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Abstract TRPM2 is a Ca*'-permeable non-selective
cation channel that uniquely is activated by intracellular
ADP-ribose. To date, only one pharmacological blocker of
this channel, namely flufenamic acid (FFA), has been
described. Here we demonstrate, using patch clamp
electrophysiology, that the antifungal imidazoles clotrim-
azole and econazole inhibit ADP-ribose-activated currents
in HEK-293 cells expressing recombinant human TRPM2
(hTRPM2). For both compounds, all concentrations in a
range from 3 puM to 30 puM produced an essentially
complete inhibition of the TRPM2-mediated current. The
rate of current antagonism was dependent on the concen-
tration applied, with higher concentrations producing
faster block. In addition, decreasing extracellular pH
accelerated inhibition of TRPM2 by both clotrimazole and
econazole; extracellular alkalisation produced the converse
effect. Additional experiments indicated hTRPM?2 activa-
tion was required for the antagonism of either compound
to develop, and that neither compound blocked from the
intracellular face of the plasma membrane. ADP-ribose-
activated whole-cell and single-channel currents in the rat
insulinoma cell-line CRI-G1 were also antagonised by
clotrimazole. Contrary to the observations made with
hTRPM2, antagonism in CRI-G1 cells could be largely
reversed following clotrimazole removal. These experi-
ments suggest that imidazole antifungals may be useful
tool antagonists for future studies of TRPM2 function.

Introduction

Molecular cloning has identified more than 20 mammalian
members of the transient receptor potential (TRP) family.
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Until recently these channels have been subdivided into
three major subgroups the TRPVs (the vanilloid receptor
family), the TRPCs (the so-called short TRPs), and the
TRPMs (the so-called long TRPs; Clapham et al. 2003).
The recent identification of a channel known as ANKTM1
(a mustard oil and cinnamide receptor; Story et al. 2003;
Jordt et al. 2004), which does not easily sit in any of the
other three TRP groupings, has lead to the addition of a
fourth group dubbed TRPAs (which currently only
contains ANKTM1; Bandell et al. 2004).

With the possible exception of TRPV1, for which a
rapidly growing number of agonists and antagonists have
been described, the pharmacology of TRP channels is
largely undeveloped. We have become particularly inter-
ested in one member of the latter family, known as
TRPM2. This channel is most abundantly expressed in the
brain, within which it exhibits a widespread expression
pattern (Smith et al. 2003; Kraft et al. 2004). In addition,
TRPM2 is expressed by neutrophil granulocytes (Heiner et
al. 2003) and insulinoma cell-lines such as the CRI-G1
cells (Herson et al. 1999; Inamura et al. 2003). Expression
of TRPM2 in a range of host cells yields a voltage-
independent, Ca”"-permeable, non-selective cation con-
ductance activated by intracellular ADP-ribose (Perraud et
al. 2001). TRPM2-mediated currents can also be activated
by extracellular hydrogen peroxide in a manner that is
antagonised by inhibitors of the enzyme poly-ADP-
ribopolymerase (PARP) (Fonfria et al. 2004). This latter
observation suggests that ADP-ribose levels, and conse-
quently TRPM2 gating, may be modulated by cellular
redox status via the regulation of enzyme pathways that
synthesis and metabolise NADH, NAD", ADP-ribose and
its cyclical analogue cyclic ADP-ribose (see Wilson et al.
2001). Similar H,O, and ADP-ribose-activated currents
can be observed in CRI-G1 cells and other cells that
endogenously express TRPM2 such as cultured rat striatal
neurones (KH unpublished observations).

As described above, ADP-ribose activates TRPM2
through binding to an intracellular site. Activity of
TRPM2 depends strictly on the presence of extracellular
Ca**, thus removal of extracellular Ca®* or its replacement
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with Ba?" completely inhibits channel activity. However,
like most other TRP channels, the range of pharmacolo-
gical agents that can be used to antagonise TRPM?2 is very
limited. In addition to the above-mentioned effects of
PARP blockers, it has been shown that a hydrogen
peroxide-mediated depolarisation of striatal neurones,
which may be due to activation of TRPM2, can be
blocked by the free radical scavenger DMTU (Smith et al.
2003). As far as directly acting compounds are concerned,
the only TRPM2 antagonist described to date is the
arylaminobenzoate analgesic flufenamic acid. This mole-
cule produces a voltage-independent, activity-dependent
block that seems to rapidly convert from a reversible to an
irreversible form (Hill et al. 2004).

Clotrimazole (1-[(2-chlorophenyl)diphenylmethyl]-1H-
imidazole) and econazole (1-[2-[4-chlorophenyl)me-
thoxy]-2-(2,4-dichlorophenyl)ethyl]-1H-imidazole)  are
structurally related imidazole antifungal agents, first
synthesised in the 1960s and used widely in the clinical
and veterinary treatment of fungal infestation (for a review
see Fromtling 1988). The mechanism of action is believed
to be via inhibition of sterol 14-x-demethylase, a micro-
somal cytochrome P450-dependent enzyme system. This
leads to impaired synthesis of ergosterol and accumulation
of 14-a-methylsterols, the latter of which may impair
membrane structure and inhibit respiratory function and
consequently fungal growth.

In addition to their antimycotic actions, both clotrim-
azole and econazole have been reported to interact with a
range of mammalian ion channels. Notably econazole
inhibits store-operated/capacitive Ca*" entry in a number
of systems, a process that is thought to intimately involve
TRP channels. Indeed, econazole has been shown to
inhibit a member of the TRPV family namely TRPVS5
(EcaCl) with an ICsy around 1 M (Nilius et al. 2001).
Another widely reported action of both clotrimazole and
econazole is inhibition of both small and intermediate
Ca**-activated K" channels. For example, antagonism of
the IK channel, the molecular correlate of the Gardos
channel of red blood cells, occurs with an ICs of around
150 nM for clotrimazole and 2.5 uM for econazole
(Jensen et al. 1998). Clotrimazole also is reported to
inhibit ATP-gated K" channels in pancreatic cells (Jager et
al. 2004), the transient outward current of ventricular
myocytes (Hernandez-Benito et al. 2001) and L-type
voltage gated Ca®" channels (Fearon et al. 2000; Thomas
et al. 1999). In addition, clotrimazole is reported to be
neuroprotective, an activity ascribed to inhibition of
NMDA receptors (Isaev et al. 2002). Given the TRP
inhibition described above and that blockers of TRPM2
have been proposed as potential neuroprotectants we have
examined the inhibition of human recombinant TRPM2 by
clotrimazole and econazole.

Materials and methods

Cell culture Human embryonic kidney (HEK293) cells
expressing tetracycline-inducible flag-tagged TRPM2

(TRPM2-HEK293 cells, Perraud et al. 2001) were grown
in tissue culture flasks in a minimum essential medium
(MEM) supplemented with non-essential amino acids,
10% foetal calf serum and 0.2 mM L-glutamine. The
incubator was maintained at 37°C and contained 95% air
and 5% CO,. For patch-clamp experiments cells were
removed from the flasks and replated onto poly-lysine
coated glass coverslips. TRPM2 expression was then
induced by incubating cells for 24 h with culture medium
supplemented with 1 pug/ml tetracycline.

Rat insulinoma CRI-G1 cells (ECACC Clone Ref. No.
87052701) were cultured in Dulbecco’s minimum essen-
tial medium (DMEM) supplemented with 10% foetal calf
serum and 2 mM L-glutamine and maintained under 95%
air and 5% CO, at 37°C. Cells were used for patch-clamp
experiments 1 day after plating onto poly-lysine-coated
glass coverslips.

Electrophysiology The whole-cell and outside-out variants
of the patch clamp technique were used to characterise
TRPM2-mediated currents. All experiments were per-
formed at room temperature using an Axopatch-200B
amplifier (Axon Instruments, Inc., Foster City, CA, USA).
Patch pipettes of 2—5 M2 resistance were fabricated from
borosilicate glass capillaries. Experiments were performed
and analysed using the pClamp 9 software suite (Axon
Instruments, Inc.).

During whole-cell recordings cells were usually volt-
age-clamped at —15 mV, which is close to the zero current
potential of control HEK-293 cells. The recorded cell was
continuously perfused from a commercially available
rapid solution exchange device (Warner Instruments,
Hamden, CT, USA). Series resistances were <10 M)
and were compensated by 75-85%. The extracellular
solution always contained (mM) NaCl 140, KCI 10,
MgCl, 2 and HEPES-NaOH 10. This was supplemented
with either 1 mM CaCl, (to permit TRPM2 gating) or
I mM BaCl, (to inhibit TRPM2 activity). For most
experiments this extracellular solution was adjusted to
pH 7.4 with NaOH, however, for analysis of the pH-
dependence of drug action, identical solutions were also
prepared at pH 8.5 and pH 6.2 (clotrimazole) or pH 8.0
and pH 6.2 (econazole).

Recording pipettes were filled with the following
solution (mM): KGluconate 140, NaCl 5; MgCl, 2,
EGTA 0.5, HEPES-KOH 10, pH 7.3. To produce
TRPM2 activation ADP-ribose was added to the pipette
solution at a concentration of 300 M. In one series of
experiments, designed to address site of action, clotrim-
azole or econazole was added to the pipette solution at a
concentration of 30 uM. Outside-out patches were also
studied; these were formed by rapidly moving the
recording electrode away from a cell immediately after
entering the whole-cell configuration. For outside-out
patches an electrode solution consisting of (mM)
CsCl 140, MgCl, 0.6, EGTA 0.5, HEPES-CsOH pH 7.3
supplemented with 60 uM or 100 uM ADP-ribose was
used.

All membrane potentials in whole-cell recordings were



corrected for a liquid junction potential of 15 mV. In all
experiments membrane current was filtered at 2 kHz (4-
pole Bessel characteristic filter) and sampled continuously
at 5 kHz or 10 kHz. All data are presented as mean +
SEM.

Source of key reagents ADP-ribose was obtained from
Sigma (St Louis, MO, USA) and prepared as a stock
solution in 10 mM HEPES/KOH buffer at pH 7.4 and
frozen in aliquots at —20°C. Clotrimazole and econazole
(nitrate salt, also known as spectazole) were obtained from
Sigma and prepared as a fresh stock solution in DMSO
each day. This was subsequently diluted to the required
concentrations in the extracellular solution. The DMSO
concentration did not exceed 0.1% and the solvent had no
effect on membrane currents at this concentration. All cell
culture media were obtained from Invitrogen (Paisley, UK).
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Fig. 1 Clotrimazole causes an irreversible antagonism of hTRPM2.
a A typical recording of a large ADP-ribose-induced inward current
in a hTRPM2-HEK?293 cell and its inhibition by 30 uM clotrim-
azole. The whole-cell configuration was entered at the time
indicated by the arrow labelled WC. The cell was voltage clamped
at —15 mV and the zero current level is indicated in this and all other
figures by the dashed line annotated with /=0. Note the delay before
the block starts to develop and the irreversible nature of the
antagonism. b Pooled data for the concentration dependence of the
clotrimazole-mediated block of TRPM2-mediated currents. The
light grey bars plot the extent of the equilibrium block produced at
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Results

Clotrimazole antagonism of recombinant human
TRPM2

As previously reported inducing expression of TRPM?2 in
HEK293 cells lead to the appearance of a large non-
selective cation current that was strictly dependent on the
presence of ADP-ribose on the intracellular side of the
membrane. In whole-cell recordings at —15 mV this
current had a mean amplitude of —1.17+0.06 nA. In
isolated patch-recordings TRPM2 activity was apparent as
distinctive long duration, large conductance, openings.
Due to its strict dependence on extracellular Ca®*, this
ADP-ribose-activated TRPM2-mediated current was ra-
pidly eliminated by replacement of extracellular Ca*" with
Ba”" (data not shown).
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each concentration tested, whereas the black bars quantify the lack
of recovery observed 3 min after clotrimazole washout. ¢ A graph
plotting the relationship between the reciprocal of time required to
produce half-maximal inhibition of the hTRPM2 current and the
clotrimazole concentration on a logarithmic scale. d Pooled data
illustrating the extent of block produced (grey bars) and its
reversibility after a 3-min wash-out period (black bars) for three
different exposure times (20, 60 and 120 s) to 30 uM clotrimazole.
Note that unlike data previously published for flufenamic acid,
inhibition of TRPM2 short compound exposures do not produce
reversible block.
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Figure 1la illustrates a typical whole-cell recording of a
TRPM2-mediated current and its antagonism by clotrim-
azole. At the start of the trace, the whole-cell configuration
was entered using an ADP-ribose containing pipette
solution. After a short delay, a large inward current
developed which exhibited little or no desensitization over
a period of some 30 s. As shown, subsequent application
of 30 uM clotrimazole completely eliminated this current,
in a seemingly irreversible fashion. The block produced by
clotrimazole, typically arose after a short delay. This delay
is not a feature of the perfusion system, because it is not
seen for either antagonism produced by replacement of
extracellular Ca®" with Ba®" or application of flufenamic
acid (Hill et al. 2004).

At 3, 5, 10 and 30 uM mean inhibition of the ADP-
ribose-induced inward current by clotrimazole was always
>90%. Furthermore, the antagonism produced was con-
sistently irreversible in nature, with no significant current
recovery being observed following removal of any of the
concentrations of clotrimazole tested (Fig. 1b). In contrast,
between 1 uM and 30 uM clotrimazole the rate of current
antagonism was concentration-dependent, with a more
rapid block being observed at higher compound concen-
trations. For example, the time to half block at 1 uM
clotrimazole was 310+£58 s but was 54+13 s at 5 uM
clotrimazole. The relationship between antagonist concen-
tration and rate of current decline is illustrated in Fig. 1c
which plots the reciprocal of time to 50% inhibition
against the concentration of clotrimazole on a logarithmic
scale. It was impossible to determine the level of
equilibrium block at a concentration of 1 puM or less
because of the slow rate of block combined with the fact
that prolonged activation of TRPM2 routinely compro-
mises cell integrity, presumably through a combination of
intracellular Ca®" and Na" overload.

Additional properties of clotrimazole-mediated block

The properties of the block produced by clotrimazole are
somewhat reminiscent of the pharmacological profile of
the only other TRPM2 blocker described to date,
flufenamic acid (Hill et al. 2004) a molecule structurally
unrelated to clotrimazole. This molecule produces irre-
versible antagonism of hTRPM?2, with a blocking rate that
is dependent on antagonist concentration. An additional
facet of the action of flufenamic acid (FFA) is that its
irreversible block is preceded by a period of reversible
block. Experimentally, this is manifest as a reversible
block of current for short applications of FFA but
irreversible block of current for more prolonged antagonist
exposures (Hill et al. 2004). We tested if this was also the
case for clotrimazole. To investigate this possibility we
applied the compound to a number of cells at 30 uM for
precisely 20, 60 or 120 s before removing it again. We
then measured, for each experiment the extent of block
produced during the period of compound exposure and the
amount of current recovered after 180 s in a drug-free
solution. As shown in Fig. 1d, the block induced during
the compound exposure (grey bars) was always comple-
tely non-recoverable (black bars); thus, unlike the actions
of FFA at TRPM2, clotrimazole does not seem to produce
a reversible antagonism that rapidly converts to an
irreversible antagonism.

We wondered if we could generate a significant reversal
of the clotrimazole-mediated inhibition of TRPM2 if we
inhibited the functionality of the channel during the
clotrimazole washout period. To do this, we blocked the
channel in the usual fashion and then switched to a
clotrimazole free solution in which Ca*" had been replaced
with Ba®*. After 120 s in these conditions, which would
stop TRPM2 opening even if the clotrimazole block had
reversed, we switched to the Ca*'-containing, clotrima-
zole-free bath solution to test if any TRPM2-mediated
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Fig. 2 Clotrimazole acts from the extracellular site of the channel. a
An example recording where both 300 uM ADP-ribose and 30 pM
clotrimazole were present in the pipette solution. Whole-cell access
was obtained at the time shown by the arrow labelled WC and a
robust TRPM2-mediated current develops. After 180 s, 30 puM
clotrimazole was applied extracellularly and produced antagonism
of the ADP-ribose-activated, TRPM2-mediated inward current. The
cell was voltage-clamped at —15 mV and the zero current level is

()]

1.04 I

(nA)

mem

=" 0.5

(]

0.0

clotrimazole
30 uM e.c.

clotrimazole
30 uMi.c.

control

indicated by the line annotated with /=0. b Pooled data comparing
the peak amplitude of ADP-ribose-induced currents in control cells
(i.e. without clotrimazole in the intracellular solution, lefi hand bar)
and cells with 30 uM intracellular clotrimazole (centre bar). There
was no statistically significant difference between these two groups,
indicating a lack of TRPM2 antagonism from the intracellular side.
In contrast, extracellular application of 30 uM clotrimazole (right
bar), led to a complete abolition of the ADP-ribose-induced current.



current had been recovered. In four such experiments, no
increase in current was observed on adding back Ca*",
indicating that the block by clotrimazole failed to reverse
in absence of extracellular Ca*" (data not shown).

The imidazole ring of clotrimazole is mostly uncharged
at normal physiological pH allowing it to effectively cross
membranes. This raised the possibility that the short delay
observed before clotrimazole-mediated block started to
develop (e.g. Fig. 1a) might reflect a need for clotrimazole
to cross the plasma membrane. We tested this by applying
clotrimazole intracellularly via the recording pipette. A
typical example of such an experiment is shown in Fig. 2a.
It is clear that the ADP-ribose-activated current still
developed when a high concentration of clotrimazole
(30 uM) was applied to the inside of the cell. Furthermore,
this current was maintained at a steady level under these
conditions for at least 250 s. Subsequent extracellular
application of the same concentration of clotrimazole
rapidly eliminated the steady inward current. Figure 2b
summarises a number of such experiments and illustrates
that the magnitude of the ADP-ribose induced current was
not different between cells with (#=7) or without (n=13)
intracellular clotrimazole. Additionally, the inward current
in the former group was completely blocked by extracel-
lular application of clotrimazole (n=7). These experiments
strongly suggest that clotrimazole blocks from the extra-
cellular side.

Inhibition of TRPM2 by FFA (a weak acid) is speeded
by acidic extracellular pHs. Therefore, we examined how
similar changes in extracellular pH affected the ability of
clotrimazole (a weak base) to block TRPM2. Data from
such experiments plotting both the extent (white bars) and
time to 50% block (black bars) produced by 30 puM
clotrimazole at three different pH levels are shown in
Fig. 3. It is clear, that like FFA (Hill et al. 2004), the rate of
TRPM2 block by clotrimazole is greatly speeded by
acidification and retarded by alkalisation. Extracellular
acidification to pH 6 alone has no detectable effects on
channel function (Hill et al. 2004). In addition acidifying
the cells interior to pH 6 did not alter the properties of
clotrimazole-mediated block (data not shown).

Block of TRPM2 by FFA requires the channel to be
activated. We tested if this was also the case for
clotrimazole. To do this we performed an experiment
using a protocol like that illustrated in Fig. 4a. We first
formed a cell-attached recording in bathing medium in
which Ca?" had been replaced by Ba** (a manoeuvre that
eliminated any possibility of channel activation). Whilst
still in the cell-attached mode, we then applied 30 uM
clotrimazole for 2 min (a concentration and duration of
exposure that produces an irreversible, >95% block of
active TRPM2, Fig. 1b). Clotrimazole was then washed
out in the absence of extracellular Ca>" for 3 min, and the
whole-cell configuration was established with ADP-ribose
in the pipette. After a short period extracellular Ca>* was
applied, allowing any unblocked TRPM2 channels to
rapidly activate (Fig. 4b). A similar control protocol was
applied which lacked the exposure to clotrimazole during
the cell-attached phase. The magnitude of the inward
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Fig. 3 The rate of clotrimazole-mediated antagonism of TRPM2 is
enhanced at acid pH levels. A graph plotting the time taken (left-
hand axis, black bars) for 30 uM clotrimazole to produce half-
maximal block at the three different extracellular pHs. Also plotted
for the same cells (right-hand axis, white bars) is the mean steady-
state decrease in hTRPM2-mediated current.

current observed on entering the whole-cell configuration
was indistinguishable when control cells (—1.2340.14 nA,
n=13) and those pre-exposed to clotrimazole in the cell-
attached configuration were compared (—1.36+£0.24 nA,
n=5, Fig. 4c). Furthermore, in the cells that had been
preincubated with clotrimazole, the large current that was
produced on entering the whole-cell configuration was
completely blocked by a subsequent application of
clotrimazole (Fig. 4c, n=5). These data suggest that
clotrimazole only blocks active TRPM2 channels.

Econazole inhibition of human TRPM?2

We also examined a second imidazole anti-fungal agent,
the tricyclic econazole, for its actions at TRPM2. In many
ways this compound mirrored the actions of clotrimazole.
Firstly, it produced a block of TRPM2 current that was
consistently preceded by a short delay (Fig. 5a). Secondly,
at concentrations between 3 uM and 30 uM econazole
produced an irreversible >90% block of ADP-ribose
induced current (Fig. 5b). Thirdly, the time to 50%
antagonism was strongly concentration-dependent with a
mean half time of block >200 s at 3 uM (Fig. 5c).
Regarding this third point, for any given drug concentra-
tion, clotrimazole consistently blocked 2-3 times faster
than econazole. The rate of block by 30 uM econazole
(which is like clotrimazole a weak base) was speeded by
extracellular acidification (time to half block at pH 6 was
10.4£1.3 s [n=9] vs. 33.2+5.4 s [n=4] at pH 7.4) and
correspondingly slowed by alkalisation (time to half block
at pH 8 was 42.2+4.4 s [n=5]). The magnitude of block
was greater than 92% at all three pHs (Fig. 5d). Finally,
like clotrimazole-mediated TRPM2 antagonism, but unlike
FFA block, irreversible antagonism by econazole did not
follow a period of reversible antagonism and could not be
produced by intracellular application of the compound
(data not shown).
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Fig. 4 Inhibition of hTRPM2 by clotrimazole depends on channel
activation. a A schematic illustration of the experimental method
used to test whether the block of TRPM2 by clotrimazole requires
channel activation. A cell-attached recording was made with a
pipette containing ADP-ribose and extracellular Ca>* was removed
(and replaced with Ba*"). The absence of extracellular Ca®" and the
lack of intracellular ADP-ribose both served to stop TRPM2
activation. Clotrimazole (Clz) was then applied for 120 s at 30 uM,
a concentration and duration of application suitable to completely
and reversibly inhibit h\TRPM2 reliably (see Fig. 1). This was then
washed off for 120 s before Ca”* was added back and the whole-cell
configuration entered (thus allowing ADP-ribose to enter the
cytoplasm). After waiting a suitable period for any ADP-ribose-
activated current to appear, clotrimazole was reapplied at 30 uM to
block any remaining TRPM2-mediated current. Experiments like

Clotrimazole-mediated inhibition of ADP-ribose-
activated currents in rat insulinoma cells

Insulinoma cell-lines such as the rat CRI-G1 cell express
TRPM2 mRNA and possess a robust ADP-ribose-
activated current that shares many features with the
currents produced by expression of recombinant
TRPM2. Accordingly, Hill et al. (2004) report that this
current is blocked by FFA. In marked contrast to the block
of hTRPM2 by this compound, however, antagonism of
the ADP-ribose-gated currents in the insulinoma cell-line
is almost fully reversible. Consequently we tested the
ability of clotrimazole to block the ADP-ribose-activated
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that in the schematic illustration and where first clotrimazole
addition was excluded were compared. b A typical current trace
from the type of protocol shown in a. The data shown correspond to
the period of the experiment highlighted by the dashed box in a.
Note the presence of a large ADP-ribose-induced inward current
despite the prior incubation with clotrimazole in the absence of
channel activation. ¢ A graph comparing the amplitude of ADP-
ribose-induced currents in 13 control cells (i.e. cells not preincu-
bated with clotrimazole, lefi bar) with five experiments (middle bar)
in which the cell was exposed to 30 uM clotrimazole in the absence
of extracellular calcium (i.e. protocol as shown in a). The graph also
plots the amount of current remaining in the five cells preincubated
with clotrimazole following the second application of clotrimazole
during the whole-cell phase of the recording (right bar).

current in a CRI-G1 cell. Figure 6a illustrates a typical
recording where a large (~1 nA), maintained, inward
current developed after entering the whole-cell configura-
tion. This current was blocked by extracellular application
of 10 uM clotrimazole with a time to half block of 62
+11 s, similar to the rate of block of hTRPM2 (see
Fig. 1b). Removal of clotrimazole leads to the reappear-
ance of the inward current over a period of about 60 s.
Following full recovery of the current, it could be totally
re-antagonised by a second clotrimazole application.
Figure 6b plots pooled data from five such experiments
showing that 10 uM clotrimazole produced >90% current
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Fig. 5 Properties of econazole-mediated antagonism of hTRPM2. a
An example voltage-clamp recording at —15 mV of an ADP-ribose-
activated current and its complete antagonism by an extracellular
application of 10 uM econazole. Note the failure of the block to
reverse in the subsequent 3-min wash-out period. The zero current
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Fig. 6 Inhibition of a TRPM2-like current in a rat insulinoma cell
line. a Example of ADP-ribose-induced currents in a CRI-G1
insulinoma cell line. Application of 10 uM clotrimazole produced a
complete inhibition of the current that could be reversed on
compound wash-out. A subsequent second clotrimazole application
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reinhibited the ADP-ribose-induced current. b A graph plotting
pooled data from five recordings describing the extent of clotrim-
azole (10 uM) block of CRI-G1 TRPM2-like currents. The
substantial reversibility of this effect is also illustrated.
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inhibition and that >70% of the blocked current was
recovered on washout.

In a final series of experiments, we examined the
actions of clotrimazole on TRPM2 channels in outside-out
patches isolated from CRI-G1 cells. Whole-cell recordings
were initiated with 60 uM or 100 uM intracellular ADP-
ribose and outside-out patches formed immediately by
standard procedures. In these patches the activation of a
large conductance channel, mean slope conductance 95
+17 pS (n=4), with long open times soon became apparent
(Fig. 7a). These channels appeared very similar to those
previously described in studies of recombinant TRPM?2
(Perraud et al. 2001) or to NAD "-ribose and ADP-ribose-
activated channels in pancreatic beta cell lines (Inamura et
al. 2003). In many patches, the number of simultaneously
active channels rapidly rose to between approximately 15
and 30, producing a substantial macroscopic current,
within which clear channel openings and closings could
still be discerned. A typical example of such a recording is
shown in Fig. 7b. This macroscopic current, and its
associated channel noise, could be completely and
reversibly blocked by 10 uM clotrimazole. We were also
able to isolate a few patches in which a smaller number
(i.e. 4-7) of ADP-ribose-activated channels were present.
Although this channel activity exhibited a tendency to run
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clotrimazole (10 pM) s——— —
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50s

Fig. 7 Clotrimazole inhibition of ADP-ribose-activated channels in
outside-out patches isolated from CRI-G1 cells. a Left, single
channel activity in an outside-out patch exposed to 60 uM ADP-
ribose at its intracellular face. Epochs recorded at five different
membrane potentials are shown. Right, timebase-expanded traces
from the same recording illustrating single-channel transitions at
four different membrane potentials. At —60, =40 and —20 mV the
upward transitions correspond to closures of a high open probability
channel. Downward transitions at +20 mV represent equivalent
closures at +20 mV. b Currents from an outside-out patch in which
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down with time, a clear block of single channel openings
by 10 uM clotrimazole could be elicited (Fig. 7c¢).

Very similar ADP-ribose-activated channels and mac-
roscopic responses were also observed in isolated patches
taken from the hTRPM2 expressing HEK-293 cell-line.
These hTRPM2-mediated responses, however, rapidly
ran-down irrespective of whether the outside-out or
inside-out configuration was used. For example, in
outside-out patches hTRPM2 channel activity declined to
zero with a time constant of 106+26 s. Despite several
experimental manoeuvres we were unable to inhibit this
rundown which was significantly fast to preclude our
attempts to study the detailed pharmacology of TRPM2 in
detached patches.

Discussion

We have demonstrated that two related imidazole anti-
fungal agents, namely clotrimazole and econazole, are
effective inhibitors of recombinant " TRPM?2 channels and
the TRPM2-like channel present in the rat pancreatic cell-
line CRI-G1. This is the second class of small molecules
shown to inhibit these channels, following on from the
recent report of their inhibition by the non-steroidal anti-
inflammatory agent flufenamic acid (Hill et al. 2004).

+20 MV +20 ST b, T
U SRS Y VR

9|

500 ms

*

5pA

250s

approximately 20 ADP-ribose-activated channels are open at one
time generating a fluctuating inward current. This current was
blocked reversibly and repeatably by application of clotrimazole
(10 uM) to the extracellular side. ¢ A demonstration of the complete
inhibition of ADP-ribose-induced single channel transitions by
clotrimazole (10 uM). The recording is from an outside-out patch
isolated from a CRI-G1 cell and containing about seven TRPM2-
like channels. The patch was held at =60 mV except at the point
illustrated by the asterisk where the patch potential was briefly
depolarised to 0 mV.



Although the inhibition by neither class of agent is
selective for TRPM2, inhibition of a given current by both
types of molecule, particularly with appropriate kinetics
and use-dependence, would be much better pharmacolo-
gical evidence for its mediation by TRPM?2 than inhibition
by either agent alone.

The block produced by clotrimazole and econazole
shares a number of features with that elicited by
flufenamic acid, despite the unrelated structural nature of
these two compound classes. For example, the block of
human recombinant channels by both types of agent is
irreversible and requires the channels to be activated in
order for block to develop. The clotrimazole- and econ-
azole-mediated inhibition exhibit a clear delay before
starting to develop. This is not due to perfusion system
delays since the antagonism produced by removal of
extracellular Ca®" or application of flufenamic acid (Hill et
al. 2004) are close to instantaneous. It is tempting to
speculate that the clear delay in the block produced by the
imidazole compounds shares some mechanistic parallels
with the short-lived reversible component of flufenamic
acid-mediated inhibition we have recently described (Hill
et al. 2004).

TRMP2 is the only ion channel known to be activated
by ADP-ribose. Consequently, the robust ADP-ribose-
activated current in CRI-G1 cells, and other insulinoma
cells, is believed to arise from channels containing
TRPM2 subunits. Furthermore, as shown here the single
channels activated by ADP-ribose in these cells are very
similar to those generated by expression of recombinant
TRPM2 (Perraud et al. 2001; K.H., unpublished data).
Accordingly, the ADP-ribose-activated current in CRI-G1
cells, which we previously demonstrated to be flufenamic
acid sensitive, was blocked by both clotrimazole and
econazole. In addition, as seen with flufenamic acid this
antagonism was freely reversible, contrasting with the
irreversible block of hTRPM2 expressed in HEK-293
cells. The reason for this difference between the recom-
binant human channel and the current in CRI-G1 cells is
not well understood. It may represent differences in the
amino acid sequence of the human and rat TRPM2
channels. An alternative possible explanation is that the
TRPM2 channels in CRI-G1 cells are heteromeric,
containing other TRP subunits, and it is this heteromeric
nature that gives rise to the reversible nature of block by
both the imidazoles and fenamates.

Using electrophysiology we were unable to determine
an ICsq for TRPM2 inhibition by either clotrimazole or
econazole. We encountered a similar problem in our study
of flufenamic acid, in both cases this difficulty arose from
the relatively slow kinetics of channel inhibition. The rate
of TRPM2 current antagonism is proportional to the
concentration of compound applied, as one would expect
for a simple drug-receptor interaction, however, even
concentrations that completely block the ADP-ribose
response can take minutes to produce their block.
Consequently, concentrations that would produce 50%
equilibrium block are likely to take ten or more minutes to
approach this level of antagonism. Unfortunately, such
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prolonged periods of TRPM2 activation invariably
compromise cell viability. We can be fairly sure the
clotrimazole ICs, would be sub-micromolar because
experiments using 1 pM clotrimazole reached 50%
block after ~5 min (Fig. lc) and 3 puM produced
essentially complete current blockade (Fig. 1b). We have
no reason to suspect econazole is significantly less potent
than clotrimazole although it blocks slightly more slowly
at any given concentration, although both imidazoles
block considerably faster than flufenamic acid at an
equivalent concentration.

As well as their classical action at sterol 14-o-
demethylase, both clotrimazole and econazole are known
to produce actions at a range of ion channels (see
Introduction). Indeed, independent of its antifungal
properties, and as a result of its actions on IK channels,
clotrimazole has been in clinical trials for the treatment of
sickle cell disease (see Brugnara 2003) and diarrhoea.
Clotrimazole has also been suggested to ameliorate the
symptoms of rheumatoid arthritis. Another important
feature of the pharmacology of antifungal azoles is their
reported, but often overlooked, activity at calmodulin
(Hegemann et al. 1993; McNeil et al. 1993). This latter
aspect of the pharmacology of clotrimazole and econazole
may play some role in their actions at TRPM2 which, like
many other TRPs is a highly Ca®" sensitive channel
(McHugh et al. 2003). Thus, these imidazoles are far from
selective inhibitors of TRPM2. Despite this, we feel that,
with due consideration of their other known actions,
clotrimazole and econazole may be useful tools in the
study of TRPM2 in appropriate experimental systems.

Changing the extracellular pH produced substantial
effects on the inhibition of TRPM2 by both imidazoles.
For both econazole and clotrimazole applied at 30 puM,
acidification substantially speeded the rate of current
inhibition. The contrary effect was observed with
alkalisation. Although the imidazoles are weak bases
losing their charge at acidic pH, their pH-dependence of
TRPM2 antagonism mirrors the situation seen with the
weak acid flufenamic acid. It seems that the enhanced
block at acidic pH does not reflect a need for the
imidazoles to cross the lipid bilayer in order to access an
intracellular binding site, as neither econazole nor clo-
trimazole seem to block TRPM2 when introduced into the
cytoplasm. One possible explanation for the observed pH
dependence is that flufenamic acid and the imidazoles
share a common binding pocket, the conformation of
which is more favourable at acidic pH. Neither agent
exhibits a strong chemical reactivity at either acidic or
neutral pH.

The presence of TRPM?2 in the brain and insulinoma
cells raises questions regarding its function in vivo. As a
result of its activation by species produced by oxidative
stress and its substantial Ca®" permeability, TRPM2 is a
good candidate for a channel that triggers cellular
responses to changes in oxidative load. An extension of
this is the consideration that TRPM2 is a “suicide channel”
causing cells to overload with Ca®" and become
irreversibly compromised under conditions of oxidative
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stress. A consequence of this latter hypothesis is that
TRPM2 antagonists may be able to rescue cell populations
from cell death triggered by compromised oxidative
metabolism, such as occurs in conditions such as
ischaemic stroke and Parkinson’s disease. In this regard
clotrimazole has been shown to be neuroprotective in vitro
(Isaev et al. 2002). This activity was completely ascribed
to an inhibition of NMDA receptors; however, a
reassessment of this conclusion may be warranted in the
light of the data present here. H,O,-activated (Smith et al.
2003) or ADP-ribose activated (K.H. and A.R., unpub-
lished observations) TRPM2-like channels can be found in
cultured neurones, and consequently one might expect
their inhibition to contribute to any neuroprotective
efficacy of clotrimazole.

The role of TRPM2 channels in pancreatic beta cells is
presently unclear. Indeed, although a feature of insulino-
mas, functional channels have not as yet been reported in
native beta cells. Micromolar concentrations of clotrima-
zole have been reported to alter insulin secretion in two
studies. In the first (Chan et al. 1997), clotrimazole was
reported to produce an insulinotropic action that was
temperature-concentration and glucose-concentration de-
pendent but not dependent on extracellular Ca>*, probably
ruling out a role of TRPM2. In a second study no effect on
control glucose stimulated insulin release was apparent,
but a clotrimazole and miconazole inhibited insulin
secretion that had been potentiated by inhibition of nitric
oxide production with L-NAME (Lajoix et al. 2001). To
determine if this action in any way reflects a contribution
of TRPM2 activity to L-NAME-mediated enhancement of
insulin release it will probably require the development of
a much more specific TRPM2 antagonist.

A better understanding of the role played by TRPM2 in
any particular tissue may come from a better under-
standing of the factors controlling the levels of intracel-
lular ADP-ribose. An appropriate membrane associated
enzymatic activity has been reported in the brain although
the specific enzyme responsible has not been isolated
(Ceni et al. 2003). Interestingly, the activity of the enzyme
can be enhanced by GTP and GTP-y-S, suggesting the
production of ADP-ribose may be under the control of a
G-protein and therefore perhaps can be receptor regulated.

To conclude, we have demonstrated that the antifungal
imidazoles clotrimazole and econazole are effective
antagonists of human TRPM2 channels and ADP-ribose-
activated currents in rat CRI-G1 cells. The observed
antagonism exhibits a number of interesting features,
many of which parallel recent observations made with the
only other TRPM2 blocker described to date, flufenamic
acid. It is hoped that these molecules will have some utility
in further probing the roles of TRPM2 and the develop-
ment of new, more selective, TRP channel antagonists.
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