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Abstract

T-type Ca2" currents were recorded in 2 mM Ca2" from HEK293 cells stably expressing the low voltage-activated Ca?* channel
sub-unit «,,. These currents were inhibited by the known Ca®* channel antagonist mibefradil with an 1Cg, close to 1 wM. SB-209712
(1,6,bis{1-[4-(3-phenyl propy!)piperidinylJthexane), a compound originally developed as a high voltage-activated Ca?™ channel blocker,
proved to be a more potent T-type channel antagonist, exhibiting an 1Cg, in the region of 500 nM. The antagonism produced by
SB-209712 was reversed following drug removal and the observed antagonism exhibited little or no voltage-dependence with respect to
either holding or test potential. These data indicate that SB-209712 is amongst the most potent known non-peptide T-type channel
antagonists and thus may have some use in understanding the role of these channels in cellular function. © 2000 Elsevier Science B.V.

All rights reserved.
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1. Introduction

Low voltage-activated Ca?* channels (or T-type Ca?*
channels) are strongly inferred in the generation of rhyth-
mical firing patterns in excitable cells. These effects have
been well characterised in the CNS (e.g. Ba and Mc-
Cormick, 1993; Llinas and Yarom, 1981) and have led to
numerous proposals implicating the activity of these chan-
nels in the pathophysiology of epilepsy (Huguenard, 1996;
Huguenard and Prince, 1994; Talley et al., 2000; Tsakiri-
dou et al., 1995). This view is supported by the antagonism
of T-type channels by certain anticonvulsant drugs for
example ethosuximide, trimethadione and sipatrigine
(Coulter et al., 1989; Huguenard and Prince, 1994; Mac-
donald and Kelly, 1995; McNaughton et al., 2000).

Until quite recently, investigation of the role of T-type
channels in physiological processes was limited by two
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main factors. The first was a lack of potent and selective
T-type channel antagonists. The second was a lack of
information about T-type channels at the molecular level.
The latter of these two barriers to our understanding of low
voltage-activated Ca?* channels has for the most part been
removed by the cloning of three genes, each of which
encodes a biophysically distinct T-type channel (Cribbs et
al., 1998; Lee et a., 1999; Perez-Reyes et a., 1998;
Randall and Benham, 1999). In contrast, only limited
progress has been made to date in the quest to identify
compounds that are both potent and selective T-type chan-
nel antagonists, athough it is certain that the cloning of
T-type channel family members will no doubt facilitate
progress towards this goal .

At present the 63 amino acid Kurtoxin (Chuang et al.,
1998) which comes from the scorpion Parabuthus
transvaalicus, and the small organic molecule mibefradil
(Clozel et a., 1997; Mishra and Hermsmeyer, 1994) are
amongst the most potent T-type channel antagonists known.
Both of these compounds exhibit state-dependent inhibi-
tion of recombinant and native T-type Ca®" channels. The
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ICs, of mibefradil is around 1 wM, whereas Kurtoxin is a
much more potent antagonist with an ICg, that is voltage-
dependent but is approximately 15 nM for currents acti-
vated by small depolarisiations from rest (Chuang et a.,
1998).

Although useful T-type channel blockers, both
mibefradil and Kurtoxin also form antagonistic interactions
with other ion channels. For example Kurtoxin, although
without actions on high voltage-activated Ca®* channels,
significantly alters Na* channel gating (Chuang et al.,
1998). In addition, its potential as a future therapeutic
agent is likely to be severely limited by its peptide nature.
In contrast, mibefradil is orally active and was briefly used
in the pharmacotherapy of cardiovascular conditions in
man. However, mibefradil is far from selective and may
best be regarded as a broad spectrum ion channel antago-
nist with activity at high voltage-activated Ca>* channels
(Mehrke et a., 1994; Randall and Tsien, 1997; Viana et
al., 1997), Na* channels (Randall, 1995), a broad range of
K™ channels (Gomora et al., 1999; Hardingham and Ran-
dall, 1996; Liu et a., 1999), CI~ channels (Nilius et al.,
1997) and store operated Ca?* channels (Hahn et al.,
1995).

Here we describe the antagonism of recombinant T-type
channels by SB-209712. This compound is one of a
series of phenyl (alkyl /alkoxy) 1-aminoalkyl substituted
piperidines and pyrrolidines that have previoudy been
shown to antagonize Ca?* channels in cultured sensory
and sympathetic neurones (Brown and Cooper, 1995). The
ICy, of this compound for «,, sub-unit-mediated T-type
channelsis around 500 nM, thus making it the most potent
small molecule T-type channel antagonist described to
date.

2. Methods

HEK 293 cells stably expressing the rat o, (Ca, 3.3)
Ca?" channel sub-units were prepared as described previ-
oudy (Lee et al., 1999). These cells were maintained in
culture for up to 25 passages and prepared for electrophys-
iology as described previously (McNaughton and Randall,
1997).

All experiments were carried out using whole-cell volt-
age-clamp techniques and were performed at room temper-
ature using fire-polished thin-walled glass pipettes of ~
2-4 M resistance. Series resistances were aways < 10
M Q) and were additionally compensated by 90—-98% using
the appropriate controls on the patch clamp amplifier
(Axopatch 200B, Axon Instruments).

In brief, gigaseals were formed in an extracellular solu-
tion consisting of (mM): NaCl, 130; KCl, 5; CaCl,, 2;
MgCl,, 1; glucose, 30; HEPES-NaOH, 20; pH 7.3. To
record isolated Ca?* currents, this solution was exchanged
for one of the following composition (mM): tetraethyl-

ammonium chloride (TEACI), 140; CsCl, 5; CaCl,, 2;
MgCl,, 1; HEPES, 10; glucose, 10; pH 7.35. The pipette
contained a solution of the following composition (mM):
CsCl, 140; MgCl,, 4; HEPES, 10; EGTA, 10; pH 7.3.

All experiments were performed under control of the
pClamp7 software suite (Axon Instruments, Foster City,
CA). This program was also used extensively in data
analysis. The current output of the amplifier was filtered at
f, =2 kHz and sampled at 10-25 times f_. Leak subtrac-
tion was performed in software using a standard P/4
method; |eak-subtracted and raw data were stored on com-
puter disk. The voltage clamp protocols employed are
described within the body of the text. Compounds were
applied locally via one of a movable bank of glass capillar-
ies. This permitted complete solution changes to be com-
pleted in around 30 ms, as described previousy (Mc-
Naughton et al., 1999). During analysis measurements of
current amplitude and exponential fits were performed
between manually placed cursors. Throughout data are
presented as mean + 1 SEM.

3. Reaults

From a holding potential of —80 mV, depolarisation of
HEK?293 cells expressing the T-type Ca®" channel en-
coded by the rat o, sub-unit elicited large, robust inward
currents, as described previously (McNaughton et al., 2000;
Lee et d., 1999). No such currents were observed in
untransfected wild-type cells. Standard current voltage re-
lationships revealed that these currents were classically
low voltage-activated in nature with significant current
induction being observed at a test potential of —60 mV
(see dso below). These «, sub-unit-mediated currents
could be completely and reversibly eliminated by the
previously described non-selective T-type Ca2* channel
antagonist mibefradil. Fig. 1A shows a plot of peak current
versus time from a typica recording in which 10 M
mibefradil was used to antagonize the Ca?* current in a
typical «, expressing HEK293 cell. Sample T-type cur-
rent traces from this experiment are shown in Fig. 1B.

Fig. 1C illustrates pooled normalized time course data
for the antagonism of «,, sub-unit-mediated T-type cur-
rents by 1, 3 and 10 wM mibefradil. It is clear from the
data that both the extent and development kinetics of
antagonism of T-type channels are dose-dependent as
would be predicted by a simple “binding to antagonize”
mechanism. In line with this, the kinetics of recovery from
block following mibefradil removal were independent of
antagonist concentration and were well fit by a single
exponential. The mean value of this current recovery time
constant was 205 + 35 s. In Fig. 1D these same data are
represented in a plot of the reciprocal of the blocking time
constant against mibefradil concentration. A best straight
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Fig. 1. The known Ca?" channel antagonist mibefradil reversibly blocks «,, encoded T-type Ca?* channels. (A) A plot of peak Ca2* current amplitude
versus time from a typical experiment in which mibefradil (10 wM) was used to antagonize a4, sub-unit-mediated channel function. In these experiments
the test potential was — 15 mV and the holding potential was —80 mV. Test pulses were applied at 0.1 Hz. The compound was applied as indicated by the
open bar. A single exponentid fit to the current recovery following drug remova is shown. (B) Typical traces from the experiment shown in (A), the lower
case letters correspond to the timepoint accordingly indicated in (A). (C) Pooled data illustrating the timecourse of T-type channel inhibition by 1 uM (@,
n=23),3uM (a, n=3)and 10 uM (m, n=7) mibefradil. Prior to averaging across cells data from each recording were averaged to the predrug current
amplitude. (D) A plot of mibefradil concentration against T-type current antagonism rate and a corresponding best fit linear regression line.

line through these points predicts an apparent on rate (k)
of 0.00736 uM s~! and an off-rate of (0.00733 s 1). The
ratio of these values indicates an apparent K, of 1.0 uM,
which is in good agreement both with the steady state
inhibition we observed at 1 wM (Fig. 1C), and previous
reports of the activity of this compound (Mehrke et al.,
1994; Randall and Tsien, 1997).

Mibefradil has been shown to antagonize the activity of
other ion channels including the high voltage-activated
Ca®" channels (Bezprozvanny and Tsien, 1995; Randall
and Tsien, 1997; Viana et al., 1997). In this light, we
surveyed the activity of some other small molecule antago-
nists of Ca?* channels as T-type channel inhibitors. In
these experiments «,, sub-unit-mediated T-type currents
were elicited by 50 ms step depolarisation from —80 to
—15 mV applied every 10 s. Of the agents we have
examined to date, the dihydrochloride salt of 1,6,bis{1-[4-
(3-phenylpropyDpiperidinylJthexane (SB-209712, Fig. 2A)

proved to be the most potent «,, sub-unit-mediated Ca?*
current antagonist. An example of the timewise develop-
ment of inhibition of o, sub-unit-mediated currents by
this compound applied at 1 wM is shown in Fig. 2A. In
this and seven other similar experiments, this concentration
of SB-209712 produced an inhibition of peak current that
averaged 82 + 1% (Fig. 2B).

Aswith mibefradil, the extent and kinetics of SB-209712
antagonism of «,, sub-unit-mediated currents followed a
conventional dose-dependence. Hence, at higher concentra-
tions, current inhibition was both more complete (94 + 1%
a5 uM and 58 + 2% at 0.5 wM) and developed more
rapidly. The mean time constant of antagonism was 156 +
21sa 05uM,8+8salpMand30+2sa 5puM
(Fig. 20). In contrast, the rate of recovery from SB-
209712-mediated T-type channel antagonism was not de-
pendent on the concentration of compound previously
applied. On average, the reversal of antagonism following
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Fig. 2. T-type channel inhibition by SB-209712. (A) Consecutive traces from an experiment in which 1 wM SB-209712 (structure shown bottom left) was
used to antagonize «,, sub-unit-mediated T-type Ca?* currents. The trace with the largest amplitude was recorded immediately prior to drug application
and the remaining traces show the increasing development of antagonism with time following SB-209712 application. The test potential was — 15 mV and
the holding potential was —80 mV. (B) Pooled data from four cells including that in (A). The graph illustrates both the mean current antagonism rate and
rate of recovery seen following SB-209712 removal. Prior to averaging across cells data from each recording were averaged to the predrug current
amplitude. (C) Pooled mean current blocking trajectories for cells exposed to 0.5 M (a), 1 uM (@) and 5 wM (m) SB-209712. SB-209712 was applied
at the time indicated by the arrow. Data were averaged as described in (B), the mean time constants of current antagonism are also shown. (D) A plot of
mibefradil concentration against T-type current antagonism rate and a corresponding best fit linear regression line.

SB-209712 remova proceeded with a time constant of
264 + 13 s. On average current recovery following drug
washout only reached ~ 70% of predrug levels (see for
example Fig. 2B). We believe that this failure to see
complete recovery entirely reflects the presence of a de-
gree of Ca®* current rundown, which is a common charac-
teristic of prolonged whole-cell recordings from o, ex-
pressing cells (RW and AR, unpublished observations).

A substantial number of voltage-gated ion channel an-
tagonists exhibit state-dependent interactions. In the Ca?*
channel field, a classic example of such pharmacology is
the selective interaction of dihydropyridines with the inac-
tivated state of L-type channels (Bean, 1984). Mibefradil
has been reported to exhibit a similar if rather less marked
behaviour with respect to its inhibition of T-type channels

(Mehrke et al., 1994; McDonough and Bean, 1998). To
investigate if this was also the case for SB-209712-media-
ted inhibition of T-type channels we tested the ability of
this compound to block currents elicited from three differ-
ent holding potentials —90, —80 and — 70 mV. Both the
degree of current inhibition observed and the kinetics of
block were identical when 50 ms test depolarisations to
—15 mV applied at 0.1 Hz were applied to cells voltage-
clamped in the steady state at each of these holding
potentias (Fig. 3A). At these holding levels the degree of
steady state inactivation of «, T-type channels was 89 +
4% (—90 mV), 67 + 5% (—80 mV) and 34 4+ 5% (—70
mV) (n=6). This suggests that SB-209712 does not
strongly discriminate inactivated states of the o, T-type
channel. In addition, current—voltage relationships col-
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Fig. 3. Basic biophysics of SB-209712 antagonism of a,, sub-unit-mediated T-type channels. (A) A graph plotting the timecourse of channel inhibition by
SB-209712 for three different interstimulus holding potentials, in each case the test potential was — 15 mV. Data from each recording were normalized to
the mean amplitude of the five sweeps recorded prior to drug application. (B) A graph plotting pooled current voltage-relationships recorded from five cells
before (M) and during (@) steady state antagonism by 1 wM SB-209712. (C) A plot of fractional SB-209712-induced antagonism against test potential for
the five cells used to compile (B). (D) A plot of steady state fractional antagonism against test pulse frequency for recordings in which cells were exposed

to 1 wM SB-209712.

lected under control conditions and in the presence of
either 0.5 wM (not shown) or 1 wM 209712 were very
similar (Fig. 3B) suggesting that antagonism by this com-
pound is not strongly voltage-dependent with respect to
activation potential (Fig. 3C). Furthermore, in experiments
in which 50 ms test pulses were applied at either 0.33, 0.1
or 0.033 Hz, no evidence was found for any strong use-de-
pendence in either the rate (not shown) or extent (Fig. 3D)
of SB-209712-mediated block.

4. Discussion

We have described the inhibitory properties of a novel
T-type Ca®" channel antagonist SB-209712. This com-
pound has a submicromolar 1Cg, and exhibits reversible
antagonism of the «, T-type channel. SB-209712 was

originally developed as a high voltage-activated Ca?*
channel antagonist (Brown and Cooper, 1995). The ant-
agonistic potency against such channels in cultured sen-
sory neurones and superior cervical ganglion neurones was
around 5-10-fold lower than that shown here for inhibition
of T-type channels (Mark Harries, personal communica-
tion).

Although its activity against high voltage-activated Ca? "
channels clearly points to a lack of selectivity, SB-209712
remains an interesting pharmacophore because it is as
potent a non-peptide T-type channel antagonist as any
other compound described to date. Indeed, until quite
recently, the only known pharmacological antagonists of
T-type channels required concentrations approaching 0.5
mM to produce substantial block. Compounds in this
category included ethosuximide, octanol and amiloride
(e.g. Todorovic and Lingle, 1998). More recent work has
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uncovered compounds with higher efficacy (ICy, 1-10
wM) against T-type channels including certain dihydropy-
ridines (compounds better known as “selective” L-type
channel blockers, (Akaike et al., 1989; Randall and Tsien,
1997; Richard et a., 1991), mibefradil, and the fluo-
rophenylpiperazines such as U92032, U88999 and KB-
2796 (Akaike et al., 1993). All of these compounds exhibit
significant inhibition of at least some classes of high
voltage-activated Ca?* channels. Indeed, we have recently
found that SB-209712 blocks the high-voltage activated
recombinant human o ,¢-sub-unit-mediated channels by ~
85% at 1 wM (AR, unpublished observations). In the
future, it will be important to examine in detail how
SB-209712 interacts with the other two recombinant T-type
channels, namely those encoded by the o, and oy
sub-units, which our preliminary observations indicate are
both antagonised by SB-209712. Furthermore, given the
recent data on w-AgalVamediated inhibition of different
aq, Splice variants (Bourinet et al., 1999), careful analysis
of differentia actions of this SB-209712 on the emerging
range of o, splice variants (Mittman et a. 1999) may
eventually point to potential sites of interaction of this
compound with the channel complex. Additionally, com-
parative analysis of inhibition of human (Mittman et al.
1999; Monteil et al., 2000) and rat o ,,-sub-unit mediated
T-type channels could be useful for the understanding
species differences, particularly with an eye to the future
development of T-type channel antagonists for clinical use
in man.

In this study we specifically compared the antagonistic
properties of SB-209712 with those of mibefradil. We
chose mibefradil because it is probably the best known of
all the T-type Ca?* channel antagonists. This stems mainly
from its short-lived clinical use in the treatment of cardio-
vascular conditions in man. Under our recording condi-
tions SB-209712 is clearly a more potent T-type channel
antagonist than mibefradil. In addition, contrary to the
activity of mibefradil, SB-209712-mediated antagonism of
T-type channels does not appear to be dependent on the
prestimulus holding potential.

A similarity between mibefradil and SB-209712 is that
they both significantly antagonize the function of other ion
channels. Amongst these are the high voltage-activated
Ca?" channels, the target against which SB-209712 was
originally developed and also a major site of action of
mibefradil (Mehrke et a., 1994; Randall and Tsien, 1997;
Viana et a., 1997). Mibefradil also has actions on a broad
range of other channels including K* channels, Na*
channels and Cl~ channels (Ellar et al., 2000; Gomora et
al., 1999; Hardingham and Randall, 1996; Liu et a., 1999;
Nilius et al., 1997; Randall, 1995). Presently, less informa-
tion is available about the actions of SB-209712 on other
channels, however, some preliminary experiments indicate
that it may block background K* channels in the two pore
domain family (ADR and Helen Meadows, unpublished
observations).

One other class of non-peptide compound has been
reported to exhibit a submicromolar 1Cg, for T-type chan-
nel antagonism. These are the carbonitrile steriods such as
(38,50,17 beta)-17-hydroxyestrane-3-carbonitrile. These
compounds produce a stereosel ective antagonism of native
T-type channels in sensory neurones with a reported 1C,
of around 300 nM (Todorovic et al., 1998). Interestingly,
unlike the effects of SB-209712 on «,, channels shown
here, native T-type channel inhibition by these compounds
is incomplete, peaking at ~ 45% of total low voltage-
activated current. As sensory neurones express all three
T-type channel o, sub-units this partial antagonism poten-
tidly reflects selective antagonism of one or two types of
T-type Ca2* channel. Instead it may just reflect a partial
block of al channel types, similar to that seen in the
antagonism of certain high voltage-activated Ca?* chan-
nels by the spider toxin w-Aga-ll1A (Mintz, 1994). Clearly,
as with SB-209712, it would be interesting to examine the
effects of these carbonitrile steroids on al three recombi-
nant T-type Ca?" channels separately.

In common with the carbonitrile steroids (Nakashima et
al., 1999), SB-209712 also blocks high voltage-activated
Ca?* channels. For this reason it can certainly be ques-
tioned as to whether such a compound could ever form a
useful lead molecule in the search for a selective T-type
channel antagonist. Indeed, the view that many hydropho-
bic skeletons bearing one or more amines protonatable
around physiological pH are more than likely to act as ion
channel blockers is gaining increasing credence. As a case
in point, high throughput screens against recombinant Ca2*
channels using diverse chemical libraries continue to iso-
late hydrophobic amines as relatively non-selective volt-
age-gated channel blockers (e.g. McNaughton et al., 1999).
In a similar vein, recent work demonstrates substantial
non-subtype specific antagonism of high voltage-activated
Ca?" channels by submicromolar levels of simple aliphatic
amines. Interestingly, the work of these authors demon-
strates important structure activity aspects with relation-
ship to the length of the carbon backbone with the most
potent block being produced by C12 and C13 compounds
(Beedle and Zamponi, 1999).

Whether SB-209712 or related chemica entities have
potential as chemical platforms for the future devel opment
of useful pharmacophores will only be clear after much
additional work. However, from what we currently under-
stand about T-type channel function, agents which modu-
late the activity of T-type Ca?* channels with some degree
of selectivity certainly exhibit potential for the pharma
cotherapy of a number of disorders, the most commonly
cited of which are the epilepsies. Furthermore, even if its
own lack of selectivity limits its progression as a pharma-
ceutical lead, access to a submicromolar “tool” antagonist
of T-type Ca®* channels is likely to be very useful in
developing and validating novel biological screens for
other compounds with activity against members of this
interesting ion channel family.



N.C.L. McNaughton et al. / European Journal of Pharmacology 407 (2000) 53-60 59

References

Akaike, N., Kostyuk, P.G., Osipchuk, Y.V., 1989. Dihydropyridine-sensi-
tive low-threshold calcium channels in isolated rat hypothalamic
neurones. J. Physiol. 412, 181-195.

Akaike, N., Ishibashi, H., Hara, H., Oyama, Y., Ueha, T., 1993. Effect of
KB-2796, a new diphenylpiperazine Ca?* antagonist, on voltage-de-
pendent Ca2™ currents and oxidative metabolism in dissociated mam-
malian CNS neurons. Brain Res. 619, 263-270.

Bal, T., McCormick, D.A., 1993. Mechanisms of oscillatory activity in
guinea-pig nucleus reticularis thalami in vitro: a mammalian pace-
maker. J. Physiol. 468, 669—691.

Bean, B.P., 1984. Nitrendipine block of cardiac calcium channels: high-
affinity binding to the inactivated state. Proc. Natl. Acad. Sci. U. S.
A. 81, 6388-6392.

Beedle, A.M., Zamponi, G.W., 1999. Block of voltage-dependent Ca?*
channels by alphatic monoamines. Biophys. J. 79, 260—270.

Bezprozvanny, ., Tsien, RW., 1995. Voltage-dependent blockade of
diverse types of voltage-gated Ca®" channels expressed in Xenopus
oocytes by the Ca?* channel antagonist mibefradil (Ro 40-5967).
Mol. Pharmacol. 48, 540-549.

Bourinet, E., Soong, T.W., Sutton, K., Slaymaker, S., Mathews, E.,
Monteil, A., Zamponi, G.W., Nargeot, J., Snutch, T.P., 1999. Splicing
of apha 1A subunit gene generates phenotypic variants of P- and
Q-type calcium channels. Nat. Neurosci. 2, 407-415.

Brown, T.H, Cooper, D.G. 1995 Novel phenyl (alkyl/akoxy) 1-
aminoalkyl substituted piperidines and pyrrolidines as calcium chan-
nel antagonists. Patent, PCT /EP95/00850(WO 95 /24390).

Chuang, R.S., Jaffe, H., Cribbs, L., Perez-Reyes, E., Swartz, K.J.,, 1998.
Inhibition of T-type voltage-gated calcium channels by a new scor-
pion toxin. Nat. Neurosci. 1, 668—674.

Clozdl, J.P., Ertel, E.A., Ertel, S.l., 1997. Discovery and main pharmaco-
logical properties of mibefradil (Ro 40-5967), the first selective
T-type calcium channel blocker. J. Hypertens. (Suppl. 15), S17—-S25.

Coulter, D.A., Huguenard, JR., Prince, D.A., 1989. Specific petit mal
anticonvulsants reduce calcium currents in thalamic neurons. Neu-
rosci. Lett. 98, 74-78.

Cribbs, L.L., Lee, JH., Yang, J.,, Satin, J., Zhang, Y., Daud, A., Barclay,
J., Williamson, M.P., Fox, M., Rees, M., Perez-Reyes, E., 1998.
Cloning and characterization of alpha 1H from human heart, a
member of the T-type Ca2* channel gene family. Circ. Res. 83,
103-109.

Ellar, P., Berjukov, S., Wanner, S., Huber, I., Hering, S., Knaus, H.-G.,
Toth, G., Kimball, D., Striessnig, J., 2000. High affinity interaction of
mibefradil with voltage-gated calcium and sodium channels. Br. J.
Pharmacol. 130, 669-677.

Gomora, J.C., Enyeart, JA., Enyeart, JJ.,, 1999. Mibefradil potently
blocks ATP-activated K(*) channels in adrenal cells. Mol. Pharma-
col. 56, 1192-1197.

Hahn, M., Tkachuk, V.A., Bochkov, V.N., Cheglakov, |I.B., Clozdl, J.P.,
1995. Blockade of receptor-operated calcium channels by mibefradil
(Ro 40-5967): effects on intracellular calcium and platelet aggrega-
tion. Cardiovasc. Drugs Ther. 9, 815-821.

Hardingham, N., Randall, A.D., 1996. Biophysical analysis of the interac-
tion of Ro 405967 with K* channelsin the NG108-15 cell-line. Br. J.
Pharmacol. 117, 116P.

Huguenard, J.R., 1996. Low-threshold calcium currentsin central nervous
system neurons. Annu. Rev. Physiol. 58, 329-348.

Huguenard, JR., Prince, D.A., 1994. Intrathalamic rhythmicity studied in
vitro: nominal T-current modulation causes robust antioscillatory
effects. J. Neurosci. 14, 5485-5502.

Lee, JH., Daud, A.N., Cribbs, L.L., Lacerda, A.E., Pereverzev, A.,
Klockner, U., Schneider, T., Perez-Reyes, E., 1999. Cloning and
expression of a novel member of the low voltage-activated T-type
calcium channel family. J. Neurosci. 19, 1912—-1921.

Liu, JH., Bijlenga, P., Occhiodoro, T., Fischer-Lougheed, J., Bader,
C.R., Bernheim, L., 1999. Mibefradil (Ro 40-5967) inhibits several

Ca®* and K™ currents in human fusion-competent myoblasts. Br. J.
Pharmacol. 126, 245-250.

Llinas, R., Yarom, Y., 1981. Electrophysiology of mammalian inferior
olivary neurones in vitro. Different types of voltage-dependent ionic
conductances. J. Physiol. 315, 549-567.

Macdonad, R.L., Kelly, K.M., 1995. Antiepileptic drug mechanisms of
action. Epilepsia 36 (Suppl. 2), S2-S12.

McDonough, Sl., Bean, B.P., 1998. Mibefradil inhibition of T-type
calcium channels in cerebellar Purkinje neurons. Mol. Pharmacoal.,
1080-1087.

McNaughton, N.C., Randall, A.D., 1997. Electrophysiological characteri-
sation of the human N-type Ca?* channel: |. Channel gating in Ca?",
Ba®" and Sr?t containing solutions. Neuropharmacology 36, 895—
915.

McNaughton, N.C., White, C., Clark, B., Bath, C., Bleskman, D.,
Randall, A.D., 1999. Electrophysiological characterisation of the hu-
man N-type Ca?* channel 111: pH-dependent inhibition by a synthetic
macrocyclic polyamine. Neuropharmacology 38, 19-38.

McNaughton, N.C., Hainsworth, A.H., Green, P.J., Randall, A.D., 2000.
Inhibition of recombinant low voltage-activated Ca?* channels by the
neuroprotective agent BW619C89 (Sipatrigine). Neuropharmacology
39, 1247-1253.

Mehrke, G., Zong, X.G., Flockerzi, V., Hofmann, F., 1994. The Ca(+ +)-
channel blocker Ro 40-5967 blocks differently T-type and L-type
Ca+ + channels. J. Pharmacol. Exp. Ther. 271, 1483-1488.

Mintz, I.M., 1994. Block of Ca channels in rat central neurons by the
spider toxin w-Aga-Il1A. J. Neurosci. 14, 2844—2853.

Mishra, SK., Hermsmeyer, K., 1994. Selective inhibition of T-type
Ca?" channels by Ro 40-5967. Circ. Res. 75, 144-148.

Mittman, S., Guo, J., Emerick, M.C., Agnew, W.S., 1999. Structure and
alternative splicing of the gene encoding alpha(1l), a human brain T
calcium channel alpha(1) subunit. Neurosci. Lett. 269, 121-124.

Monteil, A., Chemin, J.,, Leuranguer, V., Altier, C., Mennessier, G.,
Bourinet, E., Lory, P., Nargeot, J., 2000. Specific properties of T-type
calcium channels generated by the human o4, subunit. J. Biol. Chem.
275, 16530—-16535.

Nakashima, Y.M., Pereverzev, A., Schneider, T., Covey, D.F., Lingle,
C.J, 1999. Blockade of Ba?* current through human apha 1E
channels by two steroid analogs, (+)-ACN and (+)-ECN. Neu-
ropharmacology 38, 843-855.

Nilius, B., Prenen, J., Kamouchi, M., Viana, F., Voets, T., Droogmans,
G., 1997. Inhibition by mibefradil, a novel calcium channel antago-
nist, of Ca2*- and volume-activated Cl~ channels in macrovascular
endothelial cells. Br. J. Pharmacol. 121, 547-555.

Perez-Reyes, E., Cribbs, L.L., Daud, A., Lacerda, A.E., Barclay, J,
Williamson, M.P., Fox, M., Rees, M., Lee, JH., 1998. Molecular
characterization of a neuronal low voltage-activated T-type calcium
channel. Nature 391, 896—900.

Randall, A.D., 1995. On the blockade of neuronal Na* and K* channels
by the Ca?* channel antagonist Ro 405967. J. Physiol. 485, 49P.
Randall, A., Benham, C.D., 1999. Recent advances in the molecular
understanding of voltage-gated Ca?™ channels. Mol. Cell. Neurosci.

14, 255-272.

Randall, A.D., Tsien, R.W., 1997. Contrasting biophysical and pharmaco-
logical properties of T-type and R-type calcium channels. Neurophar-
macology 36, 879—893.

Richard, S., Diochot, S., Nargeot, J., Bady, M.M., Vamier, J., 1991.
Inhibition of T-type calcium currents by dihydropyridines in mouse
embryonic dorsal root ganglion neurons. Neurosci. Lett. 132, 229-234.

Taley, EMM., Solorzano, G., Depaulis, A., Perez-Reyes, E., Bayliss,
D.A., 2000. Low voltage-activated calcium channel subunit expres-
sion in a genetic model of absence epilepsy in the rat. Brain Res.,
Mol. Brain Res. 75, 159—-165.

Todorovic, SM., Lingle, C.J., 1998. Pharmacological properties of T-type
Ca* current in adult rat sensory neurons: effects of anticonvulsant
and anesthetic agents. J. Neurophysiol. 79, 240-252.

Todorovic, SM., Prakriya, M., Nakashima, Y.M., Nilsson, K.R., Han,



60 N.C.L. McNaughton et al. / European Journal of Pharmacology 407 (2000) 53-60

M., Zorumski, C.F., Covey, D.F., Lingle, C.J., 1998. Enantioselective thalamic neurons in a rat model of absence epilepsy. J. Neurosci. 15,

blockade of T-type Ca?* current in adult rat sensory neurons by a 3110-3117.

steroid that lacks gamma-aminobutyric acid-modulatory activity. Mol. Viana, F., Van den Bosch, L., Missiaen, L., Vandenberghe, W., Droog-

Pharmacol. 54, 918-927. mans, G., Nilius, B., Robberecht, W., 1997. Mibefradil (Ro 40-5967)
Tsakiridou, E., Bertallini, L., de Curtis, M., Avanzini, G., Pape, H.C., blocks multiple types of voltage-gated calcium channels in cultured

1995. Selective increase in T-type calcium conductance of reticular rat spinal motoneurones. Cell Calcium 22, 299-311.



