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SUMMARY

1. We studied the effects of dihydropyridine Ca channel ligands (DHPs), mainly
nitrendipine and Bay K8644, on whole cell and single channel Ca currents on single
myocytes isolated from the adult guinea-pig ventricle.

2. Nitrendipine had dual effects, stimulatory or inhibitory, depending upon the
membrane potential. At low frequencies (less than 0-03 Hz) and negative holding
potentials (—90 mV or more), nitrendipine increased the Ca currents in a dose-
dependent manner. The dose-response curve was best fitted by a Langmuir
adsorption isotherm model which was the sum of two independent one-to-one
drug-receptor sites with median effective doses (ED;s) of 1-0x107°M and
1-4 x 107® M respectively.

3. When the membrane potential was held at —30 mV or less, nitrendipine
inhibited the Ca currents, also in a dose-dependent manner. The dose-response curve
was fitted by a single binding site model having a median inhibitor concentration
(IC,,) of 1-5x107° M. At holding potentials between —70 and —40 mV, nitren-
dipine produced mixed effects on Ca currents; an increase occurred initially and this
was followed by a decrease.

4. When rundown was excluded, Bay K8644 showed only stimulatory effects on
the Ca currents between holding potentials of —120 and —30 mV. When the test
potential was zero or +10 mV the Ca currents reached peak values and the
dose—response curve was best fitted by a single binding site model having an ED,,
of 3 x 1078 m. When the effects were measured at negative test potentials of —30 to
—10 mV, the curve was best fitted by a two-site model with ED;s of 3 x 107* and
9x107" M.

5. At the single Ca channel level the stimulatory effect of nitrendipine was due to
an increased probability that a Ca channel which had opened once would reopen, a
reduction in records without activity and an increase in the mean open time. There
were no changes in unit conductance. Inhibitory effects were due to a large increase
in nulls. At lower concentrations the main effect of Bay K8644 was an increase in
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the probability of opening. At doses above 107¢ M, a pronounced increase in the open
time was observed.

6. The effects we observed are attributed to at least two sites for DHP related to
Ca channels; one with high affinity and one with a lower affinity. The low affinity
site mediates a stimulatory effect due to greatly prolonged openings. The high affinity
site mediates two effects, stimulatory or inhibitory, depending upon the membrane
potential. An alternative possibility is the existence of two distinct high affinity sites.

INTRODUCTION

The dihydropyridines (DHPs) are a class of organic compounds numerous members
of which are important calcium antagonists (Triggle & Janis, 1984; Schwartz &
Triggle, 1984; Schwartz, Grupp, Grupp, Williams & Vaghy, 1984). Several DHPs,
e.g. nifedipine, nimodipine and nitrendipine, inhibit Ca currents (Bean, 1984;
Sanguinetti & Kass, 1984a; Brown, Kunze & Yatani, 1984a; Hess, Lansman & Tsien,
1984) and two DHPs, Bay K8664 and CGP 28392, stimulate Ca currents (Brown
et al. 1984 a; Hess et al. 1984 ; Kokubun & Reuter, 1984 ; Ochi, Hino & Niimi, 1984).
In so far as work on cardiac sarcolemmal (s.1.} Ca channels is concerned nitrendipine
has been a favourite DHP and has been used extensively in pharmacological and
binding experiments. It has been shown to bind with high affinity (apparent
dissociation constant, K, about 0-1 nM) to cardiac s.l. and membrane preparations
from other excitable tissues such as brain, smooth muscle and the T-tubules of
skeletal muscle (Bellemann, Ferry, Liibbecke & Glossmann, 1981 ; Glossmann, Ferry,
Liibbecke, Meves & Hofman, 1982; Gould, Murphy & Snyder, 1982; Triggle & Janis,
1984 ; Schwartz et al. 1984 ; Schilling, Hamilton, Yatani, Brush & Brown, 1985). There
is a reasonable correlation between the K, and the median inhibitory concentration
(ICq,) for Ca channel block in smooth muscle but the correlation was found to be less
satisfactory in cardiac muscle (Lee & Tsien, 1983). These authors raised the possibility
of state-dependent binding and Sanguinetti & Kass (1984a) and Bean (1984)
subsequently demonstrated that the IC;, is much smaller when the cardiac membrane
is held at depolarized potentials. However, the experimental situation is more
complicated since it has been shown that nitrendipine has stimulatory as well as
inhibitory effects on Ca currents (Brown ef al. 1984a) and cardiac contractility
(Thomas, Gross & Schramm, 1984; Schwartz et al. 1984). A possible explanation
for these dual effects is that the DHPs are modulators of Ca channel function
(Schramm, Thomas, Towart & Franckowiak, 1983) and a specific single-site model
based on DHP modulation of gating among different channel modes has been
proposed (Hess et al. 1984). This model does not deal with the possible contribution
of a second DHP binding site with low affinity and large capacity which has been
found in cardiac s.l. and other membrane preparations (Belleman et al. 1981 ; Marsh,
Loh, Lachance, Barry & Smith, 1983; Schwartz et al. 1984; Vaghy, Grupp, Grupp,
Balwierczak, Williams & Schwartz, 1984). An effect on Ca channels mediated by the
low affinity site has been inferred from studies on single Ca channels (Brown, Kunze
& Yatani, 1984b) and cardiac contractility (Marsh et al. 1983; Schwartz et al. 1984).
In the present experiments we examined the effects of membrane potential on the
behaviour of the high affinity site and the role played by the low affinity site in Ca
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channel function. We found that the high affinity site is either stimulatory or
inhibitory for Ca channels depending upon the membrane potential and that the low
affinity site is stimulatory. The results are interpreted by a model in which DHPs
act as agonists whose affinities and effects are voltage dependent.

METHODS

Cells, solutions and electrophysiological measurements

Single ventricular cells were isolated from adult guinea-pig hearts by enzymatic dispersion
(Brown et al. 1984b). Whole cell voltage clamp currents were recorded according to Hamill, Marty,
Neher, Sakmann & Sigworth (1981). The cells were placed in a small chamber (0-2 ml) which was
perfused (2 ml/min) with a Tyrode solution containing (mm): CaCl,, 1'8; NaCl, 185; KCl, 54 ; MgCl,,
1-0; glucose, 10; HEPES, 5 (pH 7-4). In some experiments 5 x 10~ M-tetrodotoxin was added to
the Tyrode solution. For more complete separation, Ca currents were isolated by suppressing Na
and K currents. Na- and K-free external solutions contained (mm): CaCl,, 5; tetramethylammonium
chloride, 135; MgCl,, 2; glucose, 10; 4-aminopyridine, 5; HEPES, 5 (pH 7-4). Patch pipettes
contained (mm): K aspartate, 130; EGTA, 5; adenosine 5'-triphosphate (ATP), 2; HEPES, 5 (pH
7-3) and had resistances ranging from 0-7 to 2:0 MQ. For Na- and K-free solution experiments, Cs
aspartate was substituted for K aspartate. Liquid junction potentials between these solutions and
normal Tyrode solution were 10-15 mV. Correction of the membrane potentials was made as
described by Hagiwara & Ohmori (1982). For cell-attached single channel recording the patch
pipette contained (mm): CaCl,, 40; tetraethylammonium chloride, 20; KCl, 5-5; glucose 20;
4-aminopyridine, 5; Tris-HCl, 55 (pH 7-4) or BaCl,, 96; HEPES, 10 (pH 7-4). The Tyrode solution
in these experiments contained 2-0 mM-CaCl,. The patch electrodes were coated with Sylgard 182
and fire polished. The currents were digitized at 10-20 kHz and filtered at 5 or 10 kHz. The single
channel currents were analysed using methods described by Lux & Brown (1984). Nitrendipine and
Bay K8664 were dissolved in ethanol or polyethylene glycol to 10 mm and then serially diluted in
the bathing solutions; they were applied by bath perfusion. The solvent concentration was less than
0-19%, a concentration which by itself had no effect on the Ca currents. The drugs were obtained
as gifts from Miles Laboratories (New Haven, CT, U.S.A.). The batch number for nitrendipine was
828288 and for Bay K8644 was 957020. All experiments were performed at room temperature
(20-22 °C).

Fitting the dose—response and current availability—potential curves

The dose-response data were fitted to models consisting of one or two independent one-to-one
drug receptor sites. The computer program used a non-linear least-squares Marquardt method
(Bevington, 1969) to estimate the free parameters which were B, .8 (Bp,, 18 maximum number
of binding sites) and Kps. The ‘F’ test (Munson & Robard, 1980) was used to differentiate between
single- and two-site models. The inactivation curves were fitted using the standard % _—(V) relation
based upon a Boltzmann distribution for the inactivating particle. Parameter estimation was
approached in the same way as described above.

Stimulation of Ca current kinetics

Estimates of the rate constant parameters used for the scheme in Fig. 13 were obtained from
whole cell current relaxations following voltage step perturbations and from single channel mean
open times. The whole cell currents were then generated using a numerical modal expansion
technique (Colquhoun & Hawkes, 1982).

RESULTS

Whole cell Ca currents

In Na- and K-free solutions the input resistance of adult guinea-pig ventricular
myocytes was greater than 10'° Q and could be as large as 10! Q (Matsuda & Noma,

1984). Under these conditions the inward current required to hyperpolarize the
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Fig. 1. Dose—response relation of the stimulatory effect of nitrendipine on Ca currents of
adult guinea-pig ventricular cells as measured in eight cells. Each symbol represents data
from a different cell. Open symbols show the results in normal Tyrode solution containing
5x 1075 M tetrodotoxin. Filled symbols show those results obtained in Na- and K-free
solutions. The holding potential was between —90 and — 120 mV and the test pulse, 50 ms
in duration, was applied to 0 or +10 mV every 30 or 45 s. Changes of Ca current 3 min
after drug application were plotted as a fraction of the maximal increase above the Ca
current in the control drug-free solution. Thus the effect was proportional to occupancy
with the maximal effect occurring at maximum occupancy. The maximum response was
equal to 1-4 times the control. The Ca current was measured from the zero current level.
In Na- and K-free solutions, the holding current level represented the zero current level,
as leak current was negligibly small compared to the Ca current amplitude. The smooth
curve is best least-squares fitted to an occupancy model having two independent binding
sites. The model is based on one-to-one stoicheiometry at each binding site and is given

by Effect, Effect,

Y = max; maxe

1+ ED,, /X | 1+EDy, ,/X

where X is the free-drug concentration, Y is the fractional effect and Effect,,,,s are the
fractions of the combined maximum effect. The best least-square fit gave
EDyy; = 1:0x 107 M, EDyy , = 14 x 107 m, Effecty,,,, = 50 % of the total effect. Inset,
activation of Ca current by 107® M (a) and 107® M (b) nitrendipine. Control currents and
currents 3 min after addition of each concentration of nitrendipine were superimposed.
In this experiment, tetrodotoxin-containing normal Tyrode solution was used. The
holding potential was —90 mV and the holding current represented the zero current level.
The test potential was +10 mV and 50 ms pulses were applied every 30 s.

membrane to —90 mV was less than 10 pA, which was below the noise level in the
current record. Hence the zero current level was used as the reference current. In
Tyrode solution the zero current potential was usually —90 mV and the current—
voltage relation around this potential has been described previously (Brown et al.
1984b). When the holding potential was —50 mV, the reference current was outward
through the inwardly rectifying K channel. This was much smaller when the pipette
solution contained Cs rather than K. This current was negligible for depolarizing steps
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more positive than —30 mV and we therefore used zero current rather than the
holding current as the reference level (Brown et al. 19845b).

When the holding potential was between —90 and —120 mV and when the test
pulse was 0 or +10 mV, 50 ms in duration and delivered at intervals of 30 or 45 s,
nitrendipine increased the Ca currents in guinea-pig ventricular myocytes by as much
as 40 9% (Fig. 1, inset). The effect was present over a dose range that extended from
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Fig. 2. Dose-response relation of the inhibitory effect (4) and the dual stimulatory and
inhibitory effects (B) of nitrendipine on the Ca current. Data in A obtained from six cells
as indicated by the different symbols. The duration of exposure to the drug was 5-8 min.
The holding potential was —30 mV and a test pulse of 50 ms duration was applied to 0
or +10 mV every 10 s. Open symbols show the results in Na- and K-free solution and filled
symbols show those in normal Tyrode solution, with or without tetrodotoxin. At —30 mV,
the proportion of activatable Ca channels was about 0-3. The curve is the least-squares
fit to a one-site model with IC;, = 1:5 x 107® M. In B the holding potential was between
—40 and —50 mV. A test pulse of 100 ms duration was applied to 0 or +10 mV every
10 s. These results were obtained in normal Tyrode solution with or without tetrodotoxin.
The inhibitory effects of nitrendipine represent the mean+s.E. of mean for eight to ten
cells. The amplitude of the Ca current 5-8 min after application of the drug was plotted
as a fraction of the Ca current measured in the control. The curve is the least-squares fit
to a one-site model with IC;, = 5x 1078 M. The inset shows the stimulatory effects of
nitrendipine in twelve cells 3 min after exposure to the drug. The effects were plotted as
the percentage increase of the Ca current relative to the Ca current in the control.

1071% to 10~* M. The dose—response curve had a clear inflexion and was best fitted
by the sum of two independent dose—response curves each with one-to-one occupancy
(Fig. 1). This was a significantly better fit statistically than a single-site model
provided (P < 0-001). The two median effective doses (ED;,s) were 1 x 107® and
14 x 107 M. These values approximate the Kps of 1-3x 107! and 1:6 x 107¢ M for
the two nitrendipine binding sites observed in isolated guinea-pig ventricular
membrane preparations (Schilling et al. 1985). Thus a high affinity site was identified.
It produced a stimulatory effect when the holding potential was about —90 mV and
when there was little or no inactivation being produced by the test protocols. In
addition the dose—response relation at higher concentrations provides clear evidence
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for the presence of a low affinity site that is also stimulatory for Ca channels. The
functional behaviour of this site is discussed below.

When the membrane potential was held at —30 mV or less nitrendipine inhibited
the Ca currents and there was no evidence of any stimulatory effect. At these holding
potentials the proportion of activatable Ca channels, denoted by %, was reduced to
about 0'3. The inhibitory dose-response curve increased continuously and was best
fitted by a single binding site model having an IC;, of 1-5x 107® M (Fig. 2.4). This
is about three times the value obtained by Bean (1984) but the experimental
preparations and conditions were different (Bean’s experiments were on dog myocytes
at holding potentials of —20 mV).
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Fig. 3. Effects of 1072 M-nitrendipine on the voltage dependence of Ca current avail-
ability. The test pulse current measured from zero current level was plotted vs. the
conditioning potential. The duration of the latter was 2 s for the control and 3 min in
nitrendipine. In the control longer pre-pulses had no further effect. The holding potential
was —80 mV and a test pulse of 50 ms duration was applied to 0 mV. Continuous lines
are drawn according to I, = [l+exp (V—V})/k]™}, where V is the conditioning
potential, V} is the conditioning potential giving 50 % of the maximum test current (I, ,,)
and % is the slope factor. For the control (open symbols) the parameters for the fitted data
were V3 =—35mV, k = 63; in nitrendipine (filled symbols), V;=—68 mV, k = 94. In
this experiment, tetrodotoxin-containing Tyrode solution was used. Similar effects of
nitrendipine on the curve showing the voltage dependence of Ca current availability
were obtained in the Na- and K-free solution.

Using holding potentials that were between —70 and —40 mV the effects for the
pulse protocols were mixed. Following exposure to the drug, the first effect produced
by the test pulse was an increase in current. Between 5 and 8 min later, the current
produced by the test pulse was decreased when compared to the control, i.e. an
inhibitory effect was present. It became constant at these times. Under these
circumstances the dose-response curves were plotted as shown in Fig. 2 B. The initial
stimulatory effects became less obvious when higher concentrations of nitrendipine
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were used. The dual stimulatory and inhibitory effects of nitrendipine are well shown
in a plot of the number of Ca channels available for activation when the holding
potential was varied over a wide range (Fig. 3). The results show that the
unnormalized control (open symbols) and drug (filled symbols) curves cross each
other. Clearly, the sign of the drug’s effects was voltage dependent, stimulation
occurring at hyperpolarized holding potentials and inhibition at depolarized holding
potentials. When dual effects were observed, the onset of the inhibitory effects
occurred with half-times of 3—4 min whereas the stimulatory effects occurred about
five times more quickly (Fig. 4). Under these conditions recovery times were longer
but this may be related to the fact that the drugs contaminate the bath chambers
and the perfusion tubing. At the high doses used the time of onset of drug action was
too fast to be measured using the pulse protocols employed in our experiments. At
these doses recovery was often incomplete.

- o0 0000 000 -
300 M pnpnaa & 4 o0%%° ] o.. 375
oz L] -
.. A a * 5
N ° a [ ] ~
2 00000 a ® —
—_ a o g_
< LY =
i) a ® 2
-~ 200 ) -1250 §
= ° L
< a . =
2 a LY 3
3 a e
3 4 a oo 8
© 4 A A a b &
S | .
0L 1 1 1 L 1 1 1 1 L 1 1 i1dg

0o 1 2 3 4 5 6 7 8 9 10
t___ Nitrendipine Time (min)

Fig. 4. The time course of changes of Ca current induced by nitrendipine. Results are from
two different cells, In one, test pulses of 100 ms duration (using 3 x 1078 M-nitrendipine)
(circles) were applied to 0 mV from a holding potential of —50 mV every 15 s. In the other,
pulses of 1000 ms duration (using 10~7 M-nitrendipine) (triangles) were applied to 0 mV
from a holding potential of —40 to +10 mV every 30s. The control peak currents
were larger in this cell. Tetrodotoxin-containing Tyrode solution was used in both
experiments. The Ca current was measured from zero current level.

We also examined the recovery from inactivation in the presence of nitrendipine.
For short test pulses, the recovery in the control could be fitted by a single
exponential funetion and in the presence of the drug a prolongation of recovery
occurred. For a 1 s test pulse the recovery process was best fitted by the sum of two
exponentials the larger of which was about three times greater after exposure to the
drug (Fig. 5). This recovery was voltage dependent and was faster at hyperpolarized
potentials of —80 mV.

While the effects of nitrendipine depended upon the holding potential the effects
of Bay K8644 were clearly stimulatory at holding potentials between —120 and
—30 mV. To reach this conclusion it was important that Ca current rundown be
evaluated. Rundown may be expressed as an absolute reduction in the current—
voltage curve but it may also appear as a shift of the availability curves (Fig. 3) to
hyperpolarized potentials as has been reported for Na channels (Fernandez, Fox &
Krasne, 1984; Kunze, Lacerda, Wilson & Brown, 1985). Cells showing either
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Fig. 5. Effect of nitrendipine (1078 M) on Ca current repriming as studied by a double-pulse
procedure (see inset). The Ca current during the test pulse (/,) was normalized by the Ca
current during the immediately preceding pre-pulse (I). 1 — 1,/ I, was plotted as a function
of the pulse interval. The duration of the pre-pulse was 100 ms in 4 and the curves are
drawn according to 1—exp (¢/7), where 7 is the time constant, with 7 = 504 ms for the
control and 568 ms for nitrendipine. In B, the duration of the pre-pulse was 1000 ms. The
curve through the control points gave 7 = 1061 ms. The curve through the nitrendipine
points is drawn according to 1—A, exp (¢/7,) — A4, exp ({/7;), where 4, and A, are the
amplitudes of the first and second components of the fit, 7, and 7, are the time constants
of the first and second components and ¢ is time. The parameter values are: 7, = 825 ms,
4, =05; 7, = 2680 ms, 4, = 0-5.

phenomenon were excluded from our analysis. The dose-response curve was measured
using test potentials of 0 or + 10 mV where the peak current was largest. The curve
increased continuously and at a test potential of + 10 or 0 mV was fitted by a single-
site binding model having an ED,, of 3 x 1078 m (Fig. 6). The stimulatory effects of
Bay K8644 were reduced by prior exposure to nitrendipine for 5-8 min. The dose—
response curves were shifted in a parallel and dose-dependent manner indicating that
the effect was competitive (Fig. 7). The calculated K; (concentration reducing
current by one-half) from a Schild plot having a slope of 1 was 7 x 107 M. A two-site
model did not significantly improve the fit (P < 0-05).

We also found that the Bay K8644 effects at the lower test potentials of —30 or
—10 mV revealed evidence of dose-response relations that extended over five log
units (Fig. 8). At concentrations greater than 5 x 10~7 M this produced a 10 mV shift
in the hyperpolarizing direction of the nadir of the current—voltage curve. Under these
conditions the dose—response curve was fitted by the sum of two independent binding
sites each with one-to-one occupancy and the ED s were 3x 107° and 9x 107" M
(P < 0-001). At a test potential of —30 mV the absolute increases produced by Bay
K8644 could be as much as six times greater than the control values. At O or +10 mV
the current was three times greater than the control level. This was about ten times
greater than the stimulatory effect produced by nitrendipine. We did not find an
inhibitory effect at depolarized holding potentials up to —30 mV. This is consistent
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Fig. 6. Dose—response relation of the effects of Bay K8644 on the Ca current. Points
represent the mean+8.p. for four to eight cells. Data were obtained in tetrodotoxin-
containing Tyrode or Na- and K-free solutions. The Ca current was plotted 5 min after
the drug application as the fractional increase above the control peak Ca current. The
increase was to three times the control value. The holding potential was between — 120
and —40 mV. The Ca current was measured from zero current level. The test pulse to 0
or +10 mV, 100 ms in duration, was applied every 10 s. There was no voltage-dependent
decrease of the Ca current by Bay K8644. The curve is the best least-squares fit to a one-site
model with an EDy, of 3 x 1078 M. The inset figure shows activation of the Ca current by
1077 m (4) and 10~* M (B) Bay K8644. The control current in Na- and K-free solution and
3 min after addition of each concentration of Bay K8644 were superimposed. The holding
potential was —90 mV and the holding current was the zero current level. The test pulse
was applied to +10 mV.

with our observation that the curve relating activatability to holding potential did
not cross the control curve obtained in the absence of drug (Fig. 9). Rather, the
normalized activatability curve overlaid the curve obtained in the presence of Bay
K8644. At potentials more depolarized than —30 mV the results were variable.

At concentrations less than 1077 M the increased whole cell Ca currents produced
by test pulses to 0 mV in both nitrendipine and Bay K8644 had similar wave forms.
Compared to the control wave form, the peak currents were exaggerated (more so
for Bay K8644 than for nitrendipine, as noted earlier) while the currents at the end
of the 100 ms pulse were much less increased above control levels (Figs. 1 and 6). The
decreased currents produced by nitrendipine at concentrations below 1077 M were
changed in a similar way and when scaled the control and drug-decreased currents
approximately overlaid each other (Fig. 10). At higher concentrations the rate of
inactivation appeared to increase.

Single channel currents

The effects of nitrendipine in concentrations of 10~7 and 107¢ m on single channel
behaviour are shown in Fig. 11. The membrane patch holding potential, V¢, wasequal
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Fig. 7. Dose-dependence of Bay K8644 on peak Ca current in the absence (open circles)
and presence of nitrendipine (filled circles, 1077 M; triangles, 107® m). Nitrendipine was
applied for 5-8 min before the Bay K8644 dose—response effects were examined with
nitrendipine present. The holding potential was —50 mV and the test pulse of 100 ms
duration was applied to 0 or + 10 mV every 10 s. Each point is the mean value of data
from at least six cells. Note that nitrendipine causes a dose-dependent shift to the right.
The continuous lines are the theoretical curves for one-to-one drug-receptor interactions.
The ED;, for Bay K8644 was shifted by nitrendipine at the two different concentrations
from 3x 107 M to 7x 107" M and 4 x 107¢ m.

to Vg —30 mV, where Vy, is the resting potential. The test potential was Vi +60 mV.
The activity per sample or record as given by the proportion of open time varied from
zero (seventeen nulls or failures out of seventy samples) to 0-45 during the control
as the records of activity per sample shows (Fig. 11C). At the cell’s resting potential,
the test potentials normally produced slightly less activity than that observed in the
sixty control trials shown in Fig. 11 C. The effects of changing the holding potential
were not associated with any change in the unitary current amplitudes. After
application of the drug to the bath there was an increase in activity. The increase
was gradual, possibly as a result of slow mixing. The frequency of nulls dropped and
peak activities rose to values as great as 80 %, of a single record’s duration. The unitary
amplitude was unchanged at both concentrations. The mean open time and the
number of openings per record were increased to approximately double the control
values at the highest concentration of the drug. At 107 M a specific enhancement
of events with very prolonged open durations (about ten times the control) as
described by Hess et al. (1984) was not observed.

The effects of changing the holding potential on the action of nitrendipine were
also examined. When the membrane was depolarized by removing the 30 mV
hyperpolarizing potential it required some twenty-six samples before any effects were
observed. There was then an increase in nulls. However, those samples in which
activity subsequently recurred had a similar behaviour to the samples observed at
hyperpolarized holding potentials, i.e. an increased probability of opening, p,, and
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Fig. 8. Dose-response relation of the effects of Bay K8644 on the Ca current at more
negative test potentials than were used in Fig. 6. Points represent the mean value obtained
from six to eight cells. The Ca current 5 min after the drug application was plotted as the
fractional increase above the control Ca current. At high concentrations, the current—
voltage curve shifted to negative potentials and the relative increase of the Ca current by
Bay K8644 was larger near the threshold potential. The results shown in this Figure give
the relative values at test potentials between —30 and — 10 mV, The maximum increase
of Ca current by the drug was 6- to 10-fold. The test pulse of 100 ms duration was applied
every 10 s. The solution used was either normal Tyrode solution containing tetrodotoxin
or the Na- and K-free solution. The smooth curve is the best least-squares fit to an
occupancy model having two independent binding sites with EDj,, =03 x 1078 m,
EDgo,, = 09 x 107 M. The filled symbols are the fractional increases of the peak values
measured from summed single channel current records of 70-170 records at each
concentration during a depolarizing test potential from a holding potential equal to the
cell’s resting potential. The resting potential value may be assumed to be —80 mV in
2 mM-Ca Tyrode solution. The inset figure shows the activation of the Ca current by
107° m-Bay K8644. The control current and the current 5 min after addition of the drug
were superimposed. The Na- and K-free solution was used. The holding potential was

—80 mV and the test potential was —30 mV. A 100 ms duration pulse was applied every
10 s.

an increase in mean open time. In fact records 265-273 showed a substantially
increased proportion of open time. After record 300 activity was greatly reduced but
was restored when the membrane was again hyperpolarized (not shown).

Bay K8644 had effects of the type previously reported (Brown ef al. 1984b). At
concentrations of 1077 and 107® M an increase in p, was the main effect. This was due
to an increase in the number of openings per record. At doses above 107 M the effects
on open time became pronounced (Fig. 12) and were similar to the effects on open
times reported by Hess et al. (1984), Kokubun & Reuter (1984) and Ochi et al. (1984).
At a Bay K8644 concentration of 10~° M, open time distributions were fitted by two
exponential functions, one having a mean open time equivalent to that of the control,
and that of the other being ten to twenty times greater. At lower concentrations of



506 A.M.BROWN, D. L. KUNZE AND A. YATANI

1050 -

900 O
E 750F
5
t 600}
3
2
3 450}
b4
]
'—

300 |-

150 |-

0 > o o

T T
-100 -80 -60 -—-40 -20
Pre-potential (mV)

Fig. 9. The effects of Bay K8644 (107 M) on the steady-state inactivation of Ca current.
Tetrodotoxin-containing Tyrode solution was used. The test pulse current measured from
zero current level was plotted vs. the pre-potential. The cell was clamped to various
potentials for 3 min, long enough to reach a steady state. The holding potential was
—80 mV and a test pulse of 100 ms duration was applied to 0 mV. The continuous lines
are drawn according to I,.. = [1+exp (V—Vy)/k]™!. For the control {(open symbols),
Liax =520 pA, V3 =-326mV, k=430 ith Bay KB8644 (filled symbols),
Ipax = 1007 pA, Vy =—329 mV, k = 546. Similar results were obtained in Na- and
K-free solution. In neither case was a significant change in V; observed in six cells.
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Fig. 10. Effect of nitrendipine (107 M) on Ca current wave forms. 4, current recorded on
depolarization from —50 to 0 mV in control (open circle) and 10 min after nitrendipine
(filled circle). B, the control current trace (open circle) and the trace nitrendipine (filled
circle) scaled and superimposed to compare the inactivation time course of the Ca current.
The data were obtained in a tetrodotoxin-containing Tyrode solution, thus the current
amplitudes were standardized from zero current level.
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Fig. 11. Effects of nitrendipine on single channel activity in a cell-attached patch
containing one channel. 4 and B, single channel recording in response to a 60 mV
depolarizing pulse delivered at 5 s intervals. The holding potential (V) was 30 mV more
negative than the resting potential (V). The pipette contained 96 mm-BaCl,. The records
in A were taken in the absence of nitrendipine. The records in B show the response to
nitrendipine (107® M) under the same voltage conditions as in 4. The arrow indicates the
potential step. Linear components of capacitance leakage have been substracted. The
records were filtered at 1 kHz. C, the proportion of open time in each successive record
for the control and as nitrendipine was added to a concentration of 1077 M and then of
107 M. In 107® M-nitrendipine the hyperpolarizing holding potential of —30 mV was
removed at the symbol and the depolarizing test potential was reduced to 30 mV.

3]

Proportion of open time

Bay K8644 longer openings were present as Fig. 12 shows but their numbers were
not sufficient to provide a good fit to the open time distributions with a sum of two
exponentials. The dose-response curve for the peak p, of the summed single channel
currents showed an increase at drug concentrations below 107¢  and then a much
larger increase at 107® M (Fig. 8). This is consistent with the finding that the average
open time per opening given by the slope of the curve relating the proportion of open
time during a record to the number of units during the record (Fig. 12) was only
slightly increased at the lower concentrations. The main effect was an increase in the
number of units per record. However, at the high concentrations the records were
dominated by single openings or by several openings each of very long duration.
These results fit well with the dose—response curve for whole cell currents at
comparable test potentials of about —30 mV (Fig. 8) and the single channel effects
are also consistent with a two binding-site model for drug action. Another point of
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interest is that the long open times appeared to be less prominent when isotonic Ca
was used instead of isotonic Ba. However, this result has not been examined
systematically.

The effects of nifedipine and nimodipine were tested in an analogous manner to
the tests used to investigate the actions of nitrendipine and Bay K8644. We found
equivocal evidence for a stimulatory effect of nifedipine at hyperpolarized holding
potentials (—80 mV or more). In two experiments a small transient increase was
observed but in two other experiments no such increase was observed. At a holding
potential of —50 mV, where the dual stimulatory and inhibitory effects of nitrendipine
were apparent, nifedipine produced only an inhibitory effect. Nimodipine never
showed stimulatory effects. At —50 mV holding potential the effect was also
exclusively inhibitory.

DISCUSSION

The results showing a stimulatory dose-response curve for nitrendipine were
interpreted to indicate that both the high and the low affinity nitrendipine binding
sites in cardiac s.1. are related to Ca channels. In addition the two EDys and the two
apparent equilibrium Kps of binding studies correspond reasonably well. The
requirement for two binding sites rather than one arises from the clear inflexion of
the dose—response curve and the five to six log units of concentration over which it
extends. For similar reasons the present Bay K8644 results on whole cell currents
at test potentials of —30 mV support the idea of high and low affinity sites as do
the single channel results. The high affinity sites seem to be related exclusively to
Ca channel function since these concentrations appear to have no effects on other
cardiac s.l. voltage-gated channels (Yatani & Brown, 1985). Previous evidence that
the low affinity sites may be pharmacologically relevant to Ca channel function has
been presented (Marsh et al. 1983; Schwartz ef al. 1984) and we came to similar
conclusions from our observations of the effects of Bay K8644 on single Ca channel
behaviour (Brown et al. 1984 b). In the experiments presented here more quantitative
evidence shows that the marked increase in the average open time per opening only
became evident at drug concentrations of 1078 M or greater (Fig. 12). The low affinity
sites are not exclusively related to Ca channels, however, since we have already shown
that Na channels are blocked by micromolar doses of nitrendipine (Yatani & Brown,
1985) and Hume (1985) has shown that nisoldipine reduced K currents at these
concentrations as well. The low affinity sites may also involve non-excitable
membrane proteins (Glossmann, 1985).

The stimulatory and inhibitory effects were attributed to a high affinity site(s) on
resting and inactivated channels respectively. A comparison of the half-maximal
concentrations required to produce stimulation and inhibition shows a slightly higher
apparent affinity of nitrendipine for the resting as compared to the inactivated
channel. This was unexpected because our model (see below) indicates a higher affinity
for the inactivated state. The result may be explained by the fact that when testing
for inhibitory effects it was necessary for accurate measurements of peak currents
to have about 309, of the channels in the resting state. Hence the full voltage
dependence of block to the inactivated state could not be expressed and the
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Fig. 13. State diagram of a Ca channel in the control and after nitrendipine. The upper
Figure shows original current traces before and 5 min after applying 5 x 1078 m-nitrendi-
pine. The holding potential was —50 mV and the test potential was +10 mV. Data were
obtained using Na- and K-free solution. The lower Figure shows the model that aceounts
for the effects of nitrendipine on the Ca current. The filled circles represent data points
from the current traces in the upper Figure, normalized to peak value. The smooth curve
is the fit of the model using the kg, values of 07 and 0-3 ms™. R, and R, are resting states;
O and I are open and inactivated states respectively. The sequence is a Markov chain in
which the occupancy of a given state is probabilistic and memoryless (Brown, Lux &
Wilson, 1984). Numbers given are rate constants in ms™. In this illustration a reduction
in kg,o from 07 to 0:3 ms™! can reproduce the experimental results (inhibition by
nitrendipine). An equivalent increase in kg,; will have the same effect on macroscopic
current. These changes will also increase the number of single channel records with nulls,
which was actually observed. Other sites of drug action are described in the text. kg, was
very small, 0:01 and 0-03 ms™ respectively, and was omitted from the Figure.
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stimulatory effect on resting channels (demonstrated in the single channel experiments)
could not be evaluated in the whole cell currents. By comparison, at a holding
potential of —90 mV all the channels were in the resting state and none were in the
inactivated state so that a full expression of the stimulatory effect could be produced.
Following this line of reasoning, the occurrence of dual effects at a holding potential
of —50 mV would represent, in part, a shift with time from a majority of channels
in the resting state being occupied by drug to a majority of channels in the inactivated
state being occupied by drug. This would require that the drug have a higher affinity
for inactivated channels. We could find no convincing evidence that an inhibitory
effect was mediated by a low affinity site and we attributed any inhibition at a holding
potential of —90 mV either to a slow leakage of channels to the inactivated state or
to rundown. The latter is the reduction in Ca currents with time that has been
observed in many single cells including cardiac cells (Bean, 1984). In the experiments
reported here the data were obtained using cells which had stable Ca currents
for at least 3 min prior to experimental manipulations.

The net stimulatory response that we observed for nitrendipine on Ca currents (this
paper and Brown ef al. 1984 a) has also been reported in studies of cardiac contrac-
tility (Schwartz et al. 1984; Thomas et al. 1984). We cannot account for the
fact that it was not observed in other studies of whole cell Ca currents in which
nitrendipine was used (Lee & Tsien, 1983; Bean, 1984; Sanguinetti & Kass, 1984 a)
except for the fact that the resting channel state has to be highly favoured as an initial
condition. However, single channel studies (Hess et al. 1984; Kokubun & Reuter,
1984) have already shown that nitrendipine can have a Bay K8644 type of effect on
Ca channels. In addition we did not observe any inhibitory effect of the Bay K8644
compound at holding potentials up to —30 mV such as that reported as occurring
in syncytial cardiac Purkinje fibre preparations held at depolarized potentials
(Sanguinetti & Kass, 19845) or in studies of cardiac contractility (Schwartz et al.
1984). In our experiments we excluded cells that showed Ca current rundown and
this might explain the difference. Some voltage dependence for the Bay K8644 effect
is present as noted earlier, since the response was greatest at lower test potentials.
This is a different phenomenon, however, from the inhibitory effect referred to above.

The single channel results showed that the stimulatory or inhibitory effects of
DHPs at concentrations less than 107® M were not due to changes in conductance.
The effects were due primarily to changes in the probability of opening. At higher
concentrations, open times were prolonged markedly in the case of Bay K8644 and
some increase in conductance with the latter drug may also have occurred (Brown
et al. 1984b).

Our results can be explained in a qualitative way as follows. There are two classes
of DHP binding sites: one with high affinity that is voltage dependent and is
associated with states R, and I, where R, is a resting state and I is an inactivated
state (see Fig. 13) and one with low affinity which is associated with an open state,
O. Binding to I is stronger than binding to R, and the drug acts at both sites. The
inhibitory effect produced by binding to I is sufficiently slow that it would not be
detected during a 50-100 ms test pulse. However, the inhibition is revealed in
recovery from inactivation curves such as those shown in Fig. 5. As noted the recovery
was faster at more hyperpolarized potentials, further supporting the idea that the
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effect at the high affinity site is voltage dependent. Binding to the low affinity site
produces a second open state, which is greatly prolonged, as the Bay K8644 data at
high concentrations require. This would change the current wave form as discussed
in the next paragraph.

We have done some simulations with a simple model (Fig. 13) and have found that
varying certain rate constants one at a time can exclude some possibilities and is
consistent with others. Decreasing kg ; increases the opening probability by decreas-
ing failures and increasing the probability of reopening. The time to peak current is
reduced but this may be so small as not to be resolvable experimentally. This result
is consistent with the stimulatory effects mediated by the high affinity site. Increases
of kg, have equivalent effects. However, changes in these two rate constants do not
effect recovery from inactivation or the relief of steady-state block by hyperpolari-
zation. For this the drug has to bind to I and recovery from drug-bound I occurs
at a slower rate than k5. Decreasing kog, can prolong the open times but the
reduction necessary to account for the prolonged open times (factor of ten for Bay
K8644 and factor of two for nitrendipine) does not reproduce the simple scaling of
wave form seen at lower concentrations of these drugs. Hence a minimum model
would seem to require effects on at least three states. We have not at this time
examined the full range of effects on single channels and whole cell currents that
might be produced by changing all three rate constants at one time.

At the concentrations of nitrendipine used, the stimulation shown in Fig. 11C was
produced by increased reopening mediated by the high affinity site and increased open
time mediated by the low affinity site. The effects produced by subsequent changes
in membrane potential are complicated. When the membrane holding potential was
depolarized the increase in nulls obtained probably reflects slowed recovery from the
drug-bound inactivated state, which is favoured by the test pulses. However, recovery
is clearly not limited by the rate at which drug leaves the inactivated channel because
this would take minutes whereas the sequence of nulls from records 267 to 273
(Fig. 110) was followed by a sequence of records showing an increase in open time per
sample. It appears that at the holding potential we used, the affinity of the drug for
the inactivated state is high but its potency for inhibition is low. The large number
of nulls after record 300 may reflect the dispersion of recovery times for the drug-bound
inactivated state. The effect was not due to rundown because hyperpolarization
restored activity.

We have used a simple model to explain our results, but other models could
undoubtedly be applied (Hondeghem & Katzung, 1977; Starmer, Grant & Straus,
1984 ; Hess et al. 1984). The evidence in this paper and in our previous work (Brown
et al. 1984b) favours the presence of an additional low affinity site that affects Ca
channel function. The dual agonist effects (stimulatory and inhibitory) could be
mediated by two distinct high affinity sites having similar apparent Kps or by one
site whose affinity is voltage dependent. The latter possibility has been selected
mainly because Occam’s razor was used. We conclude by noting that the DHPs we
used were in the form of racemic mixtures. Perhaps the use of sterecisomers instead
of the racemic mixtures will help to separate stimulatory from inhibitory effects
(Hof, Piiegg, Hof & Vogel, 1985; Williams et al. 1985) although nifedipine, which is
not optically active, may have produced dual effects as well. The complicated effects
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of the DHPs also presage difficulties in using them as labels for the biochemical
isolation of Ca channels. Larger membrane-impermeable toxin molecules may be
better candidates (Hamilton, Yatani, Hawkes, Redding & Brown, 1985).
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