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The N-type voltage-gated calcium channel (Ca,2.2) functions in neurons to regulate neuro-
transmitter release. It comprises a clinically relevant target for chronic pain. We have
validated a calcium mobilization approach to assessing Ca,2.2 pharmacology in two stable
Cay2.2 cell lines: alp, 23, B3-HEK-293 and alg, B3-HEK-293. Ca,2.2 channels were opened by
addition of KCl and Ca?* mobilization was measured by Fluo-4 fluorescence on a fluorescence
imaging plate reader (FLIPR%®). Ca,2.2 expression and biophysics were confirmed by patch-
clamp electrophysiology (EP). Both cell lines responded to KCl with adequate signal-to-back-
ground. Signals from both cell lines were inhibited by w-conotoxin (ctx)-MVIla and w-con-
otoxin (ctx)-GVIa with ICso values of 1.8 and 1 nM, respectively, for the three-subunit stable,
and 0.9 and 0.6 nM, respectively, for the two-subunit stable. Other known Ca,2.2 blockers were
characterized including cadmium, flunarizine, fluspirilene, and mibefradil. ICs, values corre-
lated with literature EP-derived values. Novel Ca,2.2 pharmacology was identified in classes of
compounds with other primary pharmacological activities, including Na* channel inhibitors
and antidepressants. Novel Na* channel compounds with high potency at Ca,2.2 were
identified in the phenoxyphenyl pyridine, phenoxyphenyl pyrazole, and other classes. The
highest potency at Ca,2.2 tricyclic antidepressant identified was desipramine.
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Ca,1, L-type voltage-gated
calcium channel

Cay2.2, N-type voltage-gated
calcium channel

PBSC, 4-(4-fluorophenoxy)
benzaldehyde semicarbazone

1. Introduction

N-type voltage-gated calcium channel (Ca,2.2) is a member of
the voltage-dependent calcium channel family that also
includes L-type (Ca,1.1-Ca,l1.4), P/Q-type (Ca,2.1), R-type
(Cay2.3), and T-type (Ca,3.1-3.3) [1]. Ca,2.2 is predominantly
expressed presynaptically in neurons and functions to
regulate neurotransmitter release [2-5]. It plays an important
role in mechanisms of neuronal hyperexcitability that can
lead to pathological conditions such as chronic pain and
ischemic brain injury [6,7]. Clinically, an antagonist of Ca,2.2
has demonstrated efficacy for the treatment of human chronic
pain [8]. Cay2.2 also affects cardiovascular function via
regulation of catecholamine release from sympathetic neu-
rons [2,9].

Native Ca,2.2 is a hetero-oligomeric channel consisting of a
core pore-forming subunit, alp, and at least two auxiliary
subunits, g and «23 [10]. Multiple functionally distinct splice
variant isoforms have been described for the alg subunit [11-
13]. The B and «25 subunits each arise from four distinct genes
that also are alternatively spliced with multiple isoforms
identified [14]. The B subunit that associates predominantly
with Ca,2.2 is B3 [14]. The predominant Ca,2.2 «23 subunit
remains to be resolved. Expression of alp alone can produce
functional channels in Xenopus oocytes that are appropriately
blocked by Ca,2.2 selective w-conotoxins, but which exhibit
abnormal biophysical characteristics [15]. The presence of the
auxiliary subunits increases Ca,2.2 current amplitude, affects
al subunit membrane trafficking, and modulates activation
and inactivation kinetics of the channel [14]. Pharmacologi-
cally, the presence of the a23 subunit reduces w-conotoxin
affinity for recombinant Ca,2.2 channels [16] and constitutes a
specific binding site for the anticonvulsant drug gabapentin
[17].

Pharmacology of inhibition of native and recombinant
Cay2.2 channel physiology is well characterized for -
conotoxins such as ctx-MVIla and ctx-GVlIa [18-20]. Extensive
radioligand binding analyses of these peptide inhibitors at
Cay2.2 have also been described [21,22]. Other types of blockers
of Ca,2.2, such as the heavy metal cadmium and small organic
molecule inhibitors, have been identified and characterized
using electrophysiology (EP) [23-27]. Such reports have offered
exquisitely detailed mechanistic analysis of compound-
channel interaction for each particular inhibitor under
investigation. However, when assessed collectively, compar-
ison of pharmacological parameters such as rank order of
potency for various blockers is difficult, as the data has been
collected from a variety of neuronal and recombinant
preparations with varied EP methods.

Calcium mobilization has also been used as a functional
measurement of pharmacological parameters to support
structure-activity relationship studies for several novel che-
mical classes of Ca,2.2 blockers [28-33]. In most cases however,
few or no classical Ca,2.2 inhibitors were profiled in parallel
with the new molecules for comparative purposes. Two studies
did include ctx-MVIIa as a reference inhibitor and in one case
high potency that approaches literature EP values was demon-
strated (6 nM) [32]; in the other study however potency was very
low (500 nM) [33]. Thus, pharmacological comparison of novel
molecules from these studies to historical reference antago-
nists of Ca,2.2 is not readily feasible.

The aim of this study was to provide a more comprehensive
characterization of the pharmacology of Ca,2.2 inhibitors in
two recombinant cell lines: alg, a28, B3-HEK-293 and alg, B3-
HEK-293 using calcium mobilization. This approach was
validated with respect to potency and rank order for multiple
classical Ca,2.2 reference inhibitors of various chemical
classes. Interestingly, responses were inhibited by small
molecules known to exhibit voltage-dependent, frequency-
dependent, and/or use-dependent mechanism of block.
Specifically the voltage/frequency-dependent blockers flunar-
izine, fluspirilene, mibefradil, and the open channel blocker
cadmium all exhibited appropriate pharmacology. Ca,2.2
pharmacology was further extended via profiling of small
molecules with previously uncharacterized Ca,2.2 activity
arising from classes of compounds with other primary
pharmacologies, namely sodium (Na*) channel inhibitors
and antidepressants [34-38]. A preliminary account of this
work has been published previously in abstract form [39].

2. Materials and methods
2.1. Materials

Cell culture and molecular biology reagents were purchased
from Invitrogen Corporation (Carlsbad, CA) unless otherwise
noted. Compounds that are not commercially available were
synthesized to >97% purity as referenced. All other chemicals
and reagents were purchased from Sigma (St. Louis, MO)
unless otherwise noted.

2.2.  Cloning of Ca,2.2 subunit open reading frame (ORF)
cDNAs

AlphalB (alg), beta3 (Bs), alpha2delta (x23) cDNAs encoding
subunits of the rat Ca,2.2 channel [40-42] were cloned by PCR
amplification. The 7.0 kb cDNA containing the entire a1 (ORF)
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was PCR amplified as two overlapping cDNA fragments: a
2.7kb 5 fragment and a 4.4 kb 3’ fragment. The 5 fragment
was amplified from rat brain cDNA using forward and reverse
primers CAC CAT GGT CCG CTT CGG GGAC and CCG TTC AGT
GGC CTC CTCC, respectively. The 3’ fragment was amplified
from rat spinal cord cDNA using forward and reverse primers
CTA GCA CCA GTG ATC CTG GTC TG and AGT GCG TTG TGA
GCG CAG TA, respectively. The two fragments were joined by
ligation at a common restriction site to create the entire 7.0 kb
cDNA. This ORF encodes the protein isoform generated by
alternative splicing termed “+A ASFMG AET”, which lacks the
alternatively spliced four amino acid sequence SFMG that
predominates in rat brain [11], but is presently unclear as to its
relative abundance in spinal cord. The entire cDNA was
sequenced with redundant coverage on both strands. The
cDNA was then inserted into the mammalian expression
vector pcDNA6.2DEST (Invitrogen, Carlsbad, CA) by homo-
logous recombination using the Gateway system (Invitrogen).

The 1.45 cDNA encoding the B; subunit was cloned by PCR
amplification from rat brain ¢cDNA using forward and reverse
primers CAC CAT GTA TGA CGA CTC CTAC and GGT GGT CAG
TAG CTG TCC TTA GG, respectively. The 3.3 kb cDNA encoding
the a23 subunit was cloned by PCR amplification from rat brain
cDNA using forward and reverse primers CAC CAT GGC TGC
TGG CTG CCT and AGA GGG TCA CCA TAG TAG TGT CTG,
respectively. PCR products were subcloned and fully
sequenced on both strands. Clones matching the reference
sequence (B3: NM_012828; «23: M86621) and the gene’s
GenBank rat genomic DNA sequences were recombined into
the mammalian expression vector pcDNA3.2DEST (B3) or
pcDNA3.1-Zeo («23), which had been modified to a vector
compatible with the Gateway recombination system using the
Gateway vector adaptor kit (Invitrogen). Proper recombination
was confirmed by sequencing of recombinogenic regions. For
B3 expression vector, proper protein expression was confirmed
by Western blot analysis of lysates of transfected HEK-293
cells using a rabbit polyclonal antiserum directed against the
rat B3 subunit (USA Biological).

2.3. Stable Ca,2.2 cell line development

Ca,2.2 expressing HEK-293 cells were created in two stages.
First, the rat alg, and B3 cDNA expression constructs (2.5 pg
each) were co-transfected into HEK-293 cells by Lipofectamine
Plus reagent (Invitrogen), as per manufacturer’s instructions.
Twenty-four hours later cells were split in limiting dilution
into multiple 96-well poly-p-lysine (PDL) coated plates (Becton
Dickinson, Franklin Lakes, NJ) in selection media containing
20 pg/mL blasticidin and 500 ng/mL geneticin, and incubated
for 3 weeks at 37 °C, 5% CO,, 95% humidity. Plates containing
<1 clone per well were cultured until wells positive for single
clones were confluent. Individual clones were then arrayed
into columns of a destination PDL-precoated 96-well plate and
partly split into 6-well plates for culture maintenance. Array
plates were washed once with assay buffer (127 mM NacCl,
1 mM KCl, 2 mM MgCl,, 700 wM NaH,PO,, 5 mM CaCl,, 5 mM
NaHCOs, 8 mM HEPES, 10 mM glucose, pH 7.4) and cells loaded
for 1 h with 0.1 mL of assay buffer containing Fluo-4-AM (3 uM
final concentration, Molecular Probes, Eugene, OR). Then they
were washed twice with 0.1 mL of assay buffer, and replaced

with 0.1mL of the same. Plates were transferred to a
Fluorimetric Imaging Plate Reader (FLIPR®®, Molecular Devices,
Inc., Sunnyvale, CA) for assay. The FLIPR* measured basal Fluo-
4 fluorescence for 315s, then added 0.1mL KCl agonist
dissolved in assay buffer and measured fluorescence for
another 45s. The final KCl concentration was 90 mM. Data
were collected over the entire time course and analyzed using
Microsoft Excel. The clone with the greatest signal-to-noise,
stability of response with passage number, and adhesion to
PDL-precoated plates was expanded and characterized. It
constituted the a1g, B3-HEK cell line in these studies and also
was used for stage 2 cell line development. The chosen clone
was routinely grown and subcultured in Dulbecco’s Modified
Eagle Medium, 10% fetal bovine serum (HyClone, Logan, UT),
100 U/mL penicillin, 100 pg/mL streptomycin, 20 ng/mL blas-
ticidin and 500 pg/mL geneticin, and incubated at 37 °C, 5% CO,,
95% humidity. Cell division doubling time was approximately
24-48 h, and responses were stable for at least 15 passages.

Stage 2 of Ca,2.2 cell line development was carried out as
follows. The rat «25 ¢cDNA expression construct (5pg) was
transfected into the stage 1 alp, B3-HEK cell line by
Lipofectamine Plus reagent. Twenty-four hours later cells
were split in limiting dilution into multiple 96-well PDL-
precoated plates in selection media containing 20 pg/mL
blasticidin, 500 pg/mL geneticin, and 250 png/mL zeocin and
incubated for 3 weeks at 37 °C, 5% CO,, 95% humidity. Plates
containing <1 clone per well were cultured and handled
according to the same steps and procedures described above
for the creation of stage 1 cell line. The three clones with the
greatest signal-to-noise, stability of response with passage
number, and adhesion to PDL-precoated plates were
expanded, characterized and tested by EP for the largest
current size, Cay2.2 pharmacology, Cay2.2 characteristic
current-voltage relationship and kinetics, as described below.
The chosen clone was routinely grown and subcultured in
Dulbecco’s Modified Eagle Medium, 10% fetal bovine serum
(HyClone, Logan, UT), 100 U/mL penicillin, 100 pg/mL strepto-
mycin, 20 pg/mL blasticidin, 500 ng/mL geneticin, and 250 pg/
mL zeocin, and incubated at 37 °C, 5% CO,, 95% humidity. This
clone constituted the alg, 028, B3-HEK cell line in these studies.
Cell division doubling time was approximately 24-48 h, and
responses were stable for at least 15 passages.

2.4. Ca,2.2 electrophysiology

For EP recording, the cells expressing alg, B3 and a28 subunits
were seeded on PDL-precoated 35-mm culture Petri dishes
(Becton Dickinson) at a density of approximately 10* cells/
dish, and kept in an incubator for up to 3 days for subsequent
recordings. For recordings, the dishes were positioned on the
stage of an inverted microscope (Nikon, Eclipse E600, Japan)
and superfused with a bath solution comprised of 11 mM
BaCl,, 1.5 mM MgCl,, 10 mM HEPES, 120 mM TEA chloride, and
10 mM glucose adjusted to pH 7.4 with KOH, and osmolality set
at 305 mOsmol. In a separate set of experiments, external
BaCl, was replaced by physiologically more relevant 2 mM
CaCl, or 5mM CaCl,, and osmolality set at 305 mOsmol.
Whole-cell voltage-clamp recordings were made using con-
ventional patch-clamp techniques [43] at room temperature
(22-24 °C). The patch-clamp pipettes were pulled from WPI,
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thick-walled borosilicate glass (WPI, Sarasota, FL). Currents
were recorded using an Axopatch 200A amplifier (Axon
Instruments/Molecular Devices Corporation, Union City, CA)
and were leak-subtracted (P/4), low-pass filtered (1 kHz, 4-pole
Bessel), digitized (20-50 ps intervals), and stored using Digidata
1200 B interface and Pclamp8.0/Clampex software (Axon
Instruments). The pipettes were back-filled with internal
solution containing 110 mM CsCl, 3 mM MgCl,, 3 mM EGTA,
40 mM HEPES, 4 mM Mg-ATP, 0.5 mM Na,GTP, adjusted to pH
7.2 with CsOH. Osmolality was set at around 295 mOsmol. The
syringe with the internal solution for back-filling pipettes was
kept on wet ice to preserve ATP/GTP integrity. The pipette
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resistance ranged from 2 to 3 M(); series resistance in the whole-
cell configuration was in the range of 3-10 MQ and was
cancelled by 75-80% by the built-in electronic circuitry.

Cells were held at —90 mV and 20 ms pulses to 0 mV were
applied every 20 s to monitor saturation of the initial run-up of
the current. At this time-point the conventional current-
voltage relationship was measured by a series of 15-80 ms
depolarizing pulses incrementing in 10 mV steps. The holding
voltage was then reset to —130 or —110 mV when the integrity
of the cell membrane permitted. At this voltage most channels
tend to remain in the resting state. A conventional double-
pulse protocol was run to acquire the steady-state inactivation
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Fig. 1 - Activation, inactivation and pharmacological specificity of inward voltage-gated current in als, 23, B3-HEK-293
cells. (A) Representative family of Ba®* current traces caused by a series of depolarizing 15 ms long pulses from —40 to
30 mV with increments of 10 mV. Holding voltage was —100 mV. The tail currents at the end of depolarizing pulses were
truncated. (B) Normalized current-voltage relationship averaged from five separate cells (filled diamonds). In four of these,
additional current-voltage relationships were measured when 11 mM Ba®* was replaced by 2 mM Ca?*. Ca®* currents (open
diamonds), though smaller in size, were robust and showed similar voltage dependence. (C) Current traces in response to
depolarizing pre-pulses incremented in 10 mV steps, applied for 3 s every 30 s then immediately followed by the 20 ms
long test pulse to 0 mV. Holding voltage was —110 mV. (D) Peak current values in response to the test pulses were collected
from six individual cells, averaged and plotted against corresponding pre-pulse voltages resulting in the mean steady-state
inactivation curve fitted (solid line) with the Boltzmann function 1/(1 + exp((V — Vo s)/k)), where V is conditioning voltage,
Vos =—78.9mV and k = 6 mV. (E) Rapid and fully reversible inhibition of inward current by 0.1 mM CdCl,. Open circles
correspond to the peak amplitude of currents in response to 20 ms long depolarizing pulses applied at 0.05 Hz. Data is
representative of four such experiments with similar results. (F) Identical stimulation protocol as in panel E: weak and
reversible inhibition of inward current by 10 pM nimodipine and fast, irreversible block by 1 pM ctx-MVIIa. Data is

representative of four such experiments with similar results.
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curve: 3 s long depolarizing pre-pulses incrementing in steps
of 10 mV were immediately followed by a 20 ms long testing
pulse to 0 mV to assess channel availability for activation.
Subsequent episodes of stimulation were run at 0.033 Hz. To
assess pharmacological specificity of the current, the holding
voltage was reset back to —90 mV. Fractional inhibition of the
currents by reference agents was measured using a 0.05 Hz
train of 20 ms long depolarizing pulses to 0 mV.

Stock solutions of reference compounds were prepared in
DMSO. Desired compound dilutions were prepared in bath
solution, with a final DMSO concentration of 0.1%. The
solutions were applied by gravity flow using a linear array
of the glass pipes positioned about 200-300 pm apart from the
cell and driven by a motor under remote control. This system
permitted full solution exchange at the targeted cell within a
few hundred milliseconds. All curve fitting of the patch-clamp
data were carried out using Origin software (Version 5.0,
Microcal). Data is presented as the mean + S.E.M.

2.5.  Calcium mobilization assay for Ca,2.2 using FLIPR%®

One day prior to conducting this assay, alg, @23, B3- or alg, Bs-
HEK-293 cells were seeded onto PDL-precoated 96-well clear-
bottom black plates at 75,000 cells/well. On the day of the assay,
the cell plates were washed with assay buffer (127 mM Nacl,
1mM KCl, 2 mM MgCl,, 700 pM NaH,PO,4, 5 mM CaCl,, 5 mM
NaHCO3, 8 mM HEPES, 10 mM glucose, pH 7.4), then loaded and
pretreated with compounds for 1 h as follows: 0.05 mL of each
compound diluted at a 2x concentration in assay buffer
containing 20 pM nifedipine plus 0.05mL of assay buffer
containing 6 pM Fluo-4-AM were added, for a final compound
concentration of 1x, a final nifedipine concentration of 10 pM,
and a final Fluo-4-AM concentration of 3 pM. The nifedipine was
included to block any endogenous Ca,1 response to KCI. Cells
were incubated at 37 °Cfor 1 h, then washed once with 0.1 mL of
compound diluted at a 2x concentration in 20 uM nifedipine
containing assay buffer (no Fluo-4-AM). Cells were then
replaced with 0.1mL of each compound diluted at a 2x
concentration in 20 uM nifedipine containing assay buffer.
Plates were then transferred to a FLIPR® for assay. The FLIPR?®
measured basal Fluo-4 fluorescence for 5 min and 15s (315 s),
then added 0.1 mL KCl dissolved in assay buffer and measured
fluorescence for another 45 s. Final test compound concentra-
tions on the cells after FLIPR read ranged from about 508 pM to
about 50 uM, final nifedipine concentration was 5 pM, and final
KCl concentration was 90 mM. Final DMSO concentration was
held constant at 0.5%. Data were collected over the entire time
course of the FLIPR® read.

The protocol for a 5 min compound pretreatment calcium
mobilization assay was similar to that of the 1h assay, but
with the following changes. Cells were loaded with 0.1 mL of
assay buffer containing 20 uM nifedipine and 6 pM Fluo-4-AM
for 1 hat37 °C. Cells were then washed once with 0.1 mL assay
buffer containing 20 pM nifedipine, then replaced with
0.05mL of the same. Plates were then transferred to the
FLIPR®®. Basal Fluo-4 fluorescence was measured for 15 s, then
0.05 mL of each compound diluted at a 4x concentration in
assay buffer was added, and fluorescence was read for another
5 min. Then 0.1 mL KCI dissolved in assay buffer was added
and fluorescence measured for another 45 s. Final compound
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Fig. 2 - Calcium mobilization responses to KCl
depolarization measured on FLIPR?® in a1, «25, B3-HEK-
293 and a1z, B3-HEK-293 cells. (A) A representative 96-well
plate of alg, 23, B3-HEK-293 cell responses to 90 mM KCl
in the presence or absence of inhibitors is illustrated.
Column 1 is the negative control response to buffer
addition. KCl (90 mM) was added to the rest of the
columns after 5 min pretreatment with either buffer
(columns 2-3), 250 nM ctx-MVIIa (columns 4-6), 10 pM
nifedipine (columns 7-9), or the same concentrations of
ctx-MVIla and nifedipine combined (columns 10-12).
This plate is representative of five with similar results.
(B) A representative 96-well plate of a1g, B3-HEK-293

cell responses to 90 mM KCl in the presence or

absence of inhibitors is illustrated. The plate layout

is the same as described in panel A. This plate is
representative of three with similar results.
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concentration ranges as well as nifedipine, KCIl, and DMSO
concentrations were the same as for the 1h protocol. Data
collection and analysis were also the same.

2.6.  Data analysis

Experiments were expressed as percentage of control. This
refers to the average of multiple determinations normalized to
the maximum average counts in the presence of 90 mM KCl
and to the minimum average counts in the presence of 50 nM
o-ctx GVIa block of 90 mM KCl. Normalization calculations
were conducted using GraphPad Prism Version 3.02 software
(San Diego, CA) or Microsoft Excel. Theoretical curves were
generated using nonlinear regression curve-fitting analysis in
GraphPad Prism Version 3.02. Linear regression analysis was
carried out using GraphPad Prism Version 3.02.

3. Results

Cay2.2 currents were characterized by EP in the alg, a23, Bs-
HEK cell for biophysical properties and pharmacological
specificity. At a holding potential of —90 mV, currents in
response to 20 ms depolarizing pulses to 0 mV at 0.05 Hz were
allowed to stabilize for approximately 3 min to avoid inter-
ference from initial current run-up observed shortly after
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attaining whole cell configuration. In Ba®* saline solution,
currents of maximum magnitude of >0.5nA were typically
observed (Fig. 1A). Threshold of activation was approximately
—40to —30 mV, and current peaked at —10 to 0 mV (Fig. 1B). For
the set of experiments, described in Fig. 1A and B, the mean
maximum current was 3.3 + 0.9 nA (n = 5). When external Ba**
was replaced by 2mM Ca?', the mean maximum current
dropped to 0.75+0.22nA (n=4). There was no shift in the
current-voltage relationship. In the presence of 5 mM Ca**, the
concentration used in the FLIPR assay buffer, the mean
maximal current was approximately 50% of the current in the
presence of 11 mM Ba®*, without any shift in the current-
voltage relationship (data not shown). Steady-state inactiva-
tion curves were obtained after 3 s pre-pulse depolarization
conducted in 10 mV increments between —110 and —50 mV
(Fig. 1C and D). The peak current to the test pulse was plotted
versus the amplitude of depolarizing pre-pulse and the
Boltzmann equation was fit to the data allowing an estimate
of half-inactivation voltage, Vo5, and a slope factor, k. As
measured in six separate cells, the mean values were
Vos=-792+24mV and k=4.6+0.2mV. The steady-state
inactivation curve shifted to the left at longer depolarizing pre-
pulses and more negative holding voltages (data not shown).
To characterize the pharmacological specificity of the current,
Ca,2.2 inhibitors cadmium and ctx-MVIIa were used as Ca,2.2
positive controls, and nimodipine, a Ca,1 inhibitor, was used
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Fig. 3 - Concentration-dependent KCl stimulation and ctx-MVIIa inhibition of calcium responses measured on FLIPR®® in
alg, a2, B3- and alg, B3-HEK-293 cells. (A) Concentration-dependent stimulation of the calcium mobilization response to
KCl in a1g, 23, B3-HEK-293 cells. Data points are the mean + S.E.M. of eight wells from one plate representative of four. (B)
Concentration-dependent stimulation of the calcium mobilization response to KCl in a15, B3-HEK-293 cells. Data points are
the mean =+ S.E.M. of eight wells from one plate representative of three. (C) Five minutes and 1 h ctx-MVIIa pretreatment
mediated concentration-dependent inhibition of the calcium mobilization response to 90 mM KCl in a1z, 25, f3-HEK-293
cells. Data points are the mean * S.E.M. of eight wells from one plate representative of three (5 min) or five (1 h). (D) Five
minutes and 1 h ctx-MVIla pretreatment mediated concentration-dependent inhibition of the calcium mobilization
response to 90 mM KCl in a1z, B3-HEK-293 cells. Data points are the mean + S.E.M. of eight wells from one plate

representative of three (5 min) or four (1 h).
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Fig. 4 - Concentration-dependent Ca,2.2 reference
antagonist inhibition of calcium responses measured on
FLIPR%® in alg, 028, Bs- and alg, B3-HEK-293 cells. (A)
ctx-GVIa-, cadmium-, and flunarizine-mediated
concentration-dependent inhibition of the calcium
mobilization response to 90 mM KCl in a1z, 23, B3-HEK-
293 cells. Data points are the mean + S.E.M. of four wells
from one plate representative of 4-6. (B) Same compounds
as panel A measured from a1z, B3-HEK-293 cells. Data
points are the mean + S.E.M. of four wells from one plate
representative of 3-7.

as a negative control (Fig. 1E and F). Cadmium (0.1 mM) block
was fast, complete and reversible upon wash-out. ctx-MVIla
(1 nM) blocked with slower kinetics, but was complete within
3-6 min, and was irreversible. Nimodipine (10 pM) block was
weak and reversible. Thus, current properties and pharma-
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Fig. 5 - Concentration-dependent reference Na* channel
antagonist inhibition of calcium responses measured on
FLIPR®® in a1z, o235, B3- and alg, B3-HEK-293 cells. (A)
Compound 18 [52], compound 24 [51], and PBSC [51]
mediated concentration-dependent inhibition of the
calcium mobilization response to 90 mM KCl in alg, 23,
B3-HEK-293 cells. Data points are the mean * S.E.M. of four
wells from one plate representative of 3-5. (B) Same
compounds as panel A measured from alg, B;-HEK-293
cells. Data points are the mean =+ S.E.M. of four wells from
one plate representative of 3-6.

cology from the alp, «23, B3-HEK cells fundamentally
resembled those of previously reported native and recombi-
nant Ca,2.2 [44,45]. In contrast, currents from alg, B3-HEK cells
were small (<200 pA), less reliable, and unfeasible for
characterization of Ca,2.2 biophysics or pharmacology (data

Table 1 - FLIPR ICsq vs. EP IC5, values of six reference Ca,2.2 inhibitors

Compound FLIPR ICso (nM) Literature EP
alg, a3, B3 alg, B3 ICso (nM) Reference

Ctx-GVIa 0.98 +0.2 (6) 0.6 0.2 (7) 0.7 [19]
Ctx-MVIIa 1.8 +0.24 (5) 0.9+ 0.1 (4) 1.0 [20]
Cadmium 288 + 43 (4) 114 + 4.1 (3) 655 [26]
Flunarizine 743 + 148 (4) 560 + 170 (4) 800 [27]
Fluspirilene 1359 + 255 (3) 1297 + 239 (3) 2000 [24]
Mibefradil 2394 + 723 (3) 1746 + 334 (3) 3100 [23]

Values represent mean + S.E.M. (n). N-VGCC EP ICs, values are derived from the literature as referenced.
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Fig. 6 — Correlation analysis of ICs, values for compound
inhibition of calcium responses comparing the two Ca,2.2
cell lines, or comparing each cell line and published Na* K;
values. (A) Correlation analysis between the a1z, a25, B3-
and alg, B3-HEK-293 cell ICs, values for Ca,2.2 inhibition of
the known Na* channel inhibitor compounds listed in
Table 2. Significant correlation is observed for this set of 23
compounds of varying chemotypes. Data from the 16
compounds in Tables 1 and 3 are not included in this panel,
for the sake of comparison to subsequent panels in this
figure. However, the correlation with those additional 16
compounds included also is significant: r* = 0.91, p < 0.0001.
(B) Correlation analysis between the a1z, a25, 33-HEK-293
cell IG5 values and published Na* channel K; values
determined by EP. No significant correlation is observed. (C)
Correlation analysis between the a1z, B3-HEK-293 cell ICsq
values and published Na* channel K; values determined by
EP. No significant correlation is observed.

not shown), consistent with the well characterized role of the
a2d subunit in enhancement of calcium channel current
amplitude [46].

Calcium responses to KCl (90 mM) were evaluated on a
FLIPR?® in the a1z, a28, B3-HEK (Fig. 2A) and a1g, B3-HEK (Fig. 2B)
cell lines. KCl elicited a reproducible response that was
completely inhibited by 250 nM ctx-MVIla. However nifedipine
(10 pM), a selective Ca,1 blocker, had no effect. Combined ctx-
MVIla plus nifedipine blocked the response similar to ctx-
MVIla alone. The average signal-to-background, as deter-
mined by fluorescence change (AF) after 90 mM KCl divided by
AF after buffer alone was 24 +9 (n=5 plates) and 18 +1 (n=3
plates) in the alp, «28, B3-HEK and alp, Bs-HEK cells,
respectively. The KCl-induced calcium response was concen-
tration-dependent (Fig. 3A and B). The average ECso values
were 55 + 5 mM (n = 4) and 50 = 7 mM (n = 3) in the a1g, @25, B3-
HEK and olg, B3-HEK cells, respectively. The effect of
compound pretreatment time (5min versus 1h) on the
concentration-dependence of ctx-MVIla inhibition of the
response to 90 mM KCl was also evaluated in alp, a23, B3-
HEK and a1, B3-HEK cells (Fig. 3C and D). The 1 h pretreatment
protocol yielded higher potency of ctx-MVIIa in both cell lines.
In alp, 23, B3-HEK cells, the average ICso for the 5minand 1 h
protocol was 21+7nM (n=3) and 1.8+0.24nM (n=5),
respectively. In alp, Bs-HEK cells, the average ICso for the
5min and 1h protocol was 6 +2nM (n=3) and 0.9 + 0.1 nM
(n = 4), respectively. The 1 hICso values more closely match the
reported EP literature value (1 nM) [26], and thus this protocol
was used for all pharmacological characterization of Ca,2.2 in
these cells.

The pharmacology of classical Ca,2.2 reference inhibitors
of varying chemical classes was characterized in the alg,
a2, B3-HEK and alg, B3-HEK cells. Similar to ctx-MVIla, ctx-
GVIa, a selective peptide inhibitor of Ca,2.2, potently
inhibited the calcium response to 90 mM KCl in both cell
lines (Fig. 4, Table 1). Cadmium, a heavy metal pore blocker,
exhibited intermediate potency (Fig. 4, Table 1). Small
organic Ca,2.2 inhibitor compounds of diverse chemical
classes such as flunarizine, a piperazine, flusiprilene, a
diphenylbutylpiperidine, and mibefradil, a tetralol deriva-
tive, all inhibited Ca,2.2 calcium responses with potencies
similar to EP literature values (Fig. 4, Table 1). Rank order of
potency matched the literature as follows: ctx-GVIa > ctx-
MVIIa > cadmium > flunarizine > fluspirilene > mibefradil
(Table 1). Linear regression analysis revealed a significant
correlation between FLIPR ICsy, values for each cell line
versus EP literature values as cited in Table 1: p < 0.001 for
alp, a2, B3-HEK ICso versus EP ICsq; p < 0.001 for alp, 3-HEK
ICsq versus EP ICsxy.

Pharmacologically, many small molecules have been
described with dual Na*/Ca®* channel-blocking activity
[26,47-50]. This dual pharmacological activity has been pro-
posed as important for the therapeutic efficacy of some
compounds [34,38]. Thus, the pharmacologies of known Na*
channel inhibitors of varying chemical classes were character-
ized in the alg, a2}, B3-HEK and alp, B3-HEK cells. Compounds
with Na* channel EP K; values of <400 nM that exemplify three
different structural chemotypes [51,52], a 3-(4-phenoxyphenyl)
pyrazole (compound 18), a phenoxy phenylpyridine (compound
24), and an (aryloxy)aryl semicarbazone (PBSC) exhibited Ca,2.2
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Table 2 - Ca,2.2 FLIPR IG5, vs. Na* channel EP K; values for reference Na* channel inhibitors

Compound N-VGCC FLIPR ICsp (M) Literature Na* channel EP
alg, a2d, B3 alg, B3 K; (M) Reference
Group 1. Diverse chemotypes
Riluzole 0.27 £ 0.53 (3) 1.51 + 0.42 (4) 0.20 [69]
GBR-12935 0.85 + 0.51 (3) 0.97 +0.32 (3) 0.034 [70]
ST-148 maleate 2.36 £ 0.23 (3) 2.67 £0.78 (3) 0.57 [70]
RBI 257 maleate 0.99 +0.23 (3) 0.98 +0.21 (3) 0.64 [70]
Butaclamol 2.13 +£0.21 (4) 1.74 +0.53 (4) 1.61 [70]
R59949 >20 (5) >20 (4) 5.34° [70]
PBSC >20 (3) >20 (6) 0.35 [51]
Group 2. Phenoxyphenyl pyridines
12 2.29 +0.33 (4) 2.63 £ 0.60 (3) 0.028 [51]
6 0.89 +0.39 (3) 0.31+0.13 (3) 0.096
23 13.57 + 4.74 (3) 18.70 + 4.81 (4) 0.12
18 4.70 +0.50 (3) 1.39 + 0.62 (3) 0.15
22c 6.70 £ 1.06 (3) 3.78 £ 1.65 (4) 0.18
25 3.17 + 1069 (3) 6.16 + 2.49 (5) 0.26
24 0.47 +0.21 (4) 1.12 +0.39 (4) 0.37
22a 2.89 4 0.50 (3) 1.77 £ 0.76 (5) 0.39
15 7.87 + 3.45 (4) 16.83 + 6.18 (3) 0.60
9 6.88 +0.88 (3) 21.49 + 11.22 (5) 13.40
Group 3. 3-(4-Phenoxyphenyl) pyrazoles
19 3.83 + 1.85 (4) 2.46 + 0.86 (3) 0.025 [52]
15 2.24 +0.89 (4) 5.08 + 3.52 (3) 0.031
18 0.65 + 0.24 (5) 0.098 + 0.0443 (3) 0.031
17 0.71 4+ 0.26 (3) 1.27 + 0.46 (4) 0.034
14 3.83 +1.85 (4) 9.50 + 3.21 (4) 0.035
13 6.44 +0.70 (3) 10.27 £ 3.30 (4) 0.69

Values represent mean + S.E.M. (n). Na* channel EP K; values are derived from the literature as referenced. PBSC refers to 4-(4-

fluorophenoxy)benzaldehyde semicarbazone.
@ Data value is from a non-EP assay of Na* channel function.

ICso values ranging from 100 nM to >20 uM (Fig. 5). Testing of a
larger set of Na* channel inhibitor compounds representing
these and other chemical series revealed that average Ca,2.2
ICso values matched well between the two recombinant cell
lines and correlated significantly (Fig. 6, Table 2). However, these
values were generally inconsistent with published Na* channel
EP K; values, and did not correlate with Na* channel activity for
either cell line (Fig. 6, Table 2). Nonetheless, a substantial
proportion of the known Na* channel inhibitors tested did
exhibit activity at Ca,2.2 in these cells, thereby demonstrating a
previously uncharacterized dual Na*/Ca®* inhibitor pharma-
cology for these compounds.

The class of compounds collectively described as anti-
depressants has been increasingly associated with secondary
Na* [39,53-56] and/or Ca®** [35-37,57,58] channel-blocking
activity. These secondary biological activities have been
proposed to underlie some additional therapeutic effects of
these compounds as well as to be mechanistically involved in
some clinically observed side effects. Thus, Ca,2.2 pharma-
cology for antidepressants of different chemical classes and
varying primary pharmacological activity was characterized
(Fig. 7, Table 3). Most compounds showed some degree of
blocking activity, though potencies were generally moderate-
to-low. Average ICso values matched well between the two
recombinant cell lines (Table 3), thus demonstrating a
previously uncharacterized secondary pharmacology at
Ca,2.2 for several of these compounds.

4, Discussion

Ca,2.2 is a neuronal, presynaptically expressed, voltage-
dependent calcium channel that functions to regulate
neurotransmitter release [2-5]. It is a clinically validated
target for the treatment of human chronic pain [8], has been
implicated in mechanisms of neuronal excitotoxicity [7,59],
and is involved in sympathetic nervous system regulation of
cardiovascular tissue [2,9]. Pharmacologically, a variety of
blocking agents of Ca,2.2 have been described and extensively
characterized [18-20,23-27]. However, a systematic, well-
validated pharmacological analysis of this target that would
make feasible the determination of relative compound
potency, rank order, and structure-activity relationship is
lacking. Thus, we have pharmacologically characterized
Ca,2.2 in two recombinant cell lines: alp, a2, B3-HEK-293
and alp, B3-HEK-293 using calcium mobilization. Validation of
this approach with respect to reference antagonists from the
literature was demonstrated. The pharmacology of Ca,2.2 was
then extended to novel classes of compounds represented by
molecules previously characterized with other primary
pharmacologies, namely Na* channel inhibitors and anti-
depressants.

The pharmacological approach chosen for these studies
entailed calcium mobilization measurement of Ca,2.2 func-
tion. Although not as information rich as EP with respect to
determination of state-dependence and compound-channel
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Fig. 7 - Concentration-dependent antidepressant
compound inhibition of calcium responses measured on
FLIPR®® in alg, o235, B3- and alp, B3-HEK-293 cells. (A)
Desipramine, imipramine, and amoxapine mediated
concentration-dependent inhibition of the calcium
mobilization response to 90 mM KCl in alg, «23, 33-HEK-
293 cells. Data points are the mean * S.E.M. of four wells
from one plate representative of 3-4. (B) Same compounds
as panel A measured from alg, B3-HEK-293 cells. Data
points are the mean + S.E.M. of four wells from one plate
representative of 3-4.

mechanism of interaction, this approach still delivers a
functional read-out of channel activity with sufficient
throughput to support pharmacological analysis such as rank
order of potency and structure-activity relationship. Addi-
tionally this approach avoids the limitations of radiolabeled
toxin binding techniques that are biased toward detection of
compounds that directly or allosterically interfere with toxin
binding[21,22]. A calcium mobilization approach to measuring

Cay2.2 has been demonstrated previously [18,28-33]. However,
we have extended the credibility of this strategy by conducting
a comprehensive validation of our methods with respect to
potency and rank order for multiple classical Ca,2.2 reference
inhibitors originally characterized by EP and which represent
varying chemical classes and a large dynamic range of potency
(~1-2000 nM). Interestingly, our methods require a 1h
compound pretreatment to achieve potency values compar-
able to EP. This parameter is optimal likely because it permits
compounds to reach full equilibrium with respect to steady-
state inactivation at all concentrations.

A current concept in the development of novel inhibitors of
Ca,2.2 is state-dependence [60,61]. Our data indicate that the
present approach is sensitive to inhibition by small molecules
that have been characterized as exhibiting voltage-dependent,
frequency-dependent, and/or use-dependent mechanism of
block. Specifically flunarizine, fluspirilene, and mibefradil
have been demonstrated to mechanistically exhibit some or
all of these properties [23,24,27]. In addition, cadmium has
been described mechanistically as an open-channel blocker of
calcium channels [62,63]. Our approach appropriately detects
this type of pharmacological inhibitor as well. The conotoxins,
which also inhibit in this assay, are generally regarded as
state-independent, as they bind any state of the channel with
equal affinity. Thus our data are insufficient to conclude
whether or to what extent the method preferentially measures
state-dependent block. Under our experimental conditions,
the channels likely exist as a mixture of various gating states
and thus the potency may reflect contributions of all gating
categories.

A substantial number of molecules that have been
described as Na* channel blockers have also been identified
as calcium channel blockers [26,34,38,47-50]. Such compounds
include 4-arylpiperidines and 4-aryl-4-piperidinols, an analo-
gue of the anti-epileptic lamotrigine termed 619C89, a
neuroprotectant known as riluzole, and the diphenylalkylpi-
perazines flunarizine and lidoflazine. This dual Na*/Ca®*
channel pharmacological activity has been proposed as
important for the therapeutic efficacy of some compounds
[34,38]. Thus we extended the pharmacology of the recombi-
nant Ca,2.2 calcium mobilization response to an analysis of
various known Na* channel inhibitors representing multiple
chemotypes. Most compounds did indeed exhibit a secondary

Table 3 - FLIPR ICs, values at Ca,2.2 for various antidepressant compounds

Antidepressant FLIPR ICs (nM) Primary pharmacology
alg, 28, B3 alg, Bs
Desipramine 0.41+0.18 (4) 0.96 + 0.18 (4) NE/5-HT transporter inhibition
Amitriptyline 4.51+0.77 (5) 7.51+0.86 (4) NE/5-HT transporter inhibition
Clomipramine 5.12 +0.83 (4) 1.96 + 0.52 (3) NE/5-HT transporter inhibition
Mianserin 5.23 +£0.25 (3) 6.21 £ 0.55 (3) 5-HT2 antagonist/inverse agonist
Citalopram 8.58 +3.33 (4) 26.28 +2.92 (3) 5-HT uptake inhibition
Fluoxetine 10.16 + 4.83 (6) 11.70 +1.26 (4) 5-HT uptake inhibition
Doxepin 10.38 + 3.50 (3) 14.59 + 4.94 (4) NE/5-HT transporter inhibition
Buproprion 10.57 £ 4.14 (3) 23.21+5.23 (3) DA/NE uptake inhibition
Imipramine 15.81 + 4.16 (4) >20 (3) NE/5-HT transporter inhibition
Amoxapine >20 (3) >20 (4) NE uptake/5-HT, inhibition

Values represent mean + S.E.M. (n).
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pharmacology at Ca,2.2, with varying potencies, thereby
identifying novel chemotypes at Ca,2.2. Rank order of potency
did not match that of Na* channels across or within
chemotypes, thereby indicating that the structure-activity
relationship for Ca,2.2 inhibition is different than that of Na*
channel inhibition. However, given that the majority of these
compounds demonstrated an additional Ca,2.2 blocking
activity, it may be warranted to consider Ca,2.2 as a
counter-screen in drug discovery programs aimed at targeting
Na™* channels, or vice versa, to monitor compound selectivity.
Similar to the Na* channel inhibitors, antidepressants as a
class have been increasingly associated with secondary Ca**
channel pharmacology that may contribute additional ther-
apeutic effects or mechanistically underlie some clinically
observed side effects [35-37,57,58]. Antidepressants with
already described secondary Ca”* channel pharmacology
include fluoxetine, imipramine, and clomipramine. We have
extended the Ca,2.2 pharmacological characterization to
additional tricyclics, selective serotonin reuptake inhibitors
(SSRIs), and various other classes of antidepressants with
previously uncharacterized Ca,2.2 activity. Within the tricyc-
lic category were included desipramine, amitriptyline, clomi-
pramine, doxepin, imipramine, and amoxapine. These
compounds exhibited a broad range of Ca,2.2 potencies, with
desipramine as the most potent and amoxapine the least.
Clinically, desipramine has been reported to produce the
greatest reduction in postherpetic neuralgia pain when
compared to amitriptyline or fluoxetine [64]. Additionally,
desipramine is a major active metabolite of imipramine and is
the product of cytochrome P450 mediated N-demethylation of
its parent compound [65]. Metabolic conversion of imipramine
to a more potent Ca,2.2 inhibitor could play a role in
imipramine’s observed efficacy in human neuropathic pain
[66], as well as in its risk of orthostatic hypotension in patients
with impaired left ventricular function [67]. Thus more
detailed mechanistic investigation into desipramine’s and
imipramine’s secondary pharmacology at Ca,2.2 or other
calcium channels, and the relationship to clinical effect is
warranted. The SSRIs fluoxetine and citalopram exhibited
moderate to low potency at Ca,2.2, as did the tetracyclic
antidepressant mianserin, and the newer generation modified
antidepressant compound buproprion.
Electrophysiologically, the als, a23, B3-HEK cells exhibited
robust Ca,2.2 currents (>0.5 nA) appropriately blocked by ctx-
MVIla and cadmium. However the alg, B3-HEK cell currents
were dramatically smaller in amplitude (<200 pA) such that
they were not feasible for systematic biophysical or pharma-
cological analyses. This is consistent with the well-character-
ized role of the «23 subunit in enhancement of calcium
channel current amplitude [46] through regulation of «l
subunit trafficking [46,68]. Interestingly, our data has shown
that calcium mobilization responses are readily detectable in
both cell lines, and can be utilized for systematic pharmaco-
logical analysis. As such, the overall pharmacological profiles
matched closely between the triple subunit (als, «23, B3) and
dual subunit (alp, B3) cell lines across a multiplicity of
chemotypes, a large dynamic range of compound potencies,
and varying primary pharmacological classes. These data
suggest that at a macroscopic level, the «23 subunit does not
predominantly influence compound blockade of Ca,2.2. It has

been reported that in the presence of «23, Ca,2.2 affinity
measured by EP for o-conotoxins is lower than in the absence
of «23 [16]. This effect is more prominent for Ca,2.2 expressed
in Xenopus oocytes than in HEK-293 cells [16]. Our data,
generated from Ca,2.2 expressed in HEK-293 cells shows a
similar trend, particularly for ctx-MVIla, but is less pro-
nounced than the previously reported oocyte data, and is
qualitatively more comparable to such observations from
HEK-293 cells [16].

In summary, this study has provided a more comprehen-
sive pharmacological characterization of Ca,2.2 inhibitors in
two recombinant cell lines using a calcium mobilization
approach. The approach was validated with respect to potency
and rank order for multiple classical Ca,2.2 reference
inhibitors of various different chemical classes, and most
interestingly for several voltage-dependent and/or open
channel-blocking compounds. The pharmacology of Ca,2.2
was then extended to novel chemotypes within the Na*
channel inhibitor and antidepressant classes of compounds.
The data revealed that compounds within these classes do
inhibit Ca,2.2 with varying potencies and that the pharma-
cological profiles at Ca,2.2 correlate significantly between the
two cell lines.
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