+Model
YCECA-1000; No. of Pages 12

ARTICLE IN PRESS

Cell Calcium (2008) xxx, xxx—xxx

journal homepage: www.elsevier.com/locate/ceca

Synergistic regulation of endogenous TRPM2
channels by adenine dinucleotides in
primary human neutrophils
Ingo Lange, Reinhold Penner, Andrea Fleig ∗, Andreas Beck
Laboratory of Cell and Molecular Signaling, Center for Biomedical Research at The Queen’s Medical Center and John A. Burns
School of Medicine at the University of Hawaii, Honolulu, HI 96813, United States
Received 10 January 2008; received in revised form 8 May 2008; accepted 13 May 2008

KEYWORDS
TRPM2 channel;
NAADP;
Synergism;
Human neutrophil

Summary The Ca2+ -permeable TRPM2 channel is a dual function protein that is activated
by intracellular ADPR through its enzymatic pyrophosphatase domain with Ca2+ acting as a cofactor. Other TRPM2 regulators include cADPR, NAADP and H2 O2 , which synergize with ADPR
to potentiate TRPM2 activation. Although TRPM2 has been thoroughly characterized in overexpression or cell-line systems, little is known about the features of TRPM2 in primary cells.
We here characterize the regulation of TRPM2 activation in human neutrophils and report that
ADPR activates TRPM2 with an effective half-maximal concentration (EC50 ) of 1 M. Potentiation by Ca2+ is dose-dependent with an EC50 of 300 nM. Both cADPR and NAADP activate TRPM2,
albeit with lower efﬁcacy than in the presence of subthreshold levels of ADPR (100 nM), which
signiﬁcantly shifts the EC50 for cADPR from 44 to 3 M and for NAADP from 95 to 1 M. TRPM2
activation by ADPR can be suppressed by AMP with an IC50 of 10 M and cADPR-induced activation can be blocked by 8-Bromo-cADPR. We further show that 100 M H2 O2 enables subthreshold
concentrations of ADPR (100 nM) to activate TRPM2. We conclude that agonistic and antagonistic characteristics of TRPM2 as seen in overexpression systems are largely compatible with the
functional properties of TRPM2 currents measured in human neutrophils, but the potencies of
agonists in primary cells are signiﬁcantly higher.
© 2008 Elsevier Ltd. All rights reserved.

Introduction
The widely expressed Na+ - and Ca2+ -permeable cation
channel TRPM2 functions both as an ion channel and an
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ADP-ribose (ADPR)-speciﬁc pyrophosphatase [1—6]. The primary channel-gating mechanism is mediated by ADPR [4,7],
although limited activation of TRPM2 can be accomplished
by H2 O2 [2,8,9] and relatively high concentrations of cyclic
ADP-ribose (cADPR) [7,10,11]. However, cADPR, and H2 O2
can synergize with ADPR to activate TRPM2 currents at ADPR
levels in the low nanomolar range [7], although one report
has claimed that this does not seem to be the case for human
neutrophils [12]. Another activator of TRPM2 channels in
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overexpressing HEK293 cells and Jurkat T lymphocytes is
the highly efﬁcient Ca2+ -release agent nicotinic acid adenine dinucleotide phosphate (NAADP, [13]), which can also
facilitate ADPR action on TRPM2 [10]. At the same time, the
channel’s sensitivity to ADPR is potentiated by intracellular
Ca2+ [4,12,14—16] acting as a positive feedback mechanism
on channel activity, likely mediated by calmodulin [16,17].
Furthermore, TRPM2 most likely has a direct Ca2+ -binding
site that is accessible from either side of the membrane and
must be occupied by Ca2+ for proper channel function [16].
Ca2+ -dependence of TRPM2 activity has been reported in a
variety of cell lines [4,12,14—16,18], as well as in primary
systems such as neutrophil granulocytes [12].
At present, little is known about the interaction between
ADPR, cADPR, NAADP and intracellular Ca2+ in a primary
cell system [19]. Endogenous TRPM2 currents measured in
a primary cell system were ﬁrst described in human neutrophil granulocytes [20]. Perfusing these cells with 300 M
ADPR and intracellular Ca2+ clamped close to 0 using EGTA
evoked single-channel currents that could be resolved at
the whole-cell level and showed characteristics of TRPM2
with long open times and a large conductance of 56 pS
[20]. In microglia cells isolated from brain [21], application of 5 mM H2 O2 or perfusing cells with a single ﬁxed
ADPR concentration of 1 mM evoked whole-cell currents and
single-channel activity typical for TRPM2 [4]. Other primary
cell systems that have been assessed for TRPM2 currents are
mouse megakaryocytes [22] and rat striatal neurons [23]. In
megakaryocytes, 1 mM ADPR in the presence of 1 M intracellular Ca2+ evoked TRPM2 currents that were not seen in
the absence of Ca2+ [22]. On the other hand, 500 M ADPRactivated TRPM2 currents in rat striatal neurons even when
buffering intracellular Ca2+ close to 0 using 500 M EGTA
[23]. Further studies on hippocampal CA1 neurons using Ca2+
imaging in an in vivo oxygen—glucose deprivation model
[24], and studies on primary rat pancreatic beta cells measuring heat-activated calcium signals [11] imply a role of
TRPM2 in these systems but do not provide patch-clamp
recordings for these two primary cell types.
To gain a more detailed understanding of TRPM2 characteristics in a primary cell system, we initially probed
three immune cell types for ADPR-induced TRPM2 currents, namely mouse bone marrow-derived mast cells, naı̈ve
human T lymphocytes and human neutrophils. Since only
human neutrophils developed ADPR-induced currents, we
concentrated on this primary cell model to investigate the
efﬁcacy of known TRPM2 agonists and modulators as well as
TRPM2 antagonists AMP and 8-Bromo-cADPR using K+ -based
intracellular conditions.

Methods
Cell culture
Isolation of human neutrophils and T cells
Human neutrophils and T cells were obtained from whole
human blood donated by volunteers with protocol approval
from The Queen’s Medical Center Research & Institutional Committee. Human neutrophils were isolated using a
Dextran-500 sedimentation (Amersham Bioscience 17-032001), followed by a Ficoll Paque Plus density centrifugation

(Amersham GE, Piscataway, NJ). Cells were positively
selected using Macs CD15 Microbeads (130-046-601, Miltenyi Biotec GmbH, Germany). Isolated cells were kept in
a medium containing RPMI and 10% fetal bovine serum at
37 ◦ C in an incubator. Experiments were started 1 h after
isolation. To this end, 500 l of cells were transferred into
an Eppendorf tube, diluted with 500 l external Na+ -Ringer,
centrifuged and resuspended in 500 l Na+ -Ringer. Human T
cells were isolated using the RosetteSepTM protocol according to manufacturer’s instructions (StemCell Technologies
Inc., Vancouver, Canada). Cells isolated this way were kept
in standard RPMI tissue culture medium supplemented with
10% FBS at 37 ◦ C until used for patch-clamp experiments.
Isolation of mouse bone marrow-derived mast cells
(BMMC)
Mouse BMMCs were isolated from adult mice 20 g and heavier
as described previously [25] and with protocol approval from
the University of Hawaii Institutional Animal Care and Use
Committee.

Solutions
For patch-clamp experiments, cells were kept in standard
external solution (in mM): 140 NaCl, 2.8 KCl, 1 CaCl2 , 2
MgCl2 , 11 glucose and 10 HEPES NaOH (pH 7.2 adjusted with
NaOH, 300—320 mOsm). Standard pipette-ﬁlling solutions
contained (in mM): 140 K+ -glutamate, 8 NaCl, 1 MgCl2 , and
10 HEPES KOH (pH 7.2 adjusted with KOH, 290—310 mOsm).
ADPR, cADPR, NAADP, H2 O2 or a combination thereof was
added to the standard internal solution. [Ca2+ ]i was buffered
to 0, 100, 200, 300, 500 or 1000 nM with 10 mM BAPTA and
0, 3.1, 4.7, 5.7, 6.9 or 8.2 mM CaCl2 , respectively, calculated with WebMaxC (http://www.stanford.edu/∼cpatton/
webmaxcS.htm) or left unbuffered (no Ca2+ buffer present).
All chemicals except BAPTA (Invitrogen-Molecular Probes,
Carlsbad, CA) were purchased from Sigma—Aldrich, USA.
Electrophysiology
Patch-clamp experiments were performed in the wholecell conﬁguration at 25 ◦ C. Patch pipettes were pulled from
Kimax glass capillaries (Kimble Products, Fisher Scientiﬁc,
USA) on a DMZ-Universal Puller (DAGAN, Minneapolis, MN),
and had resistances of 1.5—3 M. Data were acquired with
Pulse and PatchMaster software controlling an EPC-9 ampliﬁer. Voltage ramps of 50 ms spanning the voltage range of
−100 to +100 mV were delivered at a rate of 0.5 Hz, typically
over a period of 100 s. The holding potential was 0 mV to
suppress depolarization-induced SK channels. Voltages were
corrected for a liquid junction potential of 10 mV. Currents
were ﬁltered at 2.9 kHz and digitized at 100 s intervals.
The low-resolution temporal development of currents for a
given potential was extracted from individual ramp current
records by measuring the current amplitudes at voltages
of −80 mV. Data were analyzed using PulseFit or FitMaster (HEKA, Lambrecht, Germany), and IgorPro (WaveMetrics,
Lake Oswego, OR). Data were exported from PulseFit or FitMaster without leak subtraction. Currents were normalized
to cell size in pF. Basal currents were taken from the averaged and normalized current plateau phase at a compound
concentration that did not activate TRPM2 currents (100 nM
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ADPR, 300 nM cADPR, 0 Ca2+ ). Background currents ranged
between −5 and −15 pA/pF at −80 mV. The average cell size
of human neutrophils was 2.3 ± 0.08 pF (n = 40), of BMMCs
6.8 ± 1 pF (n = 4) and human T lymphocytes 1.7 ± 0.05 pF
(n = 75). Where applicable, statistical errors of averaged
data are given as mean ± S.E.M. with n determinations. Single ramps were plotted as current—voltage relationships
(I/Vs) and were not leak-subtracted.
Fura-2 Ca2+ measurements and perforated-patch
For Ca2+ measurements, cells were loaded with 5 M Fura2-AM (acetoxymethylester, Molecular Probes) for 30 min
in media at 37 ◦ C. Using Fura-2-AM pre-loaded cells,
perforated-patch clamp experiments were performed where
the internal solution was supplemented with 300 M amphotericin B (Sigma, freshly prepared from 30 mM stock in
DMSO). To this end, cells were kept in the cell-attached
mode at a holding potential of 0 mV until the series resistance was less than 20 M (within 10 min), then the standard
ramp protocol (see above) was started.
The cytosolic calcium concentration of individual patchclamped cells was monitored at a rate of 5 Hz with a dual
excitation ﬂuorometric system using a Zeiss Axiovert 200 ﬂuorescence microscope equipped with a 40× LD AchroPlan
objective. The monochromatic light source (monochromator
B, TILL-Photonics) was tuned to excite Fura-2 ﬂuorescence
at 360 and 390 nm for 20 ms each. Emission was detected
at 450—550 nm with a photomultiplier, whose analog signals
were sampled and processed by X-Chart software (HEKA,
Lambrecht, Germany). Fluorescence ratios (F360 /F390 ) were
translated into free intracellular calcium concentration
based on calibration parameters derived from patch-clamp
experiments with calibrated Ca2+ concentrations.
Single-channel measurements
Single-channel recordings were performed in the whole-cell
conﬁguration using standard external solutions. For singlechannel acquisition, K+ ions were replaced with cesium
(Cs+ ). A threshold concentration of 100 nM or 200 nM ADPR
in unbuffered intracellular conditions was used to evoke a
low level of channel activity. Ramps from −100 to 100 mV
over 20 s were applied continuously, recorded at a gain of
50 mV/pA and ﬁltered at 50 Hz. Due to the slight outward
rectiﬁcation visible in the measurements, linear ﬁts to the
data were performed from either −100 to 0 mV or from 0 to
+100 mV to evaluate the single-channel conductance in pS.

Results
Regulation of TRPM2 by intracellular Ca2+
We have previously reported that cADPR, H2 O2 , and NAADP
can synergize with the primary agonist ADPR to more efﬁciently activate TRPM2 [7] and we recently demonstrated
in Jurkat T cells and HEK293 cells overexpressing TRPM2
that intracellular cations can affect the sensitivity of TRPM2
channels to ADPR and cADPR [7,10], which might also affect
the synergistic effects of other TRPM2 modulators. Previous
studies on TRPM2 in primary neutrophils employed Cs+ -based
intracellular solutions [12,20], and one study reported the
failure of cADPR to activate or synergize with ADPR and

3
AMP to inhibit ADPR-induced TRPM2 currents in human neutrophils [12]. Since these studies provided results under
somewhat limited experimental conditions, we conducted a
detailed analysis of the facilitatory actions of cADPR, H2 O2
and NAADP in relation to ADPR-induced TRPM2 activation
in primary human neutrophils, using K+ -based solutions and
assessing agonist effects over a large concentration range.
We ﬁrst set out to construct an ADPR dose—response
curve in neutrophils isolated from whole human blood.
Fig. 1A shows the average normalized time course of inward
currents measured in neutrophils at −80 mV and evoked by
increasing concentrations of intracellular ADPR (100 nM to
1 mM) added to the standard K+ -glutamate-based pipette
solution. The intracellular calcium concentration ([Ca2+ ]i )
was left unbuffered by omission of any exogenous Ca2+ chelators, since clamping [Ca2+ ]i to about zero with 10 mM BAPTA
prevented activation of TRPM2 even in the presence of
1 mM ADPR (data not shown). This caused a dose-dependent
activation of ADPR-dependent currents that showed typical
properties of TRPM2 with a linear current—voltage (I/V) relationship and a reversal potential (Erev ) at 0 mV (Fig. 1C).
To establish the dose—response curve of ADPR-induced currents, the maximum ADPR-evoked currents measured at
100 s into the experiment were extracted, averaged, normalized to cell size and plotted versus their respective
ADPR concentration (Fig. 1D, black circles, n = 4—10). A
dose—response ﬁt to the data yielded a half-maximal effective concentration (EC50 ) for ADPR of 1.1 M with a Hill
coefﬁcient of 1.5. This is considerably lower than the
EC50 values obtained for heterologously expressed TRPM2
in HEK293 cells (10 M) [7,16], or native TRPM2 in Jurkat T
cells (7 M) [10], U937 monocytes (40 M) [4], and RIN5mf
cells (20 M, Fleig unpublished observations), indicating
that both ionic and cellular environment can determine the
sensitivity of TRPM2 channels to ADPR.
Several cellular systems have been shown to require
the presence of intracellular and/or extracellular Ca2+ to
evoke ADPR-induced TRPM2 currents, including human neutrophils [4,12,14—16]. When perfusing human neutrophils
with a ﬁxed concentrations of 1 mM ADPR in the presence of increasing intracellular Ca2+ concentrations ranging
from 0 to 1 M (Fig. 1B, n = 5—9), TRPM2 currents reached
peak current amplitude faster than in unbuffered conditions (see Fig. 1A), within 10—20 s. Typically, these currents
also inactivated by about 20% within the time frame of the
experiments. Fitting a dose—response curve to the average
normalized currents measured at the peak showed that the
Ca2+ concentration required for half-maximal activation of
TRPM2 at 1 mM ADPR was 300 nM with a Hill coefﬁcient of 2
(Fig. 1D, red circles, n = 5—9).
ADPR-induced activation of TRPM2 currents are negatively regulated by increasing intracellular AMP concentrations in Jurkat T cells and HEK293 cells overexpressing
the channel [7,10]. However, lower concentrations of
AMP (5 M) reportedly failed to inhibit TRPM2 in neutrophils activated by saturating ADPR concentrations (5 M)
in intracellular Cs+ conditions [12]. We therefore evaluated the inhibitory action of AMP at 1 M ADPR, the
EC50 for this second messenger in neutrophils. As can
be seen in Fig. 1E, 100 M AMP substantially suppressed
the activation of TRPM2 currents, indicating that AMP
has the potential to inhibit ADPR-mediated TRPM2 activity

Please cite this article in press as: I. Lange, et al., Synergistic regulation of endogenous TRPM2 channels by adenine
dinucleotides in primary human neutrophils, Cell Calcium (2008), doi:10.1016/j.ceca.2008.05.001

+Model
YCECA-1000; No. of Pages 12

4

ARTICLE IN PRESS
I. Lange et al.

Figure 1 Ca2+ facilitates activation of TRPM2 currents in the presence of ADPR. (A) Average normalized TRPM2 currents activated
by ADPR in human neutrophils. Currents were measured with a voltage ramp from −100 to +100 mV over 50 ms at 0.5 Hz intervals
from a holding potential of 0 mV. Inward current amplitudes were extracted at −80 mV, averaged and plotted versus time. Cells
were perfused with the standard intracellular K+ -based solution in the absence of exogenous Ca2+ buffers and supplemented with
increasing ADPR concentrations as indicated (n = 4—10). Standard extracellular solution contained 1 mM Ca2+ . (B) Average normalized
TRPM2 currents activated by 1 mM ADPR and variable intracellular Ca2+ concentrations as indicated (n = 5—9). Currents were analyzed
as in (A). (C) Current—voltage (I/V) curve taken from a representative cell perfused with 30 M ADPR. (D) Dose—response curves
of ADPR-induced TRPM2 currents in unbuffered (black circles, n = 4—10) and in clamped Ca2+ internal solutions at 1 mM ﬁxed ADPR
(red circles, n = 5—9). Data were plotted against ADPR or Ca2+ concentrations and ﬁtted with dose—response curves. The EC50 values
are indicated in the panel. Hill coefﬁcients were 1.5 for unbuffered and 2 for clamped Ca2+ . Data were acquired as described
in (A). To establish the dose—response curves, the peak inward currents at −80 mV were extracted, averaged and plotted versus
the respective ADPR or Ca2+ concentration. (E) Average normalized TRPM2 inward currents at −80 mV evoked by 1 M ADPR in the
absence (black circles, n = 9) or presence of 100 M AMP (red circles, n = 6). Error bars represent S.E.M. (F) Dose—response curve
of TRPM2 currents for AMP in the presence of 1 M ADPR (black circles, n = 5—6). Normalized current amplitudes were measured
at 100 s into the experiment, averaged and plotted versus the respective AMP concentration. The data point for 1 M ADPR in the
absence of AMP is plotted in the graph for reference (red circle, n = 9). A ﬁt to the data gave an IC50 of 10 M AMP with a Hill
coefﬁcient of 2.
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when produced in excess of ADPR. We constructed a full
concentration—response curve with various AMP concentrations in the presence of 1 M ADPR. This revealed an IC50
for AMP of 10 M with a Hill coefﬁcient of 2 (Fig. 1F). In
summary, the results presented in Fig. 1 show that ADPR activates TRPM2 currents very effectively in a dose-dependent
manner in primary human neutrophils. Furthermore, this
activation is dependent on and facilitated by intracellular
Ca2+ and counteracted by AMP.
Results from HPLC analysis indicate that the basal ADPR
concentration of human neutrophils is around 5 M and this
value is not signiﬁcantly altered by fMLP-induced receptor
stimulation [12]. ADPR-induced TRPM2 activation requires
intracellular calcium levels higher than 100 nM (Fig. 1B) and
the EC50 for TRPM2 activation is around 1 M in the presence of Ca2+ (Fig. 1D and [12]). We therefore reasoned that
increasing the intracellular calcium concentration alone
should activate TRPM2 current in a perforated-patch situation, where cellular ADPR levels would be left unperturbed.
To this end we performed combined perforated-patch and
Fura-2 experiments, where cells were ﬁrst preloaded with
Fura-2-AM and subsequently patched with the standard
intracellular solution containing 300 M amphotericin B (see
Methods). The pipette potential was kept at 0 mV. Upon
establishment of the perforated-patch (Rs < 20 M), the
standard voltage ramp was started (see methods) and ionomycin (2 M) was applied 20 s thereafter for a total of 5 s
(Fig. 2A). While this induced a rapid increase of intracellular calcium of around 300 nM (Fig. 2A, lower trace), it did
not cause a concomitant activation of TRPM2 currents as
observed over a time span of 200 s (Fig. 2A, upper trace).
This indicates that either the local calcium concentration in
the vicinity of TRPM2 channels does not reﬂect the global
calcium increase or, alternatively, the local ADPR concentration is lower than 5 M.

5
ADPR-activated single-channel conductance of TRPM2
reportedly is between 56 and 67 pS, exhibiting characteristically long open times of up to tenths of seconds [4,10,14,20].
In neutrophils, application of 300 M ADPR evoked a 56 pS
single-channel conductance typical for TRPM2 in excised
inside-out patches at negative potentials [20]. To evaluate TRPM2 single-channel conductance, we performed
whole-cell experiments perfusing neutrophils with threshold
concentrations of ADPR to evoke low-level activity of individual channels and using a ramp protocol spanning −100
to +100 mV over 20 s. While 100 nM ADPR perfusion caused
activity of two channels in 2 out of 6 cells (data not shown),
increasing ADPR to 200 nM reliably activated two to ﬁve
channels in 6 out of 6 cells. Fig. 2B shows four consecutive ramp measurements of TRPM2 single-channel activity
recorded in a representative cell directly after whole-cell
establishment (Fig. 2B, ﬁrst trace at 0 s) and at 22, 44
and 66 s into the experiment. All data traces were leakcorrected by subtracting the ﬁrst null-trace (no channel
activity) obtained directly after whole-cell break-in. Activity of two channels can be seen, with second-long open
times, a reversal potential of 0 mV and a slight outward rectiﬁcation. The current could not be adequately ﬁtted with
a linear regression across the whole voltage range, since
outward currents exhibited steeper rectiﬁcation. Therefore, two linear regression ﬁts were performed for positive
potentials (0—100 mV) and negative potentials (0—−100 mV)
with a single-channel conductance of 63 ± 2 pS (n = 3) and
43 ± 0.4 pS (n = 3), respectively.
TRPM2-like currents or H2 O2 -induced Ca2+ inﬂux linked to
TRPM2 channels have been shown in various cell lines and
primary tissues, including isolated mouse microglia, primary
rat cerebral cortical neurons, monocytes, beta pancreatic
cell lines and Jurkat T lymphocytes [19]. Since Jurkat T
lymphocytes are a well-known model to study T-cell physiol-

Figure 2 Perforated-patch and single-channel experiments. (A) Combined amphotericin-induced perforated-patch and Fura-2
experiments (see Methods). The upper trace depicts average perforated-patch whole-cell currents using standard internal solution
in the absence of ADPR (n = 3). The lower trace shows the average cellular Ca2+ signal measured in parallel in the same cells (n = 3).
Cells were superfused with standard extracellular solution devoid of Ca2+ and supplemented with 2 M ionomycin for 5 s as indicated
by the two arrows, respectively. Standard voltage ramps were applied from a holding potential of 0 mV. Error bars represent S.E.M.
(B) Single-channel activity of a representative cell during consecutive voltage ramps applied in the whole-cell conﬁguration. The
cell was perfused with 200 nM ADPR and two channels were active (dotted lines indicate channel open levels). A ﬁt to the data gave
a single-channel conductance of 43± 0.4 pS (n = 3) at negative potentials and 63 ± 2 pS (n = 3) at positive potentials.
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ogy, we wondered whether primary T lymphocytes isolated
from whole human blood would also show ADPR-induced
TRPM2 currents. However, when perfusing human naı̈ve T
lymphocytes from peripheral blood with 1 mM ADPR in standard K+ -glutamate-based and Ca2+ -unbuffered solution, we
never observed any TRPM2-like currents (Supplemental Data
Fig. S1; open circles, n = 10). This also held true for another
immune cell system, mouse mast cells derived from bone
marrow (Supplemental Data Fig. S1; closed circles, n = 4).
This indicates that TRPM2 channels are absent in the plasma
membrane of these two cell types. However, the results do
not preclude TRPM2 expression in other subcellular structures or in speciﬁc T cell subtypes.

Regulation of TRPM2 by cADPR and H2 O2
TRPM2 currents measured in overexpressing HEK293 cells
and Jurkat T lymphocytes can be activated by perfusion of
cells with increasing cADPR concentrations, albeit at a sig-

niﬁcantly lower efﬁciency and reduced amplitude compared
to ADPR, unless those two agents are co-perfused and synergize [7,10]. Since a previous report questioned the ability of
cADPR to activate or synergize with native TRPM2 in human
neutrophils [12], we addressed this issue by performing a
detailed dose—response analysis of TRPM2 currents evoked
by increasing cADPR concentrations between 300 nM and
1 mM added to our standard K+ -glutamate internal solution
(Fig. 3A). We then plotted the average normalized maximum
current measured at 100 s against the respective cADPR concentration and ﬁtted the data with a dose—response curve.
This established that cADPR activates TRPM2 currents with
an EC50 of 44 M and a Hill coefﬁcient of 1 (Fig. 3D; blue
circles, n = 4—9). This EC50 was shifted about 15-fold to
the left by merely adding a subthreshold concentration of
100 nM ADPR to the respective cADPR concentrations. This
is shown in Fig. 3B, which plots the average normalized
time course of TRPM2 activation evoked by perfusing cells
with the standard K+ -glutamate solution supplemented with
100 nM ADPR and increasing cADPR concentrations varying

Figure 3 ADPR and cADPR synergize and 8-Bromo-cADPR inhibits TRPM2 currents. (A) Average normalized TRPM2 currents activated by cADPR in human neutrophils (n = 4—9). Intracellular conditions and data acquisition/analysis were as in Fig. 1A. (B) Average
normalized TRPM2 currents activated by various cADPR concentrations in the presence of 100 nM ADPR (n = 5—7). Intracellular conditions and data acquisition/analysis as in (A). (C) I/V curves taken from representative cells perfused with 1 mM cADPR (black
trace), 3 M cADPR (blue trace) or 3 M cADPR + 100 nM ADPR (red trace). (D) Dose—response curves of TRPM2 currents evoked by
ADPR (black circles, same data set as in Fig. 1), cADPR (blue circles, n = 4—9) or subthreshold ADPR (100 nM) + increasing cADPR
concentrations (red circles, n = 5—7) in unbuffered K+ -based internal solution. Current amplitudes were plotted against concentrations and ﬁtted with dose—response curves. The EC50 values are indicated in the panel. Hill coefﬁcients were 1 for cADPR and 2 for
cADPR with 100 nM ADPR. To establish the dose—response curves, the peak inward currents at −80 mV were extracted, averaged
and plotted versus the respective ADPR or cADPR concentration. (E) Average normalized TRPM2 inward currents at —80 mV evoked
by 100 nM ADPR and in the absence (open circles, n = 6) or presence of 100 M H2 O2 in the patch pipette (closed circles, n = 6).
100 M H2 O2 in the pipette without any ADPR did not evoke any currents (open squares, n = 6). Note that the ADPR-only data are
overlapping with the H2 O2 time course and are hidden from view. Error bars represent S.E.M. (F) Average normalized TRPM2 inward
currents at −80 mV evoked by 30 M cADPR and in the absence (black circles, n = 7) or presence of 100 M 8-Br-cADPR (red circles,
n = 6). Error bars represent S.E.M.
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20 (Cs+ ) (Fleig, unpublished)
n.d.
n.d.
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n.d.
n.d.
(CRI-G1 cells) 68i (Na+ )
130 (at 0.1 M [Ca ]i , Cs )
40b (Cs+ )
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
n.d.
7f , 15f (Cs+ )
60f (K+ , Cs+ )
Activatesf (1 mM)
Facilitates
n.d.
n.d.
n.d.
67f (Cs+ )
No activation (1 mM)
1e,c (K+ , Cs+ )
44c
95c
n.d.
3c
1c
0.3c
56h (Cs+ ), 43/63c (Cs+ )

200 , 90 (Cs )
10d,a
700d , 120f (Cs+ )
730f
0.09d
n.d.
n.d.
0.05a , 0.34g (Cs+ )
60b (Na+ )
ADPR (BAPTA)
ADPR unbuffered
cADPR unbuffered
NAADP unbuffered
ADPR [var.] + 10 cADPR unbuffered
0.1 ADPR + [var.] unbuffered
0.1 ADPR + NAADP [var.] unbuffered
[Ca2+ ]i
Single-channel (in pS)

Values were assessed in K+ -based intracellular conditions unless indicated otherwise (n.d., not determined; unbuffered, absence of calcium chelators; [var.], variable concentrations).
a [16].
b [4].
c Lange et al., current manuscript.
d [7].
e [12].
f [10].
g [15].
h [12].
i [14].

RIN5mf (M)

+
b

2+

Jurkat T (M)
Neutrophil (M)

c
+
b
a

HEK293—TRPM2 (M)

EC50 values of TRPM2 (in M) and single-channel conductance (in pS) in different cell types

Regulation of TRPM2 by NAADP
NAADP has gained signiﬁcant interest as the most potent
Ca2+ -release agonist described to-date, acting at low
nanomolar concentrations [26]. We previously reported that
NAADP can potentially activate TRPM2 in Jurkat T cells
and the HEK293 cells overexpressing the channel, albeit in
the high M concentration range [10]. We demonstrated
for the TRPM2-overexpression system that NAADP synergizes with ADPR in the low micromolar range [10]. Since
TRPM2 activation in neutrophils is signiﬁcantly more sensitive to both ADPR and cADPR stimulation, we wondered
whether this would hold true for the activation of the current by intracellular NAADP. We therefore perfused human
neutrophils with the standard K+ -glutamate-based internal
solution supplemented with increasing NAADP concentrations ranging between 3 M and 1 mM. This resulted in a
dose-dependent activation of currents (Fig. 4A) that showed
the typical I/V behavior of TRPM2 (Fig. 4C, black trace). A
ﬁt to the maximum normalized currents extracted at 100 s

Table 1

between 100 nM and 100 M. Whereas 1 mM of cADPR was
needed to fully activate TRPM2 currents, only 100 M cADPR
was required in the presence of subthreshold 100 nM ADPR
(Fig. 3A and B). Fig. 3C illustrates I/V curves extracted at
100 s from representative neutrophils perfused with either
1 mM cADPR (black trace), 3 M cADPR (blue trace) or a
combination of 100 nM ADPR plus 3 M cADPR (red trace).
Plotting the average normalized current evoked by 100 nM
ADPR plus increasing cADPR against the respective cADPR
concentration resulted in a dose—response curve whose ﬁt
yielded an EC50 of 3 M with a Hill coefﬁcient of 2 (Fig. 3D,
red circles, n = 5—7). This demonstrates that cADPR is able
to enhance the effectiveness of subthreshold ADPR levels
to efﬁcacy levels that are almost comparable to ADPRinduced TRPM2 activation (EC50 = 1.1 M, see Fig. 1C and 3D,
Table 1).
It has previously been shown that H2 O2 activates TRPM2
currents, although in a limited fashion [2,8,9]. Our work suggests that the effects of H2 O2 on TRPM2 may be very similar
to those of cADPR, in that both compounds are able to potentiate ADPR-induced TRPM2 activation [7]. We therefore
revisited the question whether H2 O2 could facilitate ADPRinduced TRPM2 currents in human neutrophils. To this end,
we ﬁrst perfused cells with the standard K+ -glutamate-based
solution supplemented with either 100 M H2 O2 (Fig. 3E,
open squares, n = 6) or 100 nM ADPR (Fig. 3E, open circles
(behind open squares), n = 6). Neither of these manipulations
activated any signiﬁcant TRPM2 currents within the observed
time frame of the experiment. However, co-perfusing the
cells with 100 M H2 O2 and 100 nM ADPR was effective in
activating TRPM2 (Fig. 3E, closed circles, n = 6). We next
assessed whether cADPR-induced TRPM2 currents could be
blocked by the competitive inhibitor 8-Bromo-cADPR, as we
had reported previously for heterologously expressed TRPM2
in HEK293 cells and Jurkat T lymphocytes [7,10]. Indeed,
co-perfusion of 30 M cADPR and 100 M 8-Bromo-cADPR
completely suppressed activation of TRPM2 currents (Fig. 3F,
red circles, n = 6). These data conﬁrm that both the synergy
of cADPR and H2 O2 with ADPR and the antagonistic effect of
8-Bromo-cADPR on cADPR are present in primary human neutrophils, even at lower concentrations and thus with higher
potency and efﬁcacy.
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Figure 4 ADPR and NAADP synergize to activate TRPM2 currents. (A) Average normalized TRPM2 currents activated by NAADP
in human neutrophils (n = 3—5). Intracellular conditions and data acquisition/analysis were as in Fig. 1A. (B) Average normalized
TRPM2 currents activated by various NAADP concentrations in the presence of 100 nM ADPR (n = 5—9). Intracellular conditions and
data acquisition/analysis as in (A). (C) I/V curves taken from representative cells perfused with 1 mM NAADP (black trace), 3 M
NAADP (blue trace) or 3 M NAADP + 100 nM ADPR (red trace). (D) Dose—response curves of TRPM2 currents evoked by NAADP (black
circles, n = 3—5) or subthreshold ADPR (100 nM) + increasing NAADP concentrations (red squares, n = 5—9) in unbuffered K+ -based
internal solution. Current amplitudes were plotted against concentrations and ﬁtted with dose—response curves. The EC50 values
are indicated in the panel. Hill coefﬁcient was 1.6 for NAADP. A two-component dose—response curve was ﬁtted to the NAADP data
supplemented with 100 nM ﬁxed ADPR. Here, the Hill coefﬁcients were 3 for EC50 1 and 2 for EC50 2.

into the experiment resulted in an EC50 of 95 M and a Hill
of 1.6 (Fig. 4D, black circles, n = 3—5), slightly less efﬁcient
than cADPR. Interestingly, when co-perfusing cells with a
subthreshold ADPR concentration of 100 nM and increasing
NAADP (Fig. 4B), TRPM2 activation was only facilitated at
or below 30 M NAADP, whereas NAADP levels above 30 M
failed to do so and the dose—response behavior was identical to NAADP alone. This is shown in Fig. 4D, where the
red squares indicate the dose—response curve resulting from
ADPR supplementation of NAADP at various concentrations
(n = 5—9). The ﬁrst EC50 (EC50 1) of the dose—response ﬁt
to the ADPR plus NAADP data extracted at 100 s whole-cell
time was calculated to be 1.1 M with a Hill coefﬁcient of
3, whereas the second component, EC50 2, was 116 M with
a Hill coefﬁcient of 2. Fig. 4C depicts example I/V curves
taken at 100 s from a cell perfused with 3 M NAADP only,
which failed to activate any currents (blue trace), and a cell
co-perfused with 3 M NAADP in the presence of 100 nM ADPR
(red trace). These data conﬁrm that TRPM2 can be activated
by NAADP in a primary cells system expressing TRPM2 channels in the plasma membrane. In addition, with an EC50 of
95 M, NAADP is about 8-fold more effective in activating
TRPM2 currents in neutrophils than it is in the overexpres-

sion system (EC50 of 730 M) and possibly Jurkat T cells [10]
(see Table 1).

Discussion
The current study presents a comprehensive investigation of
synergistic and antagonistic interactions of molecules known
to inﬂuence TRPM2 activation in primary human neutrophils.
We here show that intracellular Ca2+ is required for ADPRinduced TRPM2 activation in primary human neutrophils with
half-maximal potentiation observed at 300 nM [Ca2+ ]i . Furthermore, endogenous TRPM2 currents are very efﬁciently
activated by ADPR in the low micromolar range in unbuffered
Ca2+ conditions, representing a left-ward shift in sensitivity
of about one order of magnitude compared to heterologously
expressed channels. Similarly, TRPM2 can also be activated
by cADPR and NAADP with 40—100-fold lower efﬁciency.
In agreement with our previous work [10], but in contrast
to a study by Luckhoff and colleagues [12], intracellular
cADPR, H2 O2 and NAADP synergize with subthreshold ADPR
concentrations (100 nM) to boost TRPM2 activation. Finally,
we establish that in human neutrophils, AMP and 8-Bromo-
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cADPR, suppress ADPR and cADPR-induced TRPM2 currents,
respectively.
The current study is the ﬁrst detailed investigation of
TRPM2 activity in response to ADPR and known co-activators
of ADPR and inhibitors thereof in a primary cell system
using K+ -based internal solutions. Ca2+ is well known to be
an important co-activator of ADPR-induced TRPM2 currents
[4,12,14—16]. From the available data in overexpression systems, the EC50 values for [Ca2+ ]i range between 340 nM in
Cs+ -based solutions [15] to about 40 nM in K+ -based solutions
[16]. A dose—response curve for intracellular Ca2+ has not
been conducted in other cell lines or primary cell systems,
although Heiner et al. [12] reported a two-point measurement of either low (10 mM EGTA) or high (1 M) intracellular
Ca2+ on ADPR-induced TRPM2 responses in human neutrophils using Cs+ as main intracellular ion. They showed
that the EC50 for ADPR was about 1 M in the presence of
1 M [Ca2+ ]i , which is similar to our data using unbuffered
Ca2+ conditions and K+ -based internal solutions. Although we
surmise that [Ca2+ ]i under unbuffered conditions is likely to
remain below 1 M, it seems that Cs+ does not signiﬁcantly
affect the ADPR-sensitivity of TRPM2 in neutrophils, unlike
in HEK293 and Jurkat T cells [10]. Our data further show
that internal Ca2+ co-activates TRPM2 currents with an EC50
of 300 nM at maximal ADPR concentrations (Fig. 1D, red circles). Therefore, the present Ca2+ dose—response data, as
well as data acquired in unbuffered conditions [16] and the
results reported by Heiner et al. [12] together argue in favor
of a picture where concentrations higher than 1 M Ca2+ do
not signiﬁcantly potentiate ADPR effects. Thus, even high
[Ca2+ ]i by itself is not expected to activate TRPM2 currents at
ADPR levels below 300 nM (Fig. 1D). Interestingly, although
the overall ADPR concentrations in human neutrophils has
been reported to be around 5 M [12], the ADPR concentration in the vicinity of the channel seems to be below 300 nM,
since raising intracellular calcium without disturbing intracellular basal ADPR levels does not cause TRPM2 activation
(Fig. 2A).
Intracellular cADPR has been reported as a Ca2+ -release
agent in various cell types [26] and recent data suggest a role
in Ca2+ inﬂux [27], which at least in part has been linked to
TRPM2 activation [7,10,11]. In HEK293 cells overexpressing
human TRPM2 channels, cADPR is quite inefﬁcient in activating the channel with an EC50 of 700 M in unbuffered
Ca2+ and K+ -based conditions [10]. Jurkat T lymphocytes and
human neutrophils, on the other hand, are at least 10-fold
more sensitive to cADPR at otherwise identical experimental conditions ([10] and Fig. 3D). Only when exposing HEK293
cells overexpressing rat TRPM2 channels to 40 ◦ C does cADPR
reach an EC50 value of around 60 M [11]. Importantly
though, the presence of both ADPR and cADPR increases the
effectiveness of TRPM2 activation in both heterologous and
endogenous expression systems. While this observation has
not been quantiﬁed in great detail for Jurkat T cells, the
synergistic effect of ADPR and cADPR cooperativity at subthreshold levels impresses with a 100-fold shift in EC50 for
TRPM2 activation in HEK293 cells (from 12 M to 90 nM for
ADPR; [7]) and a 15-fold shift in human neutrophils (from 44
to 3 M for cADPR; Fig. 3D, red circles).
The ability of cADPR to activate TRPM2 currents may
not directly be due to cADPR itself, but possibly to synergism with ADPR made available from other sources, such
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as contamination of the cADPR salt or ambient levels or
metabolically produced ADPR from cADPR by cytosolic ADPribosyl cyclases [28]. Luckhoff and colleagues reported
that in human neutrophils cADPR failed to activate TRPM2
currents even at 10 M concentrations if the cADPR was
pre-treated with pyrophosphatase to break down any ADPR
contamination into ribose-5-phosphate and AMP [12]. ADPR
contamination of the cADPR used in their study was estimated to be at 25%. The cADPR lot used in the present
study had signiﬁcantly lower contamination levels. HPLC
data obtained from the manufacturer (Sigma—Aldrich, USA)
determined that our lot of cADPR had 94.5% purity, with 4.2%
contamination of NAD+ or nicotinamide and 1% contamination with other unidentiﬁed nucleotides, possibly including
ADPR. This quantitative analysis is compatible with our functional assays. Assuming a 1% contamination of ADPR in our
lot of cADPR, a 100-fold concentration of cADPR should
have similar efﬁcacy of activating TRPM2 currents if this
were solely due to ADPR contamination in the absence of
any facilitatory action of cADPR. However, this is not the
case, as the EC50 for cADPR is around 40 M rather than
the expected 110 M, indicating that cADPR synergizes with
ADPR to enhance TRPM2 activity. This is further corroborated by adding subthreshold ADPR (100 nM) to increasing
cADPR concentrations, which is sufﬁcient to shift the EC50
value about 15-fold from 44 to 3 M, close to the apparent
EC50 for ADPR itself (1.1 M, Fig. 3D).
The relatively high contamination levels of cADPR with
25% ADPR may also account for a further discrepancy
between our work [7,10] and previous results [12]. The latter study did not observe any synergy of subthreshold ADPR
(100 nM) and 10 M cADPR, when cADPR was pre-treated
with pyrophosphatases to remove the contaminating ADPR.
This might be explained by the fact that such treatment
will replace the contaminating ADPR with equal levels of its
breakdown products. We have previously shown that, while
ribose-5-phosphate does not interfere with TRPM2 activation by ADPR [7], AMP can inhibit ADPR-mediated activation
of TRPM2 [7,10]. Furthermore, the data presented here
show that a 100-fold surplus of AMP is quite effective in
suppressing TRPM2 currents in the presence of 1 M ADPR
(Fig. 1E). Thus, when degrading ADPR using the pyrophosphatase, AMP levels would increase in the cADPR sample
to similar levels of the previous ADPR contamination. With
an estimated contamination level of 25% by ADPR [12],
cADPR very likely would have contamination levels of 25%
AMP after pyrophosphatase treatment. Hence, using 10 M
of pre-treated cADPR would contain around 2.5 M AMP,
which might be sufﬁcient to suppress any effect caused
by the additionally added 100 nM ADPR. The presence of
AMP in the pre-treated cADPR sample may also explain the
absence of cADPR effects on TRPM2 observed previously
in neutrophils [12], since the relatively high AMP contamination might prevent synergistic action with cellular ADPR
that might have otherwise synergized with cADPR. As the
cADPR antagonist 8-Bromo-cADPR is also quite effective in
suppressing TRPM2 activation by cADPR (Fig. 3F), one might
infer that interference with either ADPR or cADPR prevents
synergism of the two compounds and thus preventing any
facilitatory effect on TRPM2 activation mediated through
these molecules. Interestingly, although TRPM2 in human
neutrophils is about 10-fold more sensitive to ADPR than
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heterologously expressed TRPM2 in HEK293 cells, which have
an EC50 of 10 M [7,16] the relative half-maximal inhibitory
concentration of AMP in both systems is about 10-fold larger
than the EC50 for ADPR (HEK293—TRPM2; Fig. 1F and [7]).
This indicates that ADPR and AMP compete for the same
binding site at the TRPM2 NUDIX domain and that the sensitivity of that binding site to ADPR may differ in TRPM2
channels expressed in different tissues.
ADPR not only synergizes with cADPR to facilitate TRPM2
currents, but also with H2 O2 and nicotinic acid adenine dinucleotide phosphate (NAADP), the latter being the most
powerful Ca2+ -release agent known to-date [7,10,26]. H2 O2
has widely been used as activator of TRPM2 for cells expressing this channel [2,8,9], although it should be kept in mind
that H2 O2 also gives rise to a membrane-delimited Ca2+ permeable cation current that is not linked to TRPM2 but
most likely due to lipid peroxidation [29]. Nevertheless,
while neither 100 M H2 O2 nor 100 nM ADPR alone are sufﬁcient to cause TRPM2 activation in human neutrophils,
the combination of the two causes TRPM2 currents that
are comparable to perfusion with 1 M ADPR alone, both in
terms of amplitude and kinetics of activation (Fig. 3E). This
indicates that generation of reactive oxygen species (ROS)
will inﬂuence TRPM2 activity synergistically rather than be
accountable for the overall enhanced ADPR-sensitivity of
TRPM2 in neutrophils as compared to HEK293—TRPM2, U937
monocytes or Jurkat T cells [4,7,10].
NAADP is known to be a potent Ca2+ -release agent in sea
urchin eggs, acting in the low nanomolar range [13]. NAADP
does not involve inositol-1,4,5-trisphosphate (IP3 ) receptors, but is thought to be due to a novel NAADP receptor in
sea urchins [26]. In some eukaryotic cell types, NAADP seems
to act on ryanodine-receptor sensitive stores [26]. Furthermore, data from our laboratory implicate TRPM2 as a novel
target for NAADP in HEK293 cells overexpressing TRPM2 and
native TRPM2 channels in Jurkat T cells [10], albeit at 70fold lower potency than ADPR. This is also observed in human
neutrophils, where TRPM2 currents are activated by NAADP
with an EC50 of 95 M (Fig. 4A and D). In addition, NAADP
seems to facilitate TRPM2 currents when combined with
subthreshold ADPR (100 nM), but only within the narrow
concentration range of 0.3—30 M NAADP (Fig. 4B and D).
ADPR does not seem to shift the dose—response behavior of
NAADP at higher concentrations of NAADP (Fig. 4B and D).
This behavior may be due to the bell-shaped dose—response
curve for NAADP-induced Ca2+ -release observed in other
cell systems [30—32], where optimal Ca2+ -release is elicited
by NAADP concentrations between 10 nM and 1 M, but
concentrations above 100 M NAADP abolish Ca2+ -release.
Thus, lower NAADP concentrations may cause additional
Ca2+ -release, which in conjunction with subthreshold ADPR
facilitates TRPM2 currents in a narrow concentration window. This facilitatory action mediated by Ca2+ would then
be lost at higher NAADP concentrations even in the presence
of subthreshold ADPR ([30—32] and Fig. 4D).
Several dinucleotide-generating pathways have been
reported that, in conjunction with ROS production in neutrophils, are well positioned to inﬂuence TRPM2-related
physiological functions in these cells. CD38, a well-described
ADP-ribosyl cyclase also expressed in neutrophils [33], produces mainly ADPR but also cADPR from its substrate NAD+ .
However, since CD38 represents an ectoenzyme, it is still
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unclear how its products might be able to function as
intracellular second messengers [27], although recent evidence suggests that nucleoside transporters are responsible
for translocating CD38-produced cADPR into human neutrophils causing Ca2+ -release and migration [34]. On the
other hand, there is strong evidence that reactive oxygen
species not only liberate ADPR from mitochondria [35], but
also cause activation of the DNA repair pathway involving
poly(ADP-ribose) polymerase (PARP) and poly(ADP-ribose)
glycohydrolase (PARG) with possibly subsequent increases of
local ADPR levels acting on TRPM2 [36]. Furthermore, cholecystokinin (CCK) receptor-stimulation has been reported to
increase NAADP and cADPR concentrations ultimately altering cellular calcium signals [37]. While human neutrophils
are responsive to CCK stimulation, the physiological effect
seems rather immunosuppressive than stimulatory in nature
[38]. In contrast, a recent report emphasizes the key role
of ROS-induced TRPM2 activation in aggravating chemokineinitiated neutrophil inﬁltration [39].
In conclusion, TRPM2 currents measured in primary
human neutrophils are sensitive to internal ADPR levels at
physiologically relevant concentrations [12,40], with intracellular Ca2+ acting as a mandatory and dose-dependent
co-activator of the channel. While cADPR and NAADP activate TRPM2 in neutrophils in the low micromolar range,
these agonists may not represent primary or singular activators of TRPM2, but rather work in synergy with ADPR,
thus regulating the efﬁcacy and the sensitivity of TRPM2
channels in conjunction with internal Ca2+ . Thus, signaling
pathways that cause peroxide, cADPR or NAADP generation
must be considered regulators of TRPM2. In addition, these
agonists synergize with reactive oxygen species, which play
an important role in neutrophil function [41] and leukocyte
chemotaxis [33,42].
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