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1 Pharmacological properties of nifedipine-insensitive, high voltage-activated Ca2+ channels in rat
mesenteric terminal arteries (NICCs) were investigated and compared with those of a1E and a1G
heterologously expressed in BHK and HEK293 cells respectively, using the patch clamp technique.

2 With 10 mM Ba2+ as the charge carrier, rat NICCs (unitary conductance: 11.5 pS with 110 mM

Ba2+) are almost identical to those previously identi®ed in a similar region of guinea-pig, such as in
current-voltage relationship, voltage dependence of activation and inactivation, and divalent cation
permeability. However, these properties are considerably di�erent when compared with a1E and
a1G.

3 SNX-482(200 nM and sFTX3.3 (1 mM), in addition to o-conotoxin GVIA (1 mM) and o-agatoxin
IVA (100 nM), were totally ine�ective for rat NICC currents, but signi®cantly suppressed a1E (by
82% at 200 nM; IC50=11.1 nM) and a1G (by 20% at 1 mM) channel currents, respectively. A non-
speci®c T-type Ca2+ channel blocker nimodipine (10 mM) di�erentially suppressed these three
currents (by 40, 3 and 85% for rat NICC, a1E and a1G currents, respectively).

4 Mibefradil, the widely used T-type channel blocker, almost equally inhibited rat NICC and a1G
currents in a voltage-dependent fashion with similar IC50 values (3.5 and 0.3 mM and 2.4 and
0.14 mM at 7100 and 760 mV, respectively). Furthermore, other organic T-type channel blockers
such as phenytoin, ethosuximide, an arylpiperidine derivative SUN N5030 (IC50=0.32 mM at
760 mV for a1G) also exhibited comparable inhibitory e�cacies for NICC currents (inhibited by
22% at 100 mM; IC50=27.8 mM; IC50=0.53 mM, respectively).

5 These results suggest that despite distinctive biophysical properties, the rat NICCs have
indistinguishable pharmacological sensitivities to many organic blockers compared with T-type Ca2+

channels.
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VDCCs: voltage-dependent Ca2+ channels; o-CTxGVIA: omega conotoxin GVIA; o-aga IVA; omega agatoxin
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Introduction

Resistant arterioles are in a partially contracted state due to
continuous Ca2+ entry under the tonic in¯uence of
intraluminal pressure and sympathetic nerve activity (Hirst

& Edwards, 1989; Mulvany & Aalkjar, 1990; Hill et al.,
2001). In most of arterial trees, the main route of this Ca2+

entry has been believed to be dihydropyridine (DHP)-
sensitive, L-type Ca2+ channels (Nelson et al., 1990; Kotliko�

et al., 1999), but in some vascular tissues such as the

coronary artery, contribution of T-type Ca2+ channels has
also been suggested (Ganitkevich & Isenberg, 1990; Cribbs,
2001). Recent investigations have however revealed that in

some peripheral resistant arterioles, DHP-insensitive, voltage-
dependent Ca2+ channels (VDCCs) biophysically and
pharmacologically distinguishable from L- or T-type channels
may have more physiological importance. For example, in rat

renal a�erent arterioles, the prominence of P/Q type Ca2+

channels and their functional importance to maintain the
arteriolar tone have been demonstrated (Hansen et al., 2000).

In guinea-pig mesenteric arterial tree, it has been found that
the current density of rapidly inactivating, high voltage-
activated (HVA), nifedipine-insensitive Ca2+ channels
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(NICCs) with novel properties dramatically increases towards
the periphery (Morita et al., 1999). The primary sympathetic
neurotransmitter ATP in this vascular region (Gitterman &

Evans, 2001) e�ectively modulates the activity of these
NICCs, thus suggesting their potential contribution to the
control of arteriolar tone and blood pressure (Morita et al.,
2002). The properties of NICCs do not accord well with

those of any hitherto-known DHP-insensitive VDCCs such as
N-, P/Q, R- and T-type Ca2+ channels (Hofmann et al., 1999;
Morita et al., 1999; Lacinova et al., 2000). Whereas the

activation threshold and ionic permeability/blocking e�cacy
of divalent cations (Ba2+ is more permeable than Ca2+ and
Cd2+ has a higher blocking e�cacy than Ni2+) of NICCs are

clearly of high voltage-activated (HVA) VDCC type, the slow
deactivation of NICC current (time constants of the order of
millisecond) is rather reminiscent of T-type Ca2+ channel.

Furthermore, speci®c peptide blockers for N- and P/Q type
channels, o-conotoxin GVIA and o-agatoxin IVA, are
ine�ective at inhibiting NICC activities, but nimodipine and
amiloride, which have been reported to block T-type Ca2+

currents (Nooney et al., 1997; Heady et al., 2001),
signi®cantly reduce the amplitude of NICC current. Thus, it
is di�cult to determine whether these channel activities would

re¯ect a yet unidenti®ed VDCC or, alternatively, arise from
the splice variants of known VDCCs in a varying subunit
composition (Walker & Waard, 1998; Hofmann et al., 1999;

Morita et al., 1999; Lacinova et al., 2000).
In the present study, in order to get more insight into the

molecular nature of NICCs and facilitate the understanding

of their molecular entity, we have investigated the pharma-
cological pro®le of NICC in further detail, in comparison
with those of R- and T-type Ca2+ channels, which resemble
NICCs best amongst hitherto-known DHP-insensitive Ca2+

channels. For this purpose, we employed cell lines stably
expressing a1E and a1G (we chose a1G rather than other T-
type VDCC isoforms as it has been best characterized and

found to be expressed in some vascular tissues), and myocytes
dissociated from the rat rather than guinea-pig mesenteric
artery to record NICCs, since far greater genetic information

is available for the rat than the guinea-pig. To validate this
choice, in the ®rst part of this work, we con®rmed that
NICCs almost identical to those of guinea-pig are indeed
present in the rat mesenteric terminal artery. Surprisingly, the

results of this study have shown that despite clear biophysical
di�erences, the rat NICCs exhibit very similar sensitivities to
many organic compounds including mibefradil compared

with T-type Ca2+ channels.

Methods

Cell dispersion

All procedures used in this study were performed according
to the guidelines approved by a local animal ethics committee
of Kyushu University. Brie¯y, Wistar rats of either sex

weighing 230 ± 350 g were anaesthetized with inhalation of
diethyl ether and sacri®ced by decapitation. After opening the
abdominal cavity, the whole mesentery was excised out and

pinned on the rubber bottom of a dissecting dish ®lled with a
modi®ed Krebs solution. Short segments from the distal half
of terminal branches measuring 50 ± 100 mm in diameter were

dissected with ®ne scissors and forceps, and consecutively
incubated at 358C, ®rst in nominally Ca2+-free Krebs
solution for 30 min and then the one supplemented with

2 mg/ml collagenase (Worthington, type 2) for 1.5 h. Single
cells, yielded by gently triturating these digested segments
using a blunt tipped pipette 20 to 30 times, were stored in
1 mM Ca2+-containing Krebs solution at 108C until use.

Cell culture

Human embryonic kidney (HEK293) and baby hamster
kidney (BHK) cells stably expressing human a1G and rabbit
a1E (BII; co-transfected with a2a/d and b1b subunits;

Wakamori et al., 1994), respectively, were maintained in a
culture dish ®lled with Dulbecco s modi®ed Eagle Medium
(DMEM) complemented with 10% foetal bovine albumin

(FBS), 20 units ml71 penicillin, 30 mg ml71 streptomycin and
400 mg ml71 G-418. Cells were re-seeded every 3 ± 4 days
before becoming con¯uent.

Electrophysiological measurements

For recording NICCs, myocytes dissociated from rat

mesenteric terminal arteries were allowed to lodge on the
bottom of a recording chamber for about 10 min. For
recording T- and R-type Ca2+ currents, HEK293 and BHK

cells (see above) adhering to the bottom of culture dish were
trypsinized and re-seeded on cover slips (1610 mm) pre-
coated with poly-L-lysin, and used for experiments within

12 ± 24 h. A commercial ampli®er (Axopatch 1D, Axon
Instruments) in conjunction with an A/D, D/A converter
was used to generate voltages and sample current signals
after low-pass ®ltering at 1 kHz (digitized at 2 kHz), under

the control of an IBM computer (Aptiva) which was driven
by a commercial software `Clampex v.6.02' (Axon Instru-
ments). The P/4 or P/2 protocol was routinely employed to

subtract leak currents, and 50 ± 80% of series resistance (5 ±
10 MO) was electronically compensated. Data analyses and
illustration were performed using Clamp®t v.6.02 (Axon

Instruments). All experiments were performed at room
temperature (22 ± 258C) and all illustrations displayed in
®gures are corrected for the leak.

For single channel recording, current signals were sampled at

10 kHz using a patch clamp ampli®er (200B; Axon Instru-
ments) after low pass ®ltering through an 8-pole Bessel ®lter
(2 kHz). Leak and capacitive currents were corrected by

subtracting the averages of 20 ± 30 null traces from those
exhibiting channel openings, which were then analysed using
the software Clamp®t 7.0 (Axon Instruments). The baseline and

level of channel opening were determined by visual inspection.

Solutions

Solutions of the following composition were used (in mM); a
modi®ed Krebs solution: Na+ 140, K+ 6, Ca2+ 2, Mg2+ 1.2,
Cl7 152.4, glucose 10, HEPES 10 (pH 7.4; adjusted by Tris

base). Ten Ba2+-external solution: Na+ 140, K+ 6, Ba2+ 10,
Mg2+ 1.2, Cl7 168.4, glucose 10, HEPES 10 (pH 7.4;
adjusted by Tris base). Cs+-internal solution: Cs+ 140, Mg2+

2, Cl7 144, phosphocreatine 5, Na2ATP 1, GTP 0.2, EGTA
10, HEPES 10 (pH 7.2; adjusted by Tris base). 110Ba2+

solution for single channel recording: Ba2+ 110, Cl7 220,
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HEPES 10 (10 mM nifedipine added; pH 7.4, adjusted by Tris
base). 140K+ solution for single channel recording: K+ 140,
Mg2+ 1.5, Cl7 143, glucose 10, HEPES 10, EGTA 1 (10 mM
nifedipine added; pH 7.4, adjusted by Tris base). At the
beginning of experiments each day, nifedipine (10 mM) was
freshly dissolved in the bath solution, which was superfused
continuously at a rate of 1 ± 2 ml min71 into the recording

chamber (volume: *0.2 ml) via a gravity-fed perfusion
system. For application of drugs, a fast and topical solution
change device (`Y-tube') was employed. In order to avoid

possible contamination by highly lipophilic drugs remaining
in the tube, the route was vigorously washed with an acidic
water/ethanol (*30%) mixture after each experiment.

Chemicals

The following agents were purchased; ATP, GTP and EGTA
from Dojin (Kumamoto, Japan). Nifedipine, nimodipine,
phenytoin and ethosuximide from Sigma; o-conotoxin
GVIA, o-agatoxin IVA and sFTX3.3 from Calbiochem.

Mibefradil and SNX-482 were kindly provided by Hofmann
La-Roche Ltd. and Peptide Institute Inc. (Osaka, Japan),
respectively. An arylpiperidine derivative SUN N5030

(Annoura et al., 2002) is a kind gift from Dr H. Annoura
(Suntory Biomedical Research Ltd.).

Statistics

All data are expressed as mean+s.e.mean. To evaluate

statistical signi®cance of di�erence between a given set of
data, paired and unpaired t-tests and one-way ANOVA with
pooled variance t-test with Bonferroni's correction were
employed.

Results

Nifedipine-insensitive VDCCs in rat mesenteric terminal
artery are the same channels as guinea-pig NICCs

Figure 1 demonstrates the actual traces, current-voltage
relationship and activation and inactivation curves of
nifedipine-insensitive Ca2+ channel (NICC) currents recorded

from rat mesenteric terminal arterial myocytes. Since the
amplitude of these currents was too small (5 ± 10 pA at 0 mV)
to analyse quantitatively, 10 mM Ba2+ rather than normal

concentrations of Ca2+ was used as the charge carrier
throughout the present study. The rat NICC current shows
a rapidly inactivating feature (Figure 1A) and its threshold

and peak voltages of activation (Figure 1B) and parameters
describing the voltage-dependence of activation and inactiva-
tion (Figure 1C) are all comparable to those previously

reported for NICCs in the same arterial region of the guinea-
pig (Morita et al., 1999; see Table 1). Furthermore, activation
(measured as a time spent for 10 ± 90% of the peak) and
inactivation (obtained by mono-exponential ®tting) time

constants of rat NICCs are of similar order to those of
guinea-pig NICCs, and larger conductivity of Ba2+ than Ca2+

(about 1.5 times) is also a common feature shared by these

two NICCs (Table 1). The amplitude of rat NICC current
was rundown-resistant and the time course of inactivation
remained almost unchanged regardless of the species of

charge-carrying cations (not shown). In addition, other
widely used L-type Ca2+ channel blockers such as verapamil
(100 mM) and diltiazem (100 mM) (data not shown) as well as

subtype-speci®c VDCC channel blockers such as o-conotoxin
GVIA and o-agatoxin IVA were totally ine�ective at
inhibiting the rat NICC current, whereas nimodipine

(10 mM) which was previously shown to inhibit guinea-pig
NICCs caused a similar degree of inhibition (Table 1; see also
Figure 5). These results collectively indicate that rat NICCs

belong to the same class of high voltage-activated (HVA)

Figure 1 Biophysical pro®le of nifedipine-insensitive Ca2+ channel
(NICC) current in rat mesenteric terminal artery. Bath; 10 mM Ba2+

external solution (10 mM nifedipine added). Pipette; Cs-internal
solution. (A) Representative records of NICC evoked by 800 ms
depolarizing step pulses from a holding potential of 780 mV at an
interval of 20 s. (B) Current-voltage (I ±V) relationship for rat NICC
obtained from experiments as shown in A. The amplitude of NICC is
normalized by the cell capacitance. (C) activation (open circles) and
steady-state inactivation (evaluated by 10 s pre-conditioning pulses;
®lled circles) curves for rat NICC. Solid and dashed curves indicates
the results of the best ®ts of data points by Boltzmann equation: 1/
(1+exp((Vm7V0.5)/k)), where Vm, V0.5 and k denote the membrane
potential, 50% activation or inactivation voltages, and slope factor,
respectively. Activation curve is calculated by normalizing the chord
conductance (the current amplitude is divided by the driving force) to
its maximum. Symbols and bars indicate mean+s.e.mean from 5 ± 8
cells. Actual traces (D) and the unitary current amplitude vs voltage
relationship of single NICC activities (E) determined from four
successful recordings). Pipette contained 110 mM Ba2+ solution
supplemented with 10 mM nifedipine. Cells were bathed in 140 mM

K+ solution (1 mM EGTA and 10 mM nifedipine added) to zero the
transmembrane potential. Voltages values shown in the ®gure
indicate the pipette potential with an inverted sign.
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VDCC as NICCs identi®ed in guinea-pig mesenteric terminal

artery (Morita et al., 1999).
Figure 1D and E demonstrate representative traces and the

unitary current-voltage relationship of single rat mesenteric
NICCs recorded in cell-attached con®guration with a 110 mM

Ba2+ containing pipette. The slope conductance of single
NICCs determined between 780 and 740 mV is 11.5 pS, the
value being similar to that of a1E but considerably larger

than that for a1G obtained under the same ionic conditions
(Table 1).
The current density of rat NICC in the terminal branches

was as high as 5 pA/pF (Figure 1B) representing 60 ± 90% of
global voltage-dependent Ca2+ current (75+5%, n=6), but
this became signi®cantly smaller in more proximal branches

of mesenteric arterial tree (0.3+0.2 pA/pF in the second
branch, n=4; P50.05 with unpaired t-test) with increased
density of nifedipine-sensitive Ca2+ current. This ®nding
suggests that contribution of NICC would increase in the

peripheral region of rat mesenteric artery as observed
previously for the guinea-pig mesenteric artery (Morita et
al., 1999).

Differential pharmacological sensitivities to SNX-482,
sFTX3.3 and nimodipine

Previous investigations on guinea-pig NICCs have suggested
that they share some degree of biophysical and pharmaco-

logical similarities with R- and T-type Ca2+ channels (Morita
et al., 1999). We therefore investigated the e�ects on rat
NICCs of peptide blockers which have been reported to a�ect
these two DHP-insensitive Ca2+ channels. For this purpose,

we used BHK cells stably expressing a1E together with b1b
and a2/d subunits and HEK293 cells stably expressing a1G,
as positive references for R- and T-type Ca2+ channels,

respectively. As shown in Figure 2 and summarized in Table
1, important parameters characterizing the biophysical
properties of VDCC, i.e. the current voltage-relationship,

activation and inactivation curves and divalent cation

permeability are clearly distinguishable among the three
types of Ca2+ currents recorded under the identical ionic
conditions (i.e. 10 mM Ba2+). SNX-482, a venom toxin
recently reported to be selective for R-type Ca2+ channel

(Newcomb et al., 1998), reduced the amplitude of a1E current
dose-dependently (IC50=11 nM; Figure 3A ±C), but did not
at all a�ect a1G or rat NICC currents at its maximally

e�ective concentration (200 nM; Figure 3A and D). On the
other hand, sFTX3.3 (1 mM), a synthetic analogue of venom
toxin FTX, which has been suggested to inhibit low voltage-

activated Ca2+ currents at submicromolar concentrations
(Scott et al., 1992; Norris et al., 1996), caused a modest but
signi®cant reduction in the amplitude of a1G current,

whereas no detectable change was observed for rat NICC
and a1E currents (Figure 4). The inability of SNX-482 and
sFTX3.3 to block rat NICC current was also con®rmed in
myocytes derived from the same arterial region of guinea-pig

(Figures 3B and 4B). Furthermore, nimodipine (10 mM), a
dihydropyridine Ca2+ antagonist known to inhibit T-type
Ca2+ current potently as well as guinea-pig NICC modestly

(Nooney et al., 1997; Morita et al., 1999), produced a
di�erential degree of inhibition of the three types of Ca2+

currents; a1G > rat NICC >a1E (Figure 5; Table 1). Taken

together, these results suggest that rat mesenteric NICCs have
distinguishable pharmacological properties from heterolo-
gously expressed R- and T-type Ca2+ channels, and this

may re¯ect their essential di�erences in molecular structure.

Mibefradil effectively blocks rat mesenteric NI-Ca2+

currents

Mibefradil is known to inhibit DHP-insensitive VDCCs more
e�ectively than DHP-sensitive, L-type Ca2+ channels (Bez-

provanny & Tsien, 1995). We therefore tested how this drug
a�ects the rat NICC currents. As shown in Figure 6A,B,
when the membrane was held at two di�erent potential levels

Table 1 Comparison of biophysical parameters of guinea-pig and rat NICCs, a1E and a1G

Guinea-pig NICC* Rat NICC a1E a1G

Activation
Vth 750 ±740 mV 750 ±740 mV 750 ±740 mV 770 ±760 mV
V0.5 711.0 mV 715.8 mV 724.9 mV 746.1 mV
slope factor 711.3 mV 711.1 mV 75.4 mV 75.1 mV
t10 ± 90 at 20 mV 4.0+0.6 ms 3.1+0.4 ms ND ND

Inactivation
V0.5 752.3 mV 751.1 mV 755.5 mV 773.7 mV
slope factor 6.1 mV 5.5 mV 10.6 mV 7.1 mV
tinact at 20 mV 27.6+1.5 ms 20.9+2.0 ms ND ND

IBa/ICa (10 mM)** 1.79+0.29 1.58+0.15 1.07+0.08 0.81+0.07

% inhibition
o-CTxGVIA (1 mM) 2+1% 1+2% ND ND
o-aga IVA (100 nM) 2+2% 4+3% ND ND
nimodipine (10 mM) 43+7% 40+1% 3+2% 85+2%

Unitary conductance (110 mM Ba) ND 11.5 pS 12.1 pS# 7.3 pS+

Evaluated with 10 mM Ba2+ external solution (n=4±10). ND: not determined. *data adapted from Morita et al. (1999). **Measured at
the peak of I ±V relationship with 10 mM Ba2+ and Ca2+. #, +: Data taken from Wakamori et al. (1994) and Monteil et al. (2000),
respectively. Vth threshold of activation; V0.5 50% activation or inactivation voltage; t10 ± 90 at 20 mV time spent for 10 ± 90% activation
at 20 mV; tinact at 20 mV time constant for inactivation at 20 mV.
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(760 and 780 mV), cumulative addition of mibefradil
produced dose-dependent reduction in the amplitude of
NICC current with di�erent e�cacies. At more depolarized

potentials, the amplitude of NICC current was more
e�ectively reduced. Figure 6C shows concentration-inhibition
curves for the e�ects of mibefradil at three di�erent

potentials. The IC50 values obtained by Hill ®tting are clearly
dependent on the holding potential, becoming smaller at
more depolarized potentials (3.5, 1.3 and 0.3 mM at 7100,

780 and 760 mV, respectively), while the stoichiometry of
binding remained unchanged (nH=ca. 1.0). These results
suggest that the e�ects of mibefradil on rat NICCs are
state-dependent, i.e. the drug has di�erent a�nities for the

resting (closed) and inactivated states of these channels.
Consistent with this, the midpoint of inactivation curve (V0.5)
of rat NICC current was shifted toward more negative

potentials as the concentration of mibefradil was increased,
with concomitant reduction in the maximum amplitude at
very negative potentials.

We also evaluated the voltage-dependent e�ects of
mibefradil on a1E and a1G currents. As summarized in
Figure 7, both currents exhibited a clear dependence on the

holding potential, with increased inhibition at more depolar-
ized potential. Notably, IC50 values for a1G are comparable
to those of rat NICC, suggesting that a similar extent of
inhibition would occur on both channels at the same level of

membrane potential. The inhibitory e�cacy of mibefradil for
a1E was slightly weaker than for these two channels, the
extent being, however, not di�erent more than 3-fold.

Other drugs inhibiting rat NICC currents

Afore-mentioned results suggest, albeit substantial di�er-
ences present in the sensitivity to some drugs, considerable
pharmacological resemblance exists between a1G and rat

NICC currents. We therefore tested how other organic
blockers reported to inhibit T-type Ca2+ currents (Heady et
al., 2001) a�ect the rat NICC currents. As summarized in
Figure 8, an anticonvulsant phenytoin, at the concentration

of 100 mM that causes a substantial inhibition of native and
recombinant T-type currents (Todorovic et al., 2000),
reduced the amplitude of rat NICC current by about

20% (Figure 8B). Similarly, ethosuximide, another antic-
onvulsant reported to inhibit T-type Ca2+ current in tens of
millimolar range (Todorovic et al., 2000), e�ectively

inhibited the NICC current in the same concentration
range (IC50: 27.8 mM; solid curve in Figure 8C). However,
part of the latter e�ect could be ascribed to the

hyperosmotic e�ects of the drug, since when the NICC
current was recorded under identical ionic conditions except
for the external osmolarity (various concentrations of
sucrose added), its amplitude was signi®cantly decreased

with increased osmolarity. After correcting this indirect
e�ect, the net inhibition of NICC by ethosuximide is less
pronounced with a larger IC50 value of 43.1 mM (dashed

curve in Figure 8C).
Finally, we tested a newly synthesized arylpiperidine (SUN

N5030; see the Methods) which has been reported to inhibit

both neuronal Na+ and T-type Ca2+ channels (Annoura et
al., 2002). SUN N5030 potently suppressed rat NICC
current, the value of IC50 (0.53 mM at 760 mV; Figure 9B)
being comparable to that of mibefradil (Figure 6C). The

e�ects of SUN N5030 on a1E and a1G currents were also
tested at the same holding potential (760 mV) under the
identical ionic conditions (Figure 9C,D). The obtained IC50

values do not di�er by a few times, indicating that this
compound can not pharmacologically discriminate between
these three types of DHP-insensitive Ca2+ channels.

Discussion

The electrophysiological properties of rat mesenteric NICCs
studied in the present study are indistinguishable from those
of NICCs previously identi®ed in the same region of guinea

pig (Morita et al., 1999). Several essential features re¯ecting
the molecular architecture of VDCC (e.g., voltage-depen-
dence, ion permeability) and sensitivities to various blockers

are almost identical between the two Ca2+ channels (Table 1).
Similar to guinea-pig NICCs, the current density of rat
NICCs was found to increase signi®cantly toward the

Figure 2 Activation and inactivation pro®les of heterologously
expressed a1E and a1G Ca2+ currents. Recording conditions are
the same as in Figure 1. Actual records (A) and I ±V relationships
(normalized by cell capacitance) (B) of a1E (holding potential;
780 mV) and a1G (holding potential; 7100 mV). (C) Activation
and steady state inactivation curves evaluated as in Figure 1. Solid
and dashed curves represent the best ®ts of data points with
Boltzmann equation. Symbols and bars indicate mean+s.e.mean
from 6 ± 8 cells.
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periphery of mesenteric arterial tree, and reciprocally, the
fraction of nifedipine-sensitive L-type Ca2+ current to
become smaller. This accords with the observations of

contractile experiments that the proportion of nifedipine-
sensitive component of nerve-evoked contractions decreases
with appearance of nifedipine-insensitive, excess K+-induced

vasoconstrictions as the size of the mesenteric artery becomes
smaller (Gitterman & Evans, 2001) and with the results of
RT±PCR experiments that the transcripts of a1C mRNA,

which can be detected in the proximal region of rat
mesenteric artery, are not ampli®ed from its peripheral
arteriolar region (Gustafsson et al., 2001). Since similar
HVA NICCs resistant to L, -N or -P/Q type Ca2+ channel

blockers can also be recorded preferentially from the terminal
branches of rabbit mesenteric artery (Morita, Inoue and Ito,
unpublished data), it is plausible that this type of HVA

NICCs plays a dominating role in the peripheral mesenteric
circulation over the species di�erence.

Figure 3 Channel type-speci®c inhibitory e�ects of SNX-482.
Recording conditions are the same as in Figure 1 except for
400 ms voltage step pulses being used. Holding potential: 780 mV
(rat NICC and a1E) and 7100 mV (a1G). Depolarizing step pulses
to 0 mV (rat NICC and a1E) or 720 mV (a1G) were repetitively
applied every 20 s. Representative records (A) and time course (B) of
the e�ects of SNX-482. (C) Concentration-inhibition relationship of
a1E for SNX-482. Symbols and bars indicate mean+s.e.mean from
eight individual experiments. Smooth solid curve is drawn according
to the results of Hill analysis. (D) Comparison of the e�ects of
200 nM SNX-482 on rat and guinea-pig NICCs, a1E and a1G.
**P50.01 with ANOVA and pooled variance t-test. n=4±10.

Figure 4 Inhibitory e�ects of sFTX3.3 on three nifedipine-insensi-
tive Ca2+ currents. Recording conditions are the same as in Figure 3.
(A) Representative records. (B) Summary of inhibitory e�ects of
100 nM and 1 mM sFTX3.3. *P50.05 with ANOVA and pooled
variance t-test. n=5±6.

Figure 5 Di�erential inhibitory e�ects of nimodipine on three
nifedipine-insensitive Ca2+ currents. Recording conditions are the
same as in Figure 3. (A) Representative records. (B) Summary of
inhibitory e�ects of 10 mM nimodipine. **P50.01 with ANOVA and
pooled variance t-test. n=4±7.
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According to a previous investigation (Morita et al., 1999),

biophysical properties of NICCs in guinea-pig terminal
mesenteric artery somewhat resemble those reported for R-
type Ca2+ channels, whereas the pharmacological sensitivities
of the former to some drugs (e.g. nimodipine, amiloride) are

similar to those of T-type Ca2+ channels documented in the
literature (Nooney et al., 1997; Heady et al., 2001). However,
detailed comparison in this study has revealed that the three

types of Ca2+ channels exhibit essential di�erences in ion
permeation and voltage-dependence of gating, both of which
are closely associated with the structure of the pore-forming

a1 subunit (Table 1; see also Lacinova et al., 2000), and in
sensitivities to isoform-speci®c toxin blockers such as SNX-
482 and sFTX3.3. These results strongly support the

possibility that NICCs in terminal mesenteric artery would
molecularly be distinct from R-type (a1E) and T-type (a1G)
Ca2+ channels. However, a recent RT ±PCR experiment has
provided an apparently con¯icting evidence. In a small

arteriolar region of rat mesenteric vasculature (diameter
540 mm) the transcripts of a1G and a1H can be detected,
and consistent with this observation, nimodipine-insensitive

(10 mM) vasocontrictions evoked by local electrical stimula-

tion in the same arteriolar region are strongly attenuated by a
locally perfused T-channel blocker mibefradil (10 mM;

Gustafsson et al., 2001). Although these ®ndings are in favor
of the involvement of T-type Ca2+ channels, we feel that
interpretation of these data would be equivocal with respect

to the nonspeci®c e�ects of nimodipine (which inhibit
mesenteric NICC current by *40% and T-type current due
to a1G by *85%) and mibefradil (which block mesenteric
NICCs and T-type Ca2+ currents almost equally; Figure 6). It

should also be noted that successful ampli®cation of
transcripts using primer pairs recognizing limited sequences
of a1G (base range: 3910 ± 4130) and a1H (37 ± 334) mRNA

(Gustafsson et al., 2001) would not necessarily mean a
signi®cant expression of these genes (or presumably their
splice variants) at the protein level solely in smooth muscle

cells. Considering these ambiguities together with the
observed selectivity of toxin blockers (Figures 3 and 4) as
well as distinct biophysical properties (Table 1), it seems at

present too premature to ascribe the mesenteric NICCs
simply to T-type Ca2+ channel genes, without directly
elucidating the molecular structure of NICCs using molecular
biological techniques.

Despite the essential di�erences described above, the
observed pharmacological sensitivities to many organic
compounds known to e�ectively block T-type Ca2+ channels

such as mibefradil, SUN N5030, phenytoin and ethosuximide
(Lacinova et al., 2000; Todorovic et al., 2000; Heady et al.,
2001; Annoura et al., 2002) are unexpectedly similar among

Figure 6 Voltage-dependent e�ects of mibefradil on rat NICC.
Recording condition are the same as in Figure 3. Representative
records (A) and the time course (B) of the e�ects of mibefradil on
NICC evoked by depolarizing pulses to 0 mV (every 20 s) at two
di�erent holding potentials (780 and 760 mV). (C) Concentration-
inhibition curves for mibefradil at three di�erent holding potentials.
(D) Shifts of steady state inactivation curves at varying concentra-
tions of mibefradil. The results of Hill (C) and Boltzmann (D) ®tting
are shown. n=5±7. In C, # and * indicate statistically signi®cant
di�erences with P values of 50.02 and 50.05, respectively, evaluated
by pooled variance t-test with Bonferroni's correction.

Figure 7 Voltage-dependent e�ects of mibefradil on a1E and a1G.
Ba2+ (10 mM) currents evaluated by depolarizing step pulses applied
at every 20 s to 0 and 720 mV for a1E and a1G, respectively.
n=5±6.
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rat NICCs, a1G- and sometimes a1E channels (Figures 6 ± 9).
Mibefradil was developed as a new generation of VDCC

blocker having a distinct structure from the other types of
calcium channel antagonists such as dihydropyridines,
phenylalkylamines and bezothiazepines (Osterrieder & Holck,

1989: for review; Bernink et al., 1996). This drug was soon
shown to potently inhibit low voltage activated-Ca2+ currents
in cultured vascular smooth muscle cells (Mishra &
Hermsmeyer, 1994) and to have strong anti-hypertensive

and anti-anginal e�ects (Bernink et al., 1996; Li & Schi�rin,
1997; Massie, 1997; Frishman, 1997; Kobrin, 1998). How-
ever, subsequent electrophysiological analyses have unraveled

that the selectivity of this drug for T-type over other types of
VDCC would not be so superior as anticipated (Bezprovanny
& Tsien, 1995; Molderings et al., 2000; Jimenez et al., 2000;

Angus and Wright, 2000). In addition, many unexpected non-
speci®c actions of mibefradil have been noted on a broader
repertoire of ionic channels (Nilius et al., 1997; Gomora et

al., 1999; Perchenet & Clement-Chomienne, 2000) and
intracellular enzymes (Hermsmeyer & Miyagawa, 1996).
Nonetheless, most early and even recent studies have
interpreted the vasorelaxing and anti-hypertensive actions of

mibefradil in the context of its selective blockade of T-type
Ca2+ channels versus the other types of VDCCs (Bernink et
al., 1996; Massie, 1997; Triggle, 1998; Hermsmeyer, 1998;

Ozawa et al., 2001; but see e.g. Leuranguer et al., 2001). In
light of the present study, however, it is obvious that at least
in the mesenteric circulation, HVA-VDCCs pharmacologi-

cally resembling but biophysically distinct from `typical' T-

type Ca2+ channels are predominantly expressed toward the
periphery. Similar prevalence of non-L, non-T-type VDCCs,
i.e. P/Q type Ca2+ channel in the peripheral arteriolar

regulation has also been demonstrated in renal microvascu-
lature (Hansen et al., 2000), and notably, the sensitivity of the
molecular counterpart of this channel (a1A) to mibefradil has

been shown to be greatly enhanced by co-expression of the
b1b instead of b2a subunit to an extent comparable to that of
T-type Ca2+ channels (Jimenez et al., 2000). These facts
would prompt us to revise a currently prevailing view

emphasizing the importance of L-type (and sometimes T-
type) Ca2+ channels in vascular tone regulation (Nelson et
al., 1990; Cribbs, 2001), and simultaneously necessitate the

re-evaluation of speci®city of vasorelaxant drugs including
mibefradil, especially with respect to the heterogeneity of
VDCC subunits expressed in the peripheral circulation.

The resting membrane potential of arteriolar smooth muscle
ranges between 775 ±760 mV in isolated arterioles (Hirst &
Edwards, 1989), but this value becomes more depolarized when
the arterioles are pressurized under cannulated conditions (e.g.,

ca. 740 mV at 70 mmHg; Potocnik et al., 2000; Hill et al.,
2001). It is generally believed that this pressure-induced
depolarization raises the rate of Ca2+ entry into the cell

through activation of VDCCs, and simultaneously enhances

Figure 8 E�ects of phenytoin and ethosuximide on rat NICC. (A)
Actual records. (B) Dose-dependent e�ects of phenytoin. Phenytoin
at concentrations higher than 100 mM was not dissolvable in the
presence of 10 mM nifedipine. (C) Concentration ± inhibition relation-
ship of rat NICC for ethosuximide. Dashed curve indicates the
results of Hill ®tting after correcting the in¯uence of osmolarity
change on Ca2+ currents, which was estimated by adding varying
concentrations of sucrose into the bathing solution (see inset). n=5.

Figure 9 Potent and comparable inhibition of three NI-Ca2+

currents by an arylpiperidine derivative SUN N5030. Recording
conditions are the same as in Figure 3. (A) Actual records of rat
NICC in the presence of varying concentration of SUN N5030. (B)
Concentration-inhibition curves of rat NICC for SUN N5030. (C,D)
Concentration-inhibition curves of a1G and a1E for SUN N5030.
Sigmoid curves are drawn according to the results of Hill ®tting. n=
6±13.
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the e�cacy of anti-hypertensive drugs owing to the state-
dependent mechanism (Bean et al., 1983; Hille, 1992). In fact,
the observed IC50 values for NICC current inhibition by

mibefradil were signi®cantly smaller at more depolarized
holding potentials (Figures 1 and 6), which was accompanied
by the shift of steady state inactivation curves toward a more
hyperpolarized direction (Figure 6). Such phenomena have

been accounted for by the di�erential a�nities of resting and
inactivated states of VDCC for an applied blocker, and can be
described by the following equation (`modulated receptor

model'; Bean et al., 1983; Hille, 1992).

1=Kapp�Vm� � h�Vm�=KR � �1ÿ h�Vm��=KI �1�

where Vm, h(Vm), Kapp(Vm), KR and KI denote the membrane

potential, the availability of VDCC at Vm, the apparent overall
and resting- or inactivated-state-speci®c dissociation constants
for a given blocker at Vm, respectively. As performed

previously (e.g. Bezprovanny & Tsien, 1995), we adopted the
IC50 values at7100 mV as KR, since at this potential nearly all
Ca2+ channels are in the resting state (see Figures 1, 2). To

calculate h(760 mV) values, we used the Boltzmann para-
meters of steady state inactivation curves for each Ca2+ channel
(see Figures 1, 2). KR and KI values obtained in this way were
3.5 and 0.08 mM, 2.4 and 0.12 mM, and 5.3 and 0.14 mM for rat

mesenteric NICCs, a1G- and a1E-Ca2+ channels, respectively.
These results indicate that all these three channels have a few
tens-fold higher a�nities for the inactivated state than the

resting state, the results being comparable to those of previous
studies (Jimenez et al., 2000; Gomora et al., 2000; Martin et al.,
2000; Lacinova et al., 2000). Furthermore, very similar

e�cacies and voltage-dependence of mibefradil's actions on
rat NICCs and a1G-channels suggest that in vivo situation the
extent of inhibition exerted by mibefradil on these two channels

would be indistinguishable. Although the frequency depen-
dence of the e�ects of mibefradil on these channels has not been
examined in the present study, this conclusion would be still
valid for electrically less active resistant arterioles like the

present preparation that normally do not exhibit regenerative
Ca2+ spike activities under physiological ionic conditions
(Kuriyama et al., 1982). The tone of arterioles is thought to

be regulated by the non-inactivating Ca2+ entry chie¯y through
VDCCs (Nelson et al., 1990; Kotliko� et al., 1999; Hill et al.,
2001), and this property is indeed likely present in mesenteric

NICCs, as suggested by the presence of `window current', a
signi®cant crossover of activation and inactivation curves
(approximately between 750 ±720 mV; Morita et al., 1999;

2002; Figure 1C).
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