination
with 500 �M AMP (n = 5).
gating of TRPM2 (see Figures 4C and 4D). We assessed concentrations of 8-Br-cADPR. As illustrated in Figure

Figure 4. 8-Br-cADPR Inhibits TRPM2 Gating
by cADPR and H2O2, but Not ADPR and
NAD+

(A) Average membrane currents (±SEM) re-
corded at −80 mV in cells perfused with 1 mM
cADPR alone (n = 4) and in combination with
100 �M 8-Br-cADPR (n = 6).
(B) Average membrane currents (±SEM) re-
corded at −80 mV in cells perfused with 100
�M H2O2 alone (n = 10) and in combination
with 100 �M 8-Br-cADPR (n = 7).
(C) Average membrane currents (±SEM) re-
corded at −80 mV in cells perfused with 100
�M ADPR alone (n = 7) and in combination
with 100 �M 8-Br-cADPR (n = 6).
(D) Average membrane currents (±SEM) re-
corded at −80 mV in cells perfused with 1 mM
NAD+ alone (n = 10) and in combination with
100 �M 8-Br-cADPR (n = 8).
tween cADPR and ADPR is that the cADPR antagonist
8-Br-cADPR also seems to enhance ADPR-mediated
this in some more detail by perfusing cells with a sub-
threshold concentration of ADPR (3 �M) with increasing
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Figure 5. Subtreshold Concentrations of
cADPR and H2O2 Potentiate TRPM2 Activa-
tion by Subthreshold Levels of ADPR and
NAD+

(A) Average membrane currents (±SEM) re-
corded at −80 mV in cells perfused with 10
�M cADPR in combination with various con-
centrations of ADPR (n = 4–7). This effect
was blocked by addition of 500 �M AMP
(n = 6).
(B) Dose-response curves for ADPR (EC50 =
12 �M, Hill coefficient = 2; taken from Figure
2F) and ADPR in combination with 10 �M
cADPR (EC50 = 90 nM, Hill coefficient = 2).
Data points reflect average peak currents
(±SEM) recorded at −80 mV (n = 3–13).
(C) Average membrane currents (±SEM) re-
corded at −80 mV in cells perfused with 300
nM ADPR in combination with 100 �M H2O2

(n = 11). This effect was blocked by addition
of 500 �M AMP (n = 8).
(D) Average membrane currents (±SEM) re-
corded at −80 mV in cells perfused with 300
�M NAD+ in combination with 10 �M cADPR
(n = 5). This effect was blocked by addition
of 500 �M AMP (n = 6).
(E) Average membrane currents (±SEM) re-
corded at −80 mV in cells perfused with 3
�M ADPR in combination with various con-
centrations of 8-Br-cADPR (n = 4–8).
(F and G) Average membrane currents (±SEM)
recorded at −80 mV and average [Ca2+]i sig-
nals in cells perfused with either 10 �M
cADPR (n = 3) or 300 nM ADPR (n = 5). In
both experiments, thrombin (20 U/ml) was
applied at the time indicated by the bar. Note
that reliable fluorescence measurements
start 6 s after whole-cell establishment.
5E, the threshold for the potentiation of ADPR by a
s8-Br-cADPR is around 100 �M, making it about ten

times less potent than cADPR. Although the potentia- c
ction by 8-Br-cADPR was observed in most cells across

multiple preparations, we encountered two prepara- s
ctions in which the potentiation was not obvious even at

higher concentrations of 8-Br-cADPR, indicating that i
sthe potentiating effect of 8-Br-cADPR might not be

as robust as that of cADPR. Although our lot of t
o8-Br-cADPR contained about 4% of Br-ADPR, this con-

taminant does not appear to act like ADPR, because m
A300 �M 8-Br-cADPR (with a Br-ADPR contamination of

12 �M) did not cause any TRPM2 activation (data not C
mshown). Thus, 8-Br-cADPR has a dual effect in that it

inhibits cADPR- and H2O2-mediated gating of TRPM2 a
Abut at the same time can mimic their effects in syner-

gizing with ADPR. This behavior is typical of a partial a
cagonist.

Because one of the established mechanisms of p
cADPR, at least in some cell types, encompasses Ca2+

release from intracellular stores and because elevated D
[Ca2+]i enhances TRPM2’s sensitivity to ADPR, we
tested whether the cADPR-mediated potentiation was P

lsomehow related to Ca2+ release. In combined whole-
cell patch-clamp and fura-2 measurements, we per- N

ffused TRPM2-expressing HEK-293 cells with 10 �M
cADPR alone (Figure 5F). As expected, cADPR neither t
ctivated TRPM2 currents nor did it seem to cause a
ubstantial increase in [Ca2+]i. Although the fura-2 con-
entration in the initial 6 s after establishing the whole-
ell configuration is too low to permit an accurate as-
essment of [Ca2+]i, any Ca2+ release induced by
ADPR would have to be very brief, because just 6 s

nto the experiment, [Ca2+]i was at resting levels, and
ubsequent stimulation of InsP3-mediated release by
hrombin occurred normally (Figure 5F). To further rule
ut changes in [Ca2+]i as the mechanism of cADPR-
ediated potentiation, we perfused cells with 300 nM
DPR and again stimulated cells with thrombin to elicit
a2+ release (Figure 5G). However, the large InsP3-
ediated Ca2+ release transients did not cause TRPM2

ctivation and therefore failed to synergize with 300 nM
DPR, a concentration at which cADPR fully potenti-
tes TRPM2 activation. Thus, we conclude that the
ADPR-mediated potentiation effect is not rooted in a
ossible Ca2+ release mechanism.

iscussion

revious work on the TRPM2 ion channel has estab-
ished that channel activity can be induced by ADPR,
AD+, and H2O2. The present study adds several new

acets to the complex gating mechanisms of TRPM2 in
hat it establishes cADPR as an agonist for this channel
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and AMP as a negative feedback regulator. Several
lines of evidence suggest that ADPR may be the pri-
mary direct agonist for TRPM2. The molecule binds
with high specificity to the channel’s Nudix domain
(Perraud et al., 2001; Sano et al., 2001; Shen et al.,
2003; Kuhn and Luckhoff, 2004), it causes rapid and full
activation of TRPM2 in whole-cell recordings (Perraud
et al., 2001; Sano et al., 2001), and it gates the channel
in excised membrane patches (Perraud et al., 2001). In
the present study, we used a more physiological K-glu-
tamate-based intracellular solution in which Ca2+ was
not buffered by chelators so that [Ca2+]i could vary
freely. Because Ca2+ facilitates the gating of TRPM2
channels (Perraud et al., 2001; McHugh et al., 2003), we
observed very fast ADPR-mediated activation of cur-
rents in excess of 15 nA at −80 mV at 1 mM ADPR.
At lower concentrations, the TRPM2 currents activated
more slowly, and at w10 �M, the current amplitudes
were also reduced. Because our lot of ADPR was rela-
tively pure (99.1%), the EC50 of 12 �M obtained under
these experimental conditions is likely accurate.

The gating of TRPM2 by NAD+ seems more complex,
because the activation of whole-cell currents is charac-
terized by a long delay ([Sano et al., 2001; Hara et al.,
2002], see Figure 2B) or is not observed at all even at
high concentrations (Wehage et al., 2002). In addition,
current structural information about the ADPR binding
site in the channel’s Nudix domain suggests a high se-
lectivity for ADPR (Perraud et al., 2001; Shen et al.,
2003) that would not easily accommodate the binding
of the structurally quite distinct NAD+ molecule, further
suggesting that NAD+ might have an indirect mecha-
nism of action. However, because some studies ob-
served relatively fast activation of NAD+-dependent
channel activity in excised membrane patches (Sano et
al., 2001; Hara et al., 2002), it has been proposed that
NAD+ is a direct activator of TRPM2, and the delay in
whole-cell recordings might be due to an inhibitory ef-
fect of intracellular ATP so that current activation starts
only after cellular ATP levels decrease (Sano et al.,
2001). Another study has not observed the inhibitory
effect of ATP (Hara et al., 2002), and we also failed to
detect any obvious suppression of NAD+-activated cur-
rents in the presence of 3 mM Mg·ATP (our unpublished
data). The results from the present study may resolve
some of the conflicting observations, as they suggest
that the effects of NAD+ are likely rooted in ADPR con-
taminations. When considering the 100-fold higher
EC50 of NAD+ relative to ADPR, a contamination of
commercial samples of NAD+ with just 1% ADPR would
fully account for the effects observed with NAD+ (based
on the manufacturer’s HPLC analysis, our lot of NAD+

contained 2.8% ADPR). Consistent with this, we note
the striking similarity of TRPM2 current activation ob-
served with 1 mM NAD+ and 10 �M ADPR (cf. Figures
2A and 2B).

The cADPR-mediated activation of TRPM2 appears
to result from a direct gating mechanism, because
TRPM2 activation by cADPR was relatively rapid in
whole-cell recordings (see Figure 2D), and the com-
pound triggered single-channel activity in excised
membrane patches. However, these effects are not
likely to be of significant physiological relevance, as
they require relatively high concentrations of cADPR
and even then the maximal current amplitude is rather
limited, amounting to less than 5% of the maximal am-
plitude attainable with ADPR. However, when com-
bined with ADPR or NAD+, cADPR strongly potentiates
TRPM2 activation. The direct cADPR-mediated gating
of TRPM2 can be suppressed by 8-Br-cADPR, whereas
the synergistic activation by subthreshold combina-
tions of cADPR and ADPR can be disrupted by AMP.
Considering that 30 nM ADPR in combination with 10
�M cADPR already yielded several nanoamperes of
TRPM2 current (see Figure 5A) and that even 1 mM
cADPR produced only about 0.5 nA of current (see Fig-
ure 2D), we must assume that virtually no contaminat-
ing ADPR is present in our cADPR sample. From this,
we can also conclude that the cADPR-induced, sin-
gle-channel activity observed in excised membrane
patches is likely caused by a direct gating mechanism.

Our results obtained with 8-Br-ADPR do not seem
to reflect a simple competitive antagonism to cADPR,
because 8-Br-cADPR exhibits a dual mode of action.
With respect to the direct activation of TRPM2 by
cADPR, 8-Br-cADPR acts as a competitive antagonist,
presumably by binding with high affinity to the cADPR
binding site. As a result, even high concentrations of
cADPR can no longer activate TRPM2 directly. How-
ever, 8-Br-cADPR has a second effect in that it appears
to potentiate ADPR-mediated gating of TRPM2 similar
to cADPR. In that function, it acts as an agonist, but
with lower efficacy compared to cADPR, because it re-
quires at least 100 �M 8-Br-cADPR. Thus, 8-Br-cADPR
exhibits the features of a partial agonist.

Previously published data indicate that TRPM2 can
also be gated by H2O2 and it has been suggested to
gate the channel independently of ADPR (Wehage et
al., 2002); however, a more recent study by the same
group failed to observe H2O2-dependent gating of
TRPM2 when modifying the Nudix domain (Kuhn and
Luckhoff, 2004). Because Scharenberg and colleagues
recently demonstrated that reducing the ADPR concen-
tration within mitochondria largely suppresses H2O2-
mediated activation of TRPM2 (Perraud et al., 2005),
it now appears that the gating mechanism of H2O2 is
primarily based on its ability to release ADPR from
mitochondria, which then proceed to activate TRPM2.
Our present data add an interesting facet to this sce-
nario, because they suggest that the effects of H2O2

are very similar, if not identical, to those of cADPR. Al-
though H2O2 has only limited efficacy in activating
TRPM2 directly, it can synergize with ADPR to potenti-
ate TRPM2 activation. Thus, H2O2 might be a self-suffi-
cient stimulus for TRPM2 activation, as it would initiate
the release of ADPR from mitochondria and at the same
time function as a potentiating cofactor of ADPR.

Our finding that cADPR can activate TRPM2 has im-
portant implications for cADPR function. Most studies
propose that cADPR acts through the ryanodine recep-
tor to release internal calcium stores. There is, however,
some indication that cADPR may also play a role in
calcium entry in some cell types. Thus, cADPR was
found to induce Ca2+ influx in T cells by producing
spikes of [Ca2+]i that were dependent on the presence
of extracellular Ca2+ (Guse et al., 1997). In neutrophils
stimulated by the bacterial chemoattractant, formyl-
methionyl-leucyl-phenylalanine (fMLP), cyclic ADPR ap-
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wpears to be required for sustained extracellular Ca2+ in-
uflux, because Ca2+ influx in these cells is greatly re-
cduced in transgenic mice that lack the ADP-ribosyl cy-
f

clase CD38 (Partida-Sanchez et al., 2001). The data t
presented here show that cADPR can regulate a X

tplasma membrane ion channel in support of Ca2+ influx
band may underlie the cADPR-mediated Ca2+ influx ob-
mserved in some cell types. Whether cADPR ever
ireaches the high levels required to gate TRPM2 directly
b

remains to be determined; however, at relatively low t
levels, it could well synergize with nanomolar concen-
trations of ADPR to activate TRPM2. This provides a

Acontext in which cADPR may function to support Ca2+

influx in cells that express TRPM2.
W
fExperimental Procedures
i
pCells
oTetracycline-inducible HEK-293 Flag-TRPM2-expressing cells were
acultured at 37°C with 5% CO2 in DMEM supplemented with 10%

fetal bovine serum. The medium was supplemented with blasticidin
(5 �g/ml; Invitrogen) and zeocin (0.4 mg/ml; Invitrogen). Cells were R
resuspended in medium containing 1 �g/ml tetracycline (Invitro- R
gen) 15 hr before experiments. A

P
Solutions and Chemicals
For patch-clamp experiments, cells were kept in standard extracel- R
lular saline (in mM): 140 NaCl, 2.8 KCl, 1 CaCl2, 2 MgCl2, 10 glu-
cose, and 10 HEPES·NaOH ([pH 7.2] adjusted with NaOH). Stan- D
dard pipette-filling solutions contained (in mM): 140 K-glutamate, 8 I
NaCl, 1 MgCl2, and 10 HEPES·KOH ([pH 7.2] adjusted with KOH). p
In some experiments, [Ca2+]i was buffered to very low levels with

D10 mM BAPTA. All reagents were purchased from Sigma and dis-
dsolved in standard intracellular solution. HPLC analyses provided
lby the manufacturer determined the purity and major contaminants
Fof the various nucleotides as follows: ADPR 99.1% (NAD+ 0.3%),
HNAD+ 94.8% (ADPR 2.9%, AMP 1.1%), cADPR 94.5% (NAD+ and/
cor nicotinamide 4.2%), and 8-Br-cADPR 93.6% (Br-ADPR 5.1%).
a
1Electrophysiology

Patch-clamp experiments were performed in the whole-cell config- F
uration at 21–25°C. Data were acquired with Pulse software con- t
trolling an EPC-9 amplifier (HEKA, Lambrecht, Germany). Voltage B
ramps of 50 ms spanning the voltage range from −100 to +100 mV G
were delivered from a holding potential of 0 mV at a rate of 0.5 Hz c
over a period of 200–600 s. When applicable, voltages were cor-

Grected for liquid junction potentials. Currents were filtered at 2.9
ckHz and digitized at 100 �s intervals. Capacitive currents and
sseries resistance were determined and corrected before each volt-
Gage ramp. For analysis, the very first ramps before activating the
acurrents were digitally filtered at 2 kHz, pooled, and used for leak
ssubtraction of all subsequent current records. The low-resolution

temporal development of currents for a given potential was ex- G
tracted from the leak-corrected individual ramp current records by (
measuring the current amplitudes at voltages of −80 mV or +80 mV. c
Single channels were recorded from excised membrane patches in G
the inside-out configuration at −80 mV by using patch pipettes that H
were filled with standard saline. Cells were bathed in a nominally t
Ca2+-free standard saline into which patches were initially excised. T
To stimulate channel activity, the inside of the patch was exposed t
to our standard intracellular solution supplemented with either

HADPR or cADPR. Currents were filtered at 2.9 kHz and digitized at
T100 �s intervals. For display purposes, data records were digitally
Lfiltered and downsampled to 100 Hz. All averaged current data sets
srepresent the means of n determinations ± standard error of the
Hmean (SEM.).
T

IFluorescence Measurements
In some experiments, the cytosolic calcium concentration of indivi- K

tdual patch-clamped cells was monitored by including 100 �M
fura-2 in the standard intracellular solution. Fluorescence signals c
ere sampled at a rate of 5 Hz with a photomultiplier-based system
sing a monochromatic light source tuned to excite fura-2 fluores-
ence at 360 and 390 nm for 20 ms each (TILL Photonics, Gräfel-
ing, Germany). Emission was detected at 450–550 nm with a pho-
omultiplier whose analog signals were sampled and processed by
-Chart software (HEKA, Lambrecht, Germany). Fluorescence ra-

ios were translated into free intracellular calcium concentration
ased on calibration parameters derived from patch-clamp experi-
ents with calibrated calcium concentrations. Local perfusion of

ndividual cells with standard extracellular saline containing throm-
in (20 U/ml) was achieved through a wide-tipped, pressure-con-

rolled application pipette.
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