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SUMMARY

1. The inhibitory actions of cadmium (Cd2+), nifedipine and 2,3-butanedione
monoxime (BDM) on whole-cell Ca21 channel currents in single cells of the guinea-pig
taenia caeci were investigated using a single-electrode whole-cell voltage-clamp
technique.

2. Calcium channel currents were isolated using pipette solutions containing Cs+,
tetraethylammonium and ATP (3 mM). Ca2+ or Ba2+ (7-5 mM) in the bathing solution
acted as the charge carrier during inward current flow. Ca2+ channel currents in
7.5 mM-Ba2+ (IBa) were recorded at potentials positive to -40 mV, were maximal
near 0 mV and reversed near + 60 mV. Ca2+ channel activation showed a sigmoidal
relationship with potential, which was half-maximal at -13 mV.

3. Both the inward and outward flow of current was depressed and eventually
blocked by 0 3-100 ,tM-Cd2+, 0 1-10 ftM-nifedipine and 2-20 mm-BDM. Half-maximal
blockade of IBa at 0 mV was achieved with - 3 /tM-Cd2 , 1 /LM-nifedipine and 10 mM-
BDM. Steady-state activation curves were not affected by Cd2+ or BDM, but were
shifted in the hyperpolarizing direction by nifedipine at concentrations > 1 /,M.

4. Calcium channel currents in single cells and K+ contractures in intact strips
were both blocked in a voltage-dependent manner. Steady-state inactivation curves
(f.o(V)) for IBa were shifted 20 mV in the hyperpolarizing direction by 0-3 /iM-
nifedipine and 4 mV by 10 mM-BDM. From these shifts a dissociation binding
constant to inactivated Ca2+ channels for nifedipine was estimated as 78 nm, and for
BDM, 5 mM.

5. At 10/M Cd2+ produced a 43 + 6% (n = 3) block of the inward current at 0 mV
when Ca2+ (7 5 mm) was the charge carrier (ICa), compared with the 36 + 3% block of
IBa induced by 1 /tM-Cd2 , consistent with the suggestion that Ca2 , Ba2+ and Cd2+
compete for the same binding site. In contrast, nifedipine (1 fM) and BDM (10 mM)
blocked ICa more effectively than IBa.

6. Bay K 8644 (1-0 /SM) increased Ca2+ channel currents two- to fourfold at all
potentials due to a shift, of t 10 mV in the negative direction, of their activation
curve and an equal shift in the positive direction of their inactivation curve. BDM
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(5-10 mM) could antagonize the action of Bay K 8644, shifting both curves back
towards their control.

7. Intracellular application of the ATP analogue, adenosine 5'0(3-thiotri-
phosphate) (ATPyS; 1 mM), which irreversibly phosphorylates cell proteins, caused
substantial cell shortening but did not prevent the inhibitory action of BDM.

8. The mechanisms of action of Cd2+, nifedipine and BDM are discussed in relation
to their possible binding sites, dependent on the resting or inactivated state of the
Ca21 channels. These results do not support the notion that BDM may be acting as
a phosphatase in smooth muscle.

INTRODUCTION

2,3-Butanedione monoxime (BDM), a member of the oxime family, has been
reported to depress twitch and tetanic contractions in skeletal muscle and have a
negative inotropic action in cardiac muscle. A number of sites of action have been
proposed; for example concentrations of BDM < 2 mm inhibited the release of Ca2+
from intracellular stores in mammalian skeletal muscle, but not in cardiac muscle or
frog skeletal fibres (Blanchard, Alpert, Allen & Smith, 1988; Fryer, Gage, Neering,
Dulhunty & Lamb 1988 a; Fryer, Neering & Stephenson, 1988b; Maylie & Hui,
1988). At higher concentrations, BDM (2-10 mM) decreased the sensitivity of the
contractile apparatus to Ca21 (Li, Sperelakis, Teneick & Solaro, 1985; Fryer et al.
1988b) and modified the number of interacting cross bridges (Blanchard et al. 1988).
The Ca2+ action potential in cardiac muscle and the Ca2+ current in skeletal muscle
were also reduced by these high concentrations ofBDM (Bergey, Reiser, Wiggins &
Freeman, 1981; Wiggins, Reiser, Fitzpatrick & Bergey, 1980; Li et al. 1985; Fryer
et al. 1988a). Little information is available on the action ofBDM in smooth muscle.
The tonic contraction of the rat anococcygeus, to raised external concentrations of
potassium (K+) or phenylephrine (3-10 suM), was inhibited by BDM (5-30 mM) to a
greater extent than the phasic component. Contractions due to the release of Ca2+
from internal stores were only reduced slightly by BDM (20 mM) (Wendt & Lang,
1987). In single ureteral cells bathed in Ba2+-containing solutions, BDM (5-20 mM)
inhibited the action potential and Ca2+ channel currents recorded under voltage
clamp (Lang & Wendt, 1987). As oximes are mild nucleophilic agents, which can
reactivate cholinesterase poisoned with organophosphorous groups (Wilson &
Ginsberg, 1955; Green & Saville, 1956), it has been suggested BDM has a
phosphatase-like activity and, as such, may prove a useful tool with which to study
Ca2+ channel function in smooth muscle.

Whole-cell Ca2+ channel currents in freshly isolated single cells of the guinea-pig
taenia caeci have been characterized in terms of their selectivity, saturation
characteristics and kinetics of activation and inactivation, both voltage and current
dependent (Ganitkevich, Shuba & Smirnov, 1986, 1987, 1988; Yamamoto, Hu &
Kao, 1989a, b). The mechanisms of action of Ca2+ entry blockers, however, have not
yet been reported. In the present experiments we have compared the inhibitory
actions of BDM (5-20 mM) with Ca2+ channel blockade produced by the divalent
cation Cd2+, or by the dihydropyridine, nifedipine. We report here that all three
agents reduce the inward and outward flow of current through voltage-activated
Ca2+ channels. Cd2+ blocked by binding competitively to a site which was also
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occupied by the permeating ion. Nifedipine and BDM appear to bind to another site
on the Ca2+ channel, with a greater affinity to the channel in its inactivated state.
Some of these results have been communicated previously in brief (Lang & Paul,
1989; Paul, Wendt & Lang, 1989).

METHODS

Cell dispersal
Single smooth muscle cells were isolated from 1 cm lengths of taenia caeci of the guinea-pig killed

previously with a blow to the head. Strips were bathed in a physiological salt solution (at 37 °C)
with added collagenase (0-6 mg/ml), trypsin inhibitor (0 5 mg/ml), bovine serum albumin
(2 mg/ml) and Ca2+ (30 /SM) for 60 min and then transferred to an enzyme-free saline; single cells
were dispersed by gentle agitation using a wide-bore pipette. Ca2l (0 4 mM) was added to the cells
in suspension, which were then plated on glass cover-slips and stored at 4 'C. Cover-slips were
placed on an inverted microscope. Single cells were viewed under bright-field illumination on a TV
monitor.

Whole-cell current recording
Low-resistance patch pipettes (2-7 MCI) were gently pushed against the cell membrane. A high-

resistance (> 8 GfQ) seal was formed by applying a slight suction. Sharp suction and/or voltage
were applied to rupture the underlying membrane. Whole-cell currents were recorded (at room
temperature; 22-25 °C) using standard patch-clamp techniques with an Axopatch 1B patch-clamp
apparatus (Axon Instruments) (Lang, 1989, 1990).

Intact tissue mechanical measurements
Strips of taenia caeci were dissected and cut into 1-5 cm lengths. Tissues were mounted

isometrically in a 20 ml organ bath and equilibrated for at least 1 h in salt solution containing
1-5 mM-Ca2 . Strips were placed under an initial load of 10 mN and, following development of
spontaneous contractions, a test contraction was induced by the addition of 40 mM-KCl. The
tissues were then relaxed in a nominally Ca2 -free saline. After relaxation, the tissues in Ca2 -free
saline were shown to be unresponsive to subsequent depolarization by 40 mM-KCl. At this point the
experimental protocol described in Fig. 11 was initiated.
The percentage inhibition ofK+ contractions of the intact tissue was quantified by measuring the

area under the isometric force myogram for the initial 2 min of contracture. The area of the
isometric myogram in the presence of these blockers was expressed as a percentage of the area of
a control contraction for each strip.

Solutions
Cells were bathed and initially impaled in a salt solution containing (mM): NaCl, 126; KCl, 5*9;

sodium HEPES, 6; glucose, 11; MgCl2, 1-2; and CaCl2, 1-5; adjusted to pH 7-4 with 5 M-NaOH.
Currents through Ca2+ channels were recorded in a similar saline in which K+ was substituted by
Cs+, tetraethylammonium (TEA; 5 mM) added, and Ca2+ or Ba2+ was 7-5 mM; pH was adjusted to
7-4 with 5 M-TEAOH. The pipette solution contained (mM): CsCl, 130; sodium HEPES, 6-10;
ATP, 3; EGTA, 3; MgCl2, 2-9; glucose, 11; TEA, 5; and buffered to pH 7-4 with TEAOH (Lang,
1989, 1990).

Data analysis
Electrophysiological data were recorded on a video cassette recorder using a digital data recorder

(List VR-10) and then analysed after digitization with a Labmaster analog-to-digital interface
using an Arrow-AT personal computer and p-CLAMP software (Axon Instruments).

Steady-state activation and inactivation curves. The potential dependence of the activation of IB.
was estimated by assuming that the maximal amplitude of IB. at any potential V (V) was made up
of its driving force (V-EREV) and peak conductance (g(V), where EREV is the reversal potential of
I,,. obtained experimentally, such that

Ipeak(V) = g(V) (V-EREV)-
1-2
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g(V) at any potential can be expressed as a fraction of the maximally available conductance (g*)
such that

g(V) = g*dw(V),
where d.(V) is the steady-state activation parameter (Hodgkin & Huxley, 1952; Klockner &
Isenberg, 1985; Lang, 1990). It follows that

Ipeak(V) = g*da(V) (V-EREV),
where d,x(V) is described by a Boltzmann distribution of

do.(V) = {1+ exp [(V0..-V)/k]}-',
and V0.5 is the potential of half-maximal activation, k is a slope factor. In cells where it was not
possible to estimate and subtract the background membrane conductance (in 100 zM-Cd2+) plots
were fitted to the equation

dctz(V) = (1 -R) {1 + exp [(V0.5- V)/k]}-l +R,
where R is an estimate of the resting conductance at negative potentials.
The sigmoidal, steady-state inactivation (or availability) curve (fV(V)) was fitted through the

data, by a least-squares fit, with

f. (V) = {1+ exp [(V0.5-V)/k]}1-,
where V0.5 is the potential of half-maximal availability, k is a slope factor. Again currents in
response to the test depolarization, to 0 mV, were first corrected by subtracting the background
membrane currents recorded in 100 /iM-Cd2 .

RESULTS

Morphology and electrical characteristics of single cells
The enzymatic dispersal yielded cells of varying lengths; many were elongated

cylinders 100-300 ,sm in length and 5-10 ,sm in diameter (Yamamoto et al. 1989 a).
Cells < 200 ,um (e.g. 134-6+ 6-8 #sm (N = 19); mean + standard error of the mean) and
which did not contract upon exposure to Ca2+-containing saline (1P5 mM-Ca2+) were
generally used in the present experiments.

Table 1 summarizes the basic electrical properties of eleven single cells recorded
with Cs+-filled patch pipettes as revealed under voltage clamp when the membrane
potential was stepped from -80 to -90 mV for 10 ms. The averaged input
resistance (rinput) of these eleven cells was 1-53 + 0'1 GQ. The averaged whole-cell
capacitance of 53 + 3 pF was measured by dividing the time integral of the capacitive
artifact (pA ms) by the amplitude of the hyperpolarization (10 mV), after correcting
previously for the resting, 'leak' conductance. Dividing this capacity by an assumed
specific capacitance of 1 #uF/cm2 gives an estimate of the surface area of an average
cell as 0 53 + 0 03 x 10-4 cm2. Multiplying the averaged membrane resistance by the
surface area also gives a specific input resistance (Rm) of these Cs+-filled cells of
81 kQl cm2. The decay of the capacitive current was well fitted by a single
exponential with an averaged time constant of 0-56 + 0-05 ms. The effective series
resistance can be calculated by dividing this time constant by the membrane
capacity. With an averaged effective series resistance of 10-4+ 05 MQ and maximal
current flow in these cells about 0 5 nA, errors in the recorded values of membrane
potential would be less than 5 mV.
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Voltage-activated Ca2+ channel currents

Time-dependent membrane currents (IBa) were recorded in most cells bathed in
75 mm-Ba2+ at potentials positive to -40 mV, when triggered by depolarizing
command pulses (0-2-1 s duration at a frequency of 0-05-0 03 Hz) from a holding
potential of -80 mV. These currents rose to a peak amplitude within 10 ms and then

TABLE 1. Electrical properties of single cells of the taenia caeci

Input Cell Capacitative time Series
resistance capacitance Cell area constant resistance

(MCI) (pF) (x 10- cm2) (Ms) (mfQ)
Cell 1 991 68-14 068 094 13-8
Cell 2 1868 58-37 058 073 12-5
Cell 3 1296 46412 046 047 10-2
Cell 4 1706 63-74 064 060 9.4
Cell 5 1650 48-73 0-49 047 9-6
Cell 6 1257 58-12 0.50 0-58 10-0
Cell 7 1657 45-96 040 054 11-75
Cell 8 2244 43-75 0-44 040 9.1
Cell 9 1292 68-92 069 064 9.3
Cell I0 1658 43-19 043 048 11-1
Cell11 1235 38-85 039 0*29 7.5
Average 1532 5308 053 056 10-40
+S.E.M. 102 308 005 005 0.5
(n) (I11) (I11) (I11) (I11) (I11)

slowly inactivated such that there was still a substantial current after 400 ms. IBa in
most cells increased in amplitude over the first 5-10 min with little change in its time
course (Fig. IA and B) (Langton, Burke & Sanders, 1989). This was then followed by
a time-dependent run-down in the amplitude Of IBa (Fig. IA). The rate of run-down
was extremely variable ranging from 1 to 10% of the initial amplitude per minute
(Lang, 1989). In some cells the initial amplitude of IBa upon impalement was
particularly large, 400-500 pA (Yamamoto et al. 1989 a); these cells generally showed
an initial rapid run-down for the first few minutes to approximately 50% of their
initial amplitude which was then followed by a slower, more consistent phase.

In Fig. 2A membrane currents every 20 mV between -60 and + 100 mV have
been superimposed. Inward currents were maximal near 0 mV; at more positive
potentials these currents changed progressively from a decaying inward current to a
decaying outward current. Near + 60 mV no time-dependent currents were recorded.
The early peak current (I(peak); 0) and the current at the end of these 400 ms
depolarizations (I(400); 0) in 7-5 mM-Ba2+ have been averaged in six cells and
plotted against potential in Fig. 2B. These plots demonstrate the current-voltage
(I-V) relationship of these membrane currents activated by potential. These
currents, however, are the product of the conductance activated at each potential
and their driving force. To estimate better the potential range over which these
currents are activated, normalized steady-state activation curves for I(peak) and I(400)
have been plotted using a value ofEREV of + 63 mV, the potential at which the two
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curves in Fig. 2B intersect and where no active membrane currents were recorded
(Fig. 2A). I(peak)(V)/(VW63) and I(400)(V)/(V-63) at potentials between -80 and
+40 mV were therefore expressed as a fraction of their maximally obtained
conductance and plotted against potential in Fig. 2C. It can be seen that threshold

A

~0

E
(U
a)

(U-
a)

4 6
Time (min)

10

Fig. 1. Effect of perfusion time on the amplitude of whole-cell Ca2+ channel currents. A,
plot of the initial increase and subsequent decrease of the peak amplitude of IBa, at 0 mV,
plotted against time; holding potential -80 mV, cell bathed in 7-5 mM-Ba2l. B, initial
increase of the normalized peak amplitude of IBa in seven cells plotted against time.

for both currents was near -40 mV and that both were maximal near 0 mV.
Sigmoidal curves have been fitted, using a least-squares algorithm, to these plots
such that V0.5 for '(peak) and I(400) was - 13-1 and - 16-2 mV respectively (while
k = 6-38 and 5-73; R = 0-039 and 0-112 respectively). Inward currents at potentials
negative of the null potential and the outward currents at potentials more positive
were both blocked upon Ca2+ entry blockade (see below); these currents are therefore
thought to arise from the inward flow of Ba2+ and the outward flow of Cs+ ions
through voltage-activated Ca2+ channels (Lee & Tsien, 1984; Tsien, Hess, McCleskey
& Rosenberg, 1987). The maximal membrane conductance of these cells was 3-1 nS
in 7-5 mM-Ba2+. Assuming a surface area of about 0-5 x 10-4 cm2, as estimated from
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the cell capacitance (Table 1; Yamamoto et al. 1989a) this gives a maximum
membrane conductance (g*a) of 6-2 mS/cm2.

One or two types of Ca2+ channel current
Two types of whole-cell Ca2+ current have been shown to co-exist in a variety of

visceral and vascular smooth muscles (Bean, Sturek, Puga & Hermsmeyer, 1986;

A 150 B
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-80 -60 -40 -20 0 20 40 60 80 100

Membrane potential (mV)
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0-0. 0x__ ,

'(400)/

xe0.6 A
/ 0

50Oms 0.2..1

0.0 - i-,-
-100 -80 -60 -40 -20 0 20 40

Membrane potential (mV)

Fig. 2. I-V relationship ofIE^. A, current responses to depolarizing steps (400 ms duration)
of potential which increased 20 mV successively; holding potential -80 mV. Threshold
for I,, was positive to -40 mV, IB. was maximal near 0 mV and had a reversal potential
near +60 mV. B, plot of the I-V relationship for IB. averaged from six cells. I(peak)
represents the peak amplitude of IBa, while I(400) represents the amplitude ofIBa at the end
of these 400 ms depolarizations. C, voltage-dependent activation of Ift. Relative
conductances of I(Pe.k) and I(400) were calculated and plotted against potential using an
EREV of + 63 mV. Smooth curves through normalized points are Boltzmann distributions
of the form

do.(V) = (1-R) {1 +exp [(Vo. -V)/k]}-1 +R,

where Vo., is the potential of half-maximal activation, k is a slope factor and R is the
resting conductance. VO.5, k and R were -13-1, 3*8 and 0-04 for I(peak); - 16-2, 5*7 and 0 11
for I(400)'

Hirst, Silverberg & van Helden, 1986; Loirand, Pacaud, Mironneau & Mironneau,
1986; Benham, Hess & Tsien, 1987; Yatani, Seidel, Allen & Brown, 1987; Aaronson,
Bolton, Lang & MacKenzie, 1988; Yoshino, Someya, Nishio & Yabu, 1988) but not
in all (Nakazawa, Saito & Matsuki, 1988; Honore, Amedee, Martin, Dacquet,
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Mironneau & Mironneau, 1989; Katzka & Morad, 1989; Lang, 1990). They are
thought to arise from two separate populations of Ca2+ channels which can be
distinguished in terms of their conductance, kinetics, voltage dependencies and
sensitivities to pharmacological agents. One 'Ca is transient in nature and is thought

A B5
-10 mV

0.

I 100 plM-Cd2ml° ,

+10 mV

-40 mVb

-80 mV o0,

L-100g

J 100 pA

50Oms -20080 -0 -40 -20 0 20 40 60
Membrane potential (mV)

Fig. 3. Influence of holding potential on 'Ba* Superimposed membrane currents in 7-5 mMi-
Ba2+ at -10 (A, upper panel) and +10OmV (A, lower panel) elicited from holding
potentials of -80 (a) and-40 (b) mV in the absence and presence of 100 ,M-Cd2+. B, plot
ofI-V relationship of 'Ba triggered from -80 mV ('(peak)'I ';(400)' A) and -40 mV ('(peak)'I
0; '(400)' A) in the absence and presence of 100,<M-Cd2+ ('400' O). C, currents recorded
in Cd2+ were subtracted from those recorded at -40 and -80 mV. The Cd2+-sensitive
currents at -40 mV (@, A) and the Cd2+-sensitive currents at -80 mV minus those at
-40 mV (O0 A) are plotted against potential.

to arise from a population of CaO± channels of a small conductance, which activate
and inactivate rapidly at negative potentials (<-40 mV). The otherCa2n current
inactivates more slowly upon depolarization and is thought to arise from a
population of Ca2+ channels which have a larger conductance, an activation range
dependent on the divalent cation concentration and a greater sensitivity to the
actions of dihydropyridine drugs (Bean et al. 1986; Hirst et al. 1986; Loirand et al.
1986; Benham et al. 1987; Yatani et al. 1987; Aaronson et al. 1988).

Single-channel recordings from cells of the guinea-pig taenia caeci have
demonstrated up to three subtypes of Ca2 -channel, distinguished by their unit
conductance in high Bao+ concentrations and their time course of activation and
inactivation. Besides the two populations of channels described above, a third
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population of Ca2+ of intermediate conductance which are slowly activating and non-
inactivating was recently reported (Yoshino et al. 1988; Yabu, Yoshino, Someya,
Usuki, Obara & Tostuka, 1989; Yoshino, Someya, Nishio, Yazawa, Usuki & Yabu,
1989). We have attempted to distinguish these channel subtypes by voltage alone

A B

1 100 M-Cd2+I 100 /iM-Cd2+

I 50 pA /1 MM-Nifl100 pA
50 ms 50 ms

50 50_

-50.c-
ol 0~~~~~~~~~~~~~~UACnro- -

_150 -250/ (peak) 1(40)
I'D 100. /~~~~~~(peak) '(40) \//Nif(gm)

2/ Control -.0-0 0.1 A-A A-A
Cd 0.'PM A-AA -A -250 / 0.3U E- ND- -0

-150- ~~Cd ,0.3pM
J
y-Y -

-200 ~~~~~~~~~-350-80 -60 -40 -20 0 20 40 60 80 100 -80 -60 -40 -20 0 20 40 60 80 100
Membrane potential (mV) Membrane potential (mV)

Fig. 4. Effects of cadmium (Cd2+, 0 1-100 #m; A) and nifedipine (Nif, 0 1-3 0 um; B) onBI
and its I-V relationship. Top panels, Cd2+ and nifedipine dose dependently reduced the
amplitude of IB. at 0 mV; holding potential -80 mV. Lower panels, plot of the I-V
relationship of I(peek) and I(400) for IBa in control and indicated concentrations of Cd2+ and
nifedipine. Note that both the inward and outward flow of curTent through these smooth
muscle Ca2+ channels are blocked, as is evident by the reduction of the currents at
potentials negative and positive to the IBa reversal potential.

using whole-cell voltage-clamp protocols, similar to that designed by Bean (1985) to
separate the two ICa types in heart cells. Cells, bathed in 7-5 mM-Ba2+ saline, were
held at -80 and -40 mV for 1-2 min before test depolarizations to various
potentials were applied. Illustrated in Fig. 3A are the currents recorded at -10 and
+1O mV when elicited from -40 and -80 mV in the absence and presence of
100 /tM-Cd2+. The Cd2+-sensitive IBa showed a marked sensitivity to potential;
decreasing as the holding potential was more positive. The I-V relationship of IBa at
-80 and -40 mV has been plotted in Fig. 3B. When the holding potential was
-40 mV, I(peak) and I(400) were smaller at every membrane potential. Threshold and
the potential at which I(peak) and I(400) were maximal (-40 and 0 mV respectively)
were little affected by the holding potential. The I-V relationship of the Ca2+
channels that can be opened only with a holding potential of -80 mV was obtained
by subtracting the Cd2+-sensitive I(peak) and I(400) at -40 mV from the Cd2+-sensitive
currents at -80 mV (Fig. 3 C; 0, A). This difference current had a similar I-V
relationship to those obtained at -80 or -40 mV (Lang, 1990). Therefore, voltage
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alone could not distinguish at the whole-cell current level (in 7.5 mm-Ba2+) the three
populations of Ca2+ channels suggested to be present in the taenia caeci, presumably
due to their overlapping potential ranges of activation (Yoshino et al. 1989).

100 gM-Cd2+

20
10 mm-BDM 7

I50 pA

50 ms

100

50,

Z 0~~~~
-C
-50 -F- A' A7-50 \* ~~~~~0 I(.W'/M*\* /(~~~~~peakl '(400)

*. / Control ** o-0o
-100 \ BDM,10mM A- AA- -A

BDM, 20 mM*-* O-O

-150.
-80 -60 -40 -20 0 20 40 60 80

Membrane potential (mV)

Fig. 5. BDM (5-20 mM) also blocks both the inward and outward flow of current
through these smooth muscle Ca2+ channels. Conditions as in Fig. 4.

Effects of Cd2+, nifedipine and BDM
Figures 4 and 5 illustrate the effects of Cd2+, nifedipine and BDM, at the

concentrations indicated, on the amplitude of IBa at 0 mV from a holding potential
of -80 mV. Cd2+ and nifedipine reduced IBa at concentrations > 0 1 /LM. Complete
blockade of IBa was usually achieved with 100 gtm-Cd2+; this concentration of Cd2+
was therefore used in all experiments to indicate background membrane and
capacitive currents. Where possible these background membrane currents were
subtracted from I-V plots before display (Fig. 4A and B). BDM reduced IBa at
concentrations > 2 mm (Fig. 5). All three blockers dose dependently reduced I(peak)
and (400) at potentials negative and positive to EREV (Figs 4 and 5). Half-maximal
blockade of the I(peak) of IBa, at 0 mV, was achieved with 1 /LM-nifedipine (49 + 9%
(n = 5) block) and 10 mM-BDM (51 + 5 (n = 10)); whereas 1 /LM-Cd2+ produced a
36+4% (n = 3) inhibition.
To determine accurately the effect of Cd2+, nifedipine and BDM on Ca2+ channel

activation, peak amplitudes of IBa in the various blocker concentrations were
calculated in terms of absolute and normalized conductance and plotted against
potential. Cd2+ (0-3-1 ,lM; Fig. 6A), nifedipine (0-1-0 3 ,CM; Fig. 6B) and BDM
(5-10 mM; Fig. 7) reduced Ca2+ channel conductance without affecting the potential
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range of activation. Nifedipine at concentrations > 1'0 gim, on the other hand,
induced a shift in the voltage dependence of activation in the hyperpolarizing
direction (Fig. 6B). V0.5 of the normalized steady-state activation curve was -74 mV
in control saline and -63 mV when in 0-1 or 0-3 fM-nifedipine; but -88 and

A B

4.0. a5.0 a

3.0. 4.0-

~2.0 , , .

O- ~~~~~~~~~~~O

tb~~ ~ ~ ~ /2.0-
1.0 /

1.0.

0.c. 0.c

10b b
* Control 2 1.0 *Control

Me03 mbran poenia (mV Control oetil(V

Fig. 0.Effc2to Nifedipine(BuM)0*8 1 .0 uM-Cd0.2/08 & 0.1
2 .~~~n0.3

in control and 0 3 ,uM-Cd2+ were-18M7 and-17M66 (Aa)1.00.6 mV 0. 3.0E

'~0.4 /0.4-

0.0- 0.20
0 -60n-40 -20oin -80 -60 -4i -2 093 20

Membrane potential (mV) Membrane potential (mV)

Fig. 6. Effects of 0d3-1jum-Cd2, (A) and 0-1-3/tim-nifedipine (B) on voltage-dependent
activation on It. Absolute (Aa, Ba) and relative (Ab, Rb) conductance of the Ca2wchannel
currents were calculated in the absence and presence of the blockers at the concentrations
indicated and plotted against potential. Lines through relative data (lower panels) were
Boltzmann distributions, fitted by least squares, of the form

dIt(V) = {I t exp [(Vo.5- V)/k]}-1,
where VO. is the potential of half-maximal activation, k is a slope factor. The values of VO.5in control and 0-3 /Sm-Cd2+ were - 18-7 and - 17-66 (Aa). V0.5 for control, O- 1, 0-3, 1 and
3 /tm-nifedipine were -7-4, -6-3, -6-3, -8-8 and - 16-3 mV respectively (Bb).

-16-3 mV when nifedipine was raised to 1 and 3 /tm (Fig. 6Bb). Similar effects of
nifedipine were seen in three other cells. Nifedipine and CV-4093, another
dihydropyridine, increased inward currents at negative potentials in single cells of
the ear and pulmonary artery of the rabbit (Okabe, Terada, Kitamura & Kuriyama,
1987; Aaronson et al. 1988).

EffeCts of Cd2+ , nifedipine and BDM on 'Ba and Ica
Inward current flow through Ca2+ channels was generally larger when an

equimolar concentration of Ba2+ currents was substituted for Ca2+ (Tsien et al. 1987).
It is thought that Ba2+ binds less strongly to a site within the channel (met'al co-
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ordination site) which results in a greater Ba2+ mobility through the channel. The
actions of most Ca2+ channel blockers can usually be antagonized by raising the
extracellular concentration of Ca2+. They may not, however, be acting at the same
site within the channel. We have examined this possibility by comparing the action
of the three blockers, when Ca2+ or Ba2+ acted as the permeant ion.

A
3.0

2.5 i

2.0.

~1.5
1.0

0.5

0.0

B
1.0 * Control

' 1 mM-BDM '
0.8 * 20 mM-BDM 7 A

/'
x0-6 /
E

0.4 /

0.2
A

0.0
-60 -40 -20 0 20

Membrane potential (mV)

Fig. 7. Effects of BDM (10-20 mM) on voltage-dependent activation of IB,. Absolute (A)
and relative (B) conductance have been plotted against potential as in Fig. 6. In this cell
the resting conductance (R) was not subtracted previously. Therefore the data were fitted
with a modified Boltzmann distribution of

d. (V) = (1-R) {1 +exp [(Vo.5- V)/k]}-l +R,
such that T0o.5 and R were -12 mV and 0-07 respectively for control; -99 mV and 0-07
for 10 mM-BDM.

In the cell illustrated in Fig. 8A, ICa (7-5 mM-Ca2+) was approximately one-third of
the amplitude of IBa (7-5 mM-Ba2+); the averaged peak amplitude of ICa in sixteen
cells, however, was 51 + 5% of IBa- In this cell 1 guM-Cd2+ produced an approximate
50% blockade of IBa but only slightly reduced ICa- On the other hand, 10 jtM-Cd2+
was required to produce an approximate 50% block of ICa- Nifedipine (0-3 uM) and
BDM (10 mM) showed the opposite behaviour; blocking ICa more effectively than IBa
(Fig. 8B).
These results are consistent with Cd2+, Ca2+ and Ba2+ binding to the same site,

Ba2+ with a lesser affinity would be more affected by the strongly binding Cd2+. The
greater blockade of ICa by nifedipine and BDM cannot be explained by a simple

12
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competition at this site of Cd2" action, but must involve a separate site at which the
binding of Ca2+ or Ba21 can affect the action of these two blockers (Lee & Tsien, 1984;
Tsien et al. 1987).

A
7.5 mM-Ba2, 7.5 mM-Ca2+

100 pM-Cd2+ 1 00 jiM-Cd2+

1 30

J 100 pA
J 100 pA 50 ms

50 ms

B
1.*0

7.5 mM-Ba2+
0*8 r 7.5 mM-Ca2+

15 0.6-

0*4

0-3 pM-nifedipine 10 mM-BDM 1 Mm 10 /M
Cd2+

Fig. 8. A comparison of the effects of Cd2+, nifedipine and BDM on IB, (7 5 mM-Ba2+) and
ICa (7 5 mM-Ca2+) at 0 mV, from a holding potential of -80 mV. A, a tenfold largerconcentration of Cd2+ was required to produce an equivalent block ofIca to that seen with
IBa. B, 0-3 guM-nifedipine and 10 mM-BDM, however, were more effective at blocking ICa
than I,..

Initial, conditioned or tonic block of IBa
Blockade of IBa by Cd2+ and BDM was invariably associated with an acceleration

of current decay; blockade by nifedipine, however, was not (Figs 4 and 5). An
acceleration of the inactivation of the Ca2+ channel current in the presence of a
channel blocker has been postulated to reflect (i) a preferential block of a distinct
class of slowly inactivating Ca2+ channels (Bean et al. 1986) or (ii) a preferential
blockade of open or inactivated Ca2+ channels (Lee & Tsien, 1983). Blockage of open
Ca2+ channels can be tested using stimulation protocols similar to those devised for
studying the blockade of Na+ channels by local anaesthetics (Hille, 1977) or the
action of Ca2+ antagonists on Ca2+ channels in single cardiac cells (Lee & Tsien, 1983).

13
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Four to eight Ba2+ currents were recorded in the absence of blockers with test
depolarizations (400 ms in.duration) to 0 mV every 20 or 30 s. Cells were then rested
for 2-3 min and then stimulated again with a similar number of test depolarizations.
This procedure was repeated until the rate of IBa run-down was established. BDM
(5-10 mM), nifedipine (1 pM) or Cd21 (3/M) were then added at the beginning of a rest
period.

I(peak) and '(400) of the first IBa in the next train of depolarizations were dose
dependently reduced by all three blockers, but no further during the train of
stimulation (data not shown) (Lee & Tsien, 1983; Hering, Beech, Bolton & Lim,
1988). Small progressive decreases in IBa in the presence of blocking drugs were
sometimes seen, but were not relieved by a subsequent rest period. This was
explained as Ca21 channel run-down. Conditioned block is usually characterized by
a near normal amplitude of IBa after a rest period, followed by a progressive
reduction in IBa amplitude during repetitive depolarization. The pronounced block of
IBa after a rest period and the lack of any conditioned block in the present
experiments, even though IBa decayed more rapidly, suggests that Cd2+, nifedipine
or BDM are not rapidly blocking open channels (Hering et al. 1988).

Voltage-dependent action of BDM, nifedipine and Cdd2+
The blockade of whole-cell Ca2+ channel currents in smooth muscle by

dihydropyridines is known to be strongly voltage dependent. Ca2+ channel currents
obtained from positive holding potentials (-40 to -30 mV) are more readily
blocked by a number of dihydropyridines, at concentrations 10-100 times less than
that required to block currents elicited from more negative holding potentials (-80
to -60 mV) (Bean et al. 1986; Yatani et al. 1987; Nakazawa et al. 1988).

In Fig. 9, IBa recorded at 0 mV, from holding potentials of -80 and -40 (or
-30 mV), have been superimposed in the absence and presence of BDM (10 mm),
nifedipine (0-3 /M) and Cd2+ (1 M). I(peak) Of IBa from -40 mV was generally about
60% of that elicited from -80 mV in control solutions (Fig. 9, left column; see
below). The action of 0 3 /tM-nifedipine was markedly voltage dependent. I(peak) was
reduced by 40% when IBa was elicited from -80 mV, but almost completely when
IBa was triggered from -40 mV. Cd2+ and BDM also showed a slight voltage
dependence in their blockade of IBa, such that I(peak) was relatively smaller when IBa
was elicited from positive potentials (Fig. 9, right column).

This voltage dependence was examined using a double-pulse protocol. A test pulse
(duration 200 ms every 30 s) to 0 mV from the holding potential of -80 mV was
preceded by a 1 s conditioning pulse of various amplitudes. To remove the effects of
Ca2+ channel run-down, pairs of stimulations were applied; the first without (current
2 in Fig. lOA), the second with the conditioning pulse (current 1 in Fig. IOA).
Currents in control saline recorded in response to test pulses after a conditioning
pulse were expressed as a fraction of its accompanying conditioning-free test IBa.
These fractions were then normalized as a fraction of the maximum value obtained
and plotted against potential (Fig. lOB). Test IBa's in nifedipine (0 3 pM) or BDM
(10 mM) were either expressed as a fraction of the averaged conditioning-free IBa in
control saline (Fig. lOBa and c), or normalized as above (Fig. lOBb and d). In control
saline the amplitude of the conditioning pulse to reduce IBa to half its amplitude (V0.5)
was - 36-0+ 1-5 (n = 3) mV. Application of nifedipine (0-3,M) or BDM (10 mM)

14
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reduced the relative amplitude ofIBa at all conditioning potentials (Fig. lOBa and c).
V'05 was shifted from -32-4 to -5241 mV in nifedipine (0-3 ,M) (Fig. lOBb), and
-37-3 to -41-1 mV in BDM (10 mM) (Fig. lOBd).

10 mM-BDM
------------- 40------

-40 -80 MV

-80 mV

0.3 /M-nifedipine
-40

-40

0mv~~~~~~80m

1 jiM-Cd2+

-30~~30
-40 -80 mV

-80 mV

Fig. 9. The effect of holding potential on IB. and the blocking actions of Cd2+, nifedipine
and BDM. Left panel of each row illustrates the voltage-dependence of I... The peak
amplitude ofIBa at 0 mV, evoked from a holding potential of -40 mV, was approximately
60% of that recorded from -80 mV. Right panel of each row illustrates the voltage
dependence of the Ca2+ channel blockers. IBa elicited from positive potentials (-40 or
-30 mV) was more sensitive to the blocking actions of Cd2+, BDM and particularly
nifedipine.

From these shifts in the steady-state inactivation curves it was possible to
estimate the dissociation constant for nifedipine and BDM binding to the resting and
inactivated Ca2+ channel, using the approach described by Bean et al. (1986).
Assuming a one-to-one binding of these drugs to the resting and inactivated channel
states, the dissociation constant for binding to the inactivated state (KI) was
calculated from A V0.5 = kLL{(I + [N]/KI)/ (1 + [N]/KR)}

where AVO.5 is the shift of the mid-point of the steady-state inactivation curve, k is
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Fig. 10. Effects of 0 3 /aM-nifedipine and 10 mM-BDM on the voltage-dependent
inactivation of IB. (7 5 mM-Ba2l) using a twin-pulse protocol where conditioning pulses of
various amplitudes and 1 s duration were followed by the test step (200 ms) to 0 mV;
holding potential -80 mV. Stimulations were given in pairs with (trace 1) and without
(trace 2) the conditioning pulse to correct for Ca2+ channel current run-down. Protocols
were then repeated in the presence of 100 /iM-Cd2+ to estimate the background membrane
conductance. A, test currents to 0 mV in control (Aa, c), in 0 3 ftM nifedipine (Ab) or 10 mM-
BDM (Ad) without (2) and with a conditioning pulse to -40 mV (1). B, test IB in control
after a conditioning pulse was expressed as a fraction of its accompanying conditioning-
free IB., then normalized as a fraction of their maximal value and plotted against
potential. Test IB. in the presence of Ca2+ entry blockers was either expressed as a fraction
of the averaged conditioning-free IBa in control saline (Ba, c), or normalized (Bb, d).
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the slope factor obtained experimentally, [N] is the concentration of the blocker used
and KR is the dissociation constant of the blocker for the resting Ca2+ channel at
-80 mV. With KR = 1 /LM and AV0.5 = 19-7 mV for nifedipine, KI was calculated as
78 nM; with BDM, KR = 10 mM, AV0.5 = 4-7 mV and KI = 5-1 mM.

Effects of nifedipine and BDM on K+ contractures of intact strips of taenia caeci
Voltage-dependent blockade of Ca2+ channels by nifedipine and BDM could also be

demonstrated in the intact strips of taenia caeci. K+ contractures were elicited either
by exposing muscle strips, bathed in a Ca2+-free saline, to a 40 mM-K+, 1-5 mM-Ca2+
saline (K+ concentration replacing an equimolar concentration of Na+) (top panels in
Fig. llA and B) or by adding 1P5 mM-Ca21 to strips depolarized previously with a
40 mM-K+, nominally Ca2+-free saline (lower panels in Fig. I1 A and B). If nifedipine
(0'3 /tM) was added just prior to the 40 mM-K+, 1-5 mM-Ca2+ solution the resulting
contracture was smaller than the control contraction and phasic in nature. If,
however, nifedipine was added to the depolarizing 40 mM-K+, Ca2+-free saline the
contracture upon the addition of Ca2+ was even more reduced (lower right panel, Fig.
llA). The addition of 10 mm-BDM to the depolarizing 40 mM-K+, Ca2+-free saline
also produced a greater block of the contraction induced on the addition of 1-5 mx-
Ca2+ than that induced by 40 mM-K+, 1-5 mM-Ca2+ saline (Fig. lIB). These actions
of BDM and nifedipine were fully reversible, as K+ contractions returned on their
removal (data not shown).

Inhibition of these K+ contractures was expressed as a percentage of the area (first
2 min) of the control contraction in each strip. Nifedipine (0 3 /,M) and BDM (10 mM)
inhibited 46'5 + 5.5% (n = 3) and 70 7 + 3.9% (n = 6) respectively the contractions
induced by the simultaneous addition of K+ and Ca2+; but inhibited 57-7 + 2-6%
(n = 3) and 81'3 + 4.3% (n = 6) respectively the contractions induced by the addition
of Ca2+ to previously depolarized muscle strips.

Bay K 8644 antagonizes BDM
In embryonic chick heart cells the inhibitory action of BDM on the slow Ca2+-

dependent action potential can be antagonized by Bay K 8644, the Ca2+ channel
agonist (Sada, Sada & Sperelakis, 1985). We have therefore examined the effects of
Bay K 8644 on IBa in single cells of the taenia caeci. Bay K 8644 (1 0 ,UM) increased
the amplitude of IBa at 0 mV approximately 2- to 4-fold, this increase was reversed
by 10 mM-BDM (Fig. 12Aa). Alternatively, the inhibitory action of 10 mM-BDM
could be partially reversed by 01 and lP0 /m-Bay K 8644 (Fig. 12Ab).
Bay K 8644 increased IBa at all potentials. When plotted as a normalized

conductance curve, V0.5 of activation, for the cell in Fig. 12Aa, was - 16-7 mV in the
control saline and -27-6 mV in 1 /SM-Bay K 8644 (data not shown). This agonist
action of Bay K 8644 was also associated with a shift in the positive direction of the
steady-state inactivation curve as estimated with the twin-pulse protocols described

Application of nifedipine (0 3 ,UM) or BDM (10 mM) reduced the relative amplitude of I..at all conditioning potentials. Normalized data were fitted with Boltzmann distributions
by least squares; VO.5 was shifted from -32-4 to -52'1 mV in nifedipine (Bb), and from
-37-3 to -41-1 mV in BDM (Bd).
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above. In a separate cell, 'Ba in 1 /tM-Bay K 8644 was approximately four times
larger than the averaged test IBa (without a conditioning depolarization) in control
saline (Fig. 12B and C). The addition of BDM (10 mM) antagonized these effects of
Bay K 8644 (Fig. 12B). When normalized, the potential of half-maximal availability

A

fKCI +CaI2+ III 03 juM-nifedipine
I KCI + Ca +

10 mN

10 min

IKCI ICa'+

KCI +Ca2'

I03 MM-nifedipine]
|KCI Ca2+ |

10 mM-BDM

IKCI 7Ca2+

KCI lCa2 l 10 mM-BDM I
KCII Ca2'

Fig. 11. Voltage-dependent inhibition of K+ contractures in intact muscle strips by
nifedipine (0-3 /LM) and BDM (10 mM). A, K+ contractures were elicited either by exposing
muscle strips to a 40 mM-K+, 1-5 mM-Ca2+ saline (left column, top panel) or by adding
1-5 mM-Ca2+ to strips depolarized previously (for 2 min) with 40 mM-K+ in nominally Ca2+-
free saline (left column, lower panel). When nifedipine (0-3 /LM) was added to the
depolarizing 40 mM-K+, Ca2+-free solution the K+ contracture upon the readmission of
Ca2+ was smaller than when nifedipine was added just prior to the 40 mM-K+, 1-5 mM-Ca2+
solution. B, voltage-dependent inhibition of K+ contractions by BDM (10 mM); 10 mM-
BDM also produced a greater inhibition of the K+ contractions induced by the addition
of 1-5 mM-Ca2+ to the strips depolarized previously with 40 mM-K+.

(V0.5) for control was - 38-4 mV, - 26-4 mV when in 1-0 /m Bay K 8644 and
-32-9 mV when in Bay K 8644+ 10 mM-BDM (Fig. 12 C).

ATPyS and the action ofBDM
BDM was originally thought to have phosphatase-like activity (Wilson & Ginsberg,

1955; Green & Saville, 1956) and such an action has been evoked recently to explain
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some of its inhibitory action in skeletal and cardiac muscle (Wiggins et al. 1980;
Bergey et al. 1981; Fryer et al. 1988b). It may be that BDM is dephosphorylating
Ca2+ channels in smooth muscle which modifies their kinetics and/or number to
produce the smaller, more rapidly inactivating Ca2+ channel currents recorded. We

B
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' 3.0.
E
X0 2.0\

2+ ~~~~0A a 100 iM-Cd >

I~~~~~~~. 10o.o
+ Bay K C

bay K J100 pA c
b 20 ms

. Cotl
2+ o0~ BavyK8664_100, + BDMC 0.8 oBay K 8664 + BDM

BDM* Bay K Et

0MM" L0.6
0.4+.

0.0
-100 -80 -60 -40 -20 0

Membrane potential (mV)
Fig. 12. Bay K 8644 antagonizes the inhibitory action of BDM. Bay K 8644 (1 gM)
increased IBa at 0 mV 2- to 4-fold. This increase was reversed upon the addition of 10 mM-
BDM (Aa). The reduction of IBa induced by 10 mM-BDM could also be reversed partially
by 0-1 and 1-0Jum Bay K 8644 (Ab). Steady-state inactivation relationships, either
expressed relative to the averaged test IB. in control saline (B) or normalized to their own
maximal fraction (C) have been plotted against potential. Bay K 8644 (1 JiM) increased
the relative amplitude of the test current at all potentials (B), which was associated with
a shift in the positive direction of the normalized steady-state inactivation curve, fitted
by least squares (C). BDM (10 mM) reversed partially the effects of Bay K 8644. V0O5 in
control, Bay K 8644 and Bay K 8644 +BDM was -38-4, -26-4 and - 32-9 respectively
(C).

have examined this possibility by introducing into cells 1 mM-ATPyS, which should,
in time, irreversibly thiophosphorylate cell proteins and therefore be resistant to the
action of intrinsic-phosphatases and BDM, if it is acting in a similar manner (Lang
& Paul, 1989).

Cells were routinely perfused with 3 mM-ATP. The control for this set of
experiments therefore was to add an additional 1 mM-ATP to the pipette solution. In
Fig. 13A I(peak) and '(400) of IBa in a cell perfused with 4 mM-ATP are plotted against
time. Eight depolarizations to 0 mV (400 ms duration, 30 s apart) are separated by
3 min rest periods. In this cell there was substantial use dependence as evident by the
progressive decrease in IBa during the periods of stimulation; Ca2+ channel run-down
was also present but can be quantified by comparing the amplitude of IBa at the
beginning of each stimulation regimen in the absence of BDM (Fig. 13A).
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When 1 mM-ATPyS was added to the internal solution of three cells the inhibitory
action of 10 mm-BDM could not be prevented (Fig. 13B). ATPyS, however, had been
able to enter cells as massive contractions were generally recorded within 5 min of
rupture of the patch membrane, presumably due to the irreversible phosphorylation
of the contractile proteins (Paul & Lang, 1989).

A Control
10 .

0 8 t % 10 mM-BDM *. /(peak)
0 % ~~~~0-0 '(400)

0.6 0

0.42om b
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1. /;\,00 .00 10 mM-BDM

0.8

x0.6
ZE
0.4
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4 8 12 16 20

Time (min)
Fig. 13. The effects of the intracellular addition of ATPyS on the inhibition of IB. by
BDM. A, control cell (4 mM-ATP in pipette solution): 10 mM-BDM reduced both I(peak)
and I(400) plotted against time. B, 1 mM-ATPyS, 3 mM-ATP added to the pipette solution
did not prevent BDM (10 mM) reducing '(peak) and I(400).

DISCUSSION

Tonic contractions of the guinea-pig taenia caeci and rat anococcygeus muscle,
dependent on the influx of external Ca2" are blocked preferentially by BDM
(5-30 mM) compared to the phasic component of the contraction (Fig. 9A; Wendt &
Lang, 1987). BDM inhibition is also dependent on the prevailing membrane potential
of the tissue as previous depolarization (with 40 mM-K+) enhanced its action. The
present experiments have therefore examined the mechanism of action of BDM on
the Ca2+ channel currents in single smooth muscle cells, comparing its action with the
dihydropyridine, nifedipine and with another Ca2+ entry blocker, Cd2 .

All three agents reduced the Ca2+ currents recorded in Cs+-filled cells bathed in
Ca2+_ or Ba2+-containing solutions (7-5 mM), BDM and nifedipine being more
effective when Ca2+ acted as the charge carrier. The inhibitory action of nifedipine
and, to a lesser extent, BDM was dependent on voltage, both being more effective at
less negative holding potentials (Fig. 7). This voltage sensitivity arose from a shift
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of 20 and 5 mV respectively in the negative direction of the steady-state inactivation
curve in the presence of 0 3 gM-nifedipine and 10 mM-BDM (Fig. 8Bb and d). At
higher concentrations, nifedipine (> 1 /iM) also increased Ca2+ channel currents at
potential near threshold. This agonistic action could be quantified as a negative shift
of 10 mV of the steady-state activation curve in 3 /SM-nifedipine (Fig. 5C).
The modulated receptor hypothesis, which postulates that the state of the channel

(rested, open or inactivated) is the main determinant of agonist-antagonist binding
(Hille, 1977), has been used to investigate the action of a number of Ca2+ channel
blockers in a smooth muscle, particularly since the development of recording from
single cells. Channel blockade mechanisms have been described as initial, conditioned
(frequency or use dependent) or tonic. Initial block is defined as the block of rested
channels which can be reversed if the tissue is subsequently hyperpolarized to
negative potentials; e.g. (+)-isradipine action on Ca2+ channels in myometrial
smooth muscle (Honore et al. 1989). Tonic block cannot be reversed by
hyperpolarization; e.g. nifedipine action in the rabbit ear artery (Hering et al. 1988);
spironolactone action in the rat portal vein (Dacquet, Loirand, Mironneau &
Mironneau, 1987) and nicardipine action on the rabbit small intestine (Terada,
Kitamura & Kuriyama, 1987). Conditioned block, on the other hand, is defined as the
block that develops upon repetitive stimulation after the first stimulus, which can be
relieved by a subsequent rest period at negative potentials and is though to reflect
the binding of antagonists to open, or inactivated, channels which then removes
them from the conducting channel pool; e.g. the action of verapamil and diltiazem
on the rabbit small intestine (Terada et al. 1987), D600 on the rabbit ear artery
(Hering, Bolton, Beech & Lim, 1989) and the main action of tiapamil on the guinea-
pig bladder (Klockner & Isenberg, 1986). Some agents show a mixed action;
niguldipine produces an ; 60°% initial block, followed by a further 20% conditioned
block (Klockner & Isenberg, 1989). In the present experiments all three blockers,
after 2-3 min equilibrium with resting Ca2+ channels, produced a block, which did
not increase upon repetitive stimulation. Block was also not relieved by further
2-3 min rest periods so that the block induced by these three agents can be said to
be tonic.
The acceleration of the decay of IBa in the presence of BDM and Cd2+, but not

dramatically in nifedipine, was confirmed by scaling the amplitude of IBa in the
presence of the three blockers (at half-maximal concentrations) until they were
superimposable with their control IBa (data not shown). Recently, also, it has been
shown that rapidly applying nifedipine during the decay phase of a prolonged Ca2+
channel current, recorded in single ear artery cells of the rabbit, did not affect
dramatically the subsequent current decay (Hering et al. 1988). This result is
consistent with the lack of a conditioned block in the present experiments. Therefore,
nifedipine appears not to bind rapidly to open Ca2+ channels, but binds with a high
affinity to rested channels as evident by the tonic block.
The action of nifedipine, however, does have a strong voltage dependence in the

present experiments (Fig. 5Bb) and in the rabbit ear artery (Aaronson et al. 1988),
moving the steady-state activation and inactivation curves in the negative direction.
Such a voltage sensitivity has been interpreted previously as reflecting a high affinity
of the blocker to the inactivated state of the Ca2+ channel and a KI for nifedipine
binding to the inactivated state was estimated as 78 nM (Bean et al. 1986). One might
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have expected, however, that preferential binding to the inactivated state would
have bin revealed with a conditioned block of the Ca2+ channels. In the present
experiments, however, stimulus frequencies during repetitive stimulation were
0 03-0 05 Hz (holding potential -80 mV) to avoid an acceleration of Ca2+ channel
current run-down; perhaps slow enough to allow recovery from inactivation, even in
the presence of nifedipine.

In cardiac tissue BDM (> 5 mM) reduced the plateau phase of the action potential
and dephosphorylated cell membranes (Wiggins et al. 1980; Bergey et al. 1981),
suggesting that BDM action was via a dephosphorylation of the slow Caa2+ channels.
It follows that if Ca2+ channels in the smooth muscle cells of the taenia caeci are
modulated by mechanisms involving phosphorylation/dephosphorylation BDM may
be able to mimic the dephosphorylating branch of such an action. In the present
experiments, BDM reduced Ca2+ channel currents and K+ contractures which, by
analogy with cardiac cells (Hescheler, Mieskes, Riiegg, Takai & Trautwein, 1988)
might be expected if Ca21 channels were being dephosphorylated (Kameyama,
Hescheler & Trautwein, 1986). The action of BDM, however, could not be prevented
by the thiophosphorylation of cell proteins with ATPyS (1 mM) which would slow
protein dephosphorylation (Fig. 11). Its action was also voltage dependent, which
would not necessarily be expected if only a dephosphorylating mechanism was being
evoked. In fact, the action of BDM was similar to nifedipine, could be antagonized
by Bay K 8644 and perhaps suggests that BDM is acting at the dihydropyridine
binding site on the Ca2+ channel, but with a far lesser affinity.
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