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Summary. Permeability ratios for pairs of monovalent cations 
permeating the two potassium systems proposed for the giant 
axon of the crab Carcinus maenas (M.E. Quinta-Ferreira, E. 
Rojas & N. Arispe, J, Membrane Biol. 66:171-181, 1982b) were 
estimated from measurements of the reversal potential of the 
currents under voltage-clamp conditions. With K + inside the 
axon, permeability ratios from the reversal potential of the cur- 
rents through the late channel are: PRb/PK = 0.9, PNH4/PK < 0.2 
and PcJPK = 0.18. With Cs + inside the ratios are: PK/Pc~ = 8.7, 
Pab/Pc~ = 7.1 and PNn4/ecs = 2.4. The analysis of the inward 
currents carried by Rb + or NH2 showed similar reversal poten- 
tials for the early transient component and the late sustained 
component. Whence, the sequence of permeabilities for the two 
types of potassium channels is: PK > PRb > PNH4 2> PNa = Pcs. 
The time constants for the activation of the two components 
recorded either in K-, Rb-, or NH4-artificial seawater are twice 
as large as the corresponding time constants measured in Na- 
artificial seawater. 

Key Words giant axon �9 potassium channel �9 crab axon . K- 
channel selectivity 

Introduction 

In a previous paper, the kinetic and steady-state 
characteristics of the outward currents measured 
under voltage-clamp conditions in crab nerve fibers 
were considered (Quinta-Ferreira et al., 1982b). 
The analysis of the outward current revealed two 
distinct components, a fast one, with activation-in- 
activation kinetics (here on referred to as the tran- 
sient component) and a delayed one, with kinetics 
similar to those of potassium currents recorded in 
other nerve fibers (Hodgkin & Huxley, 1985b; 
Frankenhaeuser, 1962). This analysis of the out- 
ward currents in terms of two components lent sup- 
port to the hypothesis that there are two different 
potassium channels in crab nerves. In this paper the 
selectivity of the two systems to several monova- 
lent cations is compared. Rb +, NH~ and Cs + were 
chosen for study: NH~- because ionic current mea- 

surements in squid giant axons showed that NH2 is 
a current carrier for both the Na + and the K+-con - 
ductance systems (Binstock & Lecar, 1969); Rb + 
because it is as good a current carrier as K + in the K- 
conductance in myelinated axons (Hille, 1973). 
These cations were found to be permeant in the two 
K + systems of the crab giant axon and relative per- 
meabilities were calculated using the Goldman- 
Hodgkin-Katz equation (Goldman, 1943; Hodgkin 
& Katz, 1949) and measured reversal potentials. 

Materials and Methods 

A detailed description of the techniques used has been presented 
before (Quinta-Ferreira, Arispe & Rojas, 1982a). 

EXPERIMENTAL PROCEDURE 

The giant axon was mounted in the experimental chamber as 
described in Quinta-Ferreira et al. (1982a). Of the four pools of 
the nerve chamber (Nonner, 1969), pool A was perfused with K- 
free-artificial seawater (K-free-ASW, see Table 1) while the axo- 
plasm was equilibrated with either KF or CsF by diffusion from 
pools C and E (5 to 10 rain). 

A typical experimental protocol was as follows. First, a 
double-pulse series in K-free ASW to estimate the holding poten- 
tial from the position of the Na-conductance inactivation curve, 
The holding potential was calculated assuming that, at a mem- 
brane potential of -70  mV, 30% of the Na-channels are inacti- 
vated. Next, the solution in pool A was replaced by a Na-free 
saline, with the test cation in place of Na +. After five minutes a 
series of ionic currents was recorded under these conditions. The 
K-free ASW was re-introduced in pool A, and 10 to 15 min were 
allowed for recovery of the Na and/or K conductances. In the 
majority of the experiments the Na currents were partially re- 
stored. 

DETERMINATION OF PERMEABILITY RATIOS 

The permeability ratio for a given pair of monovalent cations was 
calculated using the Goldman-Hodgkin-Katz equation and mea- 
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Table 1. Composit ion of  the solutions" 

A. External  chloride solutions 
Na  + K + Rb + X + Ca 2- 

(raM) 
Mg 2+ Tris-  CI- TTX Osmotic  

(riM) pressure  
(mOsm) 

K-free ASW 470 - -  - -  - -  12 14 10 532 150 935 
K - A S W  - -  480 - -  - -  12 14 10 542 300 965 
X-ASW - -  - -  - -  470 12 14 10 532 300 912-976 
B. Internal fluoride solutions 

Cs + K + Na + Tris" CI- F-  EGTA Dextran  Osmotic  
(raM) (%) pressure  

(mOsm) 
K F  - -  450 45 10 10 495 - -  - -  920 
CsF-1 500 - -  - -  1 1 500 1 1 1200 
CsF 450 - -  45 10 I 0 495 - -  - -  960 

a Osmot ic  pressure  was measured  using a vapor  pressure  osmomete r  (Wescor  5100C). The pH of  external  solutions ranged from 7.2 to 
7.4 and the pH of  the internal solutions ranged from 7.2 to 7.5. Activity coefficients for 500 mM solutions at 25~ as follows: NaCI, 
0.681; KC1, 0.649; RbCI, 0.634; NH4C1, 0.649; KF,  0.67; NaF,  0.632; CsC1, 0.606 (from Robinson & Stokes,  1959). 

sured values for the reversal  potential,  Er. Reversal  potential 
values were determined from exper imental  l-Vm curves as the 
potential at which the net  flow of  current  is zero. Thus ,  

E, : RT/F In ([X]o + (Pr/Px)[Y]o}I{[X]i + (PrlPx)[Y]~} (1) 

where R, T and F have their usual meaning,  P r  represents  the 
permeability of  the cation Y and Pa the permeability of  the refer- 
ence cation X; IX]o, [X]~, [Y]o and [Y]i represent  thermodynamic  
activities of  the cations X and Y inside (i) and outside (o) the 
axon.  The  the rmodynamic  activities used were calculated from 
the activity coefficients (Robinson & Stokes,  1959). 

E X P E R I M E N T A L  ERRORS 

With the voltage-clamp technique used in this work, the accu- 
racy of  the es t imat ion of the permeabili ty ratio is dependent  on 
the accuracy of  the determinat ion of  three parameters:  
1) the absolute  membrane  potential,  
2) the internal concentrat ion of  cat ions X and Y at the time when 
the reversal  potential  is measured ,  and 
3) the leakage current  at the reversal  potential. 

A way  to avoid the  requi rement  for parameters  (1) and (2) is 
to determine the ionic selectivity ratio f rom the change in Er 
upon change of the external  solution in two consecut ive runs.  In 
this case one uses  the following equation: 

E,,y - E . ~  = RT/F In ((Pr[Y]o)l(Px[X]o)) (2) 

where  the various parameters  and symbols  have the same mean-  
ing as for Eq. (1). 

Correction of  the current  records for leakage currents is 
usual ly carried out  a s suming  that the leakage current  is not recti- 
fied. Whence ,  the current  result ing from the addition of  the re- 
sponses  to identical depolarizing (Vp) and hyperpolarizing (V_p) 
pulses  is a s s u m e d  to represent  specific ionic current.  In the 
present  series of  exper iments ,  for Vp smaller or equal to 50 mV, 
the current  result ing from the addition of the responses  to identi- 
cal Vp and V_p pulses  was taken to represent  specific ionic cur- 
rent. For Vp greater  than  50 mV, the current  record in response  

to a 50-mV hyperpolarizing pulse was scaled by a factor V/V_p 
and subtracted from the record in response  to Vp. 

In some exper iments  with internal CsF a different leakage 
subtract ion method  was used.  A current  record in response  to a 
small depolarizing pulse lip., which did not  elicit specific ionic 
currents ,  was scaled by a factor V/Vp.<. and subtracted from the 
current  record in response  to a larger depolarizing pulse Vp. 

In the exper iments  with Cs + inside the axon accurate  deter- 
mination of  the selectivity ratio f rom the reversal potential of  the 
late componen t  of  the current  was impossible.  Due to internal 
accumulat ion of pe rmeant  cat ions caused by the inward cur- 
rents ,  the  concent ra t ions  [X]i and [Y]j could not be est imated.  

L I Q U I D  J U N C T I O N  P O T E N T I A L S  

There are two liquid junct ions:  between the agar bridge of the 
electrode C filled with 500 mM KCI plus I m u  CaCI2 (Ag-AgC1) 
and the solution in pool C; between the agar bridge of a similar 
electrode B and the solution in pool B. The net potential due to 
these  two junc t ions  was measured  with electrodes in electrical 
contact  with the solution in pools C and B and with an agar 
bridge (3 M KC1) electrically connect ing the two pools (Baker, 
Hodgkin & M e v e s ,  1964). These  measurements  showed that the 
net  junc t ion  potentials were small (<2 mV).  They  were therefore 
ignored in the determinat ion of  the reversal  potential. 

S O L U T I O N S  

The  ionic composi t ion of  the solutions used to measure  the selec- 
tivity ratios is given in Table 1. To block the sodium conductance  
150 or 300 nM TTX were added to the external  solutions. TTX 
was kept at 4~ as a 230 ~tM stock solution. Test  solutions in 
Table 1 are similar to the reference solution (K-ASW) with 470 
mM cation X in place of 480 mM K +. For simplicity they are 
called X-ASW, where  X represents  either Rb, NH4, Cs or Na.  

Rb-ASW was used  as the control external  solution in exper- 
iments  designed to s tudy the effects of  external Na + on the po- 
tass ium conductances .  Thus  the test  solution was prepared by 
substi tut ing the required quanti ty of  Rb by Na. 
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Fig. 1. Potassium, rubidium and ammonium currents through the early and delayed sustained potassium conductance systems. A. 
Total membrane currents in K-, N H4- or Rb-ASW from experiment 810311A. Fiber cut in KF solution. Holding potential, -120 mV. 
The solution in pool A (at 14~ is indicated above each set of current records. Absolute membrane potential during the depolarizing 
pulses is indicated next to three of the corresponding current records. Potential changed in 10-mV increments between the records. B. 
Specific membrane currents after subtraction of linear components. Current records in K-, Rb- or NH4-ASW from experiment 
810318A. Fiber cut in a KF solution. Holding potential, -95 mV. The solution in pool A (at 14~ is indicated above each set of current 
records. Current records in Cs-ASW from experiment 81/13 ISB, Fiber cut in a KF solution. Holding potential, - 100 inV. The numbers 
near some of the current records indicate the absolute membrane potential during the pulse. Voltage pulses were increased in 10-mV 
steps for the runs in K-, Rb- and NH4-ASW. In Cs-ASW the first three records are associated with depolarizing pulses increasing in 20- 
mV steps 

Results 

RELATIVE PERMEABILITIES 

WITH INTERNAL POTASSIUM 

Figure 1A depicts three sets of records of total 
membrane current in response to depolarizing volt- 
age-clamp pulses. With K-ASW in pool A (upper 
part), the current record at 0 mV is almost flat, i.e. 
no inward or outward time varying components are 
apparent. This result suggests that 0 mV is the re- 
versal potential for the K + currents through both, 
the early transient and the late sustained potassium 
conductances (iKt and iK2 in Quinta-Ferreira et al., 
1982b). It may also be seen in Fig. 1A that, with 
NH4-ASW (middle part) the reversal potential is ob- 
tained near -60 inV. Again, the current record at 
-60 mV is flat, with no time-dependent compo- 
nents. In the presence of Rb-ASW the reversal po- 
tential for both potassium systems (iKl and iK21 is 5.4 
m V .  

Figure 1B shows four sets of records of specific 
ionic currents from two different experiments in 
which the internal solution was KF. Each mem- 

brane current record was corrected for linear com- 
ponents as explained in Materials and Methods. 
The solution in pool A is indicated above each set of 
records. With external K-ASW (top left) the current 
is inward for membrane potentials more negative 
than 5 mV. For more positive potentials the current 
is outward. With external Rb-ASW (top right) the 
situation is similar. This result indicates that Rb § 
passes through potassium channels about as easily 
as K +. 

In NH4-ASW (bottom left), for the same range 
of membrane potentials, the inward currents are too 
small to measure and mainly outward currents are 
seen. In Cs-ASW (bottom right) the currents are 
always outward. 

The reversal potential for the currents in K- and 
Rb-ASW can be determined from the corresponding 
current-voltage relationships. It was shown previ- 
ously (Quinta-Ferreira et al., 1982b) that the cur- 
rents can be analyzed in terms of two components 
and that at 18~ the first component is completely 
inactivated within 15 msec. Although the experi- 
ments presented in Fig. 1 were carried out at about 
14~ a temperature at which the time constants for 
the activation and inactivation processes are ex- 
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Fig. 2. Current-voltage curves at 30 msec with the axon in K-, 
Rb- and NH4-ASW. Values of the current at 30 msec from same 
experiment as for Fig. lB. Symbols as follows: II, K ASW; O, 
Rb-ASW; , ,  NH4-ASW. The solid lines were drawn through the 
points by eye. The dashed line was calculated from the currents 

recorded in K-ASW using Eq. (2) given in the text with PNH4/PK 
= 0.16 

Table 2. Relative permeabilitics calculated from the reversal 
potential (internal Cs + ) 

Experiment Reversal potential E, I mV) 

K-ASW Rb-ASW NH4-ASW 
810311B - -  58.0 0,0 
810313 (Figs. 6 & 7) - -  48.0 - -  
810318 - -  32.0 - -  
810320 (Figs. 4 & 6) 51.0 50.0 39.0 
810408 (Figs. 3 & 8) 50.0 45.0 10.0 
810209 (Figs. 6 & 7) 58.0 - -  - -  
Mean +- sD 54.7 -+ 4.9 46.6 -+ 9.5 24.5 

Permeability ratio Py/Pc~ 

810311B - -  10.6 1.0 
810313A - -  7.1 - -  
810313B - -  3.7 - -  
810320 7.8 7.8 4.8 
810408 7.4 6.6 1.5 
810209 11.0 - -  - -  
Mean --- SD 8.7 --+ 2.0 7.1 + 2.5 2.4 

pected to be larger, the last 5 msec of 30-msec 
records were considered to represent K + current 
flowing through the delayed system. Whence, the 
values of the current for the l-Vm curves were mea- 
sured at 30 msec, unless otherwise noted. It is as- 
sumed that at this time only the delayed channels 
are conducting and, therefore, the reversal poten- 
tials measured are used to determine the selectivity 
of that system of K-channels exhibiting delayed ac- 
tivation. The membrane current records shown in 
Figs. IA and 1B can be used to check whether or 
not the reversal potential for the other component 
of the potassium currents (the early transient com- 
ponent) is similar to that of the late sustained com- 
ponent. 

Figure 2 shows the I-Vm curves calculated from 
the membrane current records shown in Fig. lB. It 
can be seen that the reversal potential in Rb-ASW is 
6 mV smaller than the reversal potential in K-ASW 
and that in NH4-ASW is approximately -40 mV. 
With a value for the difference Er, r-Er,x obtained 
from Fig. 2, solving Eq. (2) for PY/Px, one gets PRb/ 
PK = 0.8 and PNH4/PK = 0.16. It should be noted 
that in the experiments with external NH~- and in- 
ternal K + the inward currents were very small and, 
therefore, the reversal potential Er, y could not be 
determined accurately. 

The analysis of the currents recorded in NH4- 
ASW may be further complicated by side effects of 
the external NH4-ASW. It has been shown that an 
increase in internal pH occurs due to entry of NH3 
(Boron & De Weer, 1976; Mullins et al., 1983). Al- 
though the solution in pools C and E was buffered 

with I0 mM Tris C1, it is possible that the pH of the 
axoplasm in pool A increased, causing an increase 
in the leakage conductance (Rojas & Atwater, 
1968). 

Two experiments in which K-ASW and Rb- 
ASW were tested in the same axon gave different 
Er.Rb values, namely 7 mV (experiment 810311A) 
and -4.4 mV (experiment 810318). As the reversal 
potential measured in K-ASW was greater than the 
reversal potential calculated assuming that the ac- 
tivity coefficient for potassium inside the axon is 
identical to that in the solutions in pools C and E, 
the potential Er measured in Rb-ASW was adjusted 
by adding 1.6-E,.K to Er,Rb. Since the permeability 
sequence calculated from these two Er,Rb values 
(--4.4 and 7 mV) is opposite in each experiment, it 
is impossible to draw a quantitative conclusion 
about the ratio PRJPK. 

RELATIVE PERMEABILITIES 

WITH INTERNAL CAESIUM 

The results indicate that although NH~- is a current 
carrier for the delayed K systems, this cation is 
significantly less permeant than Rb +. In order to 
increase the size of the inward NH~- currents, ex- 
periments were performed using CsF as the internal 
solution (see Table I). 

Figure 3 shows three sets of records of ionic 
currents from one experiment in which the external 
solution was either K-ASW (upper part), NH4-ASW 
(middle part) or Rb-ASW (lower part). In this ex- 
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Fig. 3. Potass ium,  rubidium and a m m o n i u m  inward currents.  
Exper iment  810408: cut  ends  of  the fiber in a CsF solution. Hold- 
ing potential,  - 9 5  inV. The solution in pool A (at 14~ is indi- 
cated above each set o f  current  records.  Vertical calibration: 2.5 
mA/cm -~ for runs in K- and Rb-ASW: 1.3 mA/cm-' for runs in 
NH4-ASW. 

periment l0 consecut ive runs were made, five in 
Rb-ASW, one in K-ASW, two in Rb-ASW and two 
in N H 4 - A S W .  To obtain each current trace shown 
on Fig. 3, four inward current records were aver- 
aged (! sec between the sweeps). It may be seen 
that inward currents are present  in the three cases. 
It should also be noticed that with Cs + inside the 
size of the inward currents is larger than in the ex- 
periments with K + inside (compare the set of rec- 
ords in the middle part of  Fig. 3 with the set shown 
in the lower part, left side, in Fig. 1B). It is possible 
that some Rb +, K + and NH2 accumulated inside the 
segment of the fiber in pool A. For  this reason any 
outward component  of the currents (not shown) 
should not be attributed to Cs + alone and the rever- 
sal potentials determined should be considered as 
lower limits. 

For  the experiment  illustrated in Fig. 3 relative 
permeabilities calculated using Eq. (1) (and reversal 
potentials from the corresponding I-V, curves) are: 
PK/PCs = 7.4, PRb/PCs = 6.6 and PNH4/Pcs = 1.5. 
From these ratios one can calculate PRb/PK = 0.89 
and PNH4/PK = 0.2. These derived ratios are larger 
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Fig. 4. Current-voltage curves  at 30 msec with the axon in K-. 
Rb- or NH4-ASW. Experiment  810320: cut ends of the fiber in 
CsF  solution and holding potential - 9 0  inV. Solution in pool A at 
14~ as follows: II, K-ASW;  Q, Rb-ASW; 0 ,  NH4-ASW. The 
dashed curve was calculated with Eq. (3) f rom the values of  the 
currents  in K - A S W  and using PK/Pcs = 7.8 and PNH4/Pcs = 4.8 

than those calculated directly with the data in Fig. 2 
and Eq. (2), namely 0.8 and 0.16, respectively. 

Figure 4 illustrates the I-Vm curves for an axon 
with the cut ends in CsF solution and bathed in K- 
ASW (IlL Rb-ASW (O) or NH4-ASW ( 0 ) .  It may 
be seen that in NH4-ASW the current reverses at a 
potential approximately l0 mV smaller than in K- 
ASW. The relative permeability PNH4/Pcs is calcu- 
lated as 4.8 while PK/PCs equals 7.8. 

For  the currents in Rb-ASW, the reversal po- 
tential is 50 mV and the permeability ratio PRb/PCs is 
7.7. Here again, the derived ratios, namely, PRb/PK 
= 0.99 and PNH4/P K = 0.62, are greater than the 
ratios calculated directly from the data in Fig. 2. 

Table 2 summarizes the data available. It may 
be seen that Rb + is as good a current carrier as K + 
in the delayed system and that NH2 can pass 
through the delayed system more easily than Cs +. 
Since in all the experiments the current record at 
the reversal potential of the delayed system did not 
exhibit t ime-dependent  components ,  i.e. no inward 
or outward components  of the specific ionic cur- 
rents could be detected,  it seems logical to consider 
that this potential was also the reversal potential for 
the early transient component .  

In order  to determine if currents in NH4-ASW 
(I') can be predicted from the currents in K-ASW (/) 
using the independence principle (Hodgkin & Hux- 
ley, 1952a), the following equation, similar to that 
in Binstock and Lecar  (1969), was used: 

1' = {a[X]o + /3[Y]o - (,8[Y][ + [Z],) exp(FWRT)} 
I {ce[X]o + /3[Y]o - (/3[Y]i + [Z]i) exp(FV/RT)i (3) 
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Table 3. Kinetic and steady-state  parameters  for the inward current  components  ~' 

(a) (b) (c) (d) (e) (f) (g) V, Temp 

V M 7",,i 7hK -- iKl,pcak -- iKi ....... 7o, -- iK 2 ....... ( m V ) (~ 
(mV) (msec) (mA/cm -~) (msec) (mA/cm -~) 

1) Internal K + 
810315 (K-ASW) 

- 5 0  4.1 4.0 1.27 13.00 5.5 1.73 - 120 t4.0 
- 4 0  3.3 5.7 3.80 18.75 7.4 3.91 
- 2 0  2.2 4.6 3. l I 13.86 5.1 4.03 

810314 (Rb-ASW) 
- 6 0  4.9 29.3 0.83 1.46 17.3 0.46 - 120 14.5 
- 5 0  3.2 23.4 0.80 1,15 14.2 0.64 
- 4 0  2.3 11.2 0.78 1.73 9.0 0.91 
- 3 0  1.8 6.8 0.64 1.65 6.4 0.88 

2) Internal Cs + 
810209 (K-ASW) 

0 3.1 3.4 1.58 12.80 4.4 3.84 - 130 13.0 
10 2.5 3.9 1.60 9.28 4.1 3.52 
20 2.3 3.8 1.54 8.80 4.0 3.36 
30 2.7 3.7 1.38 8.96 4.0 2,88 
40 2.3 2.5 0.89 7.20 3.2 2.56 

810320 (NH4-ASW) 
- 3 0  4.7 5.9 0.14 0.80 7.1 0.19 - 9 0  14.0 
- 1 0  4.6 5.7 0.31 2.01 6.3 0.43 

0 3.3 3.5 0.33 2.77 5.3 0.53 
+10 2.3 2.8 0.38 - -  4.6 0.55 

810313 (Rb-ASW) 
- 5 7  4.7 24.0 0.09 0.18 14.7 0.11 - 117 14.0 
- 4 7  4.8 11.9 0.15 0.48 10.6 0.25 
- 3 7  4.0 6.1 0.20 1.13 7.8 0.37 
- 1 7  1.9 5.0 0.23 0.57 6.6 0.59 

In exper iments  performed at temperatures  different from 14~ time constants  were corrected for this temperature  a s suming  a Q~0 of  3. 
(e): iK~ values corrected for inactivation. (g): m a x i m u m  i~ z values. 

where [ ]o represents chemical activity outside, 
[ ]i chemical activity inside the fiber, Z represents 
the reference cation, a = Px/Pz, fl = Pr/Pz and F~ 
R T  has the same meaning as for Eq. (1). 

The values obtained are plotted against mem- 
brane potential in Fig. 4 (dashed curve). It can be 
seen that the agreement between the predicted and 
the experimental values is good, indicating that un- 
der the experimental conditions used here the inde- 
pendence principle is obeyed. 

For the currents in Rb-ASW, although the re- 
versal potential is similar to that in K-ASW (see 
Fig. 4), the measured currents are smaller than the 
values calculated using Eq. (3). 

S E P A R A T I O N  OF I N W A R D  P O T A S S I U M ,  

R U B I D I U M  AND A M M O N I U M  C U R R E N T S  

INTO T W O  C O M P O N E N T S  

Inward currents in K-, Rb- or NH4-ASW exhibited 
complex kinetics which could be analyzed in terms 
of an early transient plus a delayed component. 

Shown in Fig. 5 is the analysis of two records 
made in K-ASW (left side) and of three records 
made in Rb-ASW (right side). In both cases the in- 
ternal solution was KF. It may be seen that after an 
initial peak value, the current decreases and then 
settles to a higher steady value. The last 10 msec of 
the inward current records shown in Fig. 5 (used to 
calculate the steady-state value and to generate the 
delayed component) are likely to contain a small but 
significant contribution from the transient compo- 
nent. For this reason the separation of the two com- 
ponents of the currents is not as accurate as in the 
case of outward currents recorded with K-free 
ASW in pool A. The solid lines represent fitted 
curves which provide a reasonable description of 
the experimental points. 

With internal Cs + instead of K +, larger inward 
currents were recorded in NH4-ASW. The analysis 
of some of these current records, together with the 
records of inward currents recorded in K- or Rb- 
ASW are presented in Fig. 6. Again, the measured 
currents (represented by the points) are well de- 
scribed by the sum Of two components (the solid 
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Fig. 5. Analysis of the inward 
currents recorded with the fiber 
in K- or Rb-ASW. L~:ft side: 
Experiment 810315 with KF 
inside the axon. Solution in pool 
A, K-ASW at 14~ Right side: 
Experiment 810314 with KF 
inside the axon. Solution in pool 
A, Rb-ASW at 14.5~ Absolute 
membrane potential during the 
pulses is given in mV next to 
each set of records. Interval 
between points = 100/zsec. 
Solid lines represen~ fitted 
curves obtained as described in 
Quinta-Ferreira et al. (1982b) 
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Fig. 6. Analysis of the inward 
currents carried by potassium, 
rubidium or ammonium. Left side: 
currents recorded with the fiber in 
K-ASW at 13~ Experiment 
810209. Holding potential - 130 
inV. Vertical calibration: 2 
mA/cm 2. Middle: currents 
recorded with the fiber in 
NH4-ASW at 14~ Experiment 
810320._ Holding potential - 90  
inV. Vertical calibration: 0.45 
mA/cm 2. Right side: currents 
recorded with the fiber in Rb-ASW 
at 14~ Experiment 810313. 
HoLding potential -117 mV. 
Vertical calibration: 0.35 mA/cm 2. 
For the three fibers the internal 
solution was CsF. Solid lines 
represent fitted curves 

lines represent fitted curves). Based on these 
results, it can be concluded that Rb + and NH• are 
permeant in both potassium systems. 

The activation time constants of the currents 
obtained from the separation of the two compo- 
nents (as illustrated in Fig. 6) are plotted as a func- 
tion of membrane potential in Fig. 7. 

In this figure, the points corresponding to mem- 
brane potentials more negative than -18 mV were 
obtained from the analysis of inward currents in Rb- 
ASW (e). Those in the range from -30 to l0 mV 
were obtained from the analysis of records made in 
NH4-ASW ( � 9  and the points at positive membrane 

potentials represent data in K-ASW (B). The 
dashed line was calculated using the empirical rate 
constant functions described in Quinta-Ferreira et 
al. (1982b). The values were adjusted to 14~ as- 
suming a Q~0 of 3 and the calculated time constants 
were multiplied by 2. Numerical values are given in 
Table 3. 

In general the activation time constants de- 
crease gradually as the membrane potential is made 
more positive in much the same way as the time 
constants for the outward currents (Quinta-Ferreira 
et al., 1982b). This observation suggests that the 
rate at which channels open in the presence of high 
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Fig. 7. Voltage dependence of the activation time constants. A. 
Activation time constant for transient component of the cur- 
rents. O, Experiment 810313 from Fig. 6; 0 ,  Experiments 
810320 (from Fig. 6) and 810408; I ,  Experiment 810209 from Fig. 
6. All time constants were adjusted to 14~ assuming a Qt0 of 3. 
Dashed line was calculated using the empirical equations for the 
rate constants given in Quinta-Ferreira et al. (1982b) divided by 
2. B. Activation time constants for the delayed component. Val- 
ues from the same experiments as in part A. Dashed line: calcu- 
lated using the empirical equation given in Quinta-Ferreira et al. 
(1982b). This curve was corrected to take into account the tem- 
perature difference (factor 1.55) and multiplied by 1.95 
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Fig. 8. Effects of external sodium on the delayed inward and 
outward currents. A. Experiment 810314: holding potential - 120 
inV. Cut ends of the fiber in a KF solution, 0 ,  Rb-ASW at 
14.5~ O, 235 mM Rb + 235 mM Na+ASW. The dotted curve 
was obtained from the values of the currents in Rb-ASW using 
Eq. (3) in the text with PRb/PK = I and PN;,/PK = 0.0. B. Experi- 
ment 8104/)8: holding potential 95 inV. Internal CsF. Tempera- 
ture 14~ The dotted curve was obtained from the values of the 
currents at 60 msec in Rb-ASW using Eq. (3) and P~flPu, = 6./) 
and PNJPc, = I).1). 0 ,  Rb-ASW; O, 235 mM Rb + 235 mM Na- 
ASW 

concentrations of either K +, Rb + or NH~ is half of 
that measured in K-free ASW. 

EFFECTS OF EXTERNAL SODIUM IONS 

The experiments presented in the preceding section 
were designed to measure permeability ratios�9 They 
were performed using an ASW in which all the Na + 
was replaced by a given test cation. To measure any 
possible blocking effects of the cation X not pre- 
dicted by Eq. (3), experiments were carried out in 
which the concentrat ion of  Na + was varied keeping 
the sum [Na+]o + [X+]o constant at 470 raM. 

Shown in Fig. 8 are four I-Vm curves obtained 
with either internal K + (A) or Cs + (B). The dotted 
curves were calculated using Eq. (3). For  positive 
membrane potentials there is excellent agreement 
between the measured and predicted values. At 

negative membrane potentials, however,  the mea- 
sured currents are greater than the predicted val- 
ues. The most likely explanation for this discrep- 
ancy is that at 30 msec, when the currents were 
measured, the transient component  was still 
present. 

It may be tentatively concluded, therefore, that 
the external application of Na + does not block the 
cation flow in the delayed system�9 In the case of 
internal application of Na +, however,  the situation 
is quite different (see Quinta-Ferreira et al., 1982b). 
The reduction in outward potassium currents with 
internal application of  150 mM Na + is greater than 
that predicted on the basis of the independence 
principle�9 The I-V curve measured with 150 mM 
Na + plus 350 mM K + inside exhibits saturation as 
the membrane potential reaches 50 mV during the 
pulse�9 This phenomenon has also been observed in 
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the squid giant axon (Bezanilla & Armstrong, 1972). 
This asymmetrical response of the membrane to the 
application of Na + suggests that there are internal 
sites in both types of potassium channels with 
greater affinity for Na + than for K +. 

Discussion 

The most important conclusion from the work re- 
ported in this paper is that Rb +, NH4 ~ and Cs + are 
permeant in the two K+-conductance systems of the 
crab giant axon (Connor, Walter & McKown, 1977; 
Quinta-Ferreira et al., 1982b). Both systems 
showed similar relative permeabilities calculated 
using the Goldman-Hodgkin-Katz equation and 
measured reversal potentials. 

PERMEABILITY SEQUENCE IN CRAB AXON 

COMPARED WITH THAT IN OTHER PREPARATION 

Both in the squid giant axon at rest (Hagiwara et al., 
1972) and in the delayed K + channel of the node of 
Ranvier (Hille, 1973) and of the squid giant axon 
(Chandler & Meves, 1965; Moore et al., 1966; Bin- 
stock & Lecar, 1969), the sequence of permeabili- 
t i e s  a p p e a r s  to  be :  PK > PRb > PNH 4 > Pcs  = PNa. 
The sequence found in this study is identical. 

While the ratio PNH4/PK in this work was found 
to be smaller than 0.2, for the squid giant axon 
larger values are reported, namely 0.26 (Binstock & 
Lecar, 1969) and 1.0 (Moore et al., 1966). 

The average P c s / P K  value obtained from Table 2 
is 0.1 I. This selectivity ratio is larger than the val- 
ues reported for other preparations (Gorman, 
Woolum & Cornwall, 1982). However, it should not 
be forgotten that this value was obtained from the 
reversal potential in experiments with CsF inside. 
The concentration of the permeant K § inside was 
taken as zero. During the inward K § currents, a 
substantial increase in K § concentration inside the 
axon took place which, when taken into account in 
the calculations with Eq. (1), should decrease this 
value. 

EFFECTS OF EXTERNAL POTASSIUM, RUBIDIUM 

AND A M M O N I U M  ON KINETIC PARAMETERS 

We have seen that the rate constants for activation 
of the potassium systems are halved in K-ASW ( s e e  

Fig. 7). Similar results have been obtained in the 
squid giant axon (Swenson & Armstrong, 1981) who 
showed that K § channels close more slowly in ei- 
ther high K § or Rb+-ASW. One possible explana- 
tion for this effect is that external K + interacts with 
the gating structure of the channels. The depen- 

dence of channel gating on the nature and concen- 
tration of the external permeant cations has been 
reported in various preparations. In squid giant ax- 
ons an increase in external potassium not only re- 
duces the rate of K § channel closing (Swenson & 
Armstrong, 1981) but also reduces the rate of inacti- 
vation of the sodium conductance, and its steady- 
state value (Adelman & Palti, 1969). In myelinated 
nerve fibers high external K § reduces the rate at 
which the potassium conductance is turned off on 
repolarization (Dubois, 1981). On the other hand, 
the kinetic parameters of chemically activated 
channels are also affected by certain external cat- 
ions (Marchais & Marty, 1979). 

Swenson and Armstrong (1981) proposed that 
the K + channels are prevented from closing when 
K + (or Rb +) ions occupy a site close to the external 
entrance to the channel. 

Assuming a two-state transition for the activa- 
tion gates (Tsien & Noble, 1969), it has been shown 
that the forward and backward rate constants are 
given by the equations 

~(V) = exp[(a(l - z ) ( V  - V,,) - 6 e ) k T ]  (4a) 

[3(V) = e x p [ ( - a x ( V  - V,,) - g e ) k T ]  (4b) 

where a represents the effective valence of the 
gates, X is a reaction coordinate such that 0 < X < 1, 
V, represents the transition potential and 8X repre- 
sents the nonelectrostatic contribution to the en- 
ergy barrier (Rojas, 1975). A reduction in the value 
of the rate constants may be induced by either a 
reduction in the effective valence a or by an in- 
crease in the size of the nonelectrostatic contribu- 
tion to the energy barrier ~e. Figure 7 clearly shows 
that, in the range from -50 to +50 mV the voltage 
dependence of (c~ + /3) -~ determined in K-ASW is 
similar to that determined in Na-ASW. It is likely, 
therefore, that the parameter affected is 6e ,  as any 
change in the effective valence a, the transition po- 
tential V,, or the fraction of the electric field acting 
on the gates would change the slope of the dashed 
curve in Fig. 7 and its position on the voltage axis. 
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