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A B S T R A C T Aminopyridines (2-AP, 3-AP, and 4-AP) selectively block K channels 
of squid axon membranes in a manner  dependent  upon  the membrane potential 
and the durat ion and frequency of voltage clamp pulses. They are effective when 
applied to either the internal or the external membrane surface. The steady-state 
block of K channels by aminopyridines is more complete for low depolarizations, 
and is gradually relieved at higher depolarizations. The K current  in the presence 
of aminopyridines rises more slowly than in control, the change being more 
conspicuous in 3-AP and 4-AP than in 2-AP. Repetitive pulsing relieves the block in 
a manner  dependent  upon  the durat ion and interval of pulses. The recovery from 
block dur ing  a given test pulse is enhanced by increasing the durat ion of a 
conditioning depolarizing prepulse. The time constant for this recovery is in the 
range of 10-20 ms in 3-AP and 4-AP, and shorter in 2-AP. Twin pulse experiments 
with variable pulse intervals have revealed that the time course for re-establishment 
of block is much slower in 3-AP and 4-AP than in 2-AP. These results suggest that 2- 
AP interacts with the K channel more rapidly than 3-AP and 4-AP. The more rapid 
interaction of 2-AP with K channels is reflected in the kinetics of K current  which is 
faster than that observed in 3-AP or 4-AP, and in the pattern of frequency- 
dependent  block which is different from that in 3-AP or 4-AP. The experimental 
observations are not satisfactorily described by alterations of Hodgkin-Huxley n- 
type gating units. Rather, the data are consistent with a simple binding scheme 
incorporating no changes in gating kinetics which conceives of aminopyridine 
molecules binding to closed K channels and being released from open channels in a 
voltage-dependent manner .  

I N T R O D U C T I O N  

Ion ic  c h a n n e l s  in  exci table  m e m b r a n e s  are  subject  to va r ious  pha rmaco log i ca l ,  
enzymat i c ,  a n d  chemica l  modi f i ca t ions .  T h e  selective i n f l u e n c e  of  such m a n i p u -  
la t ions  on  ionic c o n d u c t a n c e s  is a s t r o n g  a r g u m e n t  for  separa te  c h a n n e l s  for  the  
m o v e m e n t  o f  s o d i u m  a n d  po t a s s i um ions.  Because  o f  the  specific a n d  selective 
fea tu res ,  ce r t a in  agen t s  have b e c o m e  i n d i s p e n s a b l e  tools for  s t u d y i n g  the  behav-  
ior  o f  ionic c h a n n e l s .  T e t r o d o t o x i n  ( T T X )  which selectively blocks s o d i u m  
c h a n n e l s  a n d  t e t r a e t h y l a m m o n i u m  ion  (TEA)  which blocks po tas s ium c h a n n e l s  
are  two such example s .  
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4-Aminopyridinc has been repor ted  to block selectively the potassium channel  
in axons o f  the cockroach (Pelhate and Pichon, 1974), squid (Meves and Pichon, 
1975; Yeh et al., 1976a), Myxicola (Schauf et al., 1976), and frog node of  Ranvier 
(Wagner  and Ulbricht, 1975). In the squid axon and frog node of  Ranvier the 
aminopyridine  block of  potassium channels is not a simple reduct ion o f  conduct-  
ance, but exhibits voltage-, time-, and f requency-dependent  characteristics. 

The  main objective of  this investigation is to characterize the dynamics o f  
interaction of  aminopyridines  with the K channel.  On  the basis of  the kinetic 
analysis o f  the interaction to be presented and two key assumptions,  we fo rmu-  
late a model  which can account  for many of  the experimental  observations. The  
first assumption is that the gating mechanism of  K channels is not  significantly 
affected by aminopyridines,  and the second is that aminopyr id ine-bound K 
channels cannot  pass K ions even when their activation gates are open.  A 
prel iminary repor t  o f  this work has been presented at the 20th annual  meet ing 
o f  the Biophysical Society (Yeh et al., 1976b). 

M E T H O D S  

Experiments were performed on giant axons isolated from Loligo pealei obtained at the 
Marine Biological Laboratory, Woods Hole, Mass. Both intact axons and axons internally 
perfused by the roller technique of Baker et al. (1961) were used in these studies. Cleaned 
axons were mounted in a Plexiglas chamber designed for voltage clamping by conven- 
tional techniques described previously (Wu and Narahashi, 1973). Briefly, a "piggyback" 
double axial electrode assembly was inserted into the axon for measurement and control 
of membrane potential. Membrane current was measured by the virtual ground of an 
operational amplifier from a Pt-black electrode situated within a region of the chamber 
electrically guarded to maximize radial current flow. The response time of the clamp was 
--6 0ts (10-90% of step pulse command). Feedback compensation was used in all experi- 
ments to compensate for errors arising from approx, two-thirds of the measured 3-4 fl/ 
cm 2 of series resistance. Holding potentials were -80 mV for internal perfused axons and 
-70 mV for intact axons. 

The axons were perfused externally with artificial seawater (ASW) containing ions in 
the following concentrations (mM): Na ÷, 450; K +, 10; Ca ÷÷, 50; HEPES buffer, 5; Ci-, 
576. In several experiments an external bathing medium with elevated potassium concen- 
tration was used by equimolar replacement of 340 mM Na with K. External pH was 
adjusted to 8.0 in both cases. The standard internal solution (SIS) was composed as 
follows (mM): Na +, 50; K +, 350; glutamate-, 320; F-, 50; sucrose, 333; phosphate buffer, 
15; and was adjusted to a pH of 7.3. All experiments were performed at a constant 
temperature of 8°-10°C. 

Most experiments were performed with 300 nM tetrodotoxin in the external bathing 
medium to eliminate current contributed by sodium channels. 2-, 3-, and 4-aminopyri- 
dine were obtained from Aldrich Chemical Company (Milwaukee, Wis.) and used with- 
out further purification. 

Data Analysis, Terminology, and Computations 
Oscilloscope records of membrane current and voltage were captured on 35-mm film and 
analyzed by hand with the aid of a programmable calculator. Comparisons of data 
obtained with the Hodgkin-Huxley (H-H) model for potassium conductance (Hodgkin 
and Huxley, 1952) were performed by using the empirical formulae for an and/3, given 
by Palti (1971) and assuming a Q10 = 3. Actual simulations of voltage clamp experiments 
were performed on an HP9821 programmable calculator with 9864 digital plotter output 
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(Hewlett-Packard Co., Cupertino, Calif.) by use of a kinetic equivalent of the H-H model 
(Armstrong, 1969) as described in the Discussion. 

The terminology of "gate" or "gating" as adopted in this paper implies no physical 
scheme of ionic channels but merely refers to the normal processes by which K channels 
allow ions to pass across the membrane whatever the mechanism may be. The three 
analogs of aminopyridine will be referred to collectively as n-AP in situations where 
differences in their effects are not readily distinguishable. 

R E S U L T S  

Aminopyridines  (n-AP) selectively suppress potassium currents  in the squid 
giant axon when applied to either internal or external membrane  surfaces (Fig. 
1). Sodium currents  remain unaffected by n-AP treatment .  Potassium tail cur- 

Control 4 -AP 
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n~/cn l  2 
internal Applicotion 
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FXGUR~ I. Effects of 4-aminopyridine on squid giant axons. Upper records are 
membrane action potentials, and middle records are clamp families before and 
after external application of 1 mM 4-AP. Lower records are clamp families from 
another axon before and after internal application of 1 mM 4-AP. Note only slight 
prolongation of action potential despite a dramatic reduction of K current. 

rents at the end of  8-ms depolarizing steps are reduced due to both a suppres-  
sion o f  potassium conductance  and a resultant reduction in K + ion accumulat ion 
in a periaxonal space. The  block of  IK is dramatic  but not complete for larger 
depolarizations. Despite the reduct ion in IK the action potential durat ion is only 
slightly pro longed by n-AP. In the presence o f  n-AP the potassium current  rises 
more slowly than in control (Yeh et al., 1976a) reaching to a steady-state level 
only after tens o f  milliseconds. The re fo re ,  the suppression of  K currents  by n- 
AP was evaluated at steady-state levels as well as at early times. Fig. 2 demon-  
strates that the inhibition of  IK at a given potential is less at the end of  a 70-ms 
pulse than after 8-ms (see also Table I). 

This dura t ion-dependen t  block is shared by all three aminopyridines;  how- 
ever, there are some differences in potency among  them. Fig. 3 illustrates the 
more  rapid rise of  IK in 2-AP (b) than in 3-AP (a). The  uppe r  trace in each case is 
a control  IK in ASW alone. The  curves in Fig. 3c and d are simulations o f  the 
data with a kinetic model  to be described later. Differences in potency a m o n g  the 
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a m i n o p y r i d i n e s  for  r e d u c i n g  IK are s u m m a r i z e d  in Tab le  I which  clearly indi-  
cates  that 2 -AP is the  least  p o t e n t  in inhib i t ing  K current s  in squid a x o n s ,  
w h e r e a s  3- and  4 -AP e x e r t  about  the  s a m e  e f fec t .  

T h e  c o n c e n t r a t i o n  d e p e n d e n c e  o f n - A P  was di f f icul t  to eva luate  because  o f  the  
e f f ec t  b e i n g  c o m p l i c a t e d  by the  m e m b r a n e  potent ia l ,  and  the  durat ion  and 
f r e q u e n c y  o f  pulses .  T a b l e  I s h o w s  that 30 m M  2-AP is on ly  s l ightly m o r e  
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FICURE 2. Time-dependent  block of  K current by 3-AP. Current-voltage relations 
of  an axon were measured in the presence of  300 nM T T X  externally. O, current 
measured at the end of  8-ms pulse before application of  3-AP; ~7 and /~ ,  currents 
measured at the end of  8 ms and 70 ms, respectively, after external perfusion with 1 
mM 3-AP. 

T A B L E  I 

EFFECT OF AMINOPYRIDINES ON POTASSIUM CURRENT MEASURED AT 0 
AND 100 MV 

Percent inhibit ion* measured at 

8 ms 70 ms 

n-AP Concn 0 100 0 100 

2-AP 

mM mV mV 

1 74.8-+2.72 2 1 . 6 ± 2 . 9 2  
30 8 1 . 0 -  + 1.00 62.8-+2.85 

mV mV 

3-AP 1 93.8-+2.20 73.3 + - 1.70 80.4-+ 1.60 50.3---3,25 
30 9 9 . 5 + 0 . 0 5  79.2 -+2.00 92.0  66.5 

0.03 7 0 . 0 ± 3 . 7 9  5 5 . 3 ± 4 . 0 6  
0.10 88.3-+3,18 59.0-+8.54 
0.30 90.0 82.0 
1 96.2-+ 1.92 74.7-+2.29 

10 94.0 88.0 

4 -AP 

* Mean ± SEM (n = 3). 
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e f fec t ive  t h a n  1 m M  w h e n  the  e f f ec t  is e v a l u a t e d  at  0 m V  a n d  is t h r e e  t imes  m o r e  
e f fec t ive  w h e n  e v a l u a t e d  at  100 m V .  T h e  e f f ec t  o f  3 -AP  is a l m o s t  s a t u r a t e d  at  1 
m M .  

Voltage-Dependent Block of IK 

A m i n o p y r i d i n e s  s u p p r e s s  t he  p o t a s s i u m  c u r r e n t  in a m a n n e r  d e p e n d e n t  u p o n  
m e m b r a n e  p o t e n t i a l .  I n  Fig .  4 t he  r a t i o  o f  IK in 3 -AP  to IK in A S W  w i t h o u t  3 -AP  
is p l o t t e d  as a f u n c t i o n  o f  m e m b r a n e  p o t e n t i a l .  

T h e  K c u r r e n t s  we re  m e a s u r e d  in two ways.  T h e  t r i a n g l e s  r e p r e s e n t  m e a s u r e -  
m e n t s  o f  s t e ady - s t a t e  IK at  the  e n d  o f  t he  f i rs t  o f  two 70-ms pu l ses  s e p a r a t e d  by a 
1-s i n t e rva l .  T h e  c i rc les  a r e  m e a s u r e m e n t s  t a k e n  a t  5 ms  a f t e r  the  o n s e t  o f  t he  
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FIGURE 3. Patterns of  K current  in 2- and 3-AP. Membrane  currents  dur ing  a 
clamp pulse to + 100 mV before and after external  application of  1 mM 3-AP (a) or  
1 mM 2-AP (b). ASW contained 300 nM T T X  in each case. Simulation of  cur rent  
patterns in 3-AP (c) and 2-AP (d) with kinetic model described in Discussion. In 
controlk  = 0,1 = 0, and rr = 0. In 3-APk = 0.06 ms -1,1 = 0.01 ms -~, and rrl = 3 s, 
and ~'r2 = 27 s. In  2-APk = 0.3 ms -~, l = 0.1 ms -~, and 7r = 0.8 s. At rest ( - 8 0  mV) 
U' = 0.95 in both cases. 

s e c o n d  pu l se  o f  f i x e d  a m p l i t u d e  (+  100 mV) .  T h i s  l a t t e r  p r o c e d u r e  is to m i n i m i z e  
e r r o r s  d u e  to  K + a c c u m u l a t i o n  in t he  p e r i a x o n a l  space  wh ich  decays  wi th  a t i m e  
c o n s t a n t  o f  - 3 0  ms  ( F r a n k e n h a e u s e r  a n d  H o d g k i n ,  1956), m u c h  s h o r t e r  t h a n  
t ha t  fo r  r e - e s t a b l i s h m e n t  o f  n - A P  b lock  a f t e r  a l o n g  pu l se  (see be low) .  T h e  
vo l t age  d e p e n d e n c e  d e t e r m i n e d  in th is  m a n n e r  is a p p r o x i m a t e l y  l i n e a r  fo r  t he  
vo l t age  r a n g e  s t u d i e d  a n d  ve ry  l i t t le  a f f e c t e d  by  the  cho ice  o f  m e a s u r e m e n t  
p r o c e d u r e .  

Frequency-Dependent Recovery from n-AP Block 

T h e  i nh ib i t i on  o f  p o t a s s i u m  c u r r e n t s  by  n - A P  is m a r k e d l y  d e p e n d e n t  u p o n  t h e  
f r e q u e n c y  o f  s t i m u l a t i o n  (Yeh et  a l . ,  1976a).  A p r o g r e s s i v e  r e c o v e r y  o f  IK o c c u r s  
d u r i n g  r e p e t i t i v e  a p p l i c a t i o n s  o f  d e p o l a r i z i n g  s teps  wh ich  is d e p e n d e n t  u p o n  the  
pu l se  f r e q u e n c y .  As seen  in Fig .  5 t h e  r e m o v a l  o f  b lock  in  3 -AP  by success ive  
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pulses  is g r e a t e r  fo r  i n c r e a s i n g  pu l se  f r e q u e n c i e s ,  s a t u r a t i n g  at  a p p r o x i m a t e l y  2 
Hz .  Fig .  6 i l lus t ra tes  the  c u r r e n t  p a t t e r n s  o b t a i n e d  in 3- a n d  2-AP d u r i n g  twin 
d e p o l a r i z i n g  pu l ses  to + 100 m V  s e p a r a t e d  by a 1-s i n t e rva l .  T h e  r ise o f  IK is 
m a r k e d l y  a c c e l e r a t e d  d u r i n g  the  s e c o n d  pu l se  in 3 -AP (a)  b u t  a p p r o a c h e s  t he  

/ ms~t ~ f .  

cr ~ 

0 

Prepulse Potentiol (mv) 

FIGURE 4. Vol tage-dependent  block of  K channels by aminopyridines.  Two con- 
secutive 70-ms voltage steps separated by a 1-s interval were applied to an axon 
bathed in ASW and then in 3-AP. The  ampli tude of  the first or  condit ioning pulse 
is varied while the second pulse is fixed at + 100 mV. K current  measured in 3-AP 
relative to steady-state (8 ms) values in ASW is plotted as a function of  the 
condit ioning pulse ampli tude.  Current  was measured either at the end of  the 70-ms 
prepulse (A) or after 5 ms of  the test pulse (©). Solid line represents  a least-squares 
regression fit to the data points obtained dur ing  the test pulse. 
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FIGURE 5. Frequency-dependent  recovery from aminopyr id ine  block. Potassium 
currents  p roduced  by six consecutive pulses to + 100 mV at the indicated frequen- 
cies after external  application of  1 mM 4-AP. A 3-mir/ rest period was allowed 
between each trial frequency. Increases in current  dur ing  consecutive pulses at 
several frequencies are shown to the right of  the current  records.  Data points were 
measured after 2 ms of each pulse. Curves are drawn by eye through the points. 

s a m e  s t eady - s t a t e  level  (b). T h e  e f f ec t  o f  the  c o n d i t i o n i n g  pu l se  is less d r a m a t i c  
in 2 -AP (c), p r e s u m a b l y  beca use  t he  r e m o v a l  o f  b lock  was essen t ia l ly  c o m p l e t e d  
d u r i n g  the  f irst  pu l se .  Fig.  6d-f de p i c t s  s i m u l a t i o n s  o f  the  twin  pu l se  e x p e r i -  
m e n t s  wi th  the  k ine t ic  m o d e l  d e s c r i b e d  in the  Discuss ion .  
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In order  to examine fur ther  the frequency dependence of block, two series of 
e x p e r i m e n t s  w e r e  p e r f o r m e d .  I n  the  f i rs t  ser ies  the  t ime  c o u r s e  fo r  re -es tab l i sh-  

m e n t  o f  c h a n n e l  b lock  a f t e r  r e m o v a l  o f  inh ib i t ion  by a s ingle  pu l se  was d e t e r -  
m i n e d .  T w i n  d e p o l a r i z i n g  pulses  to +100  m V  w e r e  a p p l i e d  a n d  the  in t e rva l  

b e t w e e n  the  f irs t  a n d  s e c o n d  pulses  va r i ed .  A 3 -min  res t  p e r i o d  was a l lowed  

b e t w e e n  each  pa i r  o f  pulses  to a s su re  u n i f o r m  c o n d i t i o n s  fo r  each  tr ial .  Fig.  7 
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FIGURE 6. Frequency-dependent  block of  K channels by aminopyridines. Cur- 
rent patterns obtained for two consecutive depolarizing steps to + 100 mV separated 
by a 1-s interval in 1 mM 3-AP (a, b) and 1 mM 2-AP (c). Simulations of  each current  
pattern by the kinetic model are shown (d-J) below the respective experimental  
pattern. The  model parameters used in these simulations are identical to those 
used in Fig. 3 corresponding to 2- and 3-AP. Time scales for a-c are the same as for 
d-f, respectively. The  diminished frequency dependence  in 2-AP reflects the more 
rapid interaction of  2-AP molecules with the binding site (k = 0.3 ms -t ,  l = 0.1 ms -I , 
z = 0.8 s). 
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FU;URE 7. Re-es tab l i shmen t  o f  K c h a n n e l  b lock  by a m i n o p y r i d i n e s .  T w o  consecu-  

t ive pulses to + 100 mV separated by a variable time interval were applied to an axon 
bathed in 1 mM 3-AP and 300 nM T T X .  The  ratio of  the increase in IK dur ing the 
second pulse to the maximum observed increase is plotted as a function of  pulse 
interval. Currents were measured at 0.5 ms of  each pulse. Sample current  patterns 
for intervals of  1, 10, and 60 s are shown in the insets. Block proceeds with two time 
constants of  --3 s and - 2 7  s. Solid line is fit to the data points by the equation I/Imax 
= 0.55 exp (- t /3)  + 0.45 exp (-t /27),  where t = time in seconds. 
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illustrates the results o f  this type of  expe r imen t .  T h e  normal ized  d i f ference  in IK 
between the first and  second pulses was measu red  at 0.5 ms af ter  each step and  
plot ted as a funct ion o f  the interval be tween pulses r ep resen t ing  the t ime course  
o f  re-es tabl ishment  of  inhibition. In  the case o f  3-AP the t ime course  exhibits two 
componen t s ,  a fast t ime constant  (3 s) and  a slower one (27 s). In  contrast ,  the re- 
es tabl ishment  o f  block in 2-AP had  a much  faster  t ime course.  Super imposab le  K 
cur ren t  traces could be p roduced  in 2-AP when the two pulses were separa ted  by 
an interval o f  only 2 s. Consequent ly ,  the t ime constant  for  re-es tabl ishment  of  
block in 2-AP is es t imated to be less than  1 s. 

Re-es tabl ishment  o f  block is m o r e  rapid  as the concentra t ions  o f  n-AP are 
increased.  For example ,  in the presence  o f  30 mM n-AP the potass ium cur ren ts  
associated with the twin pulses could be r e p r o d u c e d  for  pulse intervals as shor t  
as 2 s in the case o f  3- or  4-AP and only 1 s in 2-AP. 

Time Course of Removal of n-AP Block 

T h e  second series o f  expe r imen t s  was des igned to examine  the t ime course  of  
recovery f rom block du r ing  mult iple  pulses. T h e  pulse schedule again used twin 
depolar iz ing pulses to + 100 mV in this case with a fixed 1-s pulse interval but  
with a variable first pulse dura t ion .  In  Fig. 8 the recovery o f  IK is plot ted as the 
cur ren t  measu red  at 3 ms of  the second pulse vs. the dura t ion  of  the first or  
condi t ioning pulse.  T h e  recovery f rom 3-AP block usually followed a single 
exponent ia l  t ime course,  with a t ime constant  o f  app rox ima te ly  10-20 ms. This  
can pe rhaps  be visualized as r ep resen t ing  the t ime constant  govern ing  the 
interaction o f  3- or  4-AP with a site within the open  K channel .  While the 
open ing  of  the K channel  gat ing mechan i sm is probably  requi red  for  the pulse- 
d e p e n d e n t  recovery  of  Ig, the rate- l imit ing step appea r s  to be the dissociation o f  
the n-AP molecule  f r o m  the open  channel .  This  is appa ren t ,  as the t ime constant  
for  recovery f r o m  block is app rox ima te ly  10 times longer  than that  for  normal  
activation of  K channels .  T o  the r ight  o f  the recovery plot in Fig. 8 are typical 
records  used to construct  the plot ( u p p e r  traces) and the results o f  s imulat ing the 
same protocol  on the kinetic model  (lower curves).  

Steady-State Inhibition Is Less in High External K 

Exper iments  in high external  potass ium have shown n-AP to suppress  currents  
flowing in ei ther  direct ion t h rough  K channels  (Yeh et al., 1976a). In  340 mM K 
seawater,  the rest ing m e m b r a n e  potential  is approx ima te ly  0 mV and external  
applicat ion of  1 mM 2-, 3-, or  4-AP p roduced  no apprec iable  change.  T h e r e f o r e ,  
the m e m b r a n e  potential  could be c lamped  at zero without  polarizing the cur- 
rent-pass ing electrode.  Step depolar izat ions to various potentials were appl ied  
and  quasi- instantaneous currents  were measured .  T h e  suppress ion of  K cur- 
rents  by 3-AP u n d e r  these condit ions is seen in Fig. 9. A l inear I-V relat ion was 
found  both in the control  and  n-AP axons (Yeh et al., 1976a). T h e  decrease in 
slope of  the I-V relat ion thus represen t s  the steady-state inhibit ion of  K conduct-  
ance at 0 mV by n-AP. T h e  percen tage  o f  inhibition was not significantly 
d i f ferent  a m o n g  these c o m p o u n d s ,  r ang ing  f r o m  22% to 28%. I m p o r t a n t  to 
note,  however ,  is that  the suppress ion  is m u c h  smaller  than  observed at 0 mV (8 
ms) for  axons in normal  K seawater  (see Tab le  I). This  discrepancy may be 
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ascr ibed to d i f f e r ences  in the  n u m b e r  o f  o p e n  c h a n n e l s  at the  h o l d i n g  poten t ia l s  
used  in each case, 0 m V  in h igh  K a n d  - 8 0  mV in n o r m a l  ASW.  Also q u a n t i t a -  
tive d i f f e rences  in  the  d e g r e e  of  s teady-s ta te  block are  i n f l u e n c e d  by the in te rac -  
t ions  b e t w e e n  K ions a n d  n - A P  molecu les ,  inac t iva t ion  ofgK, a n d  K ion  a c c u m u -  
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FIGURE 8. Pulse-dependent recovery from aminopyridine block. Two consecu- 
tive pulses to + 100 mV with l-s interval were applied to an axon bathed in 1 mM 3- 
AP and 300 nM TTX.  The durat ion of the first pulse was varied and a 3-min rest 
period allowed between pulse pairs. K current  was measured at 3 ms dur ing  the 
second pulse. The ratio of IK to the maximum obtainable Is is plotted as a function 
of the first pulse duration.  Solid line represents a single exponential fit to the data 
points with a time constant of 21 ms. Typical pattern used to extract such data is 
shown to the right with its simulation by the kinetic model. Conditioning pulse 
durations in the stimulation were 1, 2, 5, 10, 20, and 50 ms, consecutively. Model 
parameters are again identical to those used in Fig. 3 (k = 0.06 ms -1, l = 0.01 ms -a, 
Trl = 3 S, and Tr2 = 27 S). 
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FIGURE 9. Nonrectifying block of IK by 3-AP. 3-AP (1 mM) was applied externally 
to an intact axon bathed in high-potassium seawater (340 mM K+). The axon was 
voltage clamped at the resting potential (0 mV) between depolarizing and hyperpo- 
larizing voltage steps applied every 5 s. Note that both inward and outward IK were 
reduced, but by a smaller amount  than in normal K seawater. 

la t ion.  T h e s e  factors  will be d iscussed  la ter .  At  h igh  d e p o l a r i z a t i o n  in e leva ted  
ex t e rna l  [K+], c u r r e n t s  u n d e r g o  a t i m e - d e p e n d e n t  recovery  r e a c h i n g  c on t r o l  
levels in 2- a n d  4-AP af ter  - 8  ms (Yeh et  al. ,  1976a). Such  a p h e n o m e n o n  is no t  
obse rved  with 3-AP (Fig. 9). T h i s  may  be re la ted  to the  cha rge  state o f  the  
molecu le ,  as 3-AP (pK,  = 6.03) exists a lmos t  exclusively in  its n e u t r a l  f o r m  at p H  
8 .  
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D I S C U S S I O N  

The  interaction of  aminopyridines  with potassium channels o f  the squid axon 
membrane  has been shown to exhibit a complicated pat tern  of  voltage, time, and 
f requency dependence .  T h e  steady-state reduct ion of  IK by n-AP is partially 
relieved at high depolarizations.  In addit ion,  the remain ing  IK exhibits much 
slower appa ren t  turn-on  kinetics. While such p h en o m en a  seem to suggest an 
alteration of  the conformat ional  f r eedom of  K channel  gating components ,  
fu r the r  considerat ion of  the data reveals inconsistency with such an interpreta-  
tion. Alternatively, it is suggested that,  at the level of  a single channel ,  the effects 
of  aminopyridines  are not intimately related to the molecules responsible for  the 
opening  and closing o f  the K ion pathway. 

Potassium currents  obtained at the end of  8-ms pulses in n-AP were conver ted  
to chord  conductance values (GK) as a function o f  m em b ran e  potential.  Ampli- 
tude  scaling o f  the GK-voltage relation in combinat ion with shifts along the 
voltage axis results in inadequate  fits o f  the exper imenta l  values in n-AP to 
steady-state GK in control .  This implies that nei ther  a reduct ion in the max imum 
conductance of  a single K channel  nor  a shift of  the "set point" of  the gating 
voltage sensor can account  for  the observed effects. 

In addit ion,  if one assumes the Hodgkin-Huxley  n pa ramete r  adequately to 
represent  the opera t ion of  potassium channels,  it is seen that numerous  altera- 
tions o f  both the first o rde r  rate constants a ,  and /3, and the power funct ion 
exponen t  (Cole and Moore,  1960) fail to match adequately the kinetic pat tern  o f  
IK in n-AP (for example ,  see Fig. 10). This would seem to rule out  a major  
change in the first o rde r  transition o f  n-type gating units by n-AP, if one assumes 
that these or similarly behaving components  are involved in normal  K channel  
gating. 

One might,  however ,  conceive o f  such alterations occurr ing in only a fraction 
of  the total channel  populat ion and being disguised in a functional summat ion 
with normally opera t ing  channels.  This possibility was examined  by compu te r  
simulation using various combinations o f  normal  channels  summed  with chan- 
nels having al tered n parameters  to yield a total GK. T h e  progressive increase in 
the fractional populat ion of  K channels  having been ei ther  slowed by a factor of  
10 or  delayed by increasing the power  function exponen t  results in a clearly 
distinguishable kinetic componen t  (see Fig. 10b) which has no coun te rpa r t  in 
actual exper imenta l  data (for example ,  Fig. 3). Restricting the simulated change 
in o~, and/3 ,  to five times results in a more  monotonic  curve,  but  fails to describe 
adequately the exper imental ly  observed slowing o f  Ix. T h e  lack o f  success with 
this approach  thus prompts  us to suggest an alternative mechanism of  n-AP 
action which is i ndependen t  of  the gating propert ies  o f  K channels irrespective 
of  their  origin. 

GK Kinetic Model 

T h e  kinetics of  normal  K channel  gating can be described by a linear reaction 
sequence as follows: 

4o~ 3 a  2o~ 

u<--~v~ ~W(---~L~ ~M, (I) 
[3 2[3 3[3 4[3 



YEH, OXFORD, WU, AND NARAHASHI Dynamics of Aminopyridine Block of K Channels  529 

where a and O are def ined by the empirical formulae o f  Hodgkin  and Huxley 
(1952) for a ,  and /3,, respectively, and M represents the open  or  conduct ing  
state. This reaction scheme is equivalent to transitions o f  H-H n-type units o f  
normal  K channels between fully closed (U) and open  (M)s ta tes  (Armstrong,  
1969) resulting in kinetics identical to gK n* (Em-Ek) of  the H-H model  where E, 
represents membrane  potential and EK the K equilibrium potential. 

Aminopyr id ine  molecules are assumed to interact with K channels by binding 
to a site(s) within the channel.  Channels  in which n-AP molecules occupy the 
binding site are occluded and thus cannot  conduct  K + ions regardless o f  the state 
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Modifications of K channel gating do not describe aminopyridine 
effects. (a) Data points represent normalized Ig after external application of 1 mM 
4-AP plotted as a function of time in log-log format. Solid and dashed lines are the 
best fit to the data points of the Hodgkin-Huxley n parameter raised to powers of 4 
and 20, respectively. The fit in each extreme is inadequate to describe the data 
points. (b) Simulation of K currents by a kinetic model incorporating two linear 
reaction schemes equivalent to the H-H model as described by Armstrong (1969). 
Normal rate constants a.  and 0. were used in one set of reactions while the other 
set of reactions used rate constants slowed by a factor of 10. Equations describing 
each set were solved simultaneously and independently and the conducting state 
values of each set were summed and multiplied by the driving force to yield total 
current. The fraction of total conductance assigned to the slower population in 
each curve (lower to upper) is 1.0, 0.8, 0.5, 0.2, and 0. 

o f  the activation gating machinery.  The  gating o f  n-AP bound  channels is 
depicted by the kinetic sequence: 

4a 3a 2a a 

where transitions between states are assumed to be unaffected by n-AP binding 
and are thus identical to normal  u n b o u n d  channels.  The  failure o f  the M '  state 
to conduct  K + ions is assumed to result f rom occlusion of  channels in this state by 
n-AP molecules ra ther  than f rom interference with normal  gating processes. 

The  distribution o f  total channel  populat ion between normal  (reaction 1) and 
AP-bound  (reaction 2) conditions is governed  by binding and release reaction 
schemes: 
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U + AP~-----U', (3) 

k 
M ' ~ M  + AP, (4) 

where  AP represen ts  aminopyr id ine  concent ra t ion ,  M '  = M ' A P ,  and U'  = 
U'AP.  These  reactions are  incorpora ted  into the two l inear  react ion sequences 
for  normal  and  bound  channels  to describe the total channel  popula t ion  as the 
following scheme: 

4 a  3a 2a a 
U ~- ' - - '~V,  ~W , ...aL ~ ~M 

II B 2# 38 4t3 1 ~  AP..."~ AP 

4or 3ct 2or ot 
U' ~ * V' , '~ W' , ~ L' , * M' 

213 a3 4t3 

(5) 

In  this view aminopyr id ine  molecules bind in a dose -dependen t  m a n n e r  at a 
site(s) within the rest ing (nonconduct ing)  potass ium channel  (U ~ U').  At rest 
(holding potential  = - 8 0  mV) all channels  are  assumed  to reside in ei ther  U or  
U' with - 9 5 %  in U' at s teady state with 1 mM n-AP present .  U p o n  depolar iza t ion 
both normal  and  AP-bound  channels  can u n d e r g o  identical transitions f r o m  
closed to open  states with H - H  n- type  kinetics. In the open  state AP-bound  
(occluded) channels  may become conduct ing  by release o f  n-AP f rom the bind- 
ing site (reaction 4). T h e  kinetics of  the release reaction results in a slow turn-on  
of  IK as observed exper imenta l ly .  Pa ramete r s  o f  the model  per ta in ing  to binding 
and  release o f  n-AP are  der ived f rom the exper imen ta l  data in the following 
m a n n e r .  

T h e  exact kinetic p a r a m e t e r s  of  the b ind ing  scheme are ex t remely  difficult,  if  
not impossible,  to de t e rmine  exper imenta l ly .  S tandard  m e a s u r e m e n t s  o f  the 
rate o f  onset  o f  d r u g  effects are compl ica ted by the pu l se -dependen t  fea ture  of  
the block, as well as by diffusion bar r ie rs  p resen ted  by per iaxonal  s t ructures .  
Whereas  it is not possible to de t e rmine  fo rward  and  reverse rate  constants for  
reaction 3 f rom available data ,  t ime constants  associated with the block process 
can be es t imated f r o m  the t ime course  of  re-es tabl ishment  o f n - A P  block (Fig. 7). 
As shown previously,  the data are best descr ibed by a two t ime constant  expres-  
sion, thus reaction 3 may actually r ep resen t  a two-step process.  Al though no 
exact origin o f  these two t ime constants  is known,  we speculate that  the faster  
one 0" = 3 s) may be related to the AP-binding site interact ion while the slower 
one (~ = 27 s) pe rhaps  reflects redis t r ibut ion o f  n-AP molecules nea r  the 
channel .  Rather  than  mak ing  arb i t ra ry  assumpt ions  concern ing  the fo rmal  
kinetic sequence between U and  U' ,  we chose to describe the channel  distribu- 
tion by an analytical express ion.  At the holding potential  ( - 8 0  mV) the total 
channel  popula t ion was normal ized  to one and  dis tr ibuted initially as U = 0.05 
and  U'  = 0.95 in 1 mM n-AP. Af ter  a s imulated depolar iz ing  step and  subse- 
quent  redistr ibution between normal  and  b o u n d  populat ions  due  to reaction 4 
(M' --~ M), the distr ibution between U:U' was set equal to (U + V + W + L + 
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M):(U'  + V' + W' + L '  + M ' )  at the end  o f  the pulse (taking advan tage  o f  the 
fact that  no rmal  gat ing kinetics is m u c h  faster  than  react ion 4). T h e  new initial 
dis tr ibution for  the next  pulse af ter  an in terpulse  interval' At was d e t e r m i n e d  
accord ing  to: 

U 
- -  = a exp  (-At~TO + B exp  (--At/T2), (6) 
U' 

where  A = 0.55, B = 0.45, 71 = 3 s (3- or  4-AP) or  0.8 s (2-AP), and  T2 = 27 S. This  
p r o c e d u r e  allowed satisfactory simulat ion o f  f r e q u e n c y - d e p e n d e n t  p h e n o m e n a  
(Figs. 6 and  8). 

T h e  removal  o f  block was a l inear  funct ion o f  the m e m b r a n e  potential  beyond  
the level (+20 mV) where  potass ium channels  are fully open  (Fig. 4). Since the 
open ing  o f  the K channel  is a prerequis i te  for  the release of  n-AP f r o m  the 
channel  and  also since the lat ter  process is much  slower than  the fo rmer ,  it is not 
surpr is ing to f ind that  the removal  o f  n-AP block does not  sa turate  at +20 mV.  
T o  account  for  the vo l t age -dependen t  recovery observed exper imenta l ly  (Fig. 
4), the release rate  constant  was given the empirical  f o r m  K = aEm + b, where  a 
and  b are constants  for  a given n-AP concentra t ion .  This  results in effectively 
weaker  b inding  at l a rger  depolar izat ions  (see Fig. 4). In  1 mM 3- or  4-AP a = 0.5 
ms -1 V -1 and  b = 0.02 ms -1 where  these values apply  only for  the voltage range  
investigated in the presen t  s tudy.  T h e  reverse rate  constant  l is 0.01 ms -1 in 3-AP 
and  is i n d e p e n d e n t  o f  voltage. T h e  resul tant  t ime constant  o f  ~15 ms at + 100 
mV agrees  with the expe r imen ta l  r ange  o f  values (see Fig. 8). T h e  degree  of  
voltage d e p e n d e n c e  was not  d e t e r m i n e d  in 2-AP, but  the rate constants were 
increased by a factor  o f  5 at +100 mV to reflect the m o r e  rapid  a p p a r e n t  
interact ion of  2-AP with the b ind ing  site (Figs. 3 and  6). 

I t  is possible that  par t  o f  the a p p a r e n t  voltage d e p e n d e n c e  o f  block may 
actually be due  to d e p e n d e n c e  on ionic cu r ren t  t h r o u g h  K channels  which also 
increases with increasing depolar izat ion.  O u r  data are not sufficiently detai led to 
de t e rmine  such d e p e n d e n c e  which is cur rent ly  u n d e r  investigation. 

Simulat ion o f  several expe r imen t s  described previously in Results with this 
model  reveals quanti tat ive a g r e e m e n t  o f  theory  and data .  T h e  voltage depend -  
ence o f  block observed in potass ium cu r r en t  voltage c lamp families in n-AP can 
be successfully r e p r o d u c e d  as can the slow tu rn-on  of  r ema in ing  IK (Fig. 3). 

T h e  progress ive  removal  o f n - A P  block o f  K channels  by repeti t ive appl icat ion 
o f  step depolar iza t ion  can be s imulated by the model .  By vir tue of  the relatively 
slow time constant  for  re-es tabl i shment  o f  n-AP block af ter  release f r o m  the 
b inding  site, the large cu r ren t  observed  du r ing  the second o f  two pulses sepa- 
ra ted  by a 1-s interval  in the model  duplicates that  seen exper imenta l ly  (Fig. 6). 

In  contrast  to the substantial  recovery  f rom block by repeti t ive pulsing in 3- 
and  4-AP, the fract ional  recovery  o f  IK du r ing  paired pulses in 2-AP is less (Fig. 
6c). In  addi t ion,  the tu rn-on  kinetics o f  IK in 2-AP is somewhat  faster  than  in 3- 
and  4-AP and apparen t ly  reflects a weaker  interact ion o f  2-AP with the b ind ing  
site result ing in more  rapid  release and  b inding  kinetics. This  weaker  interact ion 
is s imulated well by the model  (Figs. 3d and  630, if the rate  constants k and  1 are 
increased by a factor  o f  5 and  the rate  for  re-es tabl ishment  o f  block is increased 
by a factor  o f  4. 
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The reduced apparent  potency of n-AP under  conditions of high external K + 
concentration can be produced by the model without alteration of the AP- 
binding site parameters. Since at the resting potential ( - 0  mV) in elevated [K]0 
the majority of  K channels will be in the open (M + M') state, the dissociation 
constant of  the release reaction favors nonoccupancy of the binding site ofn-AP. 
Thus the steady-state block as assessed by voltage steps - 0  mV has essentially 
already been established for "instantaneous" measurements. 

An important implication of  our proposed model arises from the location of 
the release reaction between M and M',  namely, that open channels are required 
for removal ofn-AP block. Experimental evidence supporting this assumption is 
difficult to obtain since the clearing of  n-AP from K channels is quite slow 
relative to normal channel gating kinetics. We did, however, attempt to simulate 
our experiments using the same model concept and structure as reaction 5 but 
placing the release reaction between other intermediate states (i.e. L'  -*  L ,  W '  

W, or V' --~ V). Positioning the release reaction between these nonconducting 
states failed to simulate experimental data. This suggests that if our conceptual 
basis of binding and release phenomena between two channel populations with 
normal gating characteristics is correct, the clearing of  n-AP molecules from 
their binding sites upon depolarization occurs predominantly if not exclusively 
from open K channels. 

The  ability of the proposed model to duplicate the behavior of  gK in the 
presence of aminopyridines is highly satisfactory to this point. In the case of  2- 
AP, the steady-state block of  IK is very close to the prediction of the theory. 
According to the rate constants k and l in the kinetic model, the steady-state 
inhibition of I K by 1 mM 2-AP at 100 mV is expected to be 25%. The experimen- 
tal observation was 21.6 -+ 2.9% (see Table I). However, an important quantita- 
tive disagreement between the experiments and theory occurs in the case of 3- 
and 4-AP and deserves mention. The  steady-state suppression of IK in 3-AP as 
seen in long (>50 ms) depolarizations is approximately 50%, while the model 
predicts a decrease of 10% at + 100 mV when k and l are adjusted to match 
properly the turn-on kinetics and frequency-dependent recovery of IK. Three  
factors which may directly or indirectly affect the measurement of K current  in 
different external K concentration bear on this point. 

POTASSIUM INACTIVATION A slow inactivation of  potassium permeability 
has been reported for squid axons (Ehrenstein and Gilbert, 1966), and for nodes 
of  Ranvier by Schwarz and Vogel (1971). In the present experiments, the 
potassium conductance measured at 0 mV in 340 mM K + ASW is smaller than 
that observed in normal K + ASW at 0 mV from the holding potential of  - 80  mV. 
This result also suggests that inactivation occurs in the potassium-conducting 
system. 

The time constant of removal of  aminopyridine block is in the order  of 10-20 
ms for 3- or 4-AP, therefore a long duration of pulse is required for the K 
current  to reach the steady-state level. For example, at the end of the 70 ms pulse 
where the steady-state value is measured, an appreciable inactivation of  the 
potassium conducting system may have occurred, which would be reflected in a 
decrease of  K conductance. 
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POTASSIUM ACCUMULATION IN A PERIAXONAL SPACE T h e  accumulat ion o f  
potassium ions in the per iaxonal  space af ter  a pro longed  step depolarizat ion is 
well documen ted  in squid axons (Frankenhaeuser  and Hodgkin ,  1956; Adelman 
et al., 1973). Such accumulat ion results in a shift o f  the the rmodynamic  equilib- 
r ium potential  for  potassium ions to more  positive potentials, a decrease in the 
driving force for  K ion movemen t  at the clamp potential,  and a diminished IK. 
T h e r e f o r e ,  measurements  o f  IK at long times (>50 ms) would be less than 
appa ren t  steady-state values evaluated at the end of  8-ms pulses, and perhaps  
closer to the steady-state value in n-AP. An instantaneous K cur ren t  measure-  
ment  at the end  o f  a long pulse for  both control  and aminopyr id ine- t rea ted  
axons would minimize er rors  in the de te rmina t ion  of  gK-induced equil ibrium 
potential shifts and potassium inactivation. 

I O N - I O N  I N T E R A C T I O N  IN  K C H A N N E L S  Anomalies in the measuremen t  o f  
K ÷ fluxes across metabolically poisoned squid axon membranes  have led to the 
proposal  that  K + ions cross the m e m b r a n e  in a "single file" m a n n e r  th rough  
potassium channels (Hodgkin  and Keynes, 1956). Such an a r r angemen t  might  
conceivably give rise to appreciable coulombic interactions between K ÷ ions 
compet ing  for  and passing th rough  the channel .  I f  an n-AP molecule were 
located at a site within or  near  the mouth  of  a K channel  and its affinity for  that 
site were greater  than that  o f  a K + ion, it could perhaps  alter the apparen t  
energy  profile o f  an open  and conduct ing  channel  as "seen" by K + ions. A 
reduct ion of  the steady-state single channel  conductance  to K ÷ ions might  result  
and would contr ibute  to the exper imenta l  reduct ion in steady-state gK in n-AP. 
Such a p h e n o m e n o n  is easily incorpora ted  into the model  by reduc ing  the 
scaling factor gK of  the H-H  scheme. Similarly, such an interaction could also 
affect the binding o f n - A P  with K channels,  result ing in a weaker affinity o fn -A P  
for its b inding site. 

Aminotryridines and TEA Block K Channels Differently 

As ment ioned  previously, t e t rae thy lammonium ion (TEA) is known to reduce  
cur ren t  th rough  K channels  in many excitable membranes .  Despite this appar-  
ent  similarity o f  action to n-AP there  are a n u m b e r  of  impor tan t  differences 
between the block o f  K channels  by n-AP and T E A  (or its C9 derivative, 
t r i e thy lnonylammonium ion) in squid axons.  

(a) Aminopyr id ines  are effective when applied ei ther  f rom the internal  or  
external  surface of  the membrane ,  whereas T E A  is effective only when applied 
inside. 

(b) Aminopyr id ines  depolarize the squid axon membrane ,  result ing in repeti-  
tive f ir ing and only a slightly p ro longed  action potential  dura t ion .  TEA,  on the 
o ther  hand,  does not affect  the resting m em b ran e  potential,  but  greatly pro- 
longs the dura t ion of  action potentials. 

(c) Aminopyr id ine- induced  block is relieved by higher  depolarizat ions and 
increasing pulse dura t ion ,  while TEA- induced  block (especially the C9 deriva- 
tive) is enhanced  unde r  these conditions. This  vol tage- independent  effect  can 
account  for  the dif ferences  in effect  upon  the dura t ion  o f  the action potential,  as 
n-AP block is decreased dur ing  the overshoot  phase,  while T E A  block is in- 
creased.  
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(d) T h e  o p e n i n g  o f  K c h a n n e l s  is r e q u i r e d  fo r  T E A  b lock  to o c c u r  ( A r m -  
s t r o n g ,  1966), w h e r e a s  t h e  o p e n i n g  o f  K c h a n n e l s  f avors  r e m o v a l  o f  a m i n o p y r i -  
d i n e  b lock .  

(e) A m i n o p y r i d i n e s  r e d u c e  b o t h  i n w a r d -  a n d  o u t w a r d - g o i n g  K c u r r e n t s ,  
w h e r e a s  T E A  blocks  on ly  the  o u t w a r d  m o v e m e n t  o f  K ÷ ions .  

I n  s u m m a r y ,  we have  c h a r a c t e r i z e d  the  d y n a m i c  i n t e r a c t i o n  o f  a m i n o p y r i -  
d i n e s  wi th  K c h a n n e l s  o f  t he  squ id  a x o n  m e m b r a n e  in t e r m s  o f  a s imp le  k ine t ic  
m o d e l  i n c o r p o r a t i n g  the  r e l ea se  o f  n - A P  m o l e c u l e s  f r o m  o p e n  c h a n n e l s  a n d  
b i n d i n g  to c losed  c h a n n e l s .  T h e  b i n d i n g  a n d  re l ease  s c h e m e  d e r i v e d  f r o m  o u r  
d a t a  is su f f i c i en t  to a c c o u n t  fo r  mos t  o f  o u r  e x p e r i m e n t a l  o b s e r v a t i o n s  w i t h o u t  
the  n e e d  to p o s t u l a t e  c h a n g e s  in c h a n n e l  g a t i n g  k inet ics .  T h i s  imp l i e s  tha t  o u r  
m o d e l  s h o u l d  be  i n d e p e n d e n t  o f  the  f o r m u l a t i o n  u s e d  to d e s c r i b e  n o r m a l  
c h a n n e l  g a t i n g  a n d  as such  is no t  r e s t r i c t e d  to the  l i nea r  mu l t i s t a t e  r e a c t i o n  
s e q u e n c e  u s e d  in t he  p r e s e n t  s i m u l a t i o n s ,  b u t  c o u l d  use  any  s c h e m e  b e t w e e n  
c losed  a n d  o p e n  s ta tes  which  sa t i s fac tor i ly  de sc r ibe s  n o r m a l  IK k ine t ics .  

F r e q u e n c y - d e p e n d e n t  r e c o v e r y  f r o m  n - A P  b lock  has  b e e n  r e p o r t e d  fo r  squ id  
a x o n  (Meves  a n d  P i chon ,  1975; Yeh  et  a l . ,  1976a; this  p a p e r )  a n d  f r o g  n o d e  o f  
R a n v i e r  ( W a g n e r  a n d  U l b r i c h t ,  1975). T h i s  p h e n o m e n o n  has  no t  b e e n  r e p o r t e d  
to o c c u r  in Myxicola a x o n s  ( S c h a u f  et  a l . ,  1976), c o c k r o a c h  a x o n s  (Pe lha t e  a n d  
P i chon ,  1974), a n d  f r o g  ske le ta l  musc l e  (Gi l lesp ie  a n d  H u r t e r ,  1975), n o r  does  it 
o c c u r  in l obs t e r  g i a n t  a x o n s  (G. S. O x f o r d ,  u n p u b l i s h e d  o b s e r v a t i o n ) .  T h i s  
s p e c i e s - d e p e n d e n t  e f f ec t  is i n t r i g u i n g  a n d  m a y  p r o v i d e  u s e f u l  i n f o r m a t i o n  on  
the  m o l e c u l a r  a r c h i t e c t u r e  o f  p o t a s s i u m  c h a n n e l s  in d i f f e r e n t  exc i t ab le  m e m -  
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