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A b s t r a c t . The inhibition of the calcium-independent transient outward current 

(ito) by the widely used blocker 4-aminopyridine (4-AP) was studied in adult 

Wis tar rat ventricular myocytes, enzymatically isolated and voltage-clamped in 

the whole cell configuration using patch-clamp pipettes. 4-AP at 1 mmol/1 con

centration caused complete steady-state block of It0 at resting or hyperpolarized 

voltages. The block was partially removed during repeated depolarizations applied 

at frequencies above 0.25 Hz. Changes in the level of block during a depolarizing 

pulse (to +40 mV) and during a following rest period (at —90 mV) were analyzed. 

On depolarization, the recovery from 4-AP block (at 0.5 mmol/1) s tar ted with a 

delay approximately corresponding to the time constant of J t 0 inactivation and 

then followed a monoexponential t ime course (time constant of about 44 ms). The 

restoration of block at a holding voltage of —90 mV, after recovery of Ito from 

inactivation, followed a monoexponential t ime course (time constant of about 1.2 

s). The results are consistent with the hypothesis that the binding site for 4-AP 

at the /to channel is available in the closed and open states but not when inacti

vated. Unblocking of i t 0 at stimulation intervals shorter than approximately 1 s 

may occur at 4-AP concentrations below 4 mmol/1. 

K e y w o r d s : 4-aminopyridine — Cardiac ventricle — Wistar rat - - Use-depen

dency — Transient outward current 
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I n t r o d u c t i o n 

4-Aminopyridine is widely used as a blocker of various types of K + channels in 

nerves (Pelhate and Pichon 1974; Ulbricht and Wagner 1976; Yeh et al. 1976; Meves 

and Pichon 1977; Thompson 1982), s t r ia ted muscles (Stefani and Chiarandini 1982; 

Davies et al. 1991), smooth muscles (Boev et al. 1985; Beech and Bolton 1987), 

cardiac muscle (Kenyon and Gibbons 1979; Giles and VanGinneken 1985; Simurda 

et al. 1988; Boyle and Nerbonne 1992) and other cells (Wagoner and Oxford 

1990; Dubois and Rouzaire-Dubois 1991; Choquet and K o m 1992). Recently, the 

complex mechanism of interaction of aminopyridines with K + channels has been 

studied in detail in cloned channels (Kirsch and Drewe 1993; Russel et al. 1994). 

4-Aminopyridine is also being considered a putative therapeutic agent in multiple 

sclerosis (Davis et al. 1990) and chronic spinal injury (Blight et al. 1991). 

As a consequence of the diversity of 4-AP sensitive channels in various species 

and tissues, there are distinct differences in the detailed properties of 4-AP block. 

However, a common feature, confirmed in a number of delayed outward rectifiers 

and transient outward currents so far studied (e.g. Yeh et al. 1976; Thompson 

1982), seems to be the interaction of the drug with channel gating, resulting in a 

tendency for depolarization to relieve the block. This is manifested in most cases 

as 'use dependent deblock' (termed also 'reverse use dependency') . Surprisingly, 

it is only recently tha t the reverse use dependency of the 4-AP-induced block of 

K + channels has been studied in cardiac muscle, despite the importance of the use 

dependency of channel inhibition for the understanding of the effects of a variety of 

antiarrhythmic agents. The use dependency of 4-AP block of calcium- independent 

transient outward current in cardiac muscle was first disclosed in dog trabeculae 

(Simurda et al. 1989) and subsequently analysed in ferret (Campbell et al. 1993) 

and rat ventricular myocytes (Castle and Slawsky 1993). 

In this paper we describe some features of the use dependent 4-AP block 

of Ito in ventricular myocytes of adul t Wistar rats . Ra t ventricular myocytes 

are extensively used in electrophysiological studies. We felt it necessary to seek 

for a use-dependency of 4-AP block of Ito both to compare its properties in this 

preparation to those in homologous cells in other species and to check for the 

validity of using 4-AP as a tool to dissect membrane currents, especially when 

short intervals of stimulation are used. 

Mater ia l s and M e t h o d s 

Cell isolation 

Single ventricular myocytes were isolated from the hearts of adult male Wistar rats (260-
460 g) using a protocol based on previously described procedures (Mitra and Morad 1985). 
After deep ether anesthesia and cervical dislocation, the hearts were quickly excised and 
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retrogradely perfused (at 37°C) through the aorta in a Langendorff set-up. Nominal 
calcium-free modified Tyrode's solution with heparin was applied for 5 min. Then the 
same solution without heparin but containing collagenase (0.45 mg/ml, Sigma type I) 
and protease (0.15-0.3 mg-ml - 1 , Sigma type XIV) was recirculated through the heart for 
15-30 min. After brief perfusion with a nominally calcium-free Tyrode's solution contain
ing 1.2 gdi t re - 1 bovine serum-albumin (Sigma, A-4503), perfusion of KB followed. The 
separated ventricles were then cut with fine scissors into small fragments and myocytes 
were mechanically dispersed in KB solution by gentle shaking or stirring in a small Erlen-
mayer's flask. The cell suspension was filtered through a 100 /im nylon mesh into 10 ml 
plastic centrifuge tubes and stored at 6°C. After 30 min, the cell pellet was resuspended 
in fresh KB solution and kept in small Petri dishes before experimental use. 

No attempt was made to select areas where cells have been reported to possess largest 
/to (epicardial layer, e.g. Litovsky and Antzelevitch 1988). However, as our aim was to 
study /to, only cells displaying a sizeable fast component of outward current were used in 
this work. 

Solutions 

The nominally calcium-free Tyiode's solution contained (mmol/1): NaCl 120; KC1 5.4; 
MgCl2 3.5; taurine 20; NaH 2 P0 4 1.5; glucose 10; HEPES 10; pH was adjusted to 7.2 
with NaOH. The KB solution contained (mmol/1): K-glutamate 70; KC1 25; K H 2 P 0 4 

10; MgCl2 5; oxalic acid 10; taurine 20; glucose 20; pyruvic acid 5; HEPES 10; pH 
was adjusted to 7.2 with KOH. The pipette-filling solution was a nominally calcium-free 
solution containing (mmol/1): K-glutamate 130; KC1 5; MgCl2 5; glucose 10; EGTA 5; 
HEPES 10; K2ATP 3; Na2-creatine phosphate 5; Na-pyruvate 5; pH was adjusted to 7.2 
with KOH. All chemicals were of reagent grade. 4-AP (Sigma Company, A-0152) was 
dissolved just before an experiment in the proper solution, pH was checked and adjusted 
if needed. Exposure of 4-AP containing solutions to light was avoided throughout the 
experimental procedure. 

At the beginning of an experiment the cells were maintained in a medium containing 
(mmol/1): NaCl 120; KC1 5.4; MgCl2 1.2; CaCl2 1.8; NaH 2 P0 4 0.4; glucose 10; HEPES 
10; pH was adjusted to 7.4 with NaOH. Once intracellular recording conditions were 
achieved, the cell under study was superfused with the same medium, but in most exper
iments NaCl was replaced by choline-Cl in order to exclude the fast sodium current ( ÍN S ) 
and the possible contribution of sodium-activated transient currents (Kameyama et al. 
1984). Atropine (0.01 mmol/1) was added to eliminate choline-activated muscarinic potas
sium channels. This standard superfusion medium contained (mmol/1): choline chloride 
120; MgCl2 2; CaCl2 1.8; glucose 10; HEPES 10; pH adjusted to 7.2 with KOH. It was 
supplemented with either 2 mmol/1 CoCb or 0.5 mmol/1 CdCl2 to completely block the 
calcium current (/ca). 

Electrophysiological recording 

A small aliquot of cells was transferred to a perfusion chamber placed on the stage of an 
inverted microscope (Metaval, Zeiss Jena). Macroscopic current recording was obtained 
with the whole-cell voltage-clamp method, no compensation for capacitance or leak cur
rents was used. Pipettes were pulled from borosilicate glass (Kavalier, Czech Rep.) and 
were heat-polished before use. Their ohmic resistance, when filled with the pipette-filling 
solution, was between 0.8 and 2 Mfi. Most experiments were performed in the summer 
time and at room temperature of 27 to 29°C. 
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Figure 1. Current-voltage relationship for / o established from a cell in the absence of 
Na+ ions in the extracellular solution (replaced by choline) and with 0.5 mmol/1 C'dCL. 
Two types of measurements are compared: circles are peak / t„ currents after subtiaction 
of the slowly decaying outward current component as extrapolated by eye. and squares 
are the recalculated values (at 10 ms after pulse onset) of the rapidly decaying compo
nents of outward current, after least-squares adjustment of a double exponential decay to 
the current traces. The time constants of decay (rtast) of 7tI) are plotted versus voltage 
(diamonds). The inset shows superimposed current responses to depolarizations between 
— 20 and +60 mV from a holding voltage of —85 mV. For clarity, capacitive currents were 
subtracted at time of analysis. 

Results 

To study the 4-AP sensitive transient outward current (/to) in rat ventricular my

ocytes, the time-dependent inward currents were suppressed: I^A by substi tuting 

external N a + by choline, and IQR by external application of 2 mmol/1 C0CI2 or 0.5 

mmol/1 CdCh . Under these conditions, the current responses to graded depolariz

ing steps (Fig. 1, inset) showed characteristic wavefoims as described in detail by 

other authors (Josephson et al. 1984; Apkon and Nerbonne 1991). Fast activation 

of the outward current was followed by a slower decline that could be well fitted 

by a function: I{ASt • exp ( - ' / r f »- f ) + / s i o w • exp^^7"-1™' + / s s . 

As evidenced by Apkon and Nerbonne (1991), the slow exponential decay com

ponent (/siow: ampli tude at time 0, T&IOW: t ime constant) is related to slow inactiva

tion of the 4-AP-insensitive delayed outward current ( / K ) while the fast component 

(/fast, Tfa.st) corresponds to the inactivation of the 4-AP-sensitive transient outward 

current ( / t o) • / s s represents the sum of background and leakage currents. 
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Two approaches to the estimation of the voltage dependence of / t o availability 

are compared in Fig. 1. Ito was evaluated as the difference from the peak current 

to the slow component, as extrapolated to the t ime of the peak, and alternatively 

as the value of the rapid component 10 ms after the onset of depolarization. Both 

measurements gave similar current-voltage relations with a threshold of activa

tion slightly below —20 mV. The t ime constant of / t o inactivation (rfaht) did not 

show significant voltage-dependence. The value obtained from double exponential 

analysis for 86 current responses to depolarizations from HP = —90 mV to +20 

mV in 4 cells at 27 29°C was 19.0 ± 0.6 ms (mean ± SEM)). This is twice faster 

than reported by Apkon and Nerbonne (1991), who worked at a lower temperature 

(24-25°C) and in another rat strain (Long Evans). 

From this point forward, the decaying phase of the outward current response 

from 10 ms after the onset of a test pulse will be fitted with a sum of two exponential 

functions plus an offset (see above). The estimated amplitude of the fast component 

(ifast) will be taken as a measure of the available i t„ at the t ime of the pulse 

onset. This mode of estimation suppressed the slowly decaying and leakage currents 

altogether and cancelled the changes in / t o magnitude due to changes in activation-

inactivation kinetics. 

In all of the cells used in this study, a slow rundown of/ t o was apparent. When 

needed, an approximate correction factor was applied to the data, based on linear 

extrapolation of the time course of changes of responses to identical protocols in 

control solution in the same cell. 

Repetitive depolarizations relieve J^-AP block 

The use-dependency of the Iu, block was first tested at a 4-AP concentration of 

1 mmol/1. which was sufficient to induce complete steady-state block at hyperpo-

larizing voltages (Fig. 2). After 20 s of rest at —90 mV, a series of 700 ms pulses 

to +20 raV at 0.5 Hz was applied. The fast component was absent in the current 

response to the first pulse (Fig. 2, '4-AP') . In contrast, in the traces corresponding 

to the second and next pulses, / t o reappeared, indicating a partial deblock due 

to the foregoing depolarizing pulse. Interestingly, the first and the next current 

responses obviously crossed-over. due to the increased slow component of the first 

response. To determine whether this feature was related to the effect of 4-AP, 

the same pat tern of membrane voltage was applied under control conditions in the 

absence of the drug (Fig. 2, 'Control ' ) . It is obvious tha t the slow component of 

the first response was also enhanced. The most likely explanation is tha t the 4-

AP-insensitive delayed outward current fully recovered from inactivation before the 

first depolarizing pulse and partially inactivated during the following pulses, due 

to insufficient recovery t ime (1300 ms, in relation to a t ime constant of recovery 

from inactivation of 445 ms as estimated by Apkon and Nerbonne (1991)). 



80 Christé et al. 

20 s 

20 

mV 

- 9 0 

100 m s 

Figure 2. Use-dependent deblock of / t o- The voltage protocol (above) consisted of a 
series of 7 identical 700 ms test depolarizations (at 0.5 Hz) preceded by a 20 s period 
of rest. 'Control': Superimposed current responses to the depolarizing steps in Tyrode's 
solution. The rest period does not significantly affect /to (only the slow delayed current is 
slightly larger in response to the first step). '4-AP': After 15 min in the presence of 4-AP 
(1 mmol/1), /to is absent during the first pulse (full block at rest) and partly restored 
during the next (2-7) pulses. Only the first 400 ms of each record are shown for claiity. 
ICA was blocked with 2 mmol/1 CoCl2. 

Repetitive depolarizations cause more unblock at higher frequencies 

Another manifestation of the use dependency of 4-AP block of / t o was a partial 

deblock at higher frequencies under steady-state at regular stimulation (Fig. 3). / t o 

was completely blocked at 0.125 Hz and progressively deblocked upon increasing 

the ra te of stimulation with 300 ms pulses to 0.5 and 1.5 Hz. The recovery from 

block was first visible at 0.25 Hz. Here also, the cross-over of traces in Fig. 3A 

was at tr ibutable to frequency-dependent cumulative inactivation of the delayed 

outward current; therefore the current traces were shifted (Fig. 3 S ) to compensate 

for this effect. 
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Figure 3. Frequency-dependence of / t o block by 4-AP (1 mmol/1). 300 ms depolarizing 
pulses from HP = — 90 mV to +20 mV were applied at different frequencies in the presence 
of 2 mmol/1 CoCl2. A: Superimposed current responses recorded at steady state at 0.125, 
0.5 and 1.5 Hz. B: For clarity, the same records were shifted to match the current values 
at the end of pulses, to compensate for decreased delayed outward current. Note that / t o 

is absent at 0.125 Hz and recovers gradually at higher frequencies. 

Analysis of the time course of changes in block during a long depolarization and 

subsequent rest 

To visualize the t ime courses of deblock during a depolarizing step and of restora

tion of the block following repolarization, two modifications of a double-pulse pro

tocol were used. Under the effect of 0.5 mmol/1 4-AP, the membrane voltage was 

maintained at a hyperpolarized level of —90 mV for 20 s, to allow the block to 

reach its steady level, as tested by a s tandard 300 ms test pulse to + 4 0 mV. 

Unblock during a depolarization, A voltage clamp paradigm, composed of a con

ditioning depolarizing pulse to +40 mV of gradually increasing duration and a 1 s 
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F i g u r e 4. Time course of relief of the 4-AP block of / t o dur ing a depolarizing step. 
Exper imenta l protocol: a 20 s period of rest was followed by a conditioning pulse of 
variable duration ( T l ) , a Is rest interval and a uniform test pulse (inset). A: The 
currents of test pulses affected by 4-AP (0.5 mmol/1) were approximated by a function: 

/ f . i s t -exp ( - ' / ' " f a s t ) ' + /s,i„„-exp ( - i / r s l „ w ) + /ss. after omit t ing t he first 10 ms of each recoid. /t<, 
was evaluated as the fast exponential component (/fast • e x p ' ^ ' ^ T f ^ ' ' ) after subt iac t ion of 
t he slow and constant components from the cuirent records. T h e extracted t ime courses 
of / t„ (points) with exponential fits (solid cuives) are shifted along the t ime axis by 
intervals equal to the dura t ion of the conditioning pulse T l to mimic the development of 
block during depolarizat ion. B: Dependence of / t „ lepresented by /fast on the dura t ion of 
preconditioning pulses T l under control conditions (squares) and in the presence of 4-AP 
(circles). Control measurements s t a i t ed 25 min aftei those in t he presence of 4-AP, which 
allowed some rundown to take place (about 20% in 20 ruin in this cell). Thus a factor of 
1.34 was applied to t he control / t o ampl i tudes . The control solution was the same as foi 
Fig. 1. 

c o n s t a n t r e p o l a r i z e d t i m e g a p , w a s i n t e r p o l a t e d b e t w e e n t h e r e s t i n g p e r i o d a n d t h e 

t e s t pu lse (F ig . 4 , i n se t t o p a n e l B). Itn of t h e t e s t p u l s e , as r e p r e s e n t e d by t h e 
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Figure 5. Development of the 4-AP block of / t o at rest after a depolarizing pulse. 
Experimental protocol: a 20 s period of rest was followed by a 700 ms depolarizing 
conditioning pulse separated from a test pulse by variable resting intervals (T2, see inset). 
A: /to of the test pulse was evaluated by the procedure described in the legend to Fig. 4. 
The extracted time courses of /to (points) and exponential fits (solid curves) are shifted 
along the time axis by intervals proportional to T2 (on a 10-fold compressed time scale) 
to mimic the restoration of block at rested voltage. B: Dependence of / t o (amplitude of 
the fast component of the current record) on the rest interval preceding the test pulse 
(T2) under control conditions (squares) and in the presence of 0.5 mmol/1 4-AP (circles). 
As in Fig. AB, control measurements started 26 min after those in 4-AP. A multiplying 
factor of 1.39 was applied to control / t o amplitudes to compensate for rundown of / t o . 
The control solution was the same as for Fig. 1. 

fast component of the recorded current (Fig. AA) grew with the gradually increas

ing duration of the conditioning pulse. Interestingly, short conditioning pulses up 

to about 25 ms did not produce any unblock. Only longer pulses were effective 
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and the increase of / t o magnitude as a function of the duration of a conditioning 
pulse longer than 30 ms was well approximated by an exponential function with 
a time constant of 44 ms. The same protocol was applied in the absence of the 
drug (squares in Fig. AB). As expected with regard to the fast recovery of / t o from 
inactivation, the preconditioning had no effect on the magnitude of i t o activated 
by test pulses. 
Reblock at rest after unblock. The time course of restoration of the resting block 
after the end of a long depolarization was tested by a modified double-pulse protocol 
(Fig. 5, inset to panel B). The interval between a conditioning pulse of constant 
duration (0.7 s) and the standard test pulse was progressively increased in the range 
between 50 and 4000 ms. After recovery from inactivation, the magnitude of / t o 

decreased asymptotically to a resting level following an exponential course (time 
constant 1.2 s). At shorter interpulse intervals (up to 50 ms) the Ito magnitude 
increased, due to the recovery from inactivation, as tested in other cells (not shown). 
The recovery from inactivation was fast with a time constant of exponential increase 
around 30 ms (not shown) which is in accord with observations of other authors 
(Josephson et al. 1984; Apkon and Nerbonne 1991). 

Discussion 

The results of this work provide evidence for use-dependent effects of 4-aminopy-
ridine-induced block of transient outward current in ventricular myocytes of adult 
Wistar rats. We may infer that the block depends strongly on membrane voltage 
even though the experimental protocols used involved two voltage levels only. The 
results of measurements of the dependence of / t o magnitude on the duration of 
conditioning pulses (Fig. 4) clearly demonstrate much deeper steady block of / t o 

in hyperpolarized than in depolarized membranes. Surprisingly, in the presence of 
0.5 mmol/1 4-AP, the time constants related to the processes of i t o unblocking at 
+40 mV and reblocking at —90 mV (0.044 and 1.12 s respectively) were several 
times shorter than those estimated by Castle and Slawsky (1993) also in rat ven
tricular myocytes (approximately 0.42 and 5.2 s). The time constants estimated 
hitherto for other species, i.e. dog ventricle (0.23 and 4.7 s (Šimurda et al. 1989)) 
and ferret ventricular myocytes (0.24 and 1.38 s (Campbell et al. 1993)) were in
termediate between the values found for rat. Such considerable differences in the 
apparent kinetics of drug-channel interaction in the same species might be related 
to differences in experimental conditions: e.g. temperature (about 4°C higher in 
this work), glutamate replacing chloride ions in the pipette solution, and also to 
differences in the basic kinetic characteristics of the Ito current: (inactivation and 
recovery from inactivation time constants were respectively 57 ms at +40 mV and 
143 ms at —70 mV for Sprague-Dawley rat (Campbell et al. 1993) and 19 ms at 
+20 mV and 30 ms at —90 mV for Wistar rat (present work)). Further compara-
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tive experiments in native myocytes and probably also comparison of the channel 

structures in both rat strains are needed to confirm and explain these differences. 

Very likely, the apparent voltage dependency of the block is mediated by volt

age dependent channel gating. There is growing evidence in support of the idea 

tha t the binding sites for 4-AP molecules are located close to the inner mouth of 

K + channels (Kirsch and Drewe 1993). Taking into account that 4-AP molecules 

in their charged form are effective from inside the cell (Kirsch and Narahashi 1983; 

Kasai et al. 1986), direct voltage-dependency of drug-receptor interaction within 

the membrane electrical field seems unlikely. The notion tha t the drug-receptor 

interaction depends on the state of the channel, in accord with the modulated 

receptor hypothesis (Courtney 1975; Hille 1977), is more acceptable. Within the 

scope of this hypothesis we interpret our data as indicating high affinity of the drug 

to rested channel s tate and very low or zero affinity to the inactivated channel. 

There remains to answer the question of the block in the open state, which 

is more difficult because the steady-state fraction of open channels at all voltages 

is very low. The behavior of 4-AP block in various kinds of K + channels indi

cated very large disparity in the potency of 4-AP to interact with open channels, 

as illustrated in two extreme cases. On the one hand, no access of the drug to its 

binding site in the open channel state of transient outward current was suggested 

in rat melanotrophs e.g. (Kehl 1990) and ferret ventricular myocytes (Campbell 

et al. 1993). On the other hand, the binding site was assumed to be accessible 

solely in the open state of the K + channels in amphibian myelinated nerve fibres 

(Ärhem and Johansson 1989). One convincing indicator of open channel block is 

related to characteristic alteration of the kinetics of the current, namely an appar

ent acceleration of inactivation (Thompson 1982). This effect, however, depends 

on the ratio of the ra te constants related to inactivation to those related to drug-

receptor interaction, and can be very low even if the open channel block is oper

ative, as we were able to simulate on a quanti tat ive model (not shown). In the 

present experiments, we did not observe significant acceleration of the apparent 

inactivation of / t o in the presence of 4-AP. On the other hand, the ineffectiveness 

of short conditioning pulses to unblock channels (Fig. 4) indicates that no consider

able unblock occurs during transitions of channels through the open state because 

the initial delay in the plot of / t o magnitude versus conditioning pulse duration 

(Fig. AB) approximately corresponds to the t ime constant of / t o inactivation. If 

any unblock in the open state occurs, its rate must be slow in comparison with the 

t ime constant of inactivation. An alternative explanation of this effect is a similar

ity of apparent affinity of the drug to rested and open channel. In dog ventricular 

muscle, short conditioning pulses even appeared to increase the level of the block 

beyond that achieved at rest (Simurda et al. 1989) suggesting maximum affinity 

in the open state. In contrast, Campbell et al. (1993) interpret their observations 

in ferret ventricular myocytes in terms of a quanti tat ive model where open-state-
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block is excluded. Taken together, the present results suggest tha t , in Wistar rat 

ventricular cells, 4-AP molecules bind with a higher affinity to / t o-channels in the 

resting than in the open state, but not when inactivated. Further experiments are, 

however, needed to clarify the drug-channel interaction in the open s tate . 

0 1000 2000 3000 4000 

Time after depolar izat ion (ms) 

Figure 6. Model calculation of the time course of decay of available / t o after a depolar
ization long enough to cause maximal unblock. The model assumed a one to one binding 
of 4-AP to the /to channel, the rate constants at —90 mV and +20 mV were adjusted to 
account for the data in Figs. 4 and 5 with 0.5 mmol/1 4-AP. Using the same values of rate 
constants, computations were done for seveial other 4-AP concentrations. The minimum 
time between depolarizing pulses to ensure maximal block maj be read directly for each 
4-AP concentration. 

4-Aminopyridine is widely used in the millimolar range of concentrations to 

dissect membrane currents. When designing experimental protocols, the properties 

of use-dependent unblock (mainly the rate of deblock on depolarization and rate 

of restitution of block at rest) must be considered carefully. A complete steady 

block of / t o at rest would not ensure the absence of / t o at regular stimulation 

(Fig. 3). This of course may be less dramatic when larger 4-AP concentrations are 

used. From the knowledge of the kinetics of reblock in a given cell type, one might 

design protocols to ensure a sufficient degree of suppression of i t o throughout an 

experiment. One requirement for this is illustrated in Fig. 6. A simple one to 

one binding of 4-AP to the rested channel was used to estimate the t ime course 

of reblock at various 4-AP concentrations (Fig. 6). It was assumed that a steady 

level of deblock was reached at the end of a previous depolarization to +40 mV. If, 

o 
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for example, more t han 90% block is required, then the minimal interval between 

depolarizations should exceed 2.4 s at 1 mmol/1, while 0.9 s would be sufficient at 

2 mmol/1 4-AP. 
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