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Summary. Measurements were made of the kinetic and steady- 
state characteristics of the potassium conductance in the giant 
axon of the crab Carcinus maenas. These measurements were 
made in the presence of tetrodotoxin, using the feedback amplifier 
concept introduced by Dodge and Frankenhaeuser (J. Physiol. 
(London) 143:76-90). The conductance increase during depolariz- 
ing voltage-clamp pulses was analyzed assuming that two sepa- 
rate potassium channels exist in these axons. The first potassium 
channel exhibited activation and fast inactivation gating which 
could be fitted using the mah, Hodgkin-Huxley formalism. The 
second potassium channel exhibited the standard n 4 Hodgkin- 
Huxley kinetics. These two postulated channels are blocked by 
internal application of caesium, tetraethylammonium and sodium 
ions. External application of 4 amino-pyridine also blocks these 
channels. 

Key words nerve �9 voltage clamp �9 giant axon - potassium 
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Introduction 

In the preceding paper we presented the measure- 
ments of  the early inward currents in the giant axon 
of the crab Carcinus maenas (Quinta-Ferreira,  Arispe 
& Rojas, 1982). The purpose  of this paper  is to 
present the results of experiments designed to study 
the kinetic and steady-state characteristics of  the 
outward  currents in these nerves. 

The analysis of  the current  revealed two distinct 
components ,  a fast one, with act ivat ion-inact ivat ion 
kinetics, and a delayed one, similar to the potassium 
currents recorded in the giant axon of the squid 
(Hodgkin  & Huxley, 1952b). These findings confirm 
and extend previous work  by Connor ,  Walter  and 
M c K o w n  (1977) on giant nerve fibers from the crabs 
Callinectes sapidus and Cancer magister. 

A preliminary report  of this work  has been pre- 
sented elsewhere (Arispe, Quinta-Ferre i ra  & Rojas, 
1980). 

* Permanent address: Escuela de Biologia, Universidad Central 
de Venezuela, Caracas. 

Materials and Methods 

The feedback amplifier used and the experimental procedures are 
fully described in the preceding paper (Quinta-Ferreira et al., 
1982). 

The composition of the solutions used is given in Table 1. 

Results 

Ionic Currents Recorded with the Fiber 
in Artificial Seawater 

Figure 1 shows two sets of membrane  current re- 
cords made at two different holding potentials, 
- 1 2 2  and - 9 2 i n V .  While the inward currents 
shown in Fig. 1 are blocked by external application 
of te t rodotoxin  (TTX) the steady-state level of  the 
outward current is not  affected. Outward  currents in 
this work  were recorded in artificial seawater (ASW) 
plus T T X  at a concentra t ion greater than 100nM. 
The outward  componen t  of the currents in Fig. 1 is 
different from that  recorded in the giant axon of  
squid (Hodgkin,  Huxley & Katz, 1952). Thus, it may  
be seen that  after 5 msec there is a further increase 
in the currents which, even after 101~qsec, has not  
reached a steady level. 

Figure 2 shows a set of membrane  current re- 
cords made in ASW plus T T X  from another  experi- 
ment. An inspection of each current record reveals 
that  the kinetic is not  strictly n 4 (Hodgkin  & Hux- 
ley, 1952b). Thus, following the record at V~= 
- 2 0 m V  during the pulse one can see that there is 
an initial j u m p  (presumably representing rectifi- 
cat ion of the leakage current) followed by a fast rise 
to a max imum value. Thereafter the current record 
slowly decreases to a min imum level, to increase 
again towards a steady level. For  depolarizing pulses 
taking the membrane  potential  towards positive val- 
ues, a mono ton i c  fast increase in the current is seen. 

The experiments described in the following sec- 
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Table 1. 
A. Internal solutions 

E. Quinta-Ferreira et al.: Two Potassium Channels in the Giant  Axon 

Name ITEAI IK+I INa+l kCs+l [TRIS+I Osmotic 
pressure 

(raN) (mtv 0 (mM) (mM) (raM) (mOsm) 

KF-1 
KF/NaF  
KF-1 plus TEA 5 
CsF ~ 

500 - - 50 970 

350 150 - 5 1030 
500 - - 50 980 
- - 500 5 1200 

B. External solutions 

Name ITTXI IK+I [Rb+l INa+l [MgZ+l ICa2+l ITRIS+I Osmotic 
pressure 

(riM) (m•) (mw) (mlvl) (mM) (mM) ( m M )  (mOsm) 

ASW - 11 - 470 14 12 5 965 
ASW 100 11 - 470 14 12 5 1030 
plus TTX 300 - 
High K-SW 300 450 - - 14 12 10 970 

a K 2 EGTA was added to a concentration of 1 mM. Also 1 ~ of Dextran. pH of solutions was adjusted 
to 7.3 _+0.1. Osmotic pressure was measured using a vapor pressure osmometer. 
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Fig. 1. Inward and outward currents at two different holding 
potentials. Experiment 790306: fiber in ASW at I7~ Cut ends 
in solution KF-1. Feedback amplifier in the Nonner 's  configu- 

ration 
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Fig. 2. Outward currents uncorrected for leakage rectification. Ex- 
periment 790618C: fiber in ASW plus TTX at 18~ Cut ends of 
the fiber in solution KF-1. The holding potential was estimated 
from the h ~ - V  curve for the sodium current at - I 0 0 m V ,  Ab- 
solute membrane potential during the pulses is given next to each 
record 

tions were designed to test the possibility that the 
outward current is generated in more than one con- 
ductance system as suggested before (Connor, 1975; 
Connor  et al., 1977). 

Potassium Ions Possible Carriers 
of the Outward Currents 

Three experimental results strongly suggest that the 
outward currents shown in Fig. 3 are carried by 

potassium ions. Internal application of Cs § reduced 
the outward currents. In the preceding work we 
have seen that when the ends of the fiber were cut 
in a solution with Cs § the outward currents were 
completely eliminated from the records. 

In other experiments we cut the fibers in solutions 
with various concentrations of Na § We always 
measured a decrease in the size of the outward cur- 
rents, confirming previous observations (Bezanilla & 
Armstrong, 1972). One example of these effects of 
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Fig. 3. Effects of internal application of Na + on outward currents. 
A: Membrane currents recorded in ASW plus TTX and KF-I  in 
pools C and E (upper part). Shown in the lower part are the 
membrane current records 10 min after the application of 150 m_~ 
Na + (solution KF/NaF).  Potential during the pulses (increased in 
20-mV steps) is given for the first and last record in the series. B: 
Current-voltage curves calculated from the records in part A. m 
with KF-1 and e with KF/NaF.  Dashed curve represents I' and 
was calculated from the values measured in KF-1, namely I, 
using the independence principle corrections as follows: 

r ~ INa+l~ -(~ ]Na + I'i + iN +i;) exp(Fr/Rr) 
= - -  • 

I Na+ No -I  K+ r~ exp(fV/RT) 

where F, R and T have their usual meaning (RT/F~24.5 mV). 
represents the selectivity ratio PNa/PK taken as 0.002. II represents 
the chemical activity of the cations measured with cation-sensitive 
electrodes. Experiment 790620: holding potential -98mV; tem- 
perature 19 ~ 

internal application of Na § is illustrated in Fig. 3. 
Shown in part  A are the outward current records 
made with the cut ends of the fiber in solution KF-1 
(upper part) and, 10 min after the replacement of the 
solution in pools C and E by solution K F / N a F  
(lower part). The I - V  curves shown in part  B, na- 
mely [] in KF-1 and e in KF/NaF ,  were measured 
at 20msec. The dotted curve was calculated from 
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Fig. 4. Effects of internal application of TEA and effects of 
external application of 4-AP on outward currents. A: outward 
currents recorded in ASW plus TTX with KF-1 in pools C and E 
(upper part) and 10min after the addition of TEA at a concen- 
tration of 5rag. Experiment 790618C: holding potential, 
- 1 0 0 m V ;  temperature 18~ B" membrane currents recorded in 
ASW plus TTX with KF-1 in pools C and E (upper part) and 
5min after the addition of 20mM 4-AP to the external medium. 
Experiment 790618B: holding potential, - 1 0 0 m V ;  temperature 
12~ 

the values measured in KF-1 using the equation 
given in the legend to Fig. 3 taken from Binstock 
and Lecar (1969). 

Internal application of te t raethylammonium 
(TEA) by diffusion from pools C and E along the 
axoplasm also blocks the outward currents. Further- 
more, another specific blocker of K § channels, 4 
amino-pyridine (4-AP) blocks both components of 
the outward currents when applied either externally 
or internally. These effects are illustrated in Fig. 4. 
Shown in part  A are two sets of outward currents 
recorded in ASW plus TTX, the records in the up- 
per part  with the cut ends of the fiber in KF-1 and 
the records in the lower part in KF-1 plus TEA. 
Figure 4B demonstrates the blocking effect of 4-AP. 

As in most of the experiments considered in this 
paper K § was the main cation present inside the 



174 E. Quinta-Ferreira et al.: Two Potassium Channels in the Giant Axon 

2 m A / c m  2 

i l I ~  -- - -  . . . .  ; : = :  m =  : : =  : r = ~ =  = = = : : - -  I =  - 

s I'0 2'0 m s 

Fig. 5. Analysis of the total outward current A into components B 
and C. Experiment 790618A: fiber in ASW plus TTX at 18~ 
Cut ends in solution KF-1. (A) Outward current in response to a 
sudden displacement in membrane potential from - 1 2 0  to 
- 10 inV .  To acquire this record a sampling rate of 100,000Hz 
was used. Each point represents the average of 30 samples. (B, C) 
The points were derived from A as explained in the text. The 
curve was calculated with the term in Eq. (3) representing iK, for 
B and representing iK= for C. It represents the best fit to the 
points 

fibers, it seems quite likely that both components of 
the outward currents are carried by K +. Hereafter 
they will be called iK, and iK2. 

Two Possible Components 
in the Outward Curren~ Records 

Figure 5 illustrates the analysis of one current re- 
cord (A) into two components, namely, an early 
component with activation-inactivation kinetics (B) 
and a delayed component with activation kinetics 
only (C). 

This analysis is based on the idea that crustacean 
repetitive nerve fibers have two potassium conduc- 
tance systems (Connor et al., 1977). The early com- 
ponent can be described using the m3h Hodgkin- 
Huxley formalism and the delayed component using 
the n 4 description (Hodgkin & Huxley, 1952b). 

We may write 

gK1 = ~K1//3 hK (1) 

- 4 

gK2 = gK2/12 (2) 

where gK,, gK~ represent maximum conductances for 
a given membrane potential, n~, h K and n 2 are the 
state variables defined as the m, h and n variables in 
the Hodgkin-Huxley system. 

The total potassium current, namely iKI+iK2, 
should be represented by the equation 

iK = iK . . . . .  (1 -- exp(-- (t -- 6 t/r.,) 3 

"exp(t/GK) + iK . . . . . .  (1 -- exp( -- t/r,~)) 4 (3) 

where z,,, and ~,,~ represent the time constants for 
the activation of iK, and iK~, respectively, Zh~ repre- 
sents the time constant of inactivation of iK, and & 
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Fig. 6. Analysis of the total outward currents into two com- 
ponents. Experiment 790618A: Fiber in ASW plus TTX at 18~ 
Internal solution KF-1. Vh=-120mV.  Absolute membrane po- 
tential during pulses is indicated next to the records. Top: Sym- 
bols represent total outward current, average of 30 samples taken 
every 10 gsec. Solid line was calculated with Eq. (3). Middle: Com- 
ponent with activation-inactivation kinetics. Solid line was calcu- 
lated with the term representing iK, in Eq.(3), Bottom: Com- 
ponent with activation kinetics only. Solid line was calculated 
with the term representing iK2 in Eq. (3) 

represents a delay in the start of the early potassium 
conductance change. 

At 18 ~ I K records reached steady level in about 
20msec. In practice, therefore, the last 5 msec of 
each record in Fig. 5 can be considered to represent 
iK=. This part of the record was used to determine 
the steady level of iK2 and G2. This was done by 
fitting the tail end of the function n ~ to the last 
points in each record. The complete time course of 
this component was then calculated and subtracted 
from the current record to give iK1. The resulting 
difference (measured outward current minus 
i K ...... ((1-exp(-t /z, ,2))  ~) was fitted as described by 
Keynes and Rojas (1976) in the case of sodium 
currents. The i K . . . . .  , i N  . . . . .  , G~, %2, GK and 6t 
values obtained were used to calculate, using Eq. (3), 
the solid lines in Fig. 5, 6 and 1 t. 

The goodness of the fit, a measure of the validity 
of the present analysis, was evaluated using a com- 
puter program designed to minimize the following 
residual, 
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Fig. 7. Current-voltage relationships. Maximum values for iK~ and 
iK~ were obtained as illustrated in Fig. 6. Experiments 790618A 
(..,r and 790618C (e,A). To calculate the iK--V curve cor- 
rected for inactivation (~, o) the iK~(t) component (obtained as 
illustrated in Fig. 6) was divided by exp(-t/~h~). Temperature for 
both experiments: 18 ~ 

Table 2. Maximum potassium conductances 

(a) (b) (c) (d) (e) Temp. 
Experiment Vh gK1 g*l gK2 

(mmho/ (mmho/ (mmho/ 
(mV) cm 2) cm 2) cm 2) (~ 

790618A - 120 21 78 29 18 
790618B - 100 20 65 28 12 
790618 C - 100 22 80 30 18 

All experiments in this Table were done using the Dodge-Franken- 
haeuser feedback system. Experiments 790618B and 790618C were 
corrected for leakage conductance. For gK~-20-msec pulses were 
used. For g*~ the IK~ records were first analyzed using n~ hK-kinetics 
and then corrected for inactivation h K. 

N 

[k ltIk /k 2] ~ N 

where i k is the fitted value and  I k is the measured  
current  (see next section). The  fit i l lustrated in Fig. 5 
remains  sat isfactory when other  records at different 
m e m b r a n e  potent ia ls  were considered. This is dea r ly  
seen in Fig. 6 where a set of ou tward  current  records 
(upper  par t  of Fig. 6) at m e m b r a n e  potent ia ls  in the 
range of - 6 0  to 30 mV were analyzed as described 
in Fig. 5. 

Shown in Fig. 7 are the s teady-state  values of the 
currents iK~ and iK2. Assuming that  these currents 
flow through  two different, nonin terac t ing  channels, 
one can calculate the size of  iK1, if there were no 
inactivation.  These values are also plot ted in Fig. 7. 
M a x i m u m  chord  conduc tance  values calculated 
f rom these current -vol tage  relat ions are given in Ta-  
ble 2. 

Kinetics and Steady-State Characteristics 
o f  the TWO Potassium Systems 

Table  3 summar izes  the da ta  obta ined  f rom the anal-  
ysis of  the ou tward  currents  as presented in Fig. 6. 
The  values of  the t ime constants  for the act ivat ion 
and inact ivat ion of iK1 are given in columns (b) and 
(c). The t ime constant  for the ac t ivat ion of iK2 is 
under  co lumn (f). It should be noted  that  ZhK is 
ra ther  similar to z , .  On the other  hand,  the t ime 
constant  for the inact ivat ion of the sodium con- 
ductance (see preceding paper)  is one order of 
magni tude  smaller  than  either Zh~ or % .  

F r o m  the two-state  t ransi t ion model  (Hodgkin  & 
Huxley,  1952b) one can define the t ime constants  as 

1 
z,, %+/3,~ (4a) 

and the fract ion in open conf igurat ion in the steady 
state as 

%' (4b) 
hi, oo -- ~ni + fini 

where i =  1, 2. ni, ~ values were calculated f rom the I 
- V  curves with iK, corrected for inact ivat ion for 
nl, ~ and iK2 measured  either at 30 or at 60msec.  
The  chord conduc tance  values were calculated first 
and  then, the ni, oo values were calculated with 
Eqs. (1) and (2). With  the fibers in ASW 
(11 mMlK+[o) the ins tantaneous  I - V  curve is l inear 
in the m e m b r a n e  potent ia l  range from - 6 0  to 
60 mV (Quinta-Ferreira ,  1981). Therefore,  it is safe to 
assume that  within that  potent ia l  range bo th  ni, o~ 
values are accurately estimated. Eq. (4a, b) were re- 
solved for %i and f t , .  Shown in the upper  par t  of 
Fig. 8 are the values of the rate constants  and, in the 
lower part,  the values of the t ime constants.  The  
curves in the upper  par t  of  Fig. 8 represent  the best  
fit to the points  and  were calculated using linear- 
exponent ia l  rate functions of  the form:  

c~ni = 1000(A~ + B~ V)/(1 - exp C~(A~ + B i V)) (5 a) 

ft,, = 1000(al + b~ 1O (exp c~(a~ + b~ V) - 1). (5b) 

The  lower par t  of  Fig. 8 shows the exper imenta l  
values of  G1 and rn~ and the calculated curves. 

The s teady-state  n~ and n 2 functions are pre- 
sented in Fig. 9. nl,oo equals 0.5 at - 7 1 m V  and 
n2,oo equals 0.5 at - 6 7 m V .  While 17.5mV induced 
an e-fold change in n l .~  at - 7 1 m V ,  33 .5mV in- 
duced the same change in na,~.  

Effects of  Membrane Potential on iK1 and iK2 

The da ta  in Table  3 (column (c)) suggests that  for 
m e m b r a n e  potent ia ls  in the range f rom - 6 0  to 
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Table 3. Kinetics and steady-state parameters for the outward current components 

( a )  ( b )  ( c )  ( d )  ( e )  ( f )  ( g )  

Exp No. V~ u iK~ lK2 V h Temp. 

"['tit '~hK IK> peak /Kt, max "Ca2 IK2, max 
(mV) (msec) (msec) (mA/cm z) (mA/cm 2) (msec) (mA/cm 2) (mV) 

790618A - 6 0  2.31 3.62 0.09 0,40 3.75 0.10 -120 18 
- 5 0  2.10 3.22 0.21 1,12 3.16 0.25 
- 40 1.57 2.57 0.36 2,04 2.24 0.46 
- 30 1.02 2.81 0.71 2.39 2.54 0.75 
- 20 1.01 2:64 1.05 3.46 2.70 1.08 
- 10 0.82 2.46 1.36 4.00 2.44 1.50 

0 0.59 2.74 1.70 4.78 2.37 1.91 
+ 10 0.65 1.79 1.92 6.56 1.73 2.33 
+20 0.58 1.40 2.13 7.37 1.36 2.80 
+30 0.50 1.15 2.32 8.60 1.11 3.22 

790618 B - 30 1.05 1.92 0.31 1.64 1.86 0.47 - 100 12 
- 20 0.74 2.68 0.58 1.89 2.38 0.62 
- 10 0.73 1.39 0.75 3.97 1.49 0.96 

0 0.57 1.41 0.97 4.08 1.50 1.22 
10 0.68 0.99 1.15 8.00 1.28 1.60 
20 0.60 1.08 1.45 7.28 1.32 1.96 
30 0.51 1.34 1.70 5.67 1.36 2.31 
40 0.60 1.33 1.95 6.70 1.35 2.69 
50 0.49 1.47 2.25 6.61 1.37 3.08 

790618C - 6 0  2.59 5.02 0.15 0,53 4.15 0.22 -100 18 
- 5 0  2.15 3.86 0.30 1.35 3.50 0.35 
- 4 0  1.59 3.43 0.51 2.09 3.18 0.48 
- 3 0  1.30 2.32 0.72 3.48 2.36 0.80 
- 2 0  0.90 4.91 1.11 2.24 3.95 1.08 
- 10 0.64 3.93 1.43 3.06 3.13 1.55 

0 0.73 3.68 1.71 3.56 2.86 1.95 
10 0.79 2.85 1..95 5.50 2.47 2.38 
20 0.79 1.82 2.05 6.69 1.72 2.74 

790620 A - 28 0.96 6.05 0.59 1.17 5.41 0.49 - 98 19 
- 18 1.01 3.10 0.86 2.68 3.74 1.04 

- 8  0.91 1.83 1.67 6.71 2.93 1.92 
2 0.86 1.87 1.47 6.40 2.56 2.71 

I2 0.52 2,32 1.86 5.12 2.30 3.63 

790620B - 25 1.00 5.48 4.66 10.19 4.62 4.70 - 105 19 
- 15 1.06 4.11 6.53 15.87 3.76 7.90 

- 5  0.78 3.14 8.07 20.50 2.93 11.01 
+5 0.75 4.09 10.34 22.11 3.17 14.38 

790620 C - 25 1.79 4.49 1.25 - 3.96 3.01 - 65 19 
- 15 1.30 3.82 1.63 - 3.21 5.58 

- 5 1.98 3.09 2.88 - 3.03 8.34 
+ 5 2.34 2.09 3.45 - 2.49 11.54 

Data obtained with the Dodge and Frankenhaeuser feedback amplifier system. Data corrected for 
=5.3mmho/cm2), 79618C (gL=5.2mmbo/cm2) and 790620A (gr=6Ommho/cm2). gL=0 in the 
performed at temperatures different from 18 ~ time constants were corrected for these temperatures 

leakage in experiments 790618B (gL 
other experiments. In experiments 
assuming a Qt0 of 3. 

5 0 m V ,  the  p roce s s  o f  i n a c t i v a t i o n  of  iK1 is c o m -  

p l e t ed  in  a b o u t  10 m s e c  at  18 ~ In  o r d e r  to  cha r ac -  

te r ize  t he  t i m e  cou r se  of  th is  i n a c t i v a t i o n  we  per -  

f o r m e d  s t a n d a r d  d o u b l e - p u l s e  e x p e r i m e n t s  ( H o d g k i n  

& Hux ley ,  1952a;  Q u i n t a - F e r r e i r a  et  al., 1982). T h e  

resu l t s  o f  o n e  such  e x p e r i m e n t  are  i l l u s t r a t ed  in 

Fig.  10 (only  the  t i m e  cou r se  of  i n a c t i v a t i o n  at  t h r ee  

m e m b r a n e  p o t e n t i a l s  are  shown) .  F o r  th is  exper i -  

m e n t  the  d u r a t i o n  of  V 1 was  i n c r e a s e d  frOtTl 0,8 tO 

102 msec .  T h e  ini t ia l  va lues  for n I a n d  n z were  esti-  

m a t e d  f r o m  Fig.  6 a n d  9. T h e  t w o  c o m p o n e n t s  were  

s e p a r a t e d  as e x p l a i n e d  in  Fig.  5. T h e  m a x i m u m  val-  

ue of  iK1 m e a s u r e d  w h e n  V 1 was  set  a t  0.8 m s e c  was  

u s e d  to  n o r m a l i z e  the  m a x i m u m  va lues  o b t a i n e d  

w i t h  l o n g e r  V~ pulses ,  T h e  t i m e  c o n s t a n t s  o f  in- 

a c t i v a t i o n  w e r e  o b t a i n e d  f r o m  the  fit o f  a s ingle  t ime  
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b=-0 .00059 ,  c=6.0;  and for iK:  A=0.51, B=0.006, C = - 2 0 . 0 ,  
a=0.036, b = -0.0008, c = 10.0 

constant to the experimental values. For  the pre- 
pulse membrane potentials at - 6 0 ,  - 5 0  and 
- 4 0 m V  the time constants Zh~ obtained in this 
experiment were 15.1, 8.4 and 7.2 msec, respectively. 
The average time constants measured at the same 
potentials given in Table3 under column (c) are 
4.32, 3.54 and 3.0 msec. 

If we allow for the temperature difference and 
assume a temperature coefficient Qzo of 3, the corre- 
sponding values in Fig. 10 decrease to 11.6, 6.5 and 
5.5msec, respectively. The two sets of values are 
different. 

One possible explanation for this discrepancy 
may be related to the initial delay in the start of the 
potassium inactivation in Fig. 10. Thus, it may be 
seen in Fig. 10 that at V ~ = - 6 0 m V  the points star- 
ted to decrease with the point at 1.0 msec. 

On the other hand, as the time course of the 
inactivation shown in Fig. 10B is affected by the size 
of the peak of iK, estimated from the analysis of the 
total current into iK~ plus iK2 , small changes in z,~.~ 
greatly affect the ZhK values and, therefore the esta- 
mated maximum i K required to calculate the time 
course shown in Fig. 10A. This is shown on the left 
side. Taki~g % =2.79 msec gave z,, =0.805 msec, q,~ 

nl, oo 

I'0 ~ , ,  

0"5 

0 
A -5'0 6 5'0 mV 

i12,00 

I ' O .  �9 

o.s.//'" H'" 
/ 

O_ 
B - 5'0 6 5'0 rn V 

Fig. 9. n~.~ and n2, oo values as a function of membrane potential. 
Same experiments as for Fig. 6. n~.oo=0.5 at V = - 7 1 m V .  nz. ~ 

=0.5 at V = - 6 7 m V .  Curves were calculated as n~.~ 

%2 where %=I,000(A+BV)/ (1- -expC(A+BV)) ,  ft, 
I"12' ~ - -  ~n2 q-  ~n2 

- 1,000(a+b V)(expc(a+b V ) -  1) with parameters as follows: A 
=1.291, B=0.016mV 1, C = - 2 0 . 0 ,  a=0.077, b = - 0 . 0 0 0 6 m V  -1, 
e=6.0 for n I and A=0.511, B=0.006mV 1, C = - 2 0 . 0 ,  a=0.036, 
b = -0.0008 mV -1, e=  10.0 for n z 

=2.62msec and a peak value for iK1 equal to 
2.463mA/cm 2. The residual of the fit was 
0.027pA/cm 2. Taking %2=2"46msec gave %1 
=1.08 msec, Zh~= 1.04 msec and the peak value of 
i~:1 decreased to 1.63 mA/cm 2. The residual of the fit 
was 0.072 ~tA/cm 2 (2.7 times larger than in the pre- 
vious fit). The first set of time constants was kept 
unchanged for the analysis of the records which 
were used to calculate the time course of the in- 
activation shown in Fig. 10B (the residual from each 
fit was smaller than 2.8 x 10 .3 mA/cmZ). If the sec- 
ond set of time constants is used instead and they 
are kept unchanged, the time course of the inacti- 
vation is practically unaffected. 

Although it seems that the initial delay in the 
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Fig. 10. Development of the inactivation of iK, at various mem- 
brane potentials. Experiment 800421: fiber in ASW plus TTX at 
15.6 ~ Cut ends in KF-1. Holding potential set at -120 mV. A: 
Analysis of the total current into two components and the effects 
of changing Zl,K from 2.62 (upper set of curves) to 1.04 msec (lower 
set of curves). B: Analysis of the time course of the development 
of the fast inactivation of iK. Prepulse durations for each series 
(with V 1 set as indicated next to each time sequence) were t p 
=0.8, 1.6, 3.2, 6.4, 12.8, 25.6, 51.2 and 102.4msec. Vertical axis 
r e p r e s e n t s  i K . . . . .  (V1, tP)/iK . . . . .  (V,  0,8) 

start of the inactivation causes the discrepancy, the 
curves in Fig. 10B should be taken as rough in- 
dications of the time course of the inactivation. 

The dependence on membrane potential of the 
inactivation processes was measured by changing V 1 
with its duration set at 102 msec. The results of one 
experiment are illustrated in Fig. 11. The curves on 
the upper part represent the analysis of the outward 
current in response to a test pulse to - 2 0  mV from 
a holding potential of - 1 2 0 i n V .  The lower part 
represents the fraction of K 1 or K 2 channels avail- 
able to conduct current as a function of the mem- 
brane potential during V1. The curves represent a 
least-squares fit of hK,,~ and hK2,~ functions calcu- 
lated as 

1 

hK"~176 = 1 + exp(A 1 + B  1 V1) (6a) 

1 
hK2' ~ -- 1 + exp(A 2 +B z V~)" (6b) 

At V~ = - 7 0  mV a 27.9 mV change in potential 
corresponds to an e-fold change in hK, oo, but a 
231.3 mV change in potential is required in the case 
of hK~,~. It should be noticed that for V 1 values 
more positive than - 6 0  mV, the observed reduction 
in iK2 is likely to be in part  due to accumulation of 
K + in the spaces between the axolemma and the 
Schwann cells (Quinta-Ferreira, 1981). 

To be able to measure the true time course of 
the potassium conductance with the fiber in artificial 
seawater, it is necessary to evaluate the changes in 
V K as a function of time due to the accumulation of 
K + in the extracellular space (Frankenhaeuser & 
Hodgkin, 1956). 

Comparison of the Time Constants 
for Turning off the Potassium Conductance 

One way to minimize the effects of the accumulation 
of K + discussed in the preceding section is to carry 
out the experiments in Na-free, high K+-seawater. 

Shown in Fig. 12 are two sets of potassium cur- 
rent records made in high K+-seawater  plus 300 nM 
TTX. As the holding potential is - 1 0 8  mV negative 
to the K + equilibrium potential, small depolari- 
zations induce inward K + currents. It is also clear 
that the inward current tails reach the holding cur- 
rent level in less than 15msec, suggesting that the 
K + conductance is turned off in that time. 

Figure 13 shows the analysis of the current tails 
obtained in high K+-seawater.  The current tails re- 
corded after 4.8-msec pulses are presented on the 
lower left part  and those recorded after 29.5-msec 
pulses on the lower right part. While the tail cur- 
rents after 4.8 msec could be described as the sum of 
two exponentials, only one exponential fitted per- 
fectly well the time course of the tails after 29.5-msec 
pulses. Furthermore, the ratio iK,(0)+iK2(0) after 
4.8-msec pulseS/iK2(0) after 29.5-msec pulses is con- 
stant at 1.06_+0.11. The values of the ratio 
iK2(O)/iKl(O) after 4.8-msec pulses are 6.9 (after a 
pulse to 2 mV), 5.7, 3.8, 5.0 and 12.2 (after a pulse to 
82 mV). The analysis shown in Fig. 6 was repeated 
for the records at 2, 22, 42 and 82 mV not shown in 
Fig. 13. The iK~(4.8msec)/iK~(4.8 msec) ratios are 1.2 
(pulse to 2mV), 1.6, 3.4, 6.0 and 19.0 (pulse to 
82 mV). 

Since the time constants for turning off the po- 
tassium conductance at the end of a depolarizing 
pulse, %m~ and %ff, 2 were measured at a constant 
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Fig. 12. Potassium currents in high K + seawater. Experiment 
810211: fiber in high K+-SW at 12.5~ Cut ends in KF-1. 
Holding potential set at -108  mV. Absolute membrane poten- 
tials during the test pulses are given next to the corresponding 
current trace 

holding potential of - 1 0 8  mV we can take the av- 
erage values from Fig. 13 as Zoff, l=4.56_+0.54msec 
and Zoff,2--= 1.48_+0.57 msec at the end of a 4.8 msec 
depolarizing pulse and, %ff,1 =2.64+0.31 at the end 
of the 29.8-msec pulse. 

2'5IrnA/cm20 L ~ f  (62) 2.5t mA/cm 2 (62) 
2 

(~ ib 2'o ~o ms 

(2 rnV) o[ s 
/ f  <,2> 

' ~ ,'o ,'~ 2'0 

(2 mv ) 

I ........... i - ......... 

I 215 ms 0 [ I0 210 ms 
Fig. 13. Time constants determining the decline of potassium cur- 
rents following repolarization. Experimental conditions as for ex- 
periment in Fig. 12. Symbols represent samples of potassium cur- 
rents. The curve represents the least-squares fit of either two 
exponential functions (left side) or one exponential function to the 
points. Time constants as follows: 

Tails after 4.8 msec after 29.5 msec 

Vp iK1 (0) iK2 (0) %ff, I "Coff, 2 i~2 (0) Zofr 
(mV) (mA/cm 2) (mA/cm z) (msec) (msec) (mA/cm 2) (msec) 

2 0.36 2.49 5.4 0.9 2.75 2.3 
22 0.53 3.02 4.5 1.1 3.82 2.4 
42 0.98 3.73 3.9 1.3 4.70 2.7 
62 0.98 4.88 4.4 1.8 5.33 2.7 
82 0.53 6.48 4.6 2.3 5.68 3.1 

Avg. _ 4.56 • 1.48 • 2.64 • 
SD 0.54 0.57 0.31 
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Fig. 14. Effects of membrane potential 
on iK= and iK2. Experiment 790620: 
fiber in ASW plus TTX. Cut ends of the 
fiber in KF-1 at pH 7.4. The membrane 
potential during the pulses for the six 
sets of current records are indicated in 
mV on the right side, next to the 
current records representing IK2. 
Temperature: 19~ 

The Hodgkin-Huxley type time constants can be 
calculated from the %off values and are %~ 
= 13.7 msec(4.56 x 3), %2 = 5.9 msec(1.48 x 4) for the 
4.8 msec pulse and %2= 10.6 msec(2.64 x 4) for the 
29.8msec pulse. Corresponding %1 and G2 values 
can be calculated from the empirical equations used 
to fit the experimental points in Fig. 8 and are %~ 
=5.26msec and % =3.30msec at -108 inV.  Allow- 
ing for the temperature difference (18~ for the 
curve in Fig. 8 and 12.5~ for Fig. 13), assuming a 
Q~0 of 3, the corrected values are -c,~ =9.5 and z,~ 
=5.9 msec. These values are smaller than the mea- 
sured 13.7 and 8.2msec (=(5.9+10.6)/2). These re- 
sults are in agreement with Swenson and Armstrong 
(1981) who reported recently that in squid giant 
axons, potassium channels close more slowly in the 
presence of high external K + as for the experiments 
in Figs. 12 and 13. 

Effects of  Holding the Membrane Potential 
at - 65 m V  

The results presented using the double-pulse pro- 
cedure suggest that both potassium systems can be 
inactivated by membrane depolarization. However, 
in order to test the possibility of an ultraslow in- 
activation with time constants in the range of mi- 
nutes affecting the gating structures in these chan- 
nels, it is necessary to maintain the membrane de- 
polarized during seconds (Ehrenstein & Gilbert, 
1966). Figure 14 illustrates the results of one experi- 
ment in which for the control run the membrane 
was held at - 1 0 5 m V .  The records shown on the 
left side ( - 1 0 5  mV) can be compared with the re- 

cords obtained from a holding potential of - 6 5  mV 
shown on the right. The potential during the pulse is 
indicated next to the records. From the maximum 
values for iK~ and iK2 we estimate hK1 and hK2 at 
- 6 5 m V  as 0.31 and 0.71, respectively. The corre- 
sponding values from Fig. 11 are 0.50 and 0.93. 
However, these differences are not statistically signif- 
icant. 

It seems, therefore, that iK~ exhibits fast inacti- 
vation and that the ultra slow inactivation seen in 
the giant axon of the squid (Ehrenstein & Gilbert, 
1966) is not present in these fibers. 

Discussion 

The analysis of the outward current records in terms 
of two components with different kinetics presented 
here strongly supports the idea that the potassium 
system in these nerve fibers is different from that in 
the giant axon of the squid (Hodgkin & Huxley, 
1952a). To account for the observed kinetics we 
have used the Hodgkin-Huxley concept that the ga- 
tes undergo first order transitions between two en- 
ergy configurations. The underlying hypotheses in 
the analysis are three: i) There are two different, 
noninteracting potassium channels, ii) the gates un- 
dergo first-order transitions leading to the opening 
and closing of the potassium channels and, iii) while 
to open a K: channel three gates have to undergo 
the transition to the activated state (four gates in the 
case of the K 2 channel), only one gate has to return 
to the resting configuration to turn off the po- 
tassium current in that channel. In the case of iK~ the 
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conductance state of the channel is also affected by 
the state of the inactivation gate. 

It is also possible to account for the observed 
kinetics assuming a higher order transition of the 
gates along a series of energy configurations. 

Although until we find specific blockers for these 
postulated conductance systems, our analysis must 
be considered as a working hypothesis, we would 
like to give arguments in favor of the idea of dif- 
ferent gating structures for Kj and K 2. 

The most important argument in support of this 
hypothesis is provided by the excellent fit of the 
total outward currents illustrated in Fig. 6. 

The effects of membrane potential on K 1 and K 2 
illustrated in Figs. 9, 11 and 14 demonstrate that the 
voltage sensitivity of the activation gates and of the 
inactivation gates is fundamentally different, for 
these curves have different mid-point potentials and 
different slopes. 

Another argument in support of this hypothesis 
is provided by the analysis of the time course of the 
potassium currents illustrated in Fig. 13. Two time 
constants are required to fit tails when both iK1 and 
iK2 have been activated during the test pulse and 
only one time constant is required when iK~ is fully 
inactivated and only iK2 remains. 
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