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SUMMARY

WoNGg, B. S. Quinidine interactions with Myxicola giant axons. Mol. Pharmacol. 20:
98-106 (1981).

The effects of quinidine, an antiarrhythmic alkaloid, on the membrane conductances of
Mpyxicola axonal membrane were investigated by using the voltage-clamp technique. In
the presence of 0.2 mMm quinidine sulfate, the resting membrane potential was not affected,
whereas the repolarization phase of the action potential was prolonged. Under voltage-
clamp conditions, potassium currents displayed a distinct peak before decaying exponen-
tially to a plateau level. Both sodium and potassium conductances were suppressed.
However, the potassium conductance was suppressed to a much greater extent and
displayed a negative slope in the conductance-voltage curve for membrane potentials
above +40 mV. The kinetics of sodium currents were not appreciably affected. The block
of potassium channels by quinidine displayed both time- and voltage-dependent charac-
teristics. The percentage of reduction in current depended upon the fraction of the
potassium channels open under control conditions. Quinidine blocked both outward and
inward potassium currents. The block was less in the presence of high external potassium
ions. Two-pulse experiments showed that the number of “inactivated” potassium channels
was dependent upon the prepulse potential. Recovery from inactivation was enhanced by
hyperpolarization. The primary effect of quinidine in Myxicola was attributed to a

quinidine-induced block of potassium conductance.

INTRODUCTION

Quinidine is the dextrorotatory isomer of the alkaloid
quinine. The main pharmacological use of quinidine is in
the prevention as well as the treatment of a wide variety
of cardiac arrhythmias, ranging from premature beats to
atrial fibrillation. It is widely regarded as the drug of
choice for converting atrial fibrillation to sinus rhythm.
It is generally agreed that quinidine prolongs the refrac-
tory period of cardiac muscle by directly altering the
electrophysiological properties of the cardiac cell mem-
brane. A variety of theories have been proposed to ex-
plain this effect. The majority of information on the
possible mechanism of action of quinidine has been ob-
tained by recording transmembrane resting and action
potentials with microelectrodes from isolated cardiac
muscle preparations (1, 2) and on canine heart in situ
(3). Its effect on ion fluxes (4) and on contractions of
isolated rabbit atria (5) have also been studied. The
prolongation of the refractory period has been attributed
to the decrease in the slope of depolarization of the
membrane action potential (1), to a depression of excit-
ability (6), to changes in the repolarization process (2), to
a decrease of sodium influx (4), or to a reduction of
potassium efflux (5). Yeh and Narahashi (7) have studied
the action of quinidine on squid axonal membrane by
utilizing the voltage-clamp technique which provides
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much better information as to its ionic mechanism of
action. The ionic mechanism as well as the physiological
and pharmacological characteristics of the Myxicola ax-
onal membranes are also well known. This paper extends
the work done on squid and presents a more quantitative
study on the kinetics of quinidine action on Myxicola
giant axons. Such data provide valuable information on
the mechanism of action of quinidine as well as on the
molecular nature of ionic channels in nerve membrane.
Knowledge of its mechanism of action on axonal mem-
branes should also be useful in determining the mecha-
nism of action of quinidine in cardiac cells.

METHODS

Myxicola infundibulum were obtained from Maritime
Research Associates (Deer Island, N. B., Canada).
Methods for preparing and voltage clamping the axon
were essentially the same as those described by Binstock
and Goldman (8).

The composition of the ASW' was: 440 mMm NaCl, 10
mM CaCl;, 50 mm MgCl;, and 5 mm tris(hydroxy-
methyl)aminomethane, pH 7.4. Quinine, quinine hydro-
chloride, quinidine hydrochloride, and quinidine sulfate

' The abbreviations used are: ASW, artificial sea water; TTX,
tetrodotoxin; TEA, tetraethylammonium ion.
0026-895X/81/010098-09$02.00/0
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were obtained from Sigma Chemical Company (St. Louis,
Mo.). Quinidine sulfate was chosen over the other three
because of its higher solubility, its practically zero effect
on the pH, and its highly reproducible effects. The drug
was added directly to ASW and all drug solutions were
prepared fresh daily. The concentration of quinidine used
in most experiments was 0.2 mM, unless otherwise stated.
Higher concentrations gave a faster and more pro-
nounced effect, but also promoted deterioration of the
axon. The concentration of 0.2 mM was chosen because
it produced a consistent and stable effect within a rea-
sonable period of time, which for Myxicola is preferably
less than 30 min. This is taken to avoid the effects of
natural run-down of the axon. Sodium currents in Myxi-
cola, especially, are known to be labile. The dose re-
sponse of quinidine is complicated because the effect is
dependent on membrane potential. It also varied slightly
between individual axons and sometimes considerably
between different batches of animals. This variability has
not been studied systematically, but is most likely due to
differences in the permeability of the drug between in-
dividual axons. Therefore, no attempt has been made to
quantify the dose response of quinidine in Myxicola
axonal membrane. Yeh and Narahashi (7) reported an
apparent dissociation constant for suppressing potassium
conductance of 1.5 X 10™* M for internal application of
quinidine hydrochloride in squid at 0 mV (extrapolated
from figure 5 in ref. 7). High-potassium ASW is ASW
with all of the NaCl replaced by KCl. Experiments on
potassium currents alone were performed in the presence
of 107 M TTX (Sigma Chemical Company) to selectively
block sodium currents.

Membrane currents were recorded under voltage
clamp directly on-line in digital format in response to a
series of 20-mV increment step depolarizations to 160 mV
at 15-sec intervals and stored in magnetic tape for later
analysis. The holding potential was always at the natural
resting potential in each solution and ranged between
—70 and —80 mV. Compensated feedback was used to
reduce the effects of series resistance. However, a residual
series resistance amounting to approximately 5 ohm-
cm’ remained uncompensated. A 100-mV hyperpolarizing
prepulse from the holding potential lasting 20 msec was
used to remove resting sodium inactivation and to assure
uniform initial conditions. Liquid junction potentials
were corrected according to the values of Cole and Moore
(9) which have been shown to be suitable for Myxicola
axons (10). Membrane currents were corrected for capa-
citative transient and leakage by summing the currents
of equal depolarizing and hyperpolarizing pulses. How-
ever, rectification in the leak current-voltage curve is
known to occur in Myxicola (11). The correction of
leakage by this method, though convenient, may produce
an underestimate of Ix inhibition, especially at large
depolarization potentials. Membrane currents were first
recorded in ASW, and the external solution was changed
to one containing the drug. Membrane currents in re-
sponse to a 160-mV depolarization step were recorded
every 2 min until the drug effect had reached a steady
state. This usually required 15-20 min. At the concentra-
tion used, the effects of quinidine were poorly reversible
on return to ASW.
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Experiments were carried out at 8 + 0.5° via the
control of a Cambion thermoelectric module.

RESULTS

Effects on resting and action potentials. The resting
membrane potential was little affected in the presence of
0.2 mMm external quinidine sulfate (—=0.5 £ 1.4 mV, n =
10). Under current clamp, the ascending phase of the
action potential was not appreciably affected, while the
descending phase was increased 3-8 times the normal
duration. The prolongation of the action potential pro-
ceeded as a function of time after the application of
quinidine, and reached equilibrium in approximately 15-
20 min. The final action potential in the presence of
quinidine is similar to that shown by Yeh and Narahashi
(7) in squid. However, the prolongation of the repolari-
zation phase in Myxicola is always observed to occur
before the decrease in the amplitude of the action poten-
tial. The amplitude of the action potential was depressed
by approximately 15%. Propagated action potentials were
completely blocked when the concentration of quinidine
exceeded 3 mM.

Effects on membrane ionic currents and conduct-
ances. Quinidine reduced both transient sodium (Ina)
and steady-state potassium currents (Ix) but with the
effect much more pronounced for Ix. In Myxicola, in
response to a step depolarization under normal condi-
tions, Ix begins to rise after a short delay, reaches a
steady state in a few msec and is maintained for the
duration of the depolarization. The steady-state Ix was
suppressed in the presence of quinidine. The amount of
block is voltage-dependent and ranges from approxi-
mately 25% at a membrane potential of —40 mV to about
80% at 100 mV. Furthermore, Ik also displayed a distinct
peak (Fig. 1), after which it decayed exponentially to a
plateau level with sustained depolarization. This effect is
especially pronounced for large depolarization potentials.
This decrease in Ik is attributed to a quinidine-induced
potassium inactivation. The inactivation, however, is in-
complete. The term inactivation is used here in the same
context as it was used by Armstrong (12) to describe the

F1G. 1. Potassium currents in response to a 160-mV step depolari-
zation from rest after application of 0.2 mM quinidine sulfate at 4-min
intervals

The top current trace represents control current in the absence of
quinidine. The vertical and horizontal bars represent 3 mA/cm’ and
5 msec, respectively.
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decay of Ix from a peak value in the squid axon due to
the blockage of potassium conductance after injection
with quaternary ammonium ion derivatives. This term
also implies that the potassium channels have to open
first in order for the block to occur. For small depolarizing
pulses or for low drug concentrations, no peaks were
observed and Ix approached its reduced equilibrium
value monotonically. At 0.2 mM, the inactivation of Ik by
quinidine becomes more pronounced gradually as a func-
tion of time, reaching equilibrium in approximately 15
min, and it does not seem to affect the turn-on kinetics
of Ik (Fig. 1).

Sodium currents were obtained by subtracting the
currents in the presence of 10°® M TTX from the total
currents without T'TX. The effect of quinidine on sodium
currents is shown in Fig. 2. The presence of small residual
steady-state Ina is due to the subtraction of slightly
different Ik in the presence and absence of TTX due to
the natural run-down of the axon. Although In. was
decreased in the presence of quinidine, the kinetics for
sodium activation was not appreciably affected. The
effect of quinidine on the time to peak In, was measured
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FiG. 2. Families of voltage-clamped sodium currents from the same
Mpyxicola axon before (top) and after (bottom) application of 0.2 mm
quinidine sulfate in response to step depolarizations of 20 mV to 160
mV in increments of 20 mV from the holding potential

The vertical and horizontal bars represent 2 mA/cm? and 0.5 msec,
respectively. Sodium currents were obtained by subtracting the cur-
rents in the presence and absence of 107 M TTX.

as a function of membrane potential. Values found under
the two conditions agreed to within 5%.

At the concentration of quinidine used, no significant
effect was observed on leakage currents. However, since
leakage tends to increase slightly as time progresses, any
small effect caused by quinidine would not be detected.

A typical current-voltage curve is shown in Fig. 3.
Leakage conductance had been subtracted from the total
current. The current-voltage curve for potassium repre-
sents steady-state potassium currents and not peak po-
tassium currents, since the plateau level of Ik is a measure
of the steady-state block induced by quinidine. Both
inward and outward In, were partially suppressed, but
the reversal potential for the sodium current is un-
changed in the presence of quinidine.

Sodium conductance (gn.) and potassium conductance
(gk) were, as defined by Hodgkin and Huxley (13), gna
= INa/(Vm - VNa) and 8k = IK/(Vm - VK)) where VNa and
Vk are the reversal potentials for sodium ion and for
potassium ion, and In, and Ik are the currents for sodium
and potassium ions at membrane potential V,. Vk was
assumed to be —80 mV. The sodium conductance was
suppressed by approximately 30% in the presence of
quinidine and no shift of the curve with membrane
potential was observed. The membrane conductance for
Ik is plotted in a semilogarithmic scale as a function of
membrane potential in Fig. 4. The potassium conduct-
ance was appreciably suppressed by quinidine and a
negative slope for the conductance curve was observed
for membrane potentials above +40 mV. A similar cur-
rent-voltage curve was obtained by Yeh and Narahashi

1 FE|
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8

F1G. 3. Current-voltage curves for peak transient sodium current
(Ina) (open symbols) and steady-state potassium current (Ix) (filled
symbols) for an intact Myxicola axon before (circles) and after (tri-
angles) application of 0.2 mMm quinidine sulfate
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F1G. 4. Steady-state potassium conductance (gx) plotted as a func-
tion of membrane potential before (circles) and after (triangles) appli-
cation of 0.2 mM quinidine sulfate

(7) in squid. However, their Ik represented peak Ik and
thus accounts for their not observing a negative slope for
the potassium conductance curve in the presence of
quinidine.

The effect of quinidine on steady-state sodium inacti-
vation (h.) was examined by using the two-pulse method
(13). At most, a 1-2 mV shift in the hyperpolarizing
direction was observed. That sodium inactivation was
not appreciably affected by quinidine can also be seen in
the sodium currents shown in Fig. 2.

Assuming that quinidine block obeys first-order kinet-
ics, the ratio (Y.) of steady-state Ik in the presence of
quinidine to that in ASW represents the fraction of
unblocked potassium channels. To demonstrate the volt-
age dependence of the quinidine block, (1 — Y.) is plotted
as a function of membrane potential in Fig. 5. The
amount of block is increased with a depolarization of the
membrane potential, reaching approximately 80% at the
highest depolarization used. A similar voltage-dependent
block in squid was reported by Yeh and Narahashi (7).

Instantaneous Ix in ASW and high-potassium ASW
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1 1 1 PR 1 | ! | 1 | i | 1 | |
—40 -20 0 2 40 60 80 100 120
MEMBRANE POTENTIAL (mV)
F16. 5. Fraction of blocked potassium channels (1 — Y.) deter-
mined from the ratio of steady-state Ix in 0.2 mM quinidine sulfate to
that in ASW plotted as a function of membrane potential
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(440 mMm K*) were obtained by measuring the membrane
currents on return of the membrane potential from a 20-
msec duration 160-mV depolarizing clamp step to some
other value in the presence of 10 M TTX to block
transient sodium currents. The holding potential in high-
potassium ASW was +10 mV. Instantaneous currents in
ASW were corrected for leakage as described by Binstock
and Goldman (10), and those in high-potassium ASW
were corrected by using leakage values extrapolated from
those obtained in ASW. The effects of quinidine on the
instantaneous Ik are shown in Fig. 6. It can be seen that
both outward and inward Ik are suppressed. The sup-
pression in ASW, however, is much more pronounced
than in high-potassium ASW. At a membrane potential
of 70 mV, the suppression in ASW is 74% as compared
with 48% in high-potassium ASW.

Inactivation of potassium currents. Two-pulse exper-
iments were performed to confirm that the decrease of
Ix in the presence of quinidine is due to inactivation.
These experiments were again performed in the presence
of 107 M TTX to block all transient sodium currents. In
order to study the development of block induced by
quinidine, the prepulse potential was varied and then
followed by a constant command pulse of 160-mV depo-
larization from the holding potential. All prepulses were
20 msec in duration, which is sufficient to attain a steady-
state block level. The ratio of peak Ik during the com-
mand pulse with a prepulse to that without a prepulse
gives an estimate of the fraction of gk that is not inacti-
vated by the prepulse. The inactivated fraction can then
be obtained by subtracting this value from unity. The
inactivated fraction as a function of prepulse potential is
shown in Fig. 7 and can be seen to be dependent upon
the prepulse potential.

A second set of experiments was performed in which
the prepulse duration, instead of the prepulse potential,
was varied. To study the time development of the block,

20 40 60 80 100 120 140 160
4 -10 (mV)

+-20

1-30

Fi6. 6. Instantaneous Ix before (circles) and after (triangles) ap-
plication of 0.2 mm quinidine sulfate in ASW (open symbols) in one
Myxicola axon, and 440 mm K* ASW (filled symbols) in a different
axon
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F16. 7. Fraction of blocked potassium channels determined from
the ratio of peak Ix in 0.2 mM quinidine sulfate plotted as a function
of prepulse potential

Pulse sequence used is shown in inset.

the duration of a small prepulse before the 160-mV
depolarization command pulse was varied. The maxi-
mum amplitude of the current during the command pulse
(I¢) gives an estimate of the fraction of potassium chan-
nels that remained unblocked. For long prepulses, the
peak command current approached a minimum value
(Ic.). For prepulses shorter than 1 msec, Ic remained
essentially unchanged because Ik has not yet turned on.
The value, (I¢ — I¢..) for two different prepulse potentials
is plotted in a semilogarithmic scale against prepulse
duration in Fig. 8. For prepulse durations longer than 2
msec, the block can be seen to develop exponentially.
The time constants of the block (time to reach 1/e of its
initial value) are 4.1 and 8.5 msec, respectively, for pre-
pulse potentials of +7 and —33 mV, with a faster time
constant for a more depolarized prepulse. For very large
depolarizing prepulse potentials, the time constant of
block saturates at around 2.3 msec.

Recovery from Ik inactivation was also monitored by
varying the pulse interval between two identical pulses
(5 msec in duration and 160 mV depolarized from the
holding potential) and observing the ratio of their peak
Ix amplitudes. The first pulse is used to open the potas-
sium channels which then inactivate by the action of
quinidine. They recover when the membrane potential is
repolarized and the second pulse is used to monitor the
degree of recovery. The ratio of peak Ik as a function of
pulse interval is plotted in Fig. 9. When the first pulse
was returned to the resting potential, the time required
for 50% recovery was approximately 5 msec. However,
when the membrane potential during the pulse interval
was held 40 mV hyperpolarized with respect to rest, the
time for 50% recovery was less than 3 msec. In both cases,
full recovery took approximately 40 msec.

DISCUSSION

The effects of quinidine on ionic conductances were
first studied by Yeh and Narahashi (7) on squid axonal
membranes. Although quinidine-induced potassium in-

100 —

I - I¢ o (arbitrary units)

o_zlllLlllllllllIJ
01 23 45 6 7 8 9101112131415
PREPULSE DURATION (msec)
FiG. 8. Potassium channel block in 0.2 mMquinidine sulfate plotted

as a function of prepulse duration for prepulse potentials of —33 mV
(circles) and +7 mV (triangles)

activation was also observed in squid, it had not been
studied in detail. The present study extends these obser-
vations to the Myxicola axonal membrane with emphasis
on the kinetics of the quinidine-induced potassium inac-
tivation.

The prolongation of the repolarization phase of the
action potential can be due to a decrease in the potassium
conductance and/or to the slowing or removal of sodium
inactivation. From the studies on sodium currents alone,
as well as on steady-state sodium inactivation, it can be

10 — Pulse 1 Pulse 2
90 90
= 09 -
-70
2 o8 }-70 -70
2 —=-10
E 06 Interval
3 05 —
8 oa
-
¥ 03
E 02
01 [~
| 1 [ | ] J
1 2 3 4 5 6 78910 20 0 40

PULSE INTERVAL (msec)
Fi1Gc. 9. Time course of potassium current recovery from inactiva-
tion with quinidine
The pulse sequence used is shown in the inset. The ratio of peak Ik
from Pulse 2 to that of Pulse 1 is plotted as a function of pulse interval
for repolarization potentials at rest (O) and 40 mV hyperpolarized from
rest (A).
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seen that quinidine does not affect the kinetics of sodium
inactivation. Therefore, the prolongation of the repolar-
ization phase of the action potential in Myxicola giant
axons in the presence of quinidine is due to the effects of
Ix inactivation, and thus a depression of steady-state gk.

The block of potassium channels by quinidine exhibits
both voltage- and time-dependent characteristics. Quin-
idine is proposed to interact with the conductance path-
way. It suppresses Ix much more pronouncedly at large
depolarizations. The degree of block is dependent on the
number of open potassium channels. The kinetics of the
gating mechanism is assumed to be unaffected by quini-
dine. This assumption is supported by the observation
that the initial rate of rise of Ix remains unchanged in
the presence of quinidine (Fig. 1). It suppresses both
outward and inward Ik, and the block is to a lesser extent
in high-potassium ASW than in normal ASW. Two-pulse
experiments tend to support the theory that the decrease
in Ix is due to a drug-induced inactivation.

Several other agents are also known to cause Ik inac-
tivation. Examples are the tropine esters (14), dibucaine
(15), certain quaternary amines (12), certain veratrum
analogues (16), certain morphine analogues and antago-
nists (17), sparteine (18, 19), and strychnine (20).

The data presented suggest that the block of potassium
channels by quinidine is similar to internal quaternary
ammonium ions observed in squid (12) and frog node of
Ranvier (21). Armstrong (12) proposes in his model that
quaternary ammonium ions bind to a hydrophobic site
within the potassium channel. This site is accessible only
from the axoplasmic side, but not from the external
solution. The blocking ions can only enter a channel
whose activation gate is open, and they are propelled by
the same diffusional and electrical forces which normally
drive potassium ions into the channel. This model pre-
dicts quite accurately the changes in Ik found with qua-
ternary ammonium ions inside the squid giant axon.
Similarly, the action of quinidine can be explained by the
simplest scheme proposed by Armstrong (12) for the
action of quaternary ammonium ions:

Hodgkin-Huxley

>

+1

open channel ’;'-‘ blocked channel
-1

Closed channel —
kinetics
where k., is proportional to the axoplasmic concentration
of quinidine and k_, is proportional to the reciprocal of
the tightness of binding. Armstrong (12) and Armstrong
and Hille (21) have also demonstrated that the presence
of a peak in Ix depends on the relative values of the
normal Hodgkin-Huxley potassium rate constants, as
and f,, and the quinidine blocking and unblocking rates,
k41 and k-,. The degree of inactivation is related to the
tightness of binding of quinidine to the channel.

To differentiate behavior due indirectly to the voltage
dependence of gating from that due to characteristics of
the blocking reaction itself, the kinetic parameters were
analyzed by using computer curve-fit of raw records of
Ix. The Hodgkin-Huxley and quinidine-induced inacti-
vation rate constants for a typical Myxicola axon were
determined in a manner similar to that used by Arm-
strong (12). Briefly, the maximum potassium conduct-
ance, gk, was determined from the current and the driv-
ing force at a membrane potential V,, = +130 mV by
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assuming that Vx = —80 mV and that 8, = 0 at this V,,.
A gk of 39.3 mmho/cm® was obtained. If the assumption
is made that the total number of potassium channels (the
sum of closed, open, and blocked) is constant, the kinetic
scheme can be reduced to two linear first-order differ-
ential equations. Values for a, and B, were first deter-
mined by fitting the currents Ik in a normal axon with
k41 = k_; = 0. Then, with a,, 8,, and gk fixed, £+, and k-,
were varied to obtain the best fit to Ik in the presence of
quinidine and at the same membrane potential. Implicit
in the fitting process are the assumptions that a,, 8., and
8x are not affected by quinidine and that the rate con-
stants can be determined uniquely. The experimental
and fitted Ik in the absence and presence of quinidine for
a typical Myxicola axon are shown in Fig. 10. The cor-
responding rate constants used to obtain the best fit are
shown in Table 1. For the kinetic scheme proposed, the
fraction of unblocked channels in the steady state (Y.)
is equivalent to &_,/(n<k+1 + k-1), where n. = a,/(an +
Br). The experimental and predicted Y. are also shown
in Table 1. The good fit obtained suggests that the simple
kinetic model proposed is adequate in describing most of

+110

5 Ao B 8 2 A & 2 o

+50

P T

+10

=30

+110

g 8 we

+50

10

-30

F1G. 10. Potassium currents before (A) and after (B) the application
of 0.2 mM quinidine sulfate in ASW

B, Experimental data. The continuous line was fitted to the data by
using the kinetic model and fitting method described under Discussion.
The vertical and horizontal bars represent 2 mA/cm? (top), 0.5 mA/
cm’ (bottom), and 10 msec, respectively. The numbers next to each
curve correspond to the membrane potential.
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TABLE 1

Hodgkin-Huxley and quinidine (0.2 mm) blocking and unblocking
rate constants for outward potassium currents in a Myxicola giant

axon
Membrane an Bn ke k-, Y.
potential
Experimental Predicted

mV msec™!
-30 002 032 024 004 0.69 0.73
-10 0.06 0.29 0.85 0.10 0.41 0.41
10 0.15 0.36 0.88 0.13 0.33 0.34
30 0.29 0.38 1.07 0.20 0.29 0.30
50 0.49 0.37 1.68 0.35 0.26 0.27
70 0.69 0.29 1.23 0.27 0.22 0.24
90 0.90 0.17 1.98 0.44 0.19 0.21
110 1.07 0.03 1.91 0.41 0.16 0.18

the experimental data without the need to postulate
changes in the kinetics of channel gating. Both %, and
k-, were found to increase only slightly with voltage.
Their voltage dependence is approximately 105 mV and
75 mV, respectively, per e-fold change. Thus, the binding
of quinidine to the open channels is fairly independent of
voltage. The observed incomplete inactivation implies
the binding of quinidine is relatively loose and is sup-
ported by k-, being equal to approximately 0.4 msec™
for large depolarizations.

Although the quinidine-induced inactivation of out-
ward Ik can be accounted for quite satisfactorily by the
kinetic model proposed by Armstrong (12), one major
difference that cannot be explained and is different from
that predicted by the model is that quinidine also blocks
inward Ix, whereas TEA leaves inward Ix unaffected.
The latter observation is true at least in the squid giant
axon. However, it is known from a previous study (22)
that Myxicola axonal membrane behaves differently
from that of squid when subjected to external TEA.
While externally applied TEA produces little or no effect
in squid, it is found to block fairly specifically, although
in a voltage-independent manner, Ix in Myxicola. There
is no inactivation of Ix and external TEA also blocks
both outward and inward Ik when tested in high-potas-
sium ASW. It was postulated (22) that TEA receptors
are present on the external surface of the Myxicola
axonal membrane similar to those reported in the frog
node. Thus, the blocking of inward Ik by quinidine can
perhaps be explained by the binding of external quinidine
to such receptors. However, binding of external TEA
(100 mMm) to such receptors was found to depolarize the
resting membrane potential by approximately 25 mV.
That quinidine does not affect the resting potential tends
to suggest that it does not act on the same external sites
as TEA.

Alternatively, the results can also be explained by the
presence of a common blocking site inside the channel.
The blocking of inward Ix by quinidine then occurs by a
similar mechanism to the block of outward Ix; it is swept
into the potassium channel together with the flow of
potassium ions and then blocks the channel by being
physically too large to pass through. Therefore, quinidine
entering either end of the channel will block the corre-
sponding flow of potassium ions, but not the flow in the
opposite direction. Thus, the properties of the potassium

channel in Myxicola may be more symmetrical at its two
ends than that in squid, and similar to that found in
Xenopus laevis nodes (23). Further studies will have to
be made to distinguish whether there is a common block-
ing site or separate sites for internal and external quini-
dine.

Yeh and Narahashi (7) postulated that, in squid, quin-
idine acts from the axoplasmic surface in suppressing
both gna. and gk with the cationic form being the active
species for inhibiting gna.. This theory is supported by
the observation that the charged quaternary quinidine
methiodide is effective only when applied to the axo-
plasmic side. In view of the relatively slow action of
quinidine to reach a steady state when applied externally
(15-20 min), it also seems reasonable to assume that
quinidine acts on the internal surface of the Myxicola
axonal membrane after having penetrated the mem-
brane. Its primarily irreversible effect when the drug is
removed from the external solution also tends to support
this assumption. The current traces in Fig. 1 which show
the peak and steady-state Ix decreasing as a function of
time but without affecting the turn-on of Ik in the pres-
ence of 0.2 mM quinidine also correlates well with a
gradual increase in the axoplasmic concentration of quin-
idine by diffusion through the membrane. The model
proposed by Armstrong predicts that the initial rate of
turn-on of Ik should not be affected by an increase in the
concentration of the drug, although the rate of blocking
should be increased resulting in a decrease of both peak
and steady-state currents.

To summarize, the model proposed is that internal
quinidine blocks outward Ik, whereas external quinidine
blocks inward Ix. In ASW and at potentials depolarized
from rest, the net Ix is outward, which implies that
external quinidine plays little or no effect in blocking Ik
under these conditions. However, one must bear in mind
that the proposed model is not unique but to a first
approximation gives a reasonable fit of the data.

Two-pulse experiments in which the prepulse duration
was varied (Fig. 8) support the postulate that quinidine
only blocks open channels. The block develops with a
time lag. For times short compared to the time to peak
current, no change in peak Ix was observed. Inactivation
rate is also dependent upon membrane potential. The
time constant of block is faster for large depolarizations,
correlating well with their faster rates of activation and
the condition that activation must precede inactivation.

The block by quinidine is reversed by repolarization.
Hyperpolarization of the membrane potential (with re-
spect to rest) during the interval between the two pulses
speeded up recovery (Fig. 9). The faster recovery time
can be due to either a decrease in k., or an increase in
k_,. The inward tail currents associated with repolariza-
tions may also help clear channels with blocking ions
present. This is different from that observed in frog nodes
with TEA derivatives (21), where hyperpolarization in-
creases the time of recovery. The latter effect is probably
due to the trapping of the blocking ions in the channel
with the closing of the activation gate (21).

The amount of block is decreased in high-potassium
ASW (Fig. 6). This may be due to some interaction
between potassium ions and quinidine, such as extracel-
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lular potassium being capable of displacing quinidine
from the blocking site, as well as the differences in the
number of open potassium channels because of the dif-
ferent holding potentials used.

In cardiac tissues, the prolongation of the action po-
tential in the presence of quinidine has been suggested
by Armitage (5) to be due to a diminished permeability
of the cell membrane to potassium ions. This is not
unreasonable, since it is known that there is an increase
efflux of potassium ions associated with atrial and ven-
tricular fibrillation (24). Radioisotope studies (4) have
also shown a depressant effect of quinidine on K* efflux
and Na* influx. These observations are consistent with
the data presented in this paper.

From various microelectrode studies of isolated cardiac
preparations, it is known that quinidine exerts its antiar-
rhythmic property by interfering in some way with the
permeability of Na* and K" in the cardiac membrane.
However, there has been considerable disagreement as
to which of these two effects plays the major role in
controlling arrhythmia. Studies previous to West and
Amory (2) have all emphasized the effect quinidine has
on decreasing the rate of the depolarization process and
thus the effect on Na* permeability in cardiac muscle.
Recently, Hondeghem and Katzung (25) have also em-
phasize the blocking of sodium channels in cardiac cells
as responsible for directly reducing the conduction veloc-
ity and the antiarrhythmic action of quinidine. However,
West and Amory (2) found that quinidine only depressed
the rate of depolarization when the stimulation frequen-
cies were high, but depressed the rate of repolarization
at all frequencies of stimulation in isolated rabbit atria.

In this study, although quinidine reduced both In. and
Ik, as long as the action potential is not completely
blocked, the effect on Ik is much more pronounced than
on Ina.. Also, the kinetics of Ina does not seem to be
affected. Since the characteristic of a therapeutic concen-
tration of quinidine is a prolongation of the action poten-
tial (26), it seems reasoneble to suggest that the effect of
quinidine on Ix is probably what is primarily responsible
for its antiarrhythmic activity.

Recently, quinine has been reported to block calcium-
dependent potassium channels in erythrocytes (27) and
cultured nerve cells (28). The mechanism of action of
quinine in these cells is not known. However, there is no
evidence that the voltage-dependent Ik in Myxicola and
squid axons is also calcium-dependent. Further experi-
ments are needed to determine whether quinine and
quinidine have the same or different mechanisms of
action in voltage- and calcium-dependent potassium
channels.

This paper describes the mechanism of action of quin-
idine on neural tissue. The technique of voltage-clamping
cardiac muscle cells has been plagued with technical
difficulties (29), but recent reports using the two-micro-
pipette technique on rabbit Purkinje fibers (30) and on
enzyme-dispersed single heart muscle cells (31) have
shown great promise and thus provide the opportunity
to study the effects of quinidine in cardiac muscle directly
by the voltage-clamp technique. The experiments on
Mpyxicola help provide clear hypotheses to be confi:med
by studies on cardiac tissues.
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