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A B S T R A C T Instantaneous K channel current-voltage (I-V) relations were deter- 
mined by using internally perfused squid axons. When K was the only internal 
cation, the I-V relation was linear for outward currents at membrane potentials 
up to +240 mV inside. With 25-200 mM Na plus 300 mM K in the internal 
solution, an N-shaped I-V curve was seen. Voltage-dependent blocking of the K 
channels by Na produces a region of negative slope in the I-V plot (F. Bezanilla 
and C. M. Armstrong. 1972. J. Gen. Physiol. 60: 588). At higher voltages (~ 160 
mV) we observed a second region of increasing current and a decrease in the 
fraction of the K conductance blocked by Na. Internal tetraethylammonium 
(TEA) ions blocked currents over the whole voltage range. In a second series of 
experiments with K-free, Na-containing internal solutions, the 1-V curve turned 
sharply upward at about + 160 mV. The current at high voltages increased with 
increasing internal Na concentration and was largely blocked by internal TEA. 
These data suggest that the K channel becomes substantially more permeable to 
Na at high voltages. This change is apparently responsible for the relief, at high 
transmembrane voltages, of the blocking effect seen in axons perfused with Na 
plus K mixtures. Each time a Na ion passed through, vacating the blocking site, 
the channel would transiently allow K ions to pass through freely. 

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

Only a m m o n i u m ,  rubidium,  and thallium i o n s - o t h e r  than p o t a s s i u m - h a v e  
been shown to carry cur rent  with relative ease t h rough  the K conductance  
pathway of  nerve axons (Binstock and Lecar,  1969; Hille, 1973; Bezanilla and 
Armst rong ,  1972). By contrast,  a variety o f  inorganic and organic ions are able 
to cause blocking effects on the K currents  (see French and Adelman,  1976, for 
a recent  review). Chandler  and Meres (1965), using perfused squid axons, 
showed that replacement  o f  part  o f  the internal potassium by sodium, rubidium,  
cesium, or choline reduced the steady-state outward K currents below independ-  
ence principle predictions. Since that time, the blocking action o f  internal 
sodium has been conf i rmed and fur ther  described in the work ot ~ Bergman  
(1970), Adelman and Senft (1971), Bezanilla and Arms t rong  (1972), and Fran- 
kenhaeuser  and  Arhem (1975). 

Bezanilla and Armst rong  (1972) showed that sodium, as well as cesium and 
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l i t h ium,  p r o d u c e d  a b lock  o f  K c h a n n e l  c u r r e n t s  t ha t  was su f f i c ien t ly  vo l t age  
d e p e n d e n t  to cause  a r e g i o n  o f  n e g a t i v e  s lope  in t he  pos i t ive  q u a d r a n t  o f  the  
c u r r e n t - v o l t a g e  r e l a t i o n .  T h e  b lock  o n s e t  was r a p i d  e n o u g h  to p r o d u c e  the  
r e g i o n  o f  n e g a t i v e  s lope  in b o t h  t he  i n s t a n t a n e o u s  a n d  t h e  q u a s i - s t e a d y - s t a t e  
" i s o c h r o n a l "  I - V  plots .  As p a r t  o f  the  p r e s e n t  s t u d y  we e x t e n d e d  the  o b s e r v a -  
t ions  on  the  b l o c k i n g  ac t ion  o f  i n t e r n a l  s o d i u m  ove r  a c o n s i d e r a b l y  w i d e r  r a n g e  
o f  N a  c o n c e n t r a t i o n s  a n d  vol tages .  T h e  I - V  c u r v e  b e c a m e  N - s h a p e d ,  s u g g e s t i n g  
a r e l i e f  o f  t he  b lock  at h i g h ,  i n t e r n a l l y  posi t ive  t r a n s m e m b r a n e  vol tages .  

A f u r t h e r  ser ies  o f  e x p e r i m e n t s  with K - f r e e ,  N a - c o n t a i n i n g  i n t e r n a l  so lu t i on  
i n d i c a t e d  tha t ,  at  the  h i g h e r  vo l t ages ,  t he  K c o n d u c t a n c e  p a t h w a y  b e c a m e  
a b n o r m a l l y  p e r m e a b l e  to t he  s o d i u m  ions .  Th i s  ra ises  the  q u e s t i o n  o f  w h e t h e r  
t h e r e  is a r eve r s ib l e  s t r u c t u r a l  d i s t o r t i o n  o f  a select ivi ty  f i l te r  at  the  h i g h e s t  f ie ld  
s t r e n g t h s  u s e d ,  o r  w h e t h e r  s o m e  o t h e r  m e c h a n i s m  is r e s p o n s i b l e  fo r  the  
i n c r e a s e d  ease  wi th  which  N a  ions  pass  t h r o u g h  the  K c h a n n e l .  

A p r e l i m i n a r y  r e p o r t  o f  t h e s e  resu l t s  has  b e e n  p r e s e n t e d  ( F r e n c h  a n d  Wel ls ,  
1977). 

M A T E R I A L S  AND M E T H O D S  

Experimental Preparation 

The experiments  which are described in this paper  were carried out  on single, cleaned 
giant axons isolated from the hindmost  stellar nerve of  the squid Loligo pealei. Axons 
were internally perfused with a variety of  solutions, described in detail below, and a low- 
impedance,  axial wire voltage clamp system was used to control membrane  potential.  
Internal  and external  voltage-sensing electrodes were glass pipets of  80-100-~m tip 
diameter ,  filled with 0.5 M KCI in 1-2% agar. The  axial wire was fixed concentrically 
within the perfusion cannula. Ins t rumenta t ion and methods were based on those 
described in earl ier  publications by Adelman and Palti (1969), Binstock et ai. (1975), and 
Adelman and Gilbert (1964). 

When initially perfused with the control  300 mM K internal solution and bathed 
externally in artificial seawater (ASW), the axons used for these experiments  had resting 
potentials at least as negative as - 5 0  mV (inside minus outside). Axons perfused with 
the phospha te -buf fe red ,  f luor ide-g lu tamate  mixtures ,  conta in ing 300 mM K and 
various Na concentra t ions ,  mainta ined quite stable rest ing potentials  over per iods  up  
to several hours.  For experiments  of  this type repor ted  here,  the greatest d rop  in 
resting potential seen on re turn ing  the axon to control solutions at the end of  an 
exper iment  was 9 mV. Resting potentials also recovered well after perfusion of  the 
axons with K-free solutions for periods of  10-20 min, but  prolonged exper iments  of this 
type led to greater  deter iorat ion.  

Axons were routinely set up in ASW and checked with a depolarizing pulse for the 
ability to generate a membrane action potential.  After  th e voltage clamp was t r immed,  
the external  medium was changed to a tetrodotoxin-containing solution (TTX-ASW) in 
o rder  to observe K channel currents without the complication of  the occurrence of  
transient Na channel currents.  

Solutions 

Axons were initially bathed in ASW of the following composition: 430 mM NaC1, 10 mM 
KC1, 50 mM Mg C12, 10 mM CaCI~, and 10 mM Tris ( t r is-hydroxymethylaminomethane)  
buffer.  The  Tris was added  either as preset  buffer  (Sigma Chemical Co., St. Louis, 
Mo.), pH 7.0, or as Tris base. In the latter case, the HCI was added  to adjust the pH to 
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7.0 --+- 0.1 at a room temperature  of  about 20°C. This procedure gives a pH of  about 7.4 
at the chamber temperatures of  about 9°C. For the measurement  of  K channel currents,  
0.5 /zM tetrodotoxin was routinely included in the solution (TTX-ASW) along with the 
above constituents. 

Internal solutions used in most of  these experiments were buffered with 25 mM 
HPO4 =. The  remaining anions in these solutions consisted of  a mixture of  fluoride and 
glutamate and pH was adjusted to 7.3-7.4 by addition of  small amounts of  free glutamic 
acid. The  composition of  these solutions is adapted from the standard internal solution 
used by Narahashi and his co-workers (see Yeh et ai., 1976). 

Although it would have been preferable to carry out the experiments with solutions 
of  the same ionic strength, the usual impermeant  ions used in ion substitution studies 
on the Na channel - -Tr is ,  te t ramethylammonium (TMA), and c h o l i n e - a r e  all quater- 
nary ammonium ions. Because many quaternary ammonium ions block the K channel 
when present inside the axon (Armstrong, 1971; Chandler  and Meves, 1965), we decided 
to vary the ionic composition of  our  internal solutions by substituting added ions for 
equimolar amounts of  sucrose. 

In Table I we give details of  composition of  internal solutions used in experiments 

T A B L E  I 

C O M P O S I T I O N  OF I N T E R N A L  S O L U T I O N S  

G|uta-  

Solut ion  K + Na ÷ TEA* Tris  ~ m a t e -  F-  CI-  H P O , "  Sucrose 

Control 300 200 50 25 505 
300 K 

300 K, xNa 300 x 200 50 + x 25 505 - 2x 
300 K, 300 100 40 200 150 40 25 2~5 

100 Na, TEA 
150 Na 
450 Na 
450 Na, TEA 
150 Na, 6 K* 
300 KF 
30ff K, 

50 Tris 

150 50 50 25 805 
450 350 50 25 205 
450 40 350 50 40 25 125 

6 150 50 56 25 805 
300 10 300 10 460 
300 50 300 50 480 

* This solution, used in one experiment, was simply made by adding the appropriate quantity of 3 
M KF stock solution to a sample of the 150 Na solution. 
All concentrations are in raM. 

whose results are considered later in the paper. All chemicals used in preparation of  the 
solutions were of  analytical reagent grade if  available. Exceptions were as follows: 
dipotassium phosphate (Matheson Coleman and Bell, ~99% K,HPO4), sodium fluoride 
(Alfa Products, ultrapure), monosodium glutamate and monopotassium glutamate 
(Sigma Chemical Co., Sigma grade). 

From this point, solutions will be identified in the text by the names assigned in the 
first column of  Table I. 

Junction Potential Determinations 

In order  to correct the membrane potential measurements for diffusion potentials 
generated at the tips of  the voltage measuring electrodes, liquid junction potentials were 
estimated as follows. Two small beakers, one for external solution and the other  for 
internal solution, were connected by a salt bridge (3 M KCI in 3% agar). Initially, with 
both voltage-recording pipets in the external solution beaker, the output  o f  the 

D
ow

nloaded from
 http://rupress.org/jgp/article-pdf/70/6/707/1246732/707.pdf by guest on 22 April 2021



710 THE JOURNAL OF GENERAL PHYSIOLOGY' VOLUME 7 0 "  1977 

different ia l  voltage ampl i f ie r  was set to zero. T h e n  the voltage between two beakers  of  
ASW was checked to ensure  that  no potent ial  d i f fe rence  was being genera ted  in the salt 
br idge.  T h e r e a f t e r ,  the  potential  d i f fe rence  be tween the beakers  was measu red  with the 
internal  pipet  in one  o f  the per fus ion  fluids. Since the potentials at the salt br idge-  
solution in ter laces  should be d o m i n a t e d  by KC1 di f fus ion,  the  voltage measu red  in this 
way gives the sum of  liquid junc t ion  potentials  gene ra t ed  at the tips o f  the voltage- 
r eco rd ing  pipets.  

T h e  s tandard  deviat ion tbr r epea ted  measu remen t s  with the same pair of  solutions 
was 1 mV.  T h e  only changes  in junc t ion  potent ial  that  were found  to be grea te r  than 
this were  corre la ted  with substantial changes  in the ionic s t rength o f  one  of  the 
solutions.  Measured  junc t ion  potentials are p resen ted  in Table  II .  T h e  app rop r i a t e  
values were subtracted f rom all measured  values o f  t r a n s m e m b r a n e  voltage.  

T A B L E  I I  

J U N C T I O N  P O T E N T I A L S  M E A S U R E D  FOR T H E  V A R I O U S  
I N T E R N A L  S O L U T I O N S  USED 

Solution Junction potential 

Control 300 K -2.2 
300 K, 10 Na -2.3 
300 K, 25 Na -2.1 
300 K, 50 Na -1.7 
300 K, 75 Na -1.3 
300 K, 100 Na -1.0 
300 K, 200 Na 0.0 

150 Na -8.2 
450 Na - 1.0 
450 Na, TEA -0.7 

300 KF -3.7 
300 K, 50 Tris -2.2 

Determination of Instantaneous and Steady-State 1-V Relations 

We use the t e rm "steady-state" cu r r en t  to deno te  cu r ren t  measu red  at the end of  a 10- 
ms voltage c lamp pulse f rom the ho ld ing  potential .  At this point ,  u n d e r  ou r  expe r imen ta l  
condi t ions,  the K cur ren t  and  presumably  the conduc tance  had at ta ined values that  
were essentially invar iant  with t ime (see Fig. 1, u p p e r  f rame,  end  of  first pulse). 
Cur ren t s  measured  in this m a n n e r  might  more  strictly be t e rmed  " isochronal"  according  
to Bezanilla and A r m s t r o n g  (1972). However ,  " ins tantaneous"  cur ren ts ,  as de f ined  
below, are  isochronal  in a similar sense, but  on a d i f fe ren t  t ime scale, so we adhere  to 
the  t radi t ional  t e rm,  steady state. T h e  magn i tude  of  the steady-state cu r r en t  is in part  
d e t e r m i n e d  by the a m o u n t  o f  per iaxonal  K accumula t ion  du r ing  the pulse (Franken-  
haeuser  and  Hodgk in ,  1956; Ade lman  et al., 1973) but  this does not  compl ica te  the 
in te rpre ta t ion  o f  ou r  data.  

In o r d e r  to de t e rmine  the ins tantaneous  I -V relat ion,  a 120-mV prepulse  o f  10 ms 
dura t ion  was appl ied  across the m e m b r a n e .  A l t h o u g h  a small,  t i m e - d e p e n d e n t  increase 
in cu r r en t  is seen af ter  steps to voltages in the range  o f  120-240 mV (Fig. 1, lower 
f rame) ,  the prepulse  is clearly suff icient  to activate almost  fully the K conductance .  T h e  
ins tantaneous  cu r ren t  is taken as the value d e t e r m i n e d  f r o m  the digital  record  100 p.s 
af ter  the step to the new voltage f rom the prepulse  level. T h e  t ime interval  o f  100 p.s is 
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sufficiently long that the contamination of  the record by the capacitative current  should 
be negligible, and sufficiently short that the number  of  K channels open should be 
essentially the same as at the end of  the prepuls'e. K conductance changes are relatively 
slow and small for the range of  voltages of  interest. The  instantaneous I-V data from 

V 

V 

2 m A / c m  2 1 

2 ms 
FIGURE I. A family of  current  and voltage records from an axon internally 
perfused with a solution containing 300 mM K +, 25 mM HPO4 =, 200 mM 
glutamate. External solution TTX-ASW. Experiment  76.49, temperature  9.0- 
9.3°C, holding potential - 5 8  inV. Upper records, depolarizing and hyperpolarizing 
pulse sequences of  equal magnitude were applied to measure the steady-state K 
channel current  and leakage. Voltage was stepped up and down from the holding 
potential to a series of  levels separated by 20-mV intervals. In each pair of  
contiguous pulses, the first pulse is o f  10 ms duration, and the second, whose 
magnitude is 10 mV less than the first, is of  2 ms duration. The  second pulse is 
not used in this presentation. Lower records, current  and voltage records used to 
determine the instantaneous I-V relation. There  were two contiguous 10-ms 
pulses for each trace. The  first is a 120-mV depolarizing pulse to open the K 
channels. For the second, the voltage was stepped up or down to a series of  levels 
spaced at 20-mV intervals. The  "instantaneous" current  was measured from digital 
records at 100 gs into the second pulse. 

our experiments may be considered representative of  those K channels that were 
opened by the prepulse. Th roughou t  the paper, V denotes voltage inside minus outside. 

Axons were always clamped at a holding potential near - 6 0  mV for at least 30 s 
before a pulse program was run.  The  entire pulse sequence to determine an I-V curve 
was run under  computer  control with rest periods of  8-10 s between each pulse pair. 
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R E S U L T S  

Sodium-Free Internal Solutions 

With potass ium as the only cation in the internal  solution, as in ou r  control  300 
K solution, the ins tantaneous  I - V  relat ionship is virtually l inear  t h rough  all 
positive voltages up  to at least V = 240 mV.  This  greatly simplifies the s tudy of  
the blocking action of  an ion such as sodium.  In  this respect  the choice of  
phospha te  as the bu f fe r  was significant. Earl ier  exper iments  repea ted ly  showed 
a slight f lat tening in the ins tantaneous  I - V  curve  at high voltages when Tris- 
bu f f e r ed  internal  solutions were used (Fig, 2, upper ) .  When Tris concentrat ions 
in the internal  solutions were raised above the normal  buf fe r  concentra t ions  a 
p r o n o u n c e d ,  vo l t age -dependen t  reduct ion in the K channel  cur rents  was seen 
(Fig. 2, lower). T h u s  Tris  is an unsuitable buf fe r  for  studies o f  this type.  We 
avoided the complicat ion o f  the presence  o f  internal  Tris by using phospha te -  
bu f f e r ed  internal  solutions while obtaining the rest o f  the data r epo r t ed  in this 
paper .  

Internal Solutions Containing Sodium and Potassium 

With an internal  solution containing 300 mM K and 200 mM Na, a distinct N- 
shaped  I - V  characteristic was observed.  This  can be seen in the records  of  Fig. 
3. Cur ren t s  dur ing  the prepulse  to V = +60 mV superpose .  In  successive 
traces, the voltage du r ing  the second pulse was decreased  f r o m  +240 mV to 
- 1 6 0  mV by 20-mV steps, except  that  there  is no trace for  a +60-mV second 
pulse. T h e  o rde r  in which the cur ren t  traces was r eco rded  is indicated on the 
f igure.  As the second pulse voltage decreased,  the cu r r en t  first decreased  then  
increased over  a 60-80-mV interval,  and finally decreased  monotonical ly  
t h r o u g h o u t  the rest o f  the range .  

For ou tward  K channel  cur rents ,  the cur ren t  records  show some slight, t ime- 
d e p e n d e n t  increase at voltages that were h igher  than the prepulse  level (left 
and center  f rames ,  Fig. 3). This  type of  behavior  was also observed  in the 
control  records  o f  Fig. 1. T h e r e  is, however ,  no crossing of  the records  for 
outward  currents ,  indicating that  the qualitative fo rm of  the I - V  curves is 
unchanged ,  regardless  o f  whether  one looks at the ins tantaneous  cur ren t  or  
the cu r ren t  at long times. Plotting currents  at the end  o f  the 10-ms second 
pulse would still yield an N-shaped  graph .  

Qualitatively similar results have been seen for f rog  node  K channel  when 
m e t h y l a m m o n i u m  (Hille, 1975) and  Cs ions (Palti and  Sdimpfli ,  unpubl i shed  
observations) ~vere in t roduced  internally t h rough  a cut in the in ternodal  region.  

Comparison of Instantaneous and Steady-State I-V Data 

In  Fig. 4 we present  ins tantaneous  and  steady-state I - V  plots for  a single axon 
pe r fused  first with the control  300 K solution, then with a 300 K, 100 Na 
internal  solution. For  both cases, at voltages between 0 and 100 mV,  instanta- 
neous and  steady-state currents  virtually superpose  on one ano the r ,  Since there 
is no a p p a r e n t  change  in the fraction o f  the K conductance  blocked by Na 
between 100 /zs and  10 ms into the pulse, the onset  o f  the Na-blocking effect 
must  be very rapid  with respect  to the response  t ime o f  the voltage c lamp.  T h e  
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FIGURE 2. Instantaneous I-V relations observed with Tris present inside the 
axon. Axons bathed externally in TTX-ASW in all cases. Upper,  a typical result 
obtained from an axon perfused with a solution containing 300 mM KF, 10 mM 
Tris-Cl and 460 mM sucrose. Experiment 76.50, temperature 8.5-8.8°C, holding 
potential - 56  mV. Lower, data taken with 300 mM K +, 50 mM Tris + compared to 
control runs with phosphate-buffered 300 mM K internal solutions (open circles 
before, closed circles after, exposure to Tris). Except for the buffer (25 mM 
H P O 4  =)  in the control solutions, the anions were F- and glutamate-. Remaining 
details of solution composition in Materials and Methods. Experiment 76.72, 
temperature 8.8-9.0°C, holding potenti~tl -58  inV. 
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blocking effect appears  to have reached a steady state by the time of  recording 
of  the instantaneous currents .  

Below 0 mV, the instantaneous and steady-state I -V  data differ due  to the 
influence o f  the normal  vol tage-dependent  activation of  the K conductance.  In 
this region, the K conductance  is a steep function of  voltage causing the steady 
state I -V plot to curve upwards as voltage increases. From the slight time 
dependence  of  currents at high voltages shown in Figs. 1 and 3, there  appears 
to be some increase in conductance  over several milliseconds at voltages over 
100 mV. This effect is small. 

Effect of Varying Internal Sodium Concentration 

By perfusing axons with internal solutions containing 300 mM K and Na 

I m A / c m  2 L_ 
2 ms 

FIGURE 3. Voltage clamp current records from an axon internally perfused with 
a solution containing 300 mM K +, 200 mM Na ÷, 250 mM F-, 200 mM glutamate-, 
25 mM HPO4 =, and 105 mM sucrose. The arrows indicate the sequence of current 
records as the voltage of the second pulse is stepped downward. Voltages: left 
frame-240,220, 200, 180, 160, 140 (traces for V = 160 and 140 superpose); center 
frame-120, 100, 80; lower f rame-40,  20, 0, -20, -40 . . . .  -140 inV. Note that 
the current increases as voltage decreases in the middle frame, indicating the 
region of negative slope in the I-V curve. Experiment 76.54, temperature 9.3- 
9.4°C, holding potential -60 mV. External solution TTX-ASW. 

concentrations between 0 and 200 mM we obtained families o f  I -V data of  the 
form illustrated in Figs. 5 and 6. In the instantaneous I -V plots of  Fig. 5, 
regions o f  negative slope are discernible in the graphs for all Na concentrat ions 
f rom 25 mM upward .  The  negative slope region appears  only over a restricted 
range o f  v o l t a g e s - r o u g h l y  between 80 and 160 mV, a l though the exact 
positions o f  the maxima and minima appear  to be slightly dependen t  on the Na 
concentra t ion.  T h e  segment  of  negative slope shifted lef tward along the 
voltage axis by a few millivohs as the concentrat ion o f  Na was increased over 
the range used. 

No substantial shifts in reversal potential were associated with the presence 
of  the internal Na at any of  the concentrat ions used. Bezanilla and Armst rong  
(1972) did observe negative shifts in the reversal potential when adding Na, Cs, 
and Li to the internal solution in the presence o f  the normal  internal K 
concentrat ion.  They  attr ibuted this shift to a decrease in the periaxonal K 
accumulation in the presence o f  the blocking ions. In our  experiments  a 
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FIGURE 4. Steady-state (filled triangles) and instantaneous (open triangles) I -V 
plots for an axon perfused with solutions containing the following cations: 300 
mM K + (upper) and 300 mM K + plus 100 mM Na ÷ (lower). Further details of  
solutions in Materials and Methods. Steady-state currents were the values at the 
end of  a 10-ms depolarizing pulse. Instantaneous currents were determined 100- 
/~s after a voltage step which followed a 10-ms depolarizing prepulse used to open 
the channels. Experiment  76.56, temperature  9.0-9.1°C, holding-potentials - 5 8  
mV (300 mM K) and - 5 9  mV (300 mM K plus 100 mM Na). External solution 
TTX-ASW. 
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somewhat  lower prepulse  voltage was u s e d - a b o u t  +60 m V - w h e r e a s  Bezanilla 
and A r m s t r o n g  used values in the ne ighbo rhood  of  + 120 mV. At +60 mV the 
blocking effect  is small (see Figs. 5 and 6) and  one consequent ly  would expect  
little d i f ference  between the accumula t ion  occurr ing  dur ing  the prepulse  for 
the control  and  for  the Na plus K internal  solutions. T h u s  the present  results 
are  in no way cont rad ic tory  to those r epo r t ed  by Bezanilla and  Arms t rong .  

As seen for  a single Na concentra t ion  in Fig. 4, the family o f  curves of  Fig. 5 
indicates that the currents  invariably increase with increasing voltage for  

I0 No 
8 

25 Na 

50 Na 

I00 Na 

200 Na 

I l , I 

FIGURE 5. Family of instantaneous I-V curves for an axon perfused with internal 
solutions containing 300 mM K ÷ and a series of Na + concentrations ranging from 
0 to 200 raM, as indicated in the figure. More details of the solutions in Materials 
and Methods. For an indication of the reversibility of the Na block of the K 
currents, see Fig. 6. Experiment 76.55, temperature 9.0-9.4°C. Holding potentials: 
-58 mV (0, 10, and 25 mM Na+), -59  mV (50 and 100 mM Na +) and -60  mV (200 
mM Na+). External solution TTX-ASW. 

t r a n s m e m b r a n e  potential  dif ferences  above - 1 6 0  mV.  T h a t  this reflects a 
genuine  reduct ion in the blocking effect  o f  the internal  sodium is emphas ized  
by the plot o f  relative cur ren ts  against  voltage in Fig. 6. Cu r r en t  data  has been  
expressed  as a fraction of  that  r ecorded  in the initial 300 K control  run .  For all 
sodium-conta in ing  solutions, the value o f  the ratio INa+K/I~ first decreases 
steeply as voltage increases. At the highest  voltages, Isa+x/IK was always 
increasing. This  is not  the result  that  one would expect  for  an i m p e r m e a n t  
blocking ion being dr iven into the channel  by an increasing electrochemical  
gradient .  

T h e  data for  the repea t  control  run  plot ted in Fig. 6 show clearly the 
reversibility of  the blocking effect  and  the stability o f  the axon  unde r  the 
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experimental  t reatment .  For  the initial control  run,  INa+x/lx -- 1 by definition. 
After voltage clamp runs with all o f  the sodium-containing internal solutions, 
the repeat  control  run  showed currents  within about  10% of  the initial values. 
This was regularly observed,  with the final currents usually a litde less, but 
sometimes slightly greater  than the initial values. 

1.0 

0 Na 
(after) 

0 .8  

0.6 

v 

V 

6 
z 0.4 

FIGURE 6. 

0.2 

I0 No 

2 5  Na 

50  Na 

I00  Na 

200  No 

0 F-. I 1 I I I 
o 60 Izo leo z4o  30o 

V in m i l l i v o l t s  

Data from the experiment of Fig. 5 plotted as the instantaneous 
current relative to that observed in the initial O mM Na + control run, against 
transmemhrane voltage. The repeat control run was done after perfusion of the 
axon with the whole series of Na+-containing solutions. Note that the relative 
current passes through a minimum and then increases at the high voltages. 
Experimental conditions as in the legend for Fig. 5. 

Currents are TEA Blockable at All Voltages 

In  Fig. 7 we present  two instantaneous I -V  plots o f  data obtained f rom axons 
perfused with solutions containing 300 mM K, 100 mM Na, first without and 
then with 40 mM te t rae thy lammonium (TEA) chloride. The  TEA-CI,  at this 
concentrat ion,  largely blocks the cur ren t  over the whole range o f  voltages 
explored.  It is thus unlikely that the upward  turn  in the I -V  curve at high 
voltages, beyond the normal  physiological range,  is due to the o p e n i n g  of  some 
nonspecific conductance pathway in the membrane .  
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1-V Data from Axons with Sodium as the Only Internal Cation 

In te rp re ta t ion  of  exper imen t s  of  this type is complicated to some extent  by the 
irreversible loss of  the m e m b r a n e  K conductance  when axons are pe r fused  with 
Na-containing,  K-free solutions (Chandler  and  Meves, 1970; Bezanilla and  
Arms t rong ,  1972). C u r r en t  traces r ecorded  unde r  voltage c lamp in one such 
e x p e r i m e n t  are shown in Fig. 8. In  this case currents  r ecorded  du r ing  perfus ion 
with the control 300 K solution were reduced ,  af ter  per fus ion  with the K-free 
solutions, to somewhat  less than  half  the values seen initially. Af ter  the initial 
control  run ,  the axon was per fused  successively with two solutions containing 

I 
-200 

2 

-4 

I (mA/cm 2) / ~ o  K 

I00 No 

30O K 
I00 No 
40 TEA 

zoo V(mV) 

FIGURE 7. Instantaneous I-V relations from an axon internally perfused with 
solutions containing 300 mM K + and 100 mM Na +, with (filled circles) and without 
(open triangles) internal tetraethylammonium (TEA +) ions to block K channel 
currents. Experiment 76.54, temperature 9.2-9.3°C, holding potential -59  mV. 
External solution TTX-ASW. Detailed solution compositions in Materials and 
Methods. 

450 mM Na. T h e  first o f  these contained,  in addit ion,  40 mM T E A  (Fig. 8, 
center  left). After  thorough ly  flushing out  the TEA,  there  was a substantial 
increase in observed currents ,  part icularly at high positive voltages (Fig. 8, 
center  right).  Ins tan taneous  I - V  plots f rom these data are shown in Fig. 9. In 
the absence o f  TEA,  inward tail currents  were observed when second pulse 
voltage was negative (Fig. 8, center  right).  These  have the appea rance  of  
normal  K channel  tail cur rents ,  suggest ing that  the K conductance  has been 
normal ly  activated dur ing  the prepulse  even though  there  was little or  no 
observable ou tward  cu r r en t  at that t ime. F u r t h e r m o r e ,  these currents  were 
blocked by T E A  as may be seen f rom both Figs. 8 and 9. T h e  inward tail 
cur ren ts  are much  smaller  than  those normal ly  observed,  but  this is to be 
expec ted  for  the following reasons.  First, there  is only 10 mM K in the T T X -  
ASW bathing the axon.  Secondly,  since the internal  solution was K-free there 
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cou ld  be no  pe r i axona l  K accumula t i on  d u r i n g  the p repulse .  T h u s  it a ppe a r s  
tha t  the  r e m a i n i n g  func t iona l  K channe l s  have o p e n e d  normal ly ,  a l lowing some 
o u t w a r d  TEA-b lockab le  c u r r e n t  ca r r i ed  by Na  at h ighly  posit ive voltages.  
N o r m a l ,  t r ans ien t  inward  cu r ren t s  ca r r i ed  by K ions a p p e a r  to be seen as the 
channe l s  close at negat ive  voltages.  

f ~  

300 K 

5 mA/cm 2 L 

450  No, 40 TEA 450 No 

0 4  mAlcrn 2 L 

300 K 

2 mAlcrn 2 L 

2 ms 

FIGURE 8. Voltage clamp current records from an axon perfused internally with 
control (300 mM K ÷) and K+-free solutions. The voltage pulse program is shown 
only in the lowest frame and includes a series of hyperpolarizing pulses to check 
leakage (merged traces below the prepulse), plus a series o f  pulse pairs in which 
there is a fixed depolarizing pulse to open the K channels, followed by voltage 
steps to a number  of  levels to determine the instantaneous I-V relation (see Fig. 
9). The order  in which the records were taken was 300 mM K ÷ (uppermost), 450 
mM Na + plus 40 mM TEA + (center left), 450 mM Na + (center right), and finally, 
300 mM K + (lowest). Note the three different current scales. Experiment 76.73, 
temperature 8.7-9.2°C. Holding potentials: - 58  mV (300 mM K ÷) and -59  mV 
(both K-free solutions). External solution TTX-ASW. Times o f  perfusion with K- 
free solutions: 18 min (450 Na ÷, 40 TEA +) and 8 min (450 Na+). 

T h e  records  o f  Fig. 8, cen te r  r ight ,  suggest  some  c o n d u c t a n c e  inact ivat ion 
over  the  1st ms or  2 o f  the  second  pulse.  I t  is unl ikely tha t  the  cu r r en t s  pass 
t h r o u g h  the  N a  c h a n n e l  fo r  the  fo l lowing reasons :  (a)  the  fast  inact ivat ion o f  
the  N a  c h a n n e l  s h o u l d  be comple t e  by the  e n d  o f  the  10-ms p repu l se  to + 6 0  m V  
and  (b) the  c u r r e n t s  o c c u r  in the  p re sence  o f  T T X  a n d  a re  r e d u c e d  by T E A .  
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It is highly significant that we find a sharp upward turn in the instantaneous 
I -V curve at V ---150 mV for the 450 Na solution. This is roughly  the same 
voltage at which the negative slope region of  the I -V curve ends for axons 
perfused with K plus Na mixtures. For the 450 Na case, the slope o f  the I -V  
curve at V = 200 mV was about  16 times greater  than at V = 50 mV (average o f  
four  experiments).  The  data show that, at these voltages, the membrane  allows 
Na to pass more freely via a TEA-blockable pathway. Tha t  pathway is K 
selective since the currents ,  even though increasing sharply at these voltages 
with K-free solutions, are still much lower than for the K plus Na solutions 
(compare,  for example,  Figs. 7 and 9). 

I 
-200 

1.6 

1.2 

0.8 

I 
-I00 ~ .  

I (mA/cm 2) 
450 No 

No 
TEA 

Ioo 200 V (mY) 

FIGURE 9. Instantaneous I-V data from an axon perfused with Na+-containing, 
K+-free internal solutions, both with and without TEA + ions to block K channel 
currents. Data correspond to the two central frames of Fig. 8. Experimental 
details may be found in the legend of that figure. 

Outward Currents Dependent on Internal Na Concentration 

Another  series o f  experiments  strengthens the suggestion that the outward 
currents  at high voltages are carried by Na ions. Data in Table I I I  show that 
instantaneous cur rent  at V = 220 mV increased when internal Na concentrat ion 
was increased in K-free internal solutions. In  order  to allow for comparison of  
data f rom a number  o f  axons, we present  the results for currents  with K-free 
internal solutions normalized in terms of  the mean o f  the currents ,  recorded 
before and after, with the 300 K control solution. Actual values o f  the control 
currents  are also presented to show irreversible effects o f  perfusion with the K- 
free solutions. 

Two control experiments  were done  to eliminate the possibility that the 
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outward  currents ,  observed dur ing  perfusion of  axons with "K-free" internal 
solutions, might have been carried by K ions that entered the axon f rom the 
external solution. The  resting potential with the K-free internal solutions was 
in the vicinity of  zero, so it seemed possible that there might be significant K 
entry before the axon was c lamped to the holding potential. In  one exper iment  
the membrane  voltage was c lamped to the holding level o f  about  - 6 0  mV 
before the solution change,  then the instantaneous cur rent  was recorded  first 
for the highest voltage. This,  for practical purposes,  eliminated the possibility 
that significant K entry could take place th rough  open K channels before the 
recording  of  the first instantaneous cur ren t  point. The  current  was larger than 

T A B L E  I I I  

OUTWARD CURRENT* MEASURED AT V = 220 mV WITH K-FREE 
INTERNAL SOLUTIONS 

Exp.  no.  Before  Af t e r  150 Na 150 Na + 6 K 450 Na 450 Na + 40 T E A  

76.69 16.7 4.4 0.100 
4.4 2.0 0.016 

76.70 16.2 5.9 0.064 
5.9 2.9 O. 193 

76.71 16.1 11.2 0.015 

76.73 17.2 10.4 0.020 
10.4 5.0 0.134 

76.74 11.5 6.3 0.062 
6.3 4.9 0.070 

76.75 15.6 7.4 0.092 

Means 0.063 0.070 0.130 0.017 

* Currents determined at about 100 V.s after a 120-mV, 10-ms depolarizing prepulse. Holding 
potential was -52 mV for 150 Na solutions, -59 mV for 450 Na solutions. Time of exposure to K- 
free internal solutions was about 10-20 min. 

seen with the s tandard p rocedure  in which the membrane  potential was allowed 
to attain its resting value dur ing  the solution change.  The  opposite result 
would have been observed had currents  recorded  with the usual p rocedure  
been due to K contaminat ion.  Possibly, the irreversible destruct ion of  the K 
conductance,  with Na as the sole internal cation, begins only after the channels 
are opened  by membrane  depolarization. Also, some long-term inactivation 
might have resulted f rom the normal  p rocedure  in which the K-free solutions 
were allowed to depolarize the membrane .  

Results f rom the second control exper iment ,  in which 6 mM KF was 
in t roduced into a 150 Na internal solution, are included in Table I I I .  Little 
change in the normalized cur ren t  resulted f rom this action, and we conclude 
that the outward cur ren t  observed with K-free, Na-containing perfusion solu- 
tion was, indeed,  carried primarily by the outward movement  o f  Na ions. 
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D I S C U S S I O N  

Previously publ ished estimates o f  the ratio, PNa/PK, o f  sodium permeabi l i ty  to 
potassium permeabi l i ty  in the K channel  o f  nerve axons indicate that  the K. 
channel  is highly selective for  K over  Na in the physiological voltage range.  
Hille (1973) r epor ted ,  for  f rog  node ,  that  PNa/PK was <0.01,  on the basis of  
reversal  potential  measu remen t s .  F rom the unde r shoo t  o f  the action potential ,  
Baker  et al. (1962) es t imated PNa/PK tO be 0.03. This  may be cons idered  as an 
u p p e r  limit to the permeabi l i ty  ratio for the K channel ,  since any Na conduct-  
ance not completely  inactivated would bias the value upward .  

A somewhat  h igher  value (PNa/PK --< 0.06) was obta ined  by Bezanilla and 
A r m s t r o n g  (1972) for  squid axon pe r fused  with 300 mM NaF based on 
measu remen t s  of  cu r ren t  passing t h rough  the K channel  at V = 100 inV. While 
one should be ex t remely  wary of  compar ing  permeabil i t ies  der ived f rom 
reversal  potential  and  cu r ren t  measu remen t s  (see the discussion o f  rate  theory  
models  by Hille, 1975) it is interest ing,  in the light o f  our  own results, to note 
that the highest value previously es t imated for  PNa/PK was also obta ined  at a 
r a the r  hig h positive voltage. In  the range  o f  voltages encompassed  by an action 
potential ,  there  does not  a p p e a r  to be any good exper imen ta l  evidence for  
appreciable  m o v e m e n t  o f  sodium th rough  the K channel .  

We concur  with Bezanilla and  A r m s t r o n g  (1972) that,  for  modera te ly  positive 
voltages, Na ions en te r  the K channels  f rom the inner  mou th  and  block them 
to the passage of  K ions. At voltages g rea te r  than about  160 mV our  results 
suggest that  Na ions not  only en te r  the K channels ,  but  can pass t h r o u g h  with 
relative ease. We summar ize  the salient points o f  evidence below. 

(a) With sod ium as the only internal  cation there  is a sha rp  tu rn  upward  in 
the ins tantaneous I - V  relat ion at about  the same voltage as that  at which the 
negative slope region ends  for  axons pe r fused  with Na + K mixtures .  

(b) With both Na + K mixtures  and  all-Na internal  solutions, cu r ren t  is 
substantially blocked by internal  T E A  ions t h rough  the whole range  o f  voltages 
observed.  

(c) Irr the high-vol tage range  (>160 mV) the conductance  still shows a selec- 
tive p re fe rence  for  K ions. Cur ren t s  for  300 K, 100 Na inside are three  to five 
times grea te r  than  for  450 Na inside. 

(d) With all-Na internal  solutions the ou tward  cur ren t  magn i tude  at high 
voltages is positively cor re la ted  with the Na concentra t ion.  

(e) Inward  cur ren t  tails are seen on repolar izat ion for  axons pe r fused  with all 
Na internal  solutions, suggest ing that at least some of  the K channels  are 
open ing  and  closing normal ly .  

Evidently,  the K channels  are  less selective at high voltages. It  is interest ing 
that  the increased permeabi l i ty  to Na ions appea r s  without  the abolit ion of  the 
blocking effect  o f  T E A  ions. Also, with 300 K, 50 Tris  inside the axon,  we 
observed vo l t age -dependen t  blocking but  no up tu rn  in the I - V  curve (Fig. 2, 
lower), as seen with the K plus Na mixtures .  Perhaps  the electrical energy  
prov ided  at high field s t rengths  is sufficient to dehydra te  a sodium ion beyond 
some crucial s ta te  and  allow it to pass t h rough  the K channel .  T h e  covalently 
bonded  side g r o u p s  of  T E A  and Tris are not likely to be s t r ipped  o f f  in a 
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s imi la r  m a n n e r .  A n  a l t e r n a t i v e  m e c h a n i s m ,  in which  h igh  f ie lds  d i r ec t l y  d i s t o r t  
the  s t r u c t u r e  o f  t he  c h a n n e l  r a t h e r  t h a n  a f f e c t i n g  the  h y d r a t i o n  s ta te  a t t a i n e d  
by the  p e r m e a n t  ion ,  is a lso  conce ivab l e .  

O u r  resu l t s  a d d  an  e n t r y  to t he  list o f  o b s e r v a t i o n s  which  i m p l y  t ha t  the  
se lect iv i ty  o f  the  ionic  c h a n n e l s  o f  t he  a x o n  m e m b r a n e  c a n n o t  be  c o n s i d e r e d  
i n v a r i a n t .  S tud ies  o f  p e r m e a b i l i t y  ra t ios  d e t e r m i n e d  f r o m  r e v e r s a l  p o t e n t i a l  
m e a s u r e m e n t s  also l e ad  to this  conc lu s ion .  C a h a l a n  a n d  B e g e n i s i c h  (1976) 
d e m o n s t r a t e d  tha t  t he  PK/PNa ra t io  fo r  t he  N a  c h a n n e l  o f  squ id  is d e p e n d e n t  o n  
the  i n t e r n a l  c o n c e n t r a t i o n  o f  K a n d  o t h e r  ions .  E b e r t  a n d  G o l d m a n  (1976) 
e x t e n d e d  these  o b s e r v a t i o n s  to Myxicola a x o n s .  A l t h o u g h  it is no t  poss ib le  
e n t i r e l y  to e x c l u d e  v a r y i n g  c o n c e n t r a t i o n s  as a c o n t r i b u t i n g  f ac to r ,  S e y a m a  a n d  
N a r a h a s h i  (1977) have  r e p o r t e d  a smal l  vo l t age  d e p e n d e n c e  o f  t he  p e r m e a b i l i t y  
ra t ios  fo r  t he  e a r l y  t r a n s i e n t  c u r r e n t  o f  squ id  a x o n .  
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