Molecular Pharmacology Fast Forward. Published on August 19, 2014 as DOI: 10.1124/mol.114.093229
This article has not been copyedited and formatted. The final version may differ from this version.

MOL #93229

Clemizole hydrochloride is a novel and potent inhibitor of transient receptor potential channel

TRPC5

Julia M. Richter, Michae Schaefer and Kerstin Hill

Rudolf-Boehm-Institute of Pharmacology and Toxicology,

University of Leipzig, 04107 Leipzig, Germany

1202 ‘6T |1MdV uo speuinor 134SY e Bio'sfeulno flsdse wireydjow wol) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on August 19, 2014 as DOI: 10.1124/mol.114.093229
This article has not been copyedited and formatted. The final version may differ from this version.

MOL #93229

Running title page:

Running title: Clemizole inhibit TRPC5 channel activity
Corresponding author: Kerstin Hill, Institute of Pharmacology and Toxicology, Hartelstr. 16-
18, 04107 Leipzig; Germany, phone: +49-341-9724616, fax: +49-341-9724609; e-mail:

kerstin.hill@medizin.uni-leipzig.de

Document statistics:

Number of text pages: 26 (Abstract, Introduction, M & M, Results and Discussion: 13)
Number of figures: 5

Number of supplementary figures: 2

Number of references: 38

Number of words in the Abstract: 245

Number of words in Introduction: 574

Number of words in Discussion: 627

Abbreviations: [Caz*]i, intracellular free Ca%* concentration; AITC, alylisothiocyanat; 2-
APB, 2-Aminoethoxydiphenyl borate; CFP, cyan fluorescent protein; DAG, diacylglycerol;
GPCR, G-protein coupled receptor; HBS, HEPES-buffered solution; 1Csp, half maximal
inhibitory concentration; InsP;, Inositol 1,4,5-trisphosphate receptor; LOPAC, Library of
pharmacologically active compounds; M3RAI3, muscarinic M 3 receptor with adeletion in the
third intracellular loop; PIP,, phosphatidylinositol 4,5-bisphosphate; PKCe, protein kinase
Ce; PLC, phospholipase C; PregS, pregnenolone sulphate; tet, tetracycline; T-Rex,
tetracycline-regulated expression; TRPC5, transient receptor potential channel C 5; YFP,

yellow fluorescent protein;

1202 ‘6T |1MdV uo speuinor 134SY e Bio'sfeulno flsdse wireydjow wol) papeojumod


http://molpharm.aspetjournals.org/

Molecular Pharmacology Fast Forward. Published on August 19, 2014 as DOI: 10.1124/mol.114.093229
This article has not been copyedited and formatted. The final version may differ from this version.

MOL #93229
Abstract

TRPCS is a nonselective, Ca®* permeable cation channel which belongs to the large
family of transient receptor potential channels. It is predominantly found in the central
nervous system with a high expression density in the hippocampus, the amygdala and
the frontal cortex. Several studies confirm that TRPC5 channels are implicated in the
regulation of neurite length and growth cone morphology. We identified clemizole as a
novel inhibitor of TRPC5 channels. Clemizole efficiently blocks TRPC5 currents and
Ca”™ entry in the low micromolar range (ICs = 1.0 — 1.3 pM), as determined by
fluorometric [Ca*]; measurements and patch clamp recordings. Clemizole blocks
TRPCS5 currents irrespectively of the mode of activation, e.g. stimulation of GPCR,
hypoosmoatic buffer conditions or by the direct activator riluzole. Electrophysiological
whole céell recordings revealed that the block was mostly reversible. M oreover, clemizole
was still effective in blocking TRPCS5 single channels in excised inside-out membrane
patches, hinting to a direct block of TRPC5 by clemizole. Based on fluorometric [Ca®'];
measur ements, clemizole exhibits a 6-fold selectivity for TRPC5 over TRPCA4f (1Cx =
6.4 uUM), the closest structural relative of TRPC5 and an almost 10-fold selectivity over
TRPC3 (ICs = 9.1 pM) and TRPC6 (ICs = 11.3 uM). TRPM3 and M8 as well as
TRPV1, V2, V3 and V4 channds were only weakly affected by markedly higher
clemizole concentrations. Clemizole was not only effective in blocking heterologousy
expressed TRPC5 homomers but also TRPC1L: TRPCS5 heteromers as well as native

TRPC5-like currentsin the U-87 glioblastoma cell line.
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I ntroduction

All TRP channels have in common that four subunits assemble to form the cation-permeable
pore. Within the group of TRPC channels, TRPC5 subunits can arrange as homomeric or
heteromeric channel complexes together with TRPC1 or TRPC4 (Hofmann et al., 2002).
Heterologous expression studies revealed that heteroteramers composed of TRPC1 and
TRPC5 subunits exhibit atered biophysical properties regarding the current-voltage relation
and single channel conductance compared to the TRPC5 homotetramers (Strubing et al.,
2001). TRPC1 and TRPC5 channel proteins display an overlapping expression pattern in the
mammalian brain. Both are highly expressed in parts of the limbic system like hippocampus
and amygdala and in the frontal cortex (Strubing et al., 2001; Fowler et al., 2007). Up to now,
the physiological function of TRPC5 in the brain has not entirely been understood. The
channel is involved in the regulation of neurite length and growth cone morphology and the
motility of hippocampal neurons (Greka et al., 2003; Hui et al., 2006). Studies on TRPC5
knockout mice revealed that granule neurons of the hippocampus and cerebellar cortex exhibit
longer and more highly branched dendrites with an impaired dendritic claw differentiation.
The impaired dendrite patterning in the cerebellar cortex correlates with deficits in gait and
motor coordination observed in these animals (Puram et al., 2011). Moreover, TRPC5-
deficient mice appeared to have a diminished fear-related behaviour when confronted with
innate aversive stimuli (Riccio et al., 2009). Recent studies further revealed a role of TRPC5
in podocytes, demonstrating that the pathogenic remodelling in proteinuria mouse models can
be attributed to the activation of TRPC5 channels. Accordingly, TRPC5-deficient mice were
less sensitive to LPS-induced albuminuria (Greka and Mundel, 2011; Schaldecker et al.,
2013), making a pharmacological inhibition of TRPC5 a promising target to protect from the

destruction of the glomerular filter barrier in kidney injury.
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Several inhibitors of TRPC5S activity have been published, such as SKF96356 and flufenamic
acid. These compounds are poorly selective modulators known to affect multiple TRP
channels from different subfamilies, voltage-gated channels, intracellular Ca®* release
channels and chloride channels (Merritt et al., 1990; Hofmann et al., 1999; Inoue et al., 2001,
Gardam et al., 2008). 2-Aminoethoxydiphenyl borate (2-APB), an inhibitor of the inositol 1,
4, 5-trisphosphate receptor (IPsR), blocks TRPCS currents reversibly and in a voltage-
dependent manner (Xu et al., 2005). However, 2-APB is neither a potent (1Cspo= 20 uM) nor a
specific TRPCS5 blocker since it affects other TRPC, TRPV, TRPM and TRPP channels (Hu
et al., 2004; Lievremont et al., 2005; Xu et al., 2005; Li et al., 2006; Kovacs et al., 2012).
Recently a novel potent TRPC4 blocker was identified (Miller et al., 2011). ML204 inhibits
TRPC4 and C5 currents, induced by p-opioid or muscarinic receptor stimulation. The blocker
has a higher selectivity for TRPC4 than for TRPCS, inhibiting just 65 % of TRPC5 channel
activity at a concentration of 10 uM (ICsp = 9.2 pM, (Miller et al., 2010)). Furthermore,
ML204 exhibits also moderate inhibitory effects on muscarinic receptors.

In the present study we identified clemizole hydrochloride as a novel blocker of the transient
receptor potential (TRP) channel TRPC5 with a half maximal inhibitory concentration of 1.1
MM. Clemizole inhibits TRPC5 independent form cytosolic components or phospholipase C
activity, suggesting a rather direct action of the drug on the channel. Clemizole was efficient
to block heterologously expressed homomeric TRPC5 channels as well as heteromeric
TRPCL:TRPCS5 channels. Also natively expressed riluzole-evoked TRPCS currents in the U-

87 glioblastoma cell line could be inhibited by clemizole.
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M aterialsand M ethods

Cell culture and reagents

A T-REx-HEK?293 cell line (Invitrogen, Corp., Carlshad, CA, USA) was used and stably
transfected with murine TRPC5 (T-RExtrecs) in order to generate an inducible tetracycline-
regulated expression system of TRPCS. Cells were treated with 1 pg/ml tetracycline (Tet+,
Sigma-Aldrich, St. Louis, MO, USA) for 48 h before measurements to induce TRPC5
expression. For control experiments, parental T-REx-HEK293 cells were used. Cells were
grown in Dulbecco’s modified Eagle’s medium (DMEM, PAA Laboratories, Pasching,
Austria), containing 10% fetal calf serum, 2 mM L-glutamine, 100 units/ml penicillin, 0.1
mg/ml streptomycin, 100 pg/ml zeocin. Culture medium for T-RExtrecs cells was
additionally supplemented with 15 pug/ml blasticidin (Invitrogen). Other TRP channels, stably
expressed in HEK293 (Y FP-tagged human TRPC3, Y FP-tagged human TRPC6, Y FP-tagged
mouse TRPC7, CFP-tagged rat TRPV1, YFP-tagged rat TRPV2, YFP-tagged rat TRPVS3,
Y FP-tagged mouse TRPV4, CFP-tagged human TRPM8, human TRPA1) were generated and
maintained as described previously (Hill and Schaefer, 2007; Urban et al., 2012). The
generation of the stable myc-tagged rat HEK+trpwms Cell line was described elsewhere

(Fruhwald et al ., 2012).

Cdll transfection

HEK?293 cells were transiently transfected using jetPei transfection reagent according to the
manufacturer’s instructions (Peglab, Erlangen, Germany). For some experiments, we
transiently co-transfected Y FP-tagged mouse TRPC4 (in a pcDNA3 vector) and rat M3RAI3
(in pcDNA5/FRT) or pcDNA3 plasmids encoding Y FP-tagged mouse TRPC5 or Y FP-tagged

human TRPC1. The plasmid concentrations of TRPC1:TRPC5 and TRPCA4B3-M3RAi3 were
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used in equal amounts. Cells were grown in Earle’s Minimum Essentid Medium (MEM,
PAA Laboratories) supplemented with 10% fetal calf serum, 2 mM L-glutamine, 100 units/ml
penicillin, 0.1 mg/ml streptomycin. The transfection was conducted at a cell confluency of

80%.

Confocal laser scanning microscopy

The subcellular distribution of Y FP-tagged protein kinase Ce (PKCe) was visualized by using
an inverted confocal laser scanning microscope (LSM510-META, 100x/1.46 Plan
Apochromat, Carl Zeiss, Oberkochen, Germany). The cells were seeded on coated (25 pg/ml
poly-L-lysine (Sarstedt, NUmbrecht, Germany)) 25 mm glass coverslips. The fluorescence was
excited at 488 nm wavelength. The emitted light was filtered through a 505-550 nm bandpass

filter.

Intracellular Ca®* analysis

For the primary compound screen and to generate concentrations response curves, cells were
loaded with fluo-4/AM (4 uM, 30 min, 37°C; Invitrogen) dissolved in HEPES-buffered
solution (HBS) containing (in mM): 134 NaCl, 6 KCI, 1 MgCl,, 1 CaCl,, 10 HEPES, pH 7.4
adjusted with NaOH. Fluorometric assays were performed in a 384-well microtitre plate
format (15,000 cells/well, Corning, USA). All cells were measured in suspension except of T-
REXtrecs Cells, which were seeded into the microtitre plate and treated with 1 pg/ml
tetracycline 48 h before measurement to induce channel expression. A custom-made
fluorescence plate imaging device was used to record changes in fluorescence expressed as
AF/F, (Norenberg et al., 2012). In some experiments, agonists of endogenously expressed
GPCR of HEK293 cells were used. These measurements required a pre-treatment with
thapsigargin (2 uM, 5 min) to deplete InsP;-sensitive Ca®* stores. For the primary screening

7
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assay, compounds of the Spectrum Collection (MicroSource, Gaylordsville, CT, USA), or of
a LOPAC™ (Sigma-Aldrich) compound collection were added to T-REXtrecs cells at a final
concentration of 20 uM. Afterwards, a mixture of agonists (Amix: 300 uM ATP, 300 uM
carbachol and 0.5 U/ml thrombin) was applied to induce TRPC5 activity via GPCR
signalling. For single-cell [Ca®']; analysis, cells were seeded onto poly-L-lysine-coated glass
coverslips and allowed to attach for 24 h - 48 h. T-RExtrecs Cells were treated as described
before. At a final confluency of about 60%, cells were loaded with 2 pM fura2/AM
(Molecular Probes, Eugene, OR, USA) for 30 min at 37 °C in HBS buffer. The coverslips
were mounted in a bath chamber of an inverted microscope (Axiovert 100, Carl Zeiss)
equipped with a monochromator-assisted (TILL Photonics, Gréafelfing, Germany) digital
epifluorescence videomicroscopy. The fluorescence was sequentially excited at 340, 358 and
380 nm, and the emitted light was filtered with a 512 nm long-pass filter. The measurements
were recorded by a 12-bit cooled charge-coupled device camera (IMAGO; TILL Photonics,
Graefelfing, Germany). The calcium concentration was calculated as described before (Lenz

etal., 2002).

Electrophysiology

Patch clamp recordings were performed in the whole-cell configuration using a Multiclamp
700B amplifier together with a digidata 1440A digitizer (Molecular Devices, Sunnyvale, CA)
under pPCLAMP 10 software. Cells were seeded on glass coverslips 24 h - 48 h before
measurement with 20-30 % cell confluency. The coverslips were transferred to a continuously
perfused bath chamber integrated in a stage of an inverted microscope. The standard bath
solution for whole cell recordings contained (in mM): 130 NaCl, 5 KCl, 1.2 MgCl,, 1.5
CaCl,, 8 b-glucose and 10 HEPES, pH 7.4 adjusted with NaOH. The standard pipette solution
contained (in mM): 115 CsCl, 2 MgCl,, 5 NaATP, 0.1 NaGTP, 5.7 CaCl,, 10 HEPES and 10

EGTA, pH 7.2 adjusted with CsOH, yielding a calculated free calcium concentration of 200
8
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nM (MaxChelator; (http://maxchelator.stanford.edu). For some experiments, the pipette

solution was supplemented with 500 uM of GTPyS (Sigma-Aldrich). For inside out
recordings, the pipette solution consisted of (in mM): 140 NaCl, 5 CsCl, 2 MgCl,, and 10 mM
HEPES, pH 7.4 adjusted with NaOH. The bath solution contained (in mM): 140 CsCl, 4
Na&ATP, 2 MgCl,, 0.38 CaCl,, 1 EGTA, 10 HEPES, pH 7.2 adjusted with CSOH (100 nM
free calcium concentration). To measure mMTRPCA4R currents, the pipette solution contained
(in mM): 135 CsCl, 2 MgCl,, 0.362 CaCl,, 1 EGTA and 30 HEPES, pH 7.2 adjusted with
CsOH, yielding a free calcium concentration of 100 nM. Voltage ramps from -100 to +100
mV (500 ms duration) were applied in 1-sintervals. Currents were filtered at 3 kHz (four-pole
Bessel filter) and sampled at 5 kHz. Whole cell series resistances were compensated by 70%.
Adherent cells were transferred into a recording chamber holding a volume of 500 pl. Drugs

were applied using a gravity-driven perfusion system.

Data analysis

Fura-2-based single cell [Ca?"]; measurements are representative for several independent
recordings. Grey lines represent single cell traces, black lines display corresponding mean
values. Data of fluo-4-based Ca®* measurements are depicted as mean + SD and were
normalized to baseline (grey circles) or to the maximum Ca?* response to the channel-specific
agonist (black circles). The ICs, values were calculated by fitting the data to a Hill s equation
using OriginPro 8 (OriginLab Corporation, Northampton, MA, USA) software. Data of
electrophysiological recordings are presented as mean = SEM. Statistical comparision of two
datasets was performed with the Student’s t-test using GraphPad (GraphPad software, La

Jolla, CA, USA). P<0.05 (*) was considered as being statistically significant.
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RESULTS

Clemizole inhibits TRPC5 channel activity
In order to identify novel modulators of TRPC5, we performed a 384-well-based medium-

throughput screen using the Spectrum Collection and LOPAC™®

compound libraries. A
stably transfected HEK 293 cell line, expressing TRPC5 channels upon tetracycline treatment,
was used for the screening assay. To prevent a release of intracellular Ca?* upon GPCR
stimulation, T-REXtrpcs Cells were pre-treated with thapsigargin (2 uM for 5 min) prior to
measurement. The compound screen revealed that TRPC5 channel activity, which was
induced by a mixture of GPCR-agonists (Amix: 300 uM ATP, 300 uM carbachol and 0.5
U/ml thrombin), was efficiently blocked upon clemizole application. To verify the primary
screening data, we performed concentration-response measurements by using Ca®* assays in
fluo-4-loaded cells (Fig. 1A, B). The concentration-response curves confirmed a
concentration-dependent block of TRPCS by clemizole (chemical structure shown in Fig. 1 C)
and revealed an apparent 1Csp of 1.1 + 0.04 uM (Fig. 1 A, black circles). To examine the
effects on GPCR, G-protein or phospholipase C, non-transfected parental T-REx cells were
stimulated with the same agonist mix and remained thapsigargin-untreated. Ca?* responses in
these cells were not affected by clemizole (Fig. 1B). To test whether also other modes of
TRPCS5 activation could be blocked by clemizole, we performed fura-2-based single cell Ca®*
imaging experiments. Clemizole (10 pM) did not only inhibit TRPC5 currents induced by
Amix (Fig. 1D) but aso by riluzole (Fig. 1E; 50 uM) or by hypoosmoatic buffer conditions
(Fig. 1F; 200 mosmol kg?). To ensure that [Ca?"]; signals did not arise by depletion of
internal Ca®* stores, cells were again pre-treated with thapsigargin (2 pM).

Additional whole cell patch clamp recordings confirmed the calcium imaging data As
reported previously (Richter et al., 2014), a basal activity of TRPC5 channels in the absence

of agonists was evident during the recordings. Amix-induced TRPC5 currents were

10
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completely blocked upon clemizole (10 uM) application (Fig. 2A-C), even below the basal
current level at the beginning of the recording (Fig. 2C). TRPC5 currents provoked by
riluzole (50 uM) were also blocked by 10 uM clemizole (Fig. 2D-F). The clemizole-mediated
block was mostly reversible and TRPC5 currents could repetitively be stimulated by riluzole
(Fig. 2 E). The ICx value from the calcium assays for the clemizole-blocked TRPCS channels

was further validated in whole cell patch clamp experiments, yielding an 1Cs of 1.05 = 0.3

WM for the outward, and 1.34 = 0.4 uM for the inward current (Fig. 2G).

Clemizole does not inhibit GPCR-, G-protein- or PLC signaling and soluble cytosolic
components are not required for the block of TRPCS.

We conducted whole cell patch clamp recordings on T-REXtrecs cells and applied GTPyS
(500 puM) via the patch pipette (Fig. 3A-C). This non-hydrolysable analogue of guanosine
triphosphate (GTP) activates Gag-proteins and induces TRPC5S currents (Schaefer et al.,
2000). The resulting TRPC5 currents could be blocked by clemizole (10 uM), indicating that
an inhibition of GPCR-signaling was not causal for the block. To determine whether
clemizole affects phospholipase C (PLC) activity, we used a HEK293 cell line that stably
expresses protein kinase Ce (HEKpkc:, (Schaefer et al., 2001)). Upon stimulation of Gaq
protein-coupled GPCRs via Amix, PLC is activated and generates diacylglycerol (DAG) from
phosphatidylinositol 4,5-bisphosphate (PIP,). DAG then induces the translocation of the
PKCe to the plasma membrane. We visualized this translocation by using an Y FP-tagged
construct of PKCe (Supplementary figure 1). Untreated HEK pxc.-vrp Cells (control) present an
evenly distributed cytosolic fluorescence. This subcellular distribution was unaltered upon
clemizole (10 uM) application. Additional application of Amix induced, as expected, a
translocation of PKCe to the plasma membrane, indicating that clemizole did not affect PLC

activity.

11
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We next wanted to know whether intracellular soluble molecules contribute to the block of
TRPC5 channels by clemizole. To this end, we conducted electrophysiological experimentsin
the inside out configuration. As reported previously (Richter et al., 2014), riluzole causes a
strong increase in the open probability of TRPC5 channels. At -80 mV the riluzole-activated
TRPC5 channels had a conductance of 56 + 4 pS (n = 11). The addition of 20 uM clemizole
was still effective in blocking TRPC5 channels when applied to the cytosolic side of the
channel, indicating a direct action of clemizole on riluzole-activated TRPC5 channels (Fig.

3D).

Clemizole-mediated action on other transient receptor potential channels.

To examine whether clemizole affects other TRP channels, we performed fluo-4-based ca’
assays on HEK?293 cells, overexpressing various closely or more distantly related TRP
channels. Cells were first treated with different concentrations of clemizole and, subsequently,
the respective TRP channel-specific agonist was applied. All cell lines expressing canonical
TRP channels (TRPC) were pre-treated with thapsigargin prior to measurements to deplete
InsP3-sensitive intracellular Ca®* stores. The channel activity of TRPC4B was induced by
carbachol (300 uM, Fig. 4D), and of TRPC3, C6 and C7 by Amix (Fig. 4A-C). Within the
TRPC subfamily, apart from TRPC5 also TRPC3, C4, C6 and C7 were affected by clemizole.
However, ICs vaues for the block were considerably higher compared to TRPC5. TRPCAR,
the closest structural relative of TRPCS5, was blocked by clemizole with an ICs, of 6.4 + 0.9
UM (Fig. 4D). Whole cell patch clamp recordings indicated that the block of TRPC43 by
clemizole was relatively slow and not complete at a concentration of 10 uM. 2-APB (75 uM)
further blocked TRPCA currents, even below the basal current densities at the beginning of
the recording (Fig. 4E-G). As the slow block by clemizole was superimposed by a rapid and

in most cases complete run-down of channel activity, the calculated 1Cs, values for the

12
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clemizole-induced block of 4.43 + 0.5 uM (for the outward current) and of 1.46 + 0.3 uM (for
the inward current) (Fig. 4H) might not be accurate.

Analyzing TRPC3- and TRPC6-overexpressing cells by fluorometric Ca?* assays revealed,
that clemizole possesses an almost 10-fold selectivity for TRPC5 over TRPC3 (ICso = 9.1
puM) and TRPC6 (ICso = 11.3 uM). TRPC7 was even less sensitive to clemizole treatment
(ICso = 26.5 uM). The more distantly related TRPM3 and M8 (melastatin related) or TRPV 1,
V2, V3 and V4 (vanilloid receptor-like) channels were only weakly affected by clemizole at
high concentrations above 20 uM. Clemizole also activated the pleiotropic irritant sensor

TRPAL1 at concentrations > 10 uM (Supplementary figure 2).

Clemizole blocks heteromeric TRPC1: TRPCS channels

Heterologous co-expression studies of TRPC1 and TRPC5 have shown that these channels
can assemble as heteromeric ion channels with distinct current-voltage relationships
compared to currents through homomeric TRPC5 channels (Strubing et al., 2001). In order to
test whether clemizole can also block heteromeric TRPCL.TRPC5 channels, we co-
transfected HEK293 cells with a 1:1 mixture of expression plasmids encoding TRPC1 and
TRPC5 (HEKtrpc1:TRPes). AS reported previously, cells, expressing only TRPC1, were not
stimulated by riluzole (50 uM) and possess only low basal current densities of about 10
pA/pF at +100 mV (Richter et al., 2014). A co-transfection of TRPC1 and TRPCS resulted in
an elevation of the basal current densities (Fig. 5A-C), and challenging the cells with riluzole
(50 uM) induced a strong outwardly rectifying current, typical to heteromeric TRPC1: TRPC5

currents (Strubing et al., 2001), which could be blocked by clemizole (10 uM).

Native TRPC5-like currents in the U-87 glioblastoma cell line are blocked by clemizole
Previous reports confirmed that TRPC5 channels are endogenously expressed in the

glioblastoma cell line U-87 (Wang et al., 2009; Richter et al., 2014) and that riluzole-evoked
13
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calcium signals could be impeded by a siRNA-mediated knock-down of TRPC5 (Richter et
al., 2014). Accordingly, riluzole (100 uM) provoked currents in whole cell patch clamp
recordings on U-87 cells, which could partially be inhibited by clemizole (50 uM) (Fig. 5D-
F). The riluzole-evoked currents displayed a reversal potential more negative than
heterologously expressed TRPCS channels, together with a stronger inward current (Fig. 5E).
As al of the riluzole-evoked inward current disappeared when permeable cations were
substituted for NMDG in the extracellular solution (Richter et al., 2014), this would be
consistent with the activation of additional potassium channels, which do not respond to
clemizole. This could either be caused directly through riluzole or through a TRPC5-mediated

increase in [Ca’"];..

14
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DISCUSSION

In this study we identified clemizole as a novel blocker of TRPC5 channels. Clemizole (1-p-
chlorobenzyl-2-(1-pyrrolidinyl) methylbenzimidazole) has originally been developed as a
histamine H;-receptor antagonist. This first generation antihistamine can pass the blood-brain
barrier and has a low toxicity (Wansker, 1962; Einav et al., 2010). It was developed in the
1950's to treat allergic reactions and various dermatological diseases (Zierz and Greither,
1952; Jacques and Fuchs, 1960). Besides its anti-histaminergic action, clemizole inhibits
monoamine reuptake in the brain (Oishi et al. 1994) and blocks hERG channels a a

concentration of 10 uM (data obtained from http://pubchem.nchbi.nim.nih.gov). Nowadays,

clemizole is not marketed as a single agent antihistamine anymore. However, clemizole might
be beneficial in the treatment of hepatitis C (HCV) infections. It has been shown to inhibit the
binding of NS4B to HCV RNA, exhibiting moderate antiviral effects against hepatitis C virus
(genotype 2a, ECso = 8 uM) on its own (Einav et al., 2008). Combining clemizole with HCV
protease inhibitors proved to be highly synergistic, strongly enhancing the potency of such
therapeutics (Einav et al., 2010). Moreover, a recent study of Baraban et al. reported that
clemizole inhibits spontaneous seizures in a zebrafish model for Dravet syndrome (scnllab
mutant), a rare and severe form of monogenic epilepsy, which is mainly caused by mutations
in Navl1l.1l (SCN1A), a voltage-gated sodium channel (Baraban et al., 2013; Catterall, 2014).
However, high concentrations of 100 uM clemizole were needed to suppress spontaneous
hyperactivity.

We here identified clemizole as a novel blocker of TRPC5 channels. Clemizole potently
inhibited TRPC5 channels and exhibited a moderate selectivity within the TRPC family, with
a 6-fold selectivity (in calcium assays) over its closest homologue TRPCA4f. The inhibition
was effective towards different modes of TRPC5S activation, such as stimulation of GPCR,
hypotonic buffer conditions or a direct activation by riluzole. We assume that clemizole

directly acts on TRPC5 channels as the drug was still effective in excised inside-out patches,
15
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where intracellular components are washed out. As clemizole is a lipophilic compound (logP
= 4.23; chemicalize.org), we cannot clearly discriminate between an intracellular or
extracellular site of action on TRPC5 channels but the delayed onset of action in the inside-
out measurements with a latency of 20 — 30 s might hint to a necessity of clemizole to reach
the extracellular site of the channel.

TRPC5 channels can assemble as homo- or heterotetramers with TRPC1 or TRPC4 (Schaefer
et al., 2000; Strubing et al., 2003), exhibiting distinct biophysical properties (Strubing et al.,
2001). Since TRPC5 and TRPCL1 show overlapping expression pattern in mammalian brain
tissue (Strubing et al., 2001), we analysed the effect of clemizole on heteromeric
TRPC1. TRPC5 complexes. As reported previously, TRPC1: TRPC5 heteromers in HEK293
cells were stimulated by riluzole. The same applies for TRPCS or possible TRPC1: TRPC5
heteromers, endogenously expressed in the U-87 glioblastoma/astrocytoma cell line (Richter
et al., 2014). Such riluzole-induced currents were blocked upon clemizole application,
indicating that clemizole also targets heteromeric TRPC5 channels and might be effective in
native tissues. Because of its lipophilic properties, clemizole is able to pass the blood-brain
barrier. It will be the aim of future studies to test whether application of clemizole or other
TRPCS inhibitors in vivo mimics the anxiolytic-like and kidney-protective phenotype of
TRPC5-deficient mice (Riccio et al., 2009; Puram et al., 2011; Schaldecker et al., 2013).
With regard to future in vivo experiments, clemizole has the advantage of having been
intensively studied since it was used for its antihistaminic effect. The safety and tolerability of
clemizole to treat hepatitis C has been investigated in a clinical trial at a dosage of 200 mg/d
(CLEAN-1 trial, NCT00945880) but its outcome has not been reported, yet. According to the
current state of knowledge, clemizole might serve as a promising starting point for the
development of pharmacological tools, which provide new insights into the physiological
relevance of TRPC5 expressed in native systems and which are possibly applicable for the

establishment of new therapeutic strategies targeting TRPC5 in diseases.
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L egendsfor Figures
Figure 1. Concentration-dependent inhibition of TRPC5 by clemizole

A-B, Concentration-response relation of Ca’* signals in fluo-4-loaded T-RExtrecs cells (A, 48
h Tet+) and parental T-REx cells (B). Cells were first treated with different concentrations of
clemizole, then a mixture of agonists (300 uM ATP, 300 uM carbachol, 0.5 U/ml thrombin;
Amix) was applied. Prior to measurements, T-RExtrpcs Cells were pre-treated with 2 uM
thapsigargin for 5 min to deplete InsPs-sensitive internal Ca®* stores. Parental T-REXx control
cells remained thapsigargin-untreated to determine Amix-induced Ca®* release from
intracellular stores. The ICsp value of clemizole was calculated by non-linear curve fitting
with the Hill equation. Datapoints display means and SD of 6 (T-REXtrpcs) or 8 (parental T-
Rex) independent experiments. C, Chemical structure of clemizole. D-F, Clemizole blocks
TRPCS currents irrespectively of the mode of activation. Representative fura-2-based single
cell [Ca™]; experiments of tetracycline-induced T-RExtrecs cells are shown. Cells were
treated with 2 uM thapsigargin, and TRPC5 activity was stimulated with Amix (D), 50 uM
riluzole (E) or hypoosmotic (200 mosmol / kg) HBS buffer (F), followed by addition of 10

MM clemizole.

Figure 2. Electrophysiological characterisation of clemizole-mediated TRPC5 block

Representative patch clamp recordings of whole cell currents in tetracycline-induced T-
RExtrecs Cells. A, Data were extracted from voltage ramps as in B and depict current
amplitudes at +100 mV (upper trace) and -100 mV (lower trace). B, Corresponding I/V curves
of basal TRPC5 currents (1) and upon Amix- (2), and clemizole (10 uM)-treatment (3) taken
at time points indicated in (A). C, Statistical evaluation of 4 independent experiments such as

in A (*P < 0.05). D, TRPCS currents were repetitively stimulated with 50 uM riluzole.
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Clemizole was added at 10 uM. E, Corresponding I/V curves before (1) and after treatment
with riluzole (2) and clemizole (3), taken at time points indicated in D. F, Statistical analysis
of 6 independent experiments such asin D (* P < 0.05). Data represent means and SEM. G,
Concentration-response curve of Amix-induced T-REXtrecs Whole-cell currents at +100 mV
(upper curve) and -100 mV (lower curve) treated with different concentrations of clemizole (n

> 4 for each individual data point). The basal current is indicated by the dashed line.

Figure 3. Clemizole-mediated block of TRPC5 is independent from intracellular

components.

A-C, Representative whole cell patch clamp recording of currents in a tetracycline-induced T-
RExtrecs céll in the presence of GTPyS (500 uM) in the patch pipette. A, Data were taken
from voltage ramps such as in B and display current densities at +100 mV (upper trace) and -
100 mV (lower trace). B, 1/V curves directly after break-in into the whole cell configuration
(1), upon GTPyS stimulation (2) and 10 uM clemizole treatment (3). C, Statistical analysis of
7 independent experiments such as in A (* P < 0.05). D, E, Clemizole blocks riluzole-
activated TRPCS5 currents in excised inside-out patches. D, Representative inside-out patch,
containing at least two TRPC5 channels recorded at -80 mV. Channel activity was €elicited by
100 pM riluzole, followed by application of 20 uM clemizole. Openings and closures of
TRPCS5 channels from the same recording are depicted below on an expanded time scale. E,
Statistical analysis for several independent recordings (n = 11) as shown in D. The NPo was
averaged for 30s intervals directly before and after activation with riluzole, and 30s after

treatment with clemizole.

Figure4. Clemizole-mediated effect on other TRP channels.
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A-D, Ca®* signals of fluo-4-loaded cells, which overexpress other canonical TRP channels.
Thapsigargin pre-treated cells were challenged with different concentrations of clemizole
(grey circles) and then treated with a channel-specific agonist (black circles): Amix (TRPCS,
C6, C7); carbachol (300 uM, TRPCA4p). Each datapoint displays the mean and SD of at least 4
independent experiments (*P < 0.05). D, HEK293 cells co-transfected with TRPCA4[3 and
M 3Ai3R-encoding expression plasmids (HEK trpcaz-manisr). E-G, Representative whole cell
patch clamp measurement of currents in a HEK trpcar-msnisr Cell. Data were extracted from
voltage ramps and depict current densities at + 100 mV (upper trace) and -100 mV (lower
trace). F, 1/V curves of basal TRPCA4J currents (1) and upon additive treatment with 300 M
carbachol (2), 10 uM clemizole (3) and 75 pM 2-APB (4). Time points of the respective
ramps are indicated in E. G, Statistical analysis of 7 independent experimentssuch asin E (*P
< 0.05). Data represent means and SEM. H, Concentration-response curve of carbachol-
induced TRPCA4B whole-cell currents at +100 mV (upper curve) and -100 mV (lower curve)
treated with different concentrations of clemizole (n > 3 for each individual data point). The

basal current isindicated by the dashed line.

Figure 5. Clemizole blocks riluzole-activated heteromeric TRPC1: TRPC5 and endogenously

expressed TRPCS5 channels in U87 glioblastoma cells

A-C, Representative whole cell measurement of HEK293 cells, transiently transfected with
TRPC1- and TRPC5-encoding expression plasmids (HEK rrpc1:TrRPcs). A, Data were extracted
from voltage ramps and show current densities at +100 mV (upper trace) and -100 mV (lower
trace). Cells were treated with 50 uM riluzole and 10 pM clemizole. B, 1/V curves of basal
TRPCL:TRPCS currents (1) and upon riluzole (2) and clemizole (3) application. C, Statistical
analysis of 6 independent experiments such as in A (*P < 0.05). Data represent means and

SEM. D-F, Clemizole inhibits TRPC5-like channels endogenously expressed in the U-87
25
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glioblastoma cell line. Representative whole cell patch clamp recordings of a U-87 cell treated
with riluzole (100 uM) and clemizole (50 uM). D, Traces were taken from voltage ramps and
depict current densities at +100 mV (upper trace) and -100 mV (lower trace). E, 1/V curves of
basal currents (1) and upon riluzole (2) and clemizole (3) application. Inset depicts clemizole-
sensitive component of whole-cell current (2-3) F, Statistical analysis of 7 independent
experiments such as in D. Data represent peak current densities and are means and SEM (*P

<0.05).
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