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Effects of selective channel blocking agents on
contractions and action potentials in K *-depolarized

guinea-pig atria
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1 Contractions and transmembrane action potentials were induced by 1 uM isoprenaline in K*-
depolarized guinea-pig left atria driven at 0.5 Hz.

2 The stability of these responses was significantly increased by doubling the extracellular glucose
concentration to 22 mM.

3 Action potential overshoot increased by 28 mV per ten fold increase in extracellular calcium
concentration suggesting that the inward current in this preparation is carried by Ca®*.

4 In depolarized driven preparations, nanomolar concentrations of nifedipine and nisoldipine
reduced contractility, maximum rate of depolarization (dV/dt max) and action potential height,
whereas the fast channel blocking agents tetrodotoxin and mexiletine (in micromolar concentrations)
produced little change. Nifedipine also rendered spontaneously beating depolarized right atrial
preparations quiescent.

5 In concentrations which reduced d¥V/dt of normal action potentials, the sodium channel blocking
agents quinidine and Org 6001 reduced the amplitude of contractions and reduced the maximum rate
of phase 0 depolarization (dV/dt) of action potentials in depolarized tissue. These actions were reversed
by Ca?* and suggest calcium antagonistic activity. However action potential height was not reduced.
Like bepridil, both drugs also reduced the frequency of spontaneous contractions in depolarized right
atrial preparations.

6 Unlike Org 6001, quinidine failed to produce a shift in calcium log dose-response curves in driven
depolarized preparations and induced positive inotropy in the presence of functional sodium channels.
7 Bepridil inhibited contractions in depolarized atria in the absence of a reduction in dV/dt suggesting
that any calcium antagonistic action in atrial tissue is mainly located at an intracellular site.

8 In conclusion, action potentials elicited by isoprenaline in potassium-depolarized atria bathed in
high glucose appear to be Ca>* mediated. In concentrations which inhibit the inward Na* current,
both quinidine and Org 6001 exhibit calcium channel blocking properties.

Introduction

Calcium entry blocking agents are a chemically
heterogeneous group of compounds which offer
potential therapeutic benefit in the treatment of
cardiovascular disease (see Ellrodt et al., 1980; Dargie
et al., 1981; Awan et al., 1982, for recent reviews).
Although the pharmacological profiles and precise
sites of action may differ, these compounds all share
the ability to inhibit the influx of calcium ions which
occurs during membrane depolarization. Although
there are many well-documented tests using vascular

' Correspondence.

smooth muscle which can be used to identify calcium
entry blockers (Kazda et al., 1983; Hof & Vucrela,
1983), the situation is not so clear in cardiac muscle,
where both Na* and Ca?* play important roles in cell
depolarization. Therefore, we have re-examined the
suitability and selectivity of a test in cardiac muscle for
calcium entry block, using selective Na* channel
blockers (tetrodotoxin, quinidine and Org6001),
selective calcium entry blockers (nifedipine and nisol-
dipine)and a drug, bepridil, which is thought to block
both Na* and Ca** channels (Vogel et al., 1979; Kane
& Winslow, 1980; Anno et al., 1984).
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Methods
Normal atria

Left atria were removed from male guinea-pigs (Dun-
kin-Hartley strain) and mounted in a 50 ml organ bath
containing modified Krebs solution (composition in
mmol 1~': NaCl 119, KCl 4.7, MgCl, 0.56, NaH,PO,
1.0, NaHCO; 25, CaCl, 2.5, glucose 22) gassed with
carbogen and maintained at 35°C. A resting tension of
0.5g was applied and the tissue stimulated at a
frequency of 3 Hz with rectangular constant voltage
pulses of 1 ms duration delivered at twice threshold
voltage. Isometric contractions were obtained using a
Grass FT 03 force displacement transducer coupled to
a Devices MX2 pen recorder. After a stabilization
period of 30 min, the stimulus frequency was reduced
to 0.5 Hz and after new stabilization of the twitches,
drugs were added in a cumulative manner to the organ
bath.

Depolarized atria

Left atria were set up as described above, except that
normal  Krebs-Henseleit  solution  (glucose
11mmoli~') was used in some experiments. After
_ reducing the stimulation frequency to 0.5Hz, the
preparations were depolarized with additional
(21.3 mMm) KCl and contractions elicited by the admin-
istration of isoprenaline 1 uM. As in the case of normal
atria, drugs were administered cumulatively, two
concentrations being examined in any one prepara-
tion.

In other electrically-driven depolarized left atrial
preparations, concentration-response curves were
obtained to calcium, before and after 30 min incuba-
tion with the test drug. In these experiments, the basal
bathing medium comprised (mmoll~'): NaCl 119,
KCl 26, MgCl, 0.56, NaH,PO, 1.0, NaHCO,; 25,
CaCl, 1.0, glucose 22, and contained isoprenaline
1 uM. Each tissue received only one concentration of
test drug.

Contractions were also induced, using the methods
described above, in spontaneously beating guinea-pig
right atria, to examine the effects of the test drugs on
frequency. .

Electrophysiological studies

Guinea-pig left atria were pinned to the base of a
recording chamber and superfused at a rate of
10 ml min~! with Krebs-Henseleit solution containing
22 mM glucose gassed with carbogen and maintained
at a temperature of 35+ 0.5°C. Again, in some
preliminary experiments, 11 mM glucose was used.
The tissues were stimulated at a frequency of 1 Hz with
rectangular pulses of 1 ms duration delivered at twice

threshold voltage. After one hour equilibration,
stimulation rate was reduced to 0.5Hz. In some
preparations normal action potentials were recorded.
In others the superfusate was switched to one contain-
ing 26 mM potassium and 1pM isoprenaline. Trans-
membrane action potentials were recorded using con-
ventional microelectrode techniques. The parameters
measured were resting membrane potential (RMP),
action potential amplitude (A), the maximum rate of
depolarization (dV/dt) and the times taken to reach
50% and 90% repolarization (APDs, and APDy)
levels.

A number (6—15) of action potentials were recorded
before and 30—-45 min after addition of drugs. Again,
the cumulative method of drug addition was used.

Student’s ¢ test was used to detect the significance of
differences.

Drugs used were nifedipine and nisoldipine (Bayer),
bepridil HCl and Org 6001 HCI (3a-amino-5«-andros-
tan-2g-ol-17-one HCIl; Organon), mexiletine HCI and
tetrodotoxin  (Boehringer), quinidine sulphate
(McCarthy) and isoprenaline bitartrate (Sigma).
Isoprenaline solutions were made up in ascorbic acid
(10~*M) to prevent oxidation.

Results
Effect of glucose concentration and osmolarity

Preliminary observations in K*-depolarized atria
showed that with glucose concentrations of
11 nmol 1! contractions could not always be elicited
with isoprenaline, unless the stimulation voltage was
increased 810 fold (from 2—8 V). These contractions
were in any case poorly sustained (Figure 1). In the
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Figure 1 Effect of glucose concentration (22 mM glucose
(@) and 11 mM glucose (O)) on the stability of isopren-
aline-induced contractions in K* depolarized driven left
atria. Results are expressed as % of the maximal contrac-
tions obtained after the addition of isoprenaline. Each
point is the mean and vertical lines show s.e.mean of six
observations.
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Table 1 Electrophysiological effects of altering glucose concentration and osmolarity (by sucrose) on normal guinea-

pig atria

Treatment n RMP APH APDy, APDy, dV/dt max
(mV) mVv) (ms) (ms) Vs

Control (11 mm 69 80.4%0.7 104 £ 1 311 70+ 1 1805

glucose)

High glucose 52 81.5+07 108 + 1 38+ [#*+ 79 £ 2%% 184+ 6

(22 mm)

High glucose + 40 84307 107 £ 1* 80 + 1%+ 156 + 7%+

sucrose (42.5 mM)

301

*P <0.05, **P <0.01 and ***P <0.001, compared with control value.
Abbreviations used in this and subsequent Tables: RMP, resting membrane potential; APH, action potential height;
APDy, and APD,, times taken to reach 50% and 90% repolarizaton levels; dV/dtmax, maximum rate of

depolarization.

presence of double glucose concentration
(22mmol17) isoprenaline always restored contrac-
tions without the need for an increase in the stimula-
tion voltage and these contractions were stable for at
least 1h (Figure 1). Likewise, stable transmembrane
action potentials could be elicited in high-glucose
medium for up to 3 h. Consequently all drug studies
were conducted using salt solution containing
22 mmol 1~! glucose. This increase in glucose concen-
tration produced only minor effects on transmem-
brane action potential duration in normal atria and no
effect on dV/dt max was seen (Table 1). Further addi-
tion of 46 mmoll~' sucrose (to mimic the increase is
osmolarity produced by addition of 21.3 mmoll™!
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Figure 2 Log dose-response curves to nifedipine (A),
bepridil (@), tetrodotoxin (A), Org 6001 (O) and quin-
idine (0O) for effects on normal contractions of driven left
atria. Prior to drug addition, mean developed tension was
630+ 60, 580*120, 690+270, 400+50 and
330 £+ 120 mg respectively. Each point is the mean, and
vertical lines show s.e.mean of 4 to 6 observations.

KCl) caused a small increase in resting membrane
potential, a small decrease (13%) in dV/dt max and
restored APDs, to the value seen in normal glucose
(Table 1). Action potential height and APDy, were not
modified by addition of sucrose.

Drug effects on contractions and action potentials in
normal atria

Both nifedipine (0.1-1 pM) and bepridil (50— 500 uMm)
produced a concentration-dependent depression of
contractions of normal electrically-stimulated left
atria (Figure2). However Org6001 (15-580uM)
produced only a modest (maximum 30%) depression
of contractions, independent of concentration. These
effects differed from those of tetrodotoxin, which
reduced contractions by 50—60% at all concentrations
(3-12 puM) studied. In contrast to these agents, quin-
idine (13-127 uM) produced marked positive in-
otropic effects and at higher concentrations (254 uM)
rendered the tissue refractory to electrical stimulation.

Drug-induced changes in the action potential
characteristics are summarized in Table2. All the
drugs known to inhibit the fast sodium channel
(mexiletine, quinidine and Org 6001) produced con-
centration-dependent reductions in dV/dt together
with a reduction in the height of the action potential
(APH). The highest concentrations of mexiletine
(116 uM) and quinidine (254 uM) used also caused a
small decrease in RMP. In addition, all three drugs
prolonged action potential duration although the
smallest concentration of Org 6001 (29 uM) used de-
creased APDj, whilst APDy, was unchanged.

The calcium entry blocker, nisoldipine, decreased
action potential duration and slightly decreased action
potential height. dV/dt was essentially unchanged
except at the highest concentration used (44.5nM)
where there was a slight increase despite a fallin RMP.

Bepridil also shortened APDs, and at the highest
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Table 2 Effects of sodium and calcium entry blockers on normal action potentials

Drug n RMP
(M) (mV)
Mexiletine (3 preparations)

0 54 759+ 0.9
46.5 33 764+ 1.1
116.0 32 724+ 1.1*
Quinidine (3 preparations)

(1] 34 79.5+0.8
127 34 803+ 1.0
254t 18 - 74.8 1 1.2%+
Org 6001 (5 preparations)

0 58 79.2+0.7
29 58 814+ 0.6*
72.5 58 79.7+0.7
290 54 79.6 £ 0.6
Nisoldipine (3 preparations)

0 45 78.2+0.7
0.0089 45 770+ 0.7
0.0445 45 75.7 £ 0.6**
Bepridil (4 preparations)

0 52 769+ 0.5
5.0 43 76.9 £ 0.7
10.0 47 75.7+£0.8

APH
(mV)

986+ 1.3
946+ 1.8
91.6 £ 2.0**

1048114
96.4 & 1.7%++
67.6 + 2.5%*+

104.7 £ 0.7

103.5+0.8
95.8 £ 0.7%*+
772+ 1.4+

1058 £ 0.8
102.3 £ 0.9**
99.3 £ 0.9***

1024 £ 0.7
100.8 £ 1.0
100.1 £ 0.8

APD,,
(ms)

S1.4+2.1
532+ 2.1
67.8 4 1204+

391113
45.7+ 1.8**
66.9 1 6.0**+

355+ 1.0
31.5+0.8**
358106
52.8 & 1.4%+*

344103
30.5+0.6***
272+ 0.9%**

325+1.8
24.1 + 1.2%+
243 L 1.1%**

Each result is the mean + s.e.mean of measurements taken from n cells.
*P <0.05, **P <0.01 and ***P <0.001, denote significant differences from the appropriate control values.
1+ Two tissues failed to follow the driving stimulus.

concentration (10 uM) used produced a small but

significant decrease in dV/dt and action potential

height.
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APDy,
(ms)

940+ 238
949 +23
127.8 £ 4.5+

88.5+20
122.7 £ 3.5%**
170.9 £ 8.1***

802+14

799 1.1

93.1 £0.9%**
146.3 + 4.0***

824109
83.7+19
77.5+2.1*

825+23
798+ 1.8
775+ 14

dv/dt
(Vls)

1516
108 £ 6**+
60 + 6***

1618
78 1 4o+s
21 % 3%%s

188+ 7
148 + 45*+
98+ 4o*+
39+ 3e%s

155
156 £ 4
169 + 5*

154+ 5
153+ 4
140 £ 5*

Effects on contractions in depolarized atria

All three agents known to possess calcium entry

v
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390 + 90 mg respectively. Each point is the mean, and vertical lines show s.c.mean of 5 to 6 observations.

Drug concentration (pMm)
Figure3 Log dose-response curves to nifedipine (A), nisoldipine (M), bepridil (@), tetrodotoxin (A), mexiletine (X ),
Org 6001 (O) and quinidine (O) for inhibition of isoprenaline-induced contractions in K* depolarized left atria. Prior
to drug addition, mean developed tension was 480 * 70, 620 + 80, 390 * 50, 350 * 40, 380 + 40, 470 + 30 and
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Figure 4 Effects of (a) nifedipine, (b) Org 6001 and (c) quinidine on log dose-response curves to calcium in K+
depolarized driven left atria. Maximum control tension development in response to Ca?* was 1460 + 70, 1250 + 140
and 1270 = 100 mg for each drug studied, respectively. The concentrations (uM) of test drugs used are shown above the
curves. Each point is the mean, and vertical lines show s.e.mean, of at least 4 observations.

blocking properties nifedipine (0.1-2.0 nM), nisol-
dipine (0.45-45nM) and bepridil (0.5-10 uM),
produced concentration-dependent reductions in the
amplitude of contraction (Figure 3). The highest con-
centrations of these agents used also impaired the
ability of the tissue to follow the driving stimulus. The
fast-channel inhibitors fell into two distinct categories
(Figure 3); whereas both tetrodotoxin (up to 31 uM)
and mexiletine (4.7—233 uM) failed to modify substan-
tially contraction amplitude, both quinidine
(13-254 uMm) and Org 6001 (15-580uM) produced
concentration-dependent negative inotropic effects.
The EC, values (with 95% fiducial limits) of the test
drugs were (M): nisoldipine 2.1 x 10~° (1.4-3.0);
bepridil 1.0 x 10~¢ (0.7-1.3); Org6001 5.5 x 107>
(4.5-6.6) and quinidine 5.6 x 10~° (4.8—6.7).

The effects of nifedipine, Org 6001 and quinidine on
the positive inotropic effects of calcium are shown in
Figure 4. Both nifedipine and Org 6001 caused parallel
shifts to the right of the calcium concentration-res-
ponse curves without markedly depressing the max-
imal response. Calculated pA, values were 8.3 for
nifedipine and 3.6 for Org 6001. In contrast, quinidine
failed to inhibit calcium-invoked contractions and
indeed with intermediate concentrations (64—127 uM),

quinidine increased the maximum response to cal-
cium. Thus, despite producing marked inhibition of
contractions in depolarized atria, quinidine did not
appear to act like a classical calcium entry blocker.

Electrophysiological effects in depolarized atria

According to the Nernst equation, if the membrane is
highly selective for calcium then action potential
overshoot should increase by 30mV per ten fold
increase in the external concentration of calcium.
Using a calcium concentration range of 0.4 to 8 mM we
found a 28.2 (* 2.6) mV increase per decade of exter-
nal calcium in depolarized preparations, which is
similar to values found by Pappano (1970) in guinea-
pig atria (29 mV per decade) and by Kohlhardt &
Haap (1980) in guinea-pig papillary muscle (28 mV per
decade).

The electrophysiological effects of the calcium entry
blockers nisoldipine and nifedipine and of bepridil on
action potentials in depolarized electrically driven left
atria are summarized in Table3. Nisoldipine
(0.9-45 nM) produced a concentration-dependent re-
duction in action potential height, overshoot and in
the maximal rate of depolarization (dV/dt). Similar
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Table 3 Effects of calcium entry blockers (nisoldipine and nifedipine) and bepridil on ‘slow’ action potentials in

guinea-pig depolarized left atria

Drug n RMP APH Overshoot
(uM) (mV) (mV) (mV)
Nisoldipine (7 preparations)

0 42 439108 550+ 1.0 11.1
0.00089 13 4351 1.0 53911 10.4
0.00445 40 448+ 0.8 51.2+1.2* 6.4
0.0089 30 46.1+14 46.7 £ 2.5** 0.6
0.0445 7 514+ 1.1*** 495+ 1.6* 1.9

Nifedipine (1 preparation)
0 15 460t 1.5
0.0001 (3 47.0% 3.6

61.0+22 15.0
540+28 7.0

Bepridil (8 preparations)
0

73 443+06 553+038 11.0

1.0 25 465 1.5 54714 8.2
2.0 39 423+0.6 519+ 1.1* 9.6
5.0 74 4710 56.5+1.2 11.8
10 16 412+08** 56.1%15 14.9

dv/dt APDy, APDy, CB
V/s) (ms) (ms) (%)
13.0%0.5 414+ 1.1 586+ 1.4
127+ 1.0 422415 555+ 1.8
10.1 £0.5**  41.9+1.0 587+ 1.3
87£0.7**  456+0.6** 612+ 14 17
8.6109%  S36+£05%** 754+ 1.7 67
140+ 1.1 540+ 2.4 88.0 + 6.7
55+£04%* 58014 88.0+ 1.3
110+ 0.4 467408 67.1%14
10.1 £ 0.9 438409 68.0+ 2.9
11.0£ 06 445409 6.7+ 14
1.5+ 04 441407 61.2% 1.0%** 25t
124407 452+ 13 59.1+£1.0  100%

Each observation is the mean * s.e.mean of measurements taken from n cells.
*P<0.05, **P <0.01 and ***P <0.001, denote significant differences from the appropriate control values.

+Conduction block (CB) overcome by increasing voltage.

1 Conduction block (CB) overcome by increasing voltage in one preparation; transient reversal in 2 preparations; complete

block in 4 preparations within 30—-60 min.

effects were seen with nifedipine (0.1 mM). The effects
of both drugs were reversed by increasing extracellular
calcium concentration to 7.5 mM. This is shown for
nisoldipine in Figure 5. The highest concentrations of
nisoldipine (> 8.9 nM) produced small but significant
increases in action potential duration. At this concen-
tration some tissues failed to follow every stimulus and
these tissues were excluded from the electro-
physiological analysis.

In contrast to nisoldipine and nifedipine, bepridil
(1-10 uM) failed to modify action potential height,
overshoot or dV/dt (Table3). In addition, bepridil
produced a concentration-dependent shortening of

90% repolarization time (APDy). Failure to follow
the stimulus was observed in 25 and 100% of prepara-
tions exposed to 5 and 10 uM bepridil, respectively.
Increasing the stimulation voltage (by a factor of
1.7-2.7) restored the ability of the tissues to respond
at a rate of 0.5 Hz when exposed to a concentration of
5uM. However, only 1 of 5 preparations exposed to
10 uM bepridil responded with sustained 1:1 conduc-
tion. The remaining 4 preparations became quiescent
after 30—40 min exposure to this concentration of
bepridil despite voltage increases of up to 20 times the
threshold voltage. It would therefore appear that in
atrial tissue, the major effect of bepridil is one of
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Figure 5 Effect of nisoldipine (8.9 nM) on the transmembrane action potential elicited by isoprenaline (1 um) in K*
depolarized driven left atria. (a) Shows a typical control action potential. (b) Shows the action potential 30 min after
superfusion with nisoldipine and (c) shows the effect of the addition of Ca’* 5mM in the presence of nisoldipine.
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Table 4 Effects of sodium channel blockers on ‘slow’ action potentials in guinea-pig atria

Drug n RMP APH Overshoot
(u™m) (mV) (mV) (mV)
Mexiletine (3 preparations)

0 38 416%13 57415 15.8
46.5 19 478+ 1.2 553+ 1.9 7.5
116.0 27 43.0% 1.6 59513 16.5
Quinidine (8 preparations)

0 53 443107 51.5+0.38 7.2
63.5 35 429%08 52410 9.5
127 57 414%05** 505+ 1.0 9.1
254 7 379 33.7 -4.2
Org 6001 (8 preparations)

0 52 409%*1.0 519+ 1.1 11.0
29 23 425107 58.7% 1.5*** 16.2
72.5 38 459 1.1** 57.0%1.9* 11.1
290 48 453%0.7* 5631 19* 11.0

dv/dt APD;, APD,, CB
(V/s) (ms) (ms) (%)
119409 44.1+22 580+ 3.1
126+ 0.5 55.7+ 3.0% 73.2 4 3.8%*
11.6 £ 0.7 478+13 65.1% 1.4:
96+0.5 454+08 633038
6.5+ 0.3%%*  90.3+£27%%*%  [[32430%*
502 03%**  127.3133%%*  |61.4 1454+
6.4 121.7 151.8 80t
109+ 0.7 47+ 1.1 66.1+1.6
10.8 % 0.5 5902+ 2.6%%* 817+ 3.6+
97407 496+28 81.0 + 4.6**
6.9+ 03%**  67.6+28%*  [11.3+4.0%*

Each result is the mean + s.e.mean of measurements taken from n cells.
*P<0.05, **P <0.01 and ***P <0.001, denote significant differences from the appropriate control values.

+Denotes the presence of 2:1 conduction block (CB)

impaired conduction. Addition of S mM calcium in the
presence of bepridil failed to reverse these effects and
indeed conduction became further impaired. Thus,
despite marked inhibition of contractions in de-
polarized preparations, we were unable to demon-
strate any effect of bepridil on the accompanying
action potentials.

The effects of the sodium channel blocking agents,
mexiletine, quinidine and Org 6001 are summarized in
Table 4. Apart from a modest prolongation of APD
and an increase in RMP (only seen at the low
concentration used, 46.5 uM), mexiletine was without
effect on the action potential characteristics. In con-
trast, quinidine in concentrations (63.5-254 uM)
similar to those required to reduce the amplitude of
contractions, caused a dose-dependent reduction of
dV/dt in the absence of a decrease in APH or

a b

A

—— \____————-
e,

overshoot. Indeed, the overshoot appeared to be
increased (Figure6 and Table4). A small but sig-
nificant decrease in RMP was also observed at the
higher concentrations used (127-254 uM) and conduc-
tion block developed in 80% of preparations exposed
to 254 uM quinidine. Unlike nisoldipine, nifedipine or
bepridil, quinidine induced a marked prolongation of
the action potential duration both at the 50 and 90%
repolarization levels (Figure 6).

Org 6001 (29-290 uM) also reduced d¥V/dt in the
absence of a decrease in APH or overshoot. Approx-
imate ECs, values for the effects of quinidine and
Org 6001 on dV/dt were 340 and 740 uM respectively,
suggesting that quinidine is about twice as potent as
Org 6001 in reducing dV/dt. In this case APH and
overshoot were increased only at the lowest concentra-
tion tested (29 uM). Org 6001 also increased action

mV

)' l:(140

e,

1
250 ms

“;M [10 vs'

Figure 6 Effect of quinidine (127 pM) on the transmembrane action potential elicited by isoprenaline (1 uM) in K*
depolarized driven left atria. (a) Shows a typical control action potential and (b) shows the action potential after 30 min

exposure to quinidine.
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Table 5 Effects of Ca?* (SmM) on responses to quinidine (Quin) and Org 6001 (Org)

Drug n RMP APH Overshoot dv/dt APDy, APDy,

(uM) (mV) (mV) (mV) Vis) (ms) (ms)

0 20 435 1.0 53.5+1.0 10.0 126+ 06 40.6+0.9 571.5+1.1
Quin (127) 19 42.1+0.38 579+ 0.9* 15.8 7.1204%** 1150 1.7%** 141.8 £ 2.0%**
Quin 14 41.1%1.5 67.2£2.8%** 26.1 126 £ 0.6 103.7 £ 1.7+** 135.5 £ 2.9%*+
(127) + Ca?*

0 23 40.1+19 56.2+ 0.6 16.1 124+ 1.1 446+ 1.2 648 +2.5
Org (290) 23 44.1+£0.8 566+ 1.1 12.5 6.5 0.5%** 62.5 X 3.3%%* 106.2 £ 5.8***
Org (290) + Ca?* 15 452+ 1.3* 59.5+2.7 14.3 115+ 1.5 60.1 +2.0%** 125.8 £ 10.1***

In one further preparation complete block by Org 6001 25 ugmi~' was reversed by Ca?*.
Each result is the mean + s.e.mean of measurements taken from n cells in 3 preparations.
*P <0.05 and ***P <0.001, denote significant differences from the appropriate control values.

potential duration but this effect was less marked than
that observed in response to quinidine. Unlike quin-
idine, Org 6001 caused a significant increase in RMP
and conduction block was not observed.

The effects of quinidine and Org 6001 on d¥V/dt were
reversed by addition of S mM Ca?* (Table 5); however,
the APD remained prolonged. Also, in the presence of
quinidine (but not Org6001), addition of calcium
caused a marked increase in APH and overshoot
compared with the effects of quinidine alone.

Effects on frequency of contractions in depolarized
spontaneously beating right atria

In view of the effects of quinidine and Org 6001 on
slow action potentials, the actions of these compounds
on the spontaneous frequency of contractions in

0.40 = 0.05
100 p=————bt—0 o
0.92 + 0.17 I/
0.59 + 0.09
Q
7] .
©
£ 50 I/ 1.2 £ 0.03
3
B
0 e
00001 0001 1 10 100 1000

Drug concentration (um)

Figure 7 Log dose-response curves to nifedipine (A),
bepridil (@), tetrodotoxin (A), quinidine (O) and
Org 6001 (O) for effects on the spontaneous frequency of
K* depolarized atria. The mean control frequencies (Hz)
in the absence of drugs are shown above the appropriate
curves. Each point is the mean, and vertical lines show
s.e.mean, of 4 to 7 observations.

depolarized right atria were compared with those of
nifedipine and tetrodotoxin. The results are sum-
marized in Figure 7. The mean spontaneous frequency
in these experiments was 0.81 + 0.10 Hz which is close
to the frequency of stimulation (0.5 Hz) used in driven
preparations.  Nifedipine, in  concentrations
(0.1-1.0nM) which did not completely inhibit the
amplitude of contraction (in driven left atrial prepara-
tions) rendered right atrial preparations quiescent.
The effect was time-dependent (7—28 min) depending
on the concentration used. Tetrodotoxin (3.1-31 uM)
had no effect whatsoever whilst quinidine and
Org 6001 induced a concentration-dependent reduc-
tion in spontaneous frequency (EC;, values were 19.9
and 31.3 uM respectively). Bepridil (0.5-5 uM) yielded
less consistent results: a concentration-related reduc-
tion in spontaneous frequency was seen in some
preparations whereas in others even the lowest con-
centration used rendered the tissue quiescent. The
EC;, value calculated from preparations which did not
become quiescent was 3.44 uM. If quiescent prepara-
tions were included this value fell to 0.64 uM.

Discussion

Pappano (1970) and Schneider & Sperelakis (1974)
demonstrated that contractions could be restored in
K* depolarized guinea-pig atria by isoprenaline
(1 uM) but the tissues often failed to follow a driving
stimulus of more than 0.04 to 0.1 Hz. In our study,
increasing glucose concentration from 11 to 22 mM
improved stability and allowed experiments to be
performed using a higher stimulation frequency
(0.5 Hz). The contractions would seem to be elicited by
a slow inward calcium current since they were com-
pletely resistant to the fast Na* channel blocker
tetrodotoxin and also to mexiletine (up to 200 uM). In
addition the electrode properties of the membrane
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agreed well with the predicted Nernst value for a Ca-
electrode at 35°C (30 mV per decade).

Further evidence that we were dealing with respon-
ses mediated by a true slow calcium current was
obtained from electrophysiological studies. Mex-
iletine, in concentrations (46.5—-116uM) which in-
hibited the fast inward current in normal atria, failed
to modify the action potential characteristics of de-
polarized preparations suggesting that there is no fast
sodium component in the action potential of these
depolarized preparations.

In view of the above results, it was therefore not
surprising to find that the specific calcium channel
inhibitors, nifedipine (Fleckenstein et al., 1972; Kohl-
hardt & Fleckenstein, 1977) and nisoldipine (Kass,
1982) both produced a marked inhibition of contrac-
tions elicited in depolarized preparations at concentra-
tions which reduced d¥/dt, amplitude and overshoot
of the accompanying slow current action potentials.
All these effects were reversed by increasing ex-
tracellular calcium concentration. Further ex-
periments in depolarized right atrial preparations
revealed that nifedipine was even more potent in
abolishing slow impulse generation in nodal tissue
than in inhibiting contractions of left atria.

In contrast to nifedipine and nisoldipine, bepridil in
concentrations which exerted minimal effects on nor-
mal action potentials (decrease in APDs, and slight
decrease in dV/dt) caused a pronounced decrease in
the amplitude of contractions in depolarized atria
without reducing dV/dt or action potential height.
Indeed the only significant electrophysiological effect
seen in depolarized preparations was a small decrease
in APDy, at concentrations of 5—10 uM. These results
are consistent with those obtained by Vogel et al.
(1979) in potassium depolarized guinea-pig ven-
tricular muscle stimulated with isoprenaline. These
workers failed to detect a significant reduction in dV/
dt or APH until concentrations of bepridil of 10 uM
were reached whereas marked impairment of contrac-
tility was seen at concentrations of 5SuM. They con-
cluded that bepridil, in addition to blocking slow
membrane channels, may also exert an intracellular
action. We also found an inability of depolarized atrial
tissue to follow the driving stimulus in the presence of
bepridil in concentrations of SuM and above, an
action exacerbated by the addition of calcium. We
conclude from our results that in atrial tissue,
inhibition of slow current-mediated contractions may
well result from an intracellular action (which is
reversible by Ca?*) and that any potential inhibition
of slow membrane channels is masked by impairment
of conduction. In this context, it is of interest that
bepridil, unlike nifedipine, is known to be avidly taken
up by cardiac cells (Pang & Sperelakis, 1983; Cramb &
Dow, 1983). Other differences between bepridil and
nifedipiné were also apparent. Although both agents

produced concentration-dependent reductions in con-
tractility in the absence of fast channel inhibition, the
ratio of their potencies on normal and depolarized
atria differed markedly (217 for bepridil compared
with > 3400 for nifedipine). Again nifedipine and
bepridil differed in their effects on the frequency of
slow contractions in spontaneously beating atria.
Unlike nifedipine which abolished spontaneous im-
pulse generation, bepridil produced a concentration-
related inhibition of frequency in most preparations
(ECsy = 0.64 uM) in concentrations similar to those
required to inhibit contractions in depolarized left
atria, an effect more similar to that observed in
response to quinidine and Org 6001. Whether such
graded frequency responses are the result of calcium
channel inhibition, of an effect on potassium per-
meability or of an effect on conduction remains to be
clarified.

Somewhat surprising results were obtained with
quinidine and Org 6001 which are generally held to be
fast Na* channel inhibitors (Vaughan Williams, 1975;
Salako et al., 1976; Marshall & Winslow, 1982). Both
drugs inhibited the amplitude of contractions and
reduced dV/dt in depolarized preparations in similar
concentrations to those required to block fast Na*
channels in normal atria. These effects were complete-
ly reversed by raising the extracellular calcium concen-
trations (to 5 mM), and suggest that both Org 6001 and
quinidine are producing inhibition of the membrane
calcium channel. A similar conclusion has been in-
dependently reached by Nawrath (1981) and
Ducouret (1976) in voltage clamp studies with quin-
idine on cat papillary and frog atrial muscle. Org 6001
(but not quinidine) also produced an apparently
competitive shift in calcium concentration-response
curves. The effects of Org 6001 and quinidine on ‘slow’
action potentials differed from those of nifedipine or
nisoldipine in that neither amplitude nor overshoot
were reduced and there was a marked prolongation of
action potential duration, which was not reversed by
increasing extracellular calcium. This prolongation of
action potential duration, which probably reflects
effects of Org 6001 and quinidine on K* conductance
(Nawrath, 1981), would allow more calcium to enter
the cell during the pleateau phase and might mask any
reduction in overshoot produced by a direct calcium
channel inhibition. It is interesting to note that Ca*
withdrawal per se also increases ‘slow’ action potential
duration in K* depolarized guinea-pig papillary mus-
cles treated with isoprenaline (Harman & Poole-Wil-
son, 1981).

Paradoxically, quinidine, unlike Org6001 or
nifedipine, failed to produce a shift in calcium concen-
tration-response curves in depolarized preparations
and indeed, in intermediate concentrations, increased
the maximal contractile response produced by cal-
cium. This effect in depolarized atria and the clearcut
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positive inotropic effects in normal atria may well be
due to the well-documented intracellular actions of
quinidine to both inhibit calcium uptake by (Fuchs et
al., 1968; Dhalla et al., 1978), and to release calcium
from, the sarcoplasmic reticulum (Thorpe, 1973).
Thus quinidine may produce two opposing actions,
the end-response depending not only on concentration
of drug, time of exposure and frequency of stimula-
tion, but also on the absence or presence of both Na*
and Ca®* channels and extracellular calcium concen-
tration (also see Kennedy & West, 1960).

The contrasting inotropic actions of quinidine (and
Org 6001) on contractions in normal as compared with
depolarized atrial preparations raise questions regard-
ing the possible different mechanisms of electro-
mechanical (E-C) coupling in the two situations.
Wiggins (1981) has provided strong evidence to sug-
gest that in potassium depolarized cardiac muscle,

References

ANNO, T,, FURUTA, T,, ITHO, M., KODAMA, I, TOYAMA, J.
& YAMADA, K. (1984). Effects of bepridil on the electro-
physiological properties of guinea-pig ventricular mus-
cles. Br. J. Pharmac., 81, 589-597.

'AWAN, N.A, pE MARIA, ANN. & MASON, D.T. (1982).
Therapeutic importance of calcium antagonists in coron-
ary artery disease and congestive heart failure: an
overview. Drugs, 23, 235-241.

CRAMB, G. & DOW, J.W. (1983). Uptake of bepridil into
isolated ventricular myocytes. Biochem. Pharmac., 32,
227-231.

DARGIE, H.E,, ROWLAND, E. & KRIKLER, D. (1981). Role of
calcium antagonists in cardiovascular therapy. Br. Heart
J., 46, 8-16.

DHALLA, N.S.,, HARROW, J.A.C. & ANAND, M.B. (1978).
Actions of some antiarrhythmic agents on heart sar-
colemma. Biochem. Pharmac., 27, 1281-1283.

DUCOURET, P. (1976). The effect of quinidine on membrane
electrical activity in frog auricular fibres studied by
current and voltage clamp. Br. J. Pharmac., 57, 163-184.

ELLRODT, G., CHEW, CY.C. & SINGH, B.N. (1980).
Therapeutic implications of slow-channel blockade in
cardiocirculatory disorders. Circulation, 62, 669—679.

FLECKENSTEIN, A., TRITTHART, H.,, DORING, HJ. &
BYON, K.Y. (1972). Bay a 1040 —ein hochaktiver Inhibitor
der elektro-mechanischen Koppelungsprogresse in
Warmbluter-Myocard. Arzneim-Forsch, 22, 22-23.

FUCHS, F., GERTZ, E.W. & BRIGGS, F.N. (1968). The effect of
quinidine on calcium accumulation by isolated sarcoplas-
mic reticulum of skeletal and cardiac muscle. J. gen.
Physiol., 52, 995-968.

HARMAN, M.C. & POOLE-WILSON, P.A. (1981). Differences
between voltage and isoprenaline-induced slow action
potentials in depolarised myocardium. J. mol. cell. Car-
diol., 13, Suppl., 38.

HOF, R.P. & VUCRELA, H.J. (1983). Assessing calcium
antagonism on vascular smooth muscle: a comparison of
three methods. J. Pharmac. Methods, 9, 41-52.

‘slow’ action potentials induced by isoprenaline allow
the muscle to utilize calcium directly from ex-
tracellular sources for contraction. In contrast, in non-
depolarized muscle, with functional fast Na* chan-
nels, intracellular calcium stores are of primary impor-
tance. These fundamental differences in E-C coupling
could explain the divergent effects of quinidine
observed in the two preparations and would also
account for the vastly greater potency (some 3000
fold) of nifedipine in depolarized preparations.
Whatever the exact mechanisms involved in E-C
coupling it would seem that isoprenaline-induced
contractions in previously depolarized guinea-pig left
atria represent a useful model for identifying calcium
antagonistic blocking properties of new drugs.
However, accompanying electrophysiological
measurements are necessary if the site(s) of action of
test drugs are to be identified with any confidence.

KANE, K.A. & WINSLOW, E. (1980). Antiarrhythmic and
electrophysiological effects of a new antianginal agent,
bepridil. J. cardiovasc. Pharmac., 2, 193-203.

KASS, R.S. (1982). Nisoldipine: A new, more selective calcium
current blocker in cardiac purkinje fibres. J. Pharmac.
exp. Ther., 223, 446-456.

KAZDA, S., KNORR, A. & TOWART, R. (1983). Common
properties and differences between various calcium
antagonists. Prog. Pharmac., 52, 83-116.

KENNEDY, B.L. & WEST, T.C. (1960). Factors influencing
quinidine-induced changes in excitability and coatrac-
tility. J. Pharmac. exp. Ther., 168, —59.

KOHLHARDT, M. & FLECKENSTEIN, A. (1977). Inhibition
of the slow inward current by nifedipine in mammalian
ventricular myocardium. Naunyn-Schmiedebergs Arch.
Pharmac., 298, 267-272.

KOHLHARDT, M. & HAAP, K. (1980). “On the mechanism
underlying the cobalt-induced inhibition of slow inward
current in mammalian ventricular myocardium”. J. mol.
cell. Cardiol., 10, 1075-1090.

MARSHALL, RJ. & WINSLOW, E. (1982). The effects of
sodium channel inhibitors on early arrhythmias
associated with acute myocardial ischaemia. In Early
arrhythmias resulting from myocardial ischaemia, mechan-
isms and prevention by drugs, ed. Parratt, J.R.
pp- 251-294. London: Macmillan Press Ltd.

NAWRATH, H. (1981). Action potential, membrane currents
and force of contraction in mammalian heart muscle
fibres treated with quinidine. J. Pharmac. exp. Ther., 216,
176-182.

PANG, D.C. & SPERELAKIS, N. (1983). Nifedipine, diltiazem,
bepridil and verapamil uptake into cardiac and smooth
muscles. Eur. J. Pharmac., 87, 199-207.

PAPPANO, A.J. (1970). Calcium dependent action potential
produced by catecholamines in guinea-pig atrial muscle
fibres depolarised by potassium. Circulation Res., 27,
379-390.

SALAKO, L.A.,, VAUGHAN WILLIAMS, EMM. & WITTIG, J.H.



ION CHANNEL SELECTIVITY IN DEPOLARIZED ATRIA 17

(1976). Investigations to characterize a new antiarrhyth-
mic drug, Org 6001, including a simple test for calcium
antagonism. Br. J. Pharmac., 57, 251-262.

SCHNEIDER, J.A. & SPERELAKIS, N. (1974). The demonstra-
tion of energy dependence of the isoproterenol induced
transcellular Ca®* current in isolated perfused guinea pig
hearts — an explanation for mechanical failure of
ischaemic myocardium. J. surg. Res., 16, 389—403.

THORPE, W.R. (1973). Some effects of caffeine and quinidine
on sarcoplasmic reticulum of skeletal and cardiac muscle.
Can. J. Physiol. Pharmac., 51, 499—-503.

VAUGHAN WILLIAMS, EM. (1975). Classification of
antidysrhythmic drugs. Pharmac. Ther. B., 1, 115-138.

VOGEL, S., CRAMPTON, R. & SPERELAKIS, N. (1979).
Blockade of myocardial slow channel by bepridil (CERM
— 1978). J. Pharmac. exp. Ther., 210, 378 -385.

WIGGINS, J.R. (1981). Inotropic actions of isoproterenol in
cat ventricular muscle: Effects of extracellular potassium.
Circulation Res., 49, 718—-725.

(Received June 12, 1984.
Revised March 16, 1985.
Accepted April 18, 1985.)



