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ABSTRACT 

The e f fec t s  of ether and halothane on membrane currents in the  

voltage clamped crayfish gi ant axon membrane were investigated. 

Concentrations of ether up t o  300 mM and of halothane up t o  32 mM 

had no e f fec t  on rest ing potential  or leakage conductance. Ether 

and halothane reduced the s i ze  of sodium currents without changing 

the voltage dependence of the peak currents or the i r  reversal 

potent ial .  Ether and halothane a1 so produced a reversible ,  

dose-dependent speeding' ,of sodi urn current decay a t  a1 1 membrane 

potenti a1 s. Ether. reduced the time constants for  inact ivat ion 

measured w i t h  the double pulse technique, and also shif ted the 
. . 

midpoint of the steady-state inactivation curve i n  the 

hyperpolarizing direction. Large concentrations of ether or 

halothane resulted in an i r revers ib le  s h i f t ,  in the depolarizing 

direct ion,  of the voltage-dependence of a process of slow sodium 

channel inactivation, without changing the voltage-dependence of 

other sodium channel parameters. Potassium currents were small e r  

with ether present, with no change in the voltage dependence of 

steady-state currents. The activation of potassium channels was 

f a s t e r  with ether present; the time to half maximum potassium 

current was decreased a t  a l l  membrane potentials.  There was no 

apparent change in the capacitance of the crayfish giant axon 

membrane w i t h  ether concentrations o f  up to 100 mM. 



Experiments on sodium channel inactivation kinetics were 

performed using 4-aminopyridine to block potassium currents. The 

spatial uniformity of voltage clamp currents was checked by the 

method of Cole and Moore (J. - - Gen. Physiol. ,44, - 1 2 3 ) ,  using a 

closely spaced pair of electrodes to measure re1 atively local ized 

current density. Sodium currents decayed with a time course 

generally fit well by a single exponential. The time constant of 

decay was a steep function o f  voltage, especially in the negative 

resistance region of the peak current vs voltage relation. The 

time course of inactivation measured with the double-pulse 

procedure was very similar to that of the decay of the current at 

the same potential. The measurement of steady-state inactivation 

curves with different test pulses showed no shifts along the 

voltage axis of the type described in other axons and predicted by 

some sodium channe.1 models. Measurements of the voltage-dependence. 

of the integral of sodium conductance'were made in order to test 

models of sodium channel inactivation in which channels must open 

before inactivating; the results. appear inconsi'stent with some of 

the simplest cases of such models. 
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CHAPTER ONE: MODIFICATION OF SODIUM CHANNEL INACTIVATION BY 

ETHER AND HALOTHANE 

INTRODUCTION 

The a c t i o n  p o t e n t i a l  i n  nerves i s  produced by vo l tage-  and 

time-dependent changes i n  t h e  i o n  p e r m e a b i l i t y  o f  t h e  nerve 

membrane (Hodgki n -- e t  a1 . , 1952). These permeabi 1 i t y  changes a r e  

almost c e r t a i n l y  due t o  pores (Armstrong, 1975) composed a t  l e a s t  

p a r t i a l l y  of p r o t e i n  (Armstrong -- e t  a l . ,  1973; Shrager, 1974, 1975). 

The g a t i n g  mechanisms govern ing t h e  opening and c l o s i n g  o f  t h e  

i o n i c  channels a re  n o t  w e l l  understood. One ques t ion  which must be 

asked i s  t o  what e x t e n t  t h e  l i p i d  m i l i e u  surrounding the  i o n i c  

channels migh t  i n f l u e n c e  t h e i r  g a t i n g  p r o p e r t i e s .  Campbell and 

H i l l e  (1975) suggested t h a t  t h e  d i f f e r e n c e s  i n  t h e  r a t e s  o f  g a t i n g  

seen between sodium channels i n  f r o g  nerve and those i n  f r o g  muscle 

m igh t  be due t o  d i f f e r e n t  membrane m a t e r i a l  surrounding t h e  

channels, which o therw ise  had n e a r l y  i d e n t i c a l  p r o p e r t i e s .  Chiu - e t  

a l .  (1979) r e c e n t l y  noted a sharp break i n  t h e  temperature - 
dependence o f  sodium channel i n a c t i v a t i o n  i n  r a b b i t  nerves and 

suggested t h a t  p o s s i b i l i t y  t h a t  t h i s  break m igh t  r e f l e c t  a membrane 

l i p i d  phase t r a n s i t i o n .  More d i r e c t l y ,  Redmann -- e t  a l .  (1979) found 

t h a t  a d d i t i o n  o f  c h o l e s t e r o l  t o  t he  squid g i a n t  axon changed t h e  

r a t e  o f  sodiulr~ ctiarlnel ga t ing ,  p o s s i b l y  by a l t e r i n g  the  l i p i d  

environment o f  t h e  channel. It seems t h a t  t h e  hypothes is  t h a t  t h e  . 

g a t i n g  process i n  voltage-dependent channels might  be i n f l u e n c e d  by 

the s t a t e  o f  t h e  sur-rounding l i p i d s  i s  wor th  being pursued f o r  i t s  



possible help i n  understanding the physical mechanisms of ionic 

channel gating. 

Gaseous or vo la t i l e  l iquid general anesthetics are capable of 

perturbing the l ip id  s t ructure of bilayer membranes. 'Most of the 

changes observed can be lumped together as ref1 ecting an increase 

in the " f lu id i ty"  of the membrane w i t h  general anesthetics present: 

the order estimated by the average t i l t  of nitroxide spin labels on 

fat ty-acid chains i s  decreased (Trudell -. e t  -.. a l . ,  1973; Boggs -- e t  a l . ,  

1976; Mastrangelo - e t  g.,.  1977); the rotat ional  and la te ra l  

diffusion ra tes  of various molecules are increased (Vanderkooi, - e t  

a l . ,  1977).; native and carrier-mediated ionic permeabilities are - 
increased (Johnson and Miller, 1970; Johnson e t  a l . ,  1973; Pang - e t  

a1 1979). -- 
The work described here was conceived as an attempt to  use 

general anesthetics as a tool t o  perturb the l ip id  matrix of a 

nerve membrane. There are two apparent e f f ec t s  of the general 

anesthetics ether and halothane on the gating kinet ics  of the 

sodium and potassium channels in the crayfish giant axon membrane: 

sodium channel i nacti'vation appears f a s t e r  and potassium channel 

activation i s  speeded. This chapter describes the apparent changes 

in sodium'channeT inactivation produced by ether and halothane and 

discusses some of the d i f f i c u l t i e s  in unambiguously interpret ing 

these e f f ec t s  as t rue changes in the inactivation process. Chapter 

Two describes the spee,di ng of potassium channel kinet ics  and some 

other e f f ec t s  of ether and halothane on the e l ec t r i ca l  properties 

of the crayfish axon. 



METHODS 

Voltage clamp 

Giant axons from the crayfish Procambarus c l a rk i i  were 

dissected, cleaned, and cannulated w i t h  a piggy-back voltage clamp 

electrode as described by Shrager (1974). 

The voltage clamp currents were measured in two d i f fe rent  ways 

in d i f fe rent  experiments. In e a r l i e r  experiments, the current 

signal was obtained from the current flowing to a central  2 mm 

length of platinized platinum f o i l  flanked by 5 mm guard regions. 

In l a t e r  experiments, current density was measured with a 

d i f fe rent ia l  electrode consisting of two closely spaced platinum 

wires, a technique which was devised by Cole and Moore (1960) f o r  

measuring currents from a smaller length of axon and which i s  

described in greater detai l  in Chapter 3. 

Series resistance compensation (Hodgkin -- e t  a l . ,  1952) was 

included in the voltage clamp c i r c u i t .  In ea l i e r  experiments, 
2 feedback fo r  3-4 ohms-cm could be employed before osc i l la t ions  

were induced i n  the voltage clamp system. In l a t e r  experiments, 

the current signal was f i l t e r e d  a t  12  KHz before being fed back 

into t,he c i r cu i t ,  a technique which allows f u l l  -ser ies  resistance 

compensation (Sigworth,' 1979) .  Compensation f o r  10-1.3 ohms-cm 2 

was used in these l a t e r  experiments; the se r i e s  resistance measured 

2 in one axon was 11 ohms-cm . Many experiments were performed 



w i t h  low sodium i n  t h e  ba th ing  s o l u t i o n  i n  o rder  t o  reduce t h e  s i z e  

o f  t h e  sodium c u r r e n t s  and f u r t h e r  min imize e r r o r s  f rom t h e  s e r i e s  

res i s tance .  

The fundamental r e s u l t s  r e p o r t e d  i n  t h i s  Chapter were t h e  same 

w i t h  e i t h e r  c u r r e n t  reco rd ing  method and w i t h  va r i ous  l e v e l s  of 

s e r i e s  r e s i s t a n c e  compensation; t h e r e  were minor  q u a n t i t a t i v e  

d i f f e r e n c e s  a t t r i b u t a b l e  t o  d i f f e r e n t  amounts o f  uncompensated 

s e r i e s  res i s tance .  

D i g i t a l  r eco rd ing  system. 

The c u r r e n t  s i g n a l  was a m p l i f i e d  and then d i g i t i z e d  a t  va r i ous  

r a t e s  w i t h  a  sample-and-hold a m p l i f i e r  (Teledyne P h i l b r i c k  4855) 

and a  12-b i t  ana log - to -d ig i t a l  conve r te r  (Teledyne P h i l b r i c k  

4133). Each sweep cons i s ted  o f  255 p o i n t s ,  w i t h  t h e  f i r s t  128 and 

t h e  nex t  127 d i g i t i z e d  a t  d i f f e r e n t  i n t e r v a l s  o f  f rom 5  t o  1000 

psec. The d i g i t a l  da ta  were t e m p o r a r i l y  s to red  i n  an IhSAI 8080 

microcomputer u s i n g  d i r e c t  memory access, then t r a n s f e r r e d  t o  audio 

casse t te  tape. The da ta  were l a t e r  sent  t o  a  PDP 8 /E minicomputer 

f o r  ana l ys i  s. 

I n  a d d i t i o n  t o  ga the r i ng  t h e  d i g i t i z e d  c u r r e n t  data, t h e  

microcomputer generated t h e  t i m i n g  f o r  t he  vo l t age  c l  amp. command 

pu lses  and t h e  t r i g g e r s  f o r  A I D  conversions, us ing  INTEL 8253 

programmable tiniers. A l l  t i rn ing was synchronized t o  t h e  

microcomputer 's  i n t e r n a l  c l ock .  O p t i c a l  i s o l a t o r s  were used 

between t h e  d i g i t a l  t i m i n g  pu lses  and t h e  analog command pulses.  



Temperature control  

The nerve chamber was cooled by two P e l t i e r  devices and by pre- 

cooling the  bathing solut ion with ice-water c o i l s .  Temperature was 

measured with a small thermistor (Fenwal GC32 J1) mounted within a 

few hundred microns of the axon. Ninety-five mill iseconds a f t e r  

each current  sweep; the  temperature signal  was d ig i t i z ed  and stored 

as the  ~ 5 6 ~ ~  point of t h e  current  sweep, and a lso  converted t o  

degrees and displayed a t  the  computer t e le type .  

Preparation - and del i  very - of anesthet ic  solutions.  

Ether (Baker 2-9239) was redi s t  i  1 led and stored in wood-corked 

g lass  f l a sks .  Solutions were made u p  by p ipe t t ing  e ther  through a 

small hole in the  cork of a f l a sk  of swirl ing sa l ine .  Solutions 

were led in to  the  nerve chamber - via g lass  and polyethylene tubing. 

Solutions both with and without e ther  flowed through the  chamber 

(about 10 ml capaci ty)  a t  r a t e s  of from 10-40 mllminute. In 

control  experiments, the  constancy of the  aqueous'ether 

concentrat ions in t he  chamber was checked using u l t ra -v io le t  

absorption spectroscopy to  measure the  e ther  concentrat ions;  the re  

i s  a strong absorption peak a t  190 nm. Ether concentrat ions i n  t he  

chamber were constant  t o  within 3 percent of the  nominal values 

with flow r a t e s  as law as 5 mllminute. 

Halothane (Ayerst) was r e d i s t i l l e d  to  remove the  preservat ive  

thymol and was stored in l igh t - t igh t  g lass  conta iners .  Halothane 

solutions' were made u p  by d i lu t ion  of a solut ion of s a l i ne  



saturated w i t h  halothane a t  room temperature. Hal othane 

concentrat ions are  calcula ted using a value of 32 mM f o r  this 

saturated solut ion (Secher, 1971). 

The nerve chamber and associated apparatus were mounted on a 

vibration-damped platform ins ide  a chemical fume hood in order t o  

p ro t ec t .  t he  experimenter from the de le te r ious  physical (Stevens - e t  

al . ,  1975) and mental (Bruce e t  a l . ,  1974) e f f e c t s  of the - - .- 
anesthet ic  vapors. 

Solutions 

The basic solut ion employed was van Harreveld 's  (1936) so lu t ion  

with t he  subs t i t u t i on  of HEPES buffer f o r  bicarbonate buffer  and 

with the addit ion of 1 mM 4-aminopyridine (4-AP) t o  block potassium 

currents   eves and Pichon, 1975; Yeh -- e t  a l . ,  1976). The basic  

s o l u t i o n  was: 205 mM ~ a C 1 ,  5.4 mM KCl, 13.5 mM CaC12, 2.6 mM 

MgC12, 2.3 mM HEPES, 1 mM 4-AP, pH 7.6-7.7. Some experiments 

were performed with solut ions  in which t h e  Mac1 and KC1 were 

p a r t i a l l y  replaced by iso-osmotic tetramethyl ammonium chlor ide  

(TMA). Solutions were 433-438 m0s111 befure Lhe addit ion o f  . 

anesthet ic .  

Dissection and preparation of the axon were done in normal van 

Harreveld 's  solut ion.  

Met hods - of analysis  

In most cases,  leak and capac i ta t ive  currents  were subtracted 

from records of t o t a l  current  by using l i nea r ly  scaled cur ren t s  in 



,. . . -  

response t o  hype rpo la r i za t i ons .  I n  some cases l i n e a r l y  scaled 

c u r r e n t s  f o r  smal l  d e p o l a r i z a t i o n s  ( t o o  smal l  t o  produce any sodium 

channel a c t i v a t i o n )  were used. 

For  d e p o l a r i z a t i o n s  t o  membrane p o t e n t i a l s  above 0 mV, t h e r e  

was some r e l i e f  o f  .the b lock o f  potassium cur ren ts ,  by 4-AP (Yeh - e t  

al., 1976). However, these potassium c u r r e n t s  were smal l  and slow - 
enough t h a t  t h e  decay o f  sodium c u r r e n t  was n e a r l y  complete by . the  

t ime t h e r e  was s i g n i f i c a n t  potassium cu r ren t ,  and the  t ime constant  

f o r  decay cou ld  be determined q u i t e  accura te ly ,  as was conf i rmed i n  

experiments employing TTX s u b t r a c t i o n  t o  c o r r e c t  e x a c t l y  f o r  t h e  

r e s i d u a l  potassium cu r ren ts .  I n  some experiments, leak, 

capac'i t a t  i ve, and r e s i d u a l  potassium c u r r e n t s  were obta ined by 

preceding the  t e s t  pu l se  by a  prepu lse  long and l a r g e  enough t o  

t o t a l l y  i n a c t i v a t e  sodium cu r ren t ,  a procedure which i s  i l l u s t r a t e d  

i n  F igu re  9 o f  Chapter 3. 

The t ime  constant  f o r  t h e  decay o f  sodium c u r r e n t s  was obta ined 

by a  least-squares f i t  (us ing  weighted r e s i d u a l s )  t o  t h e  f a l l i n g  

phase o f  t he  cu r ren ts .  Usua l l y  t h e  f i t  was made between t h e  t imes 

a t  which t h e  c u r r e n t  had decayed t o  75 percent  and 20 percent  of 

i t s  peak value. 

Peak sodium c u r r e n t  and the  time-to-peak were obta ined by 

f i t t i n g  a  t h i r d  o rde r  polynomial  t o  t h e  p o i n t s  i n  t he  r e g i o n  o f  t h e  

peak and c a l c u l a t i n g  t h e  r o o t  o f  t h e  po l ynomia l ' s  d e r i v a t i v e  

corresponding t o  t h e  peak ( H i l l e ,  1971). The end p o i n t s  f o r  t h e  

f i t  were ad jus ted  under v i s u a l  c o n t r o l  t o  p rov ide  an accurate f i t .  



In the experiments using double pulse inactivation, the pulse 

patterns were given a t  1/3 Hz w i t h  automatic incrementing of the 

prepulse duration. Every f i f t h  pulse was a t e s t  pulse w i t h  no 

prepulse; t h i s  allowed fo r  correction fo r  a s l i g h t  use-dependent 

decrease in peak 'height (1-5 percent for  a sequence of 18 pulses a t  

1/3 Hz). The double pulse data a t  a given membrane potent'ial 

consisted of two se r i e s  of 16 or 18 pulses w i t h  prepulse duration 

increments differ ing by a fac tor  of 5 or 10. Provencher's (1975) 

method for f i t t i n g  sums of exponentials was used i n  calculating the 

time constants and-asymptotes fo r  double pulse inactivation data. 

Dr. Provencher kindly supplied a copy of his DISCRETE computer 

program. 

The parameters in the expression 1/(1 + exp ( V h -  Vh/K) were f i , t  

t o  the steady-state inactivation data by plot t ing the data points 

,on semi-log paper as ( l / h  ,- 1) vs. membrane potent ial ,  where l / h ,  

i s  the steady-state level of inactivation. These plots  were 

usually f a i r l y  l inear and the l ine  was f i t  by eye. In some cases 

these plots  showed asymmetry (s imilar  to  tha t  shown by C h i u ,  1977); 

in these cases the points corresponding to  greater inactivation 

( 1  arger depol ar izat ions)  were weighted the most heavily in making 

the f i t .  
RESULTS 

Faster decay - of sodium currents 

The most obvious change in sodium currents when ether i s  

applied to an axon i s  tha t  the decay phase of the currents i s  

f a s t e r .  Figure l a  shows sodium currents a t  -2 mV before .and during 



the administration of 30 mM ether.  W i t h  ether present, the ear ly 

r i s ing  phase i s  almost identical t o  tha t  of the control,  b u t  the 

peak occurs ea r l i e r  and the decay phase i s  more rapid. Parts b ,  c, 

and d of Figure 1 show the currents before, during, and a f t e r  

e ther ,  w i t h  the f a l l i n g  phase of the currents f i t  w i t h  an 

exponential decline t o  zero; the decay time constant decreases by 

about 25 percent when ether is applied, and the decrease is 

reversible  when the solution containing ether i s  rinsed out. 

However, the peak current following the wash-out of ether i s  about 

15 percent smaller than in the control. 

In general, the kinet ic  changes produced by ether . appear nearly 

as f a s t  as the solutions are exchanded ( a  few minutes). The 

,reversal i s  complete or nearly complete a f t e r  15-20 minutes of 

r insing with ether-free sal ine.  The reversal i s  essent ia l ly  to t a l  

up to  ether concentrat?ons of a t  leas t  200 mM. However, i n  

addition to  the kinet ic  changes, the application of e ther  produces 

changes i n  the magnitude of- the currents; some of these changes 

appear slowly and are reversed slowly or not a t  a l l .  The basis of 

some of these changes in magnitude i s  discussed in Chapter 2. 

However, under many conditions "extra" changes in magnitude are 

lacking and in these cases i t  appears tha t .  the only difference in 

sodium currents w i t h  and without ether i s  the r a t e  of decay. 1.n 

par ts  c and 'd of Figure 2 are shown, a t  two potent ials ,  a typical 

case in which there was no "extra" change in magnitude; the r i s ing  

phases superimpose and the decline in peak current i s  seemingly due 

ent i re ly  to  the f a s t e r  decay with ether present. 



Figure 1.. Effect of ether on sodium current decay. Depolarization 

from -74 mV t o  -2 mV. ( a )  Control current and current in 

30 mM ether superimposed. (b,c,d) Contr.01, ether,  and 

wash-out currents superimposed w i t h  exponential f i t s  to  the 

f a l l i n g  phases. F i t  between 70 percent and 5 percent of 

the peak current values. Virtual ground current 

electrode. Full Na, F u l l  K, 1 mM 4-AP. Holding potential  

-74 mV. Temperature 6.5'; 
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The f a s t e r  decay produced by e t h e r  does n o t  depend on t h e  

d i r e c t i o n  O f  sodium c u r r e n t  f l o w  and i s  o f  s i m i l a r  magnitude over  

t h e  e n t i r e  range o f  membrane p o t e n t i a l s  a t  which sodium c u r r e n t s  

a re  ac t i va ted .  Pa r t s  a  and b  o f  F i g u r e  2  show c u r r e n t s  a t  two 

membrane p o t e n t i  a1 s, inward c u r r e n t s  a t  -20 mV and outward c u r r e n t s  

a t  +65 mV, before, dur ing,  and a f t e r  an a p p l i c a t i o n  o f  '100 mM 

e the r ;  t h e  t ime  cons tan ts  f o r  decay decrease by s i m i l a r  percentages 

(42 percent  a t  -20 mV, 48 pe rcen t  a t  +65 mV) a t  t h e  two membrane 

p o t e n t i a l s .  

The t ime  cons tan ts  f o r  decay ove r  t he  range o f  membrane 

p o t e n t i a l s  f rom -40 t o  95 mV a re  shown i n  F igu re  3  f o r  t h e  same 

a p p l i c a t i o n  o f  100 rnM e t h e r  f rom which t h e  records  i n  F i g u r e  2  were 

taken. The percentage decrease i n  t ime cons tan t  i s  s l i g h t l y  l a r g e r  

a t  l a r g e  d e p o l a r i z a t i o n s  (53 percent  a t  +75 mV, 59 percent  a t  +95 

mV than f o r  smal l  o r  moderate d e p o l a r i z a t i o n s  (46 percent  a t  -40 

mV, 34 percent  a t  0  mV). Th i s  i s  t y p i c a l  o f  most experiments. I t  

i s  a l so  t r u e  i n  many experiments t h a t  f o r  c u r r e n t s  i n  t h e  membrane 

p o t e n t i a l  range -40 mV t o  -30 mV t h e  e f f e c t  o f  e t h e r  on t h e  decay 

t ime cons tan t  i s  n o t  p e r f e c t l y  r e v e r s i b l e ,  as a t  -35 mV and -30 mv 

i n  F igu re  3. Th is  may be connected t o  t h e  f a c t  t h a t  t h e  c u r r e n t s  

i n  t h i s  range o f t e n  show b i p h a s i c  decay k i n e t i c s ,  p o s s i b l y  due t o  

, s p a t i a l  non -un i f o rm i t i cs  o f  cu r ren t ,  as d iscussed i n  Chapter 3. 

The dependence on e the r  concen t ra t i on  o f  t h e  decrease i n  decay 

t ime  cons tan t  i s  shown i n  F i g u r e  4. Each p o i n t  i s  a  mean value 

ob ta ined f rom a p p l i c a t i o n s  o f  e t h e r  t o  a  number o f  axons. 



Figure 2. Ether-induced kinet ic  changes for  inward and outward 

currents. ( a )  Application and wash-out of 100 mM ether a t  

-20 mV. Currents are superimposed with exponential f i t s  t o  

f a l l i n g  phases. F i t  between 75 percent and 25 percent of 

the peak values. (b) Same, fo r  outward currents a t  +65 

mV. ( c )  Superimposed currents from part  a, with ether and 

f 01 1 owing. wash-out. ( d )  Super imposed currents from part 

b ,  w i t h  ether and following wash-out. Parts a and b are 

from the same app.lication of ether.  1/4 Na, 1 / 2  K ,  1 mM 

4-AP. Diff erent i  a1 current electrode. Prepul s e  

subtraction technique' (Figure 9 ,  chapter Three) used for  

leak and capacitative current correction. Holdjng 

potenti  a1 -80 mV. Temperatures: ( a )  3 .2 '~  fo r  control,  

e ther ,  wash-out. (b)  3 . 1 ' ~  for  control,  3 . 8 ' ~  for  

e ther ,  3 .6 '~  for wash-out. 



a. 

- 2 0  mV CONTROL 100mM ETHER 

Tau = 2.26 ms Tau= 1.32ms 
1.5 na/cm2 

Tau = 2.19 ms 

" I\ + 65 mV CONTROL 100mM ETHER 

Tau = .249.  

C. 

100 mM ETHER 



Figure 3. Decay time constant as a function of membrane potential  

before, during, and a f t e r  100 mM e ther .  Ether was applied 

for  9 minutes and rinsed fo r  18 minutes. 1/4 Na, 1 / 2  K ,  

1 mM 4-AP. Differential  current electrode. Holding 

potential  -80 mV. Temperatures: Control, 3.1-3.5'~; 100 

mM e ther ,  3.0-3.8'~; wash-out, 3.3-3.6'~. A t  most 

potent ials ,  cont ro l , . e ther ,  and wash-out temperatures are  

matched to  within .2-.3'~. 

Inset: Data fo r  0 t o  +I00 mV on expanded scales.  



9 Control 
A .I 00 m'M Ether 
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Experiments were performed with a variety of external sodium and 

potassium concentrations and with holding potentials from -72 mV t o  

-105 m V ;  there were no obvious differences in effects with changes 

in any of these parameters. Most experiments were done in the 

temperature range -lo t o  8 '~ ;  a few experiments a t  25 '~ 

showed changes in kinetics of about the same magnitude, b u t  th is  

point was not investigated in detail. 

The experiments summarized in .Figure 4 were a1 1 done with 1 mM 

; 4-AP t o  block potassium currents, b u t  i t  was clear that the 

presence of 4-AP was not required for the effect of ether on sodium 

channel kinetics. A number of experiments were done with no 4-AP, 

with potassium currents present, and the t ime- t~-~eak for the early 
> 

transient current peak was decreased t o  a simil ar 'extent i n  these 

experiments. Also, in one experiment sodium currents were obtained 

by a TTX-subtraction procedure with no 4-AP present: 50 mM ether 

was applied and rinsed, 100 nM TTX was applied t o  block sodium 

currents, and 50 mM ether was applied again. The reversibility of 

the effect of ether on the potassium currents i n  this axon allowed 

accurate determinations of sodium current time course by 

subtracting the TTX-insensitive'currents b o t h  with and without 

ether. The time constant 'for sodium. current decay a t .  -15 ,mV was 

decreased by 25 percent with ether pres'ent, in good quantitative 
C 

agreement with the resuits summarized in Figure 4 for 50 mM ether 

with 4-AP. 



I 
Figure  4. Concentrat ion dependence o f  decrease i n  decay t ime  

constant.  Each p o i n t  i s  t h e  mean - + SEM f o r  a p p l i c a t i o n s  o f  

e ther  t o  a number o f  d i f f e r e n t  axons ( 5  f o r  30 mM, 4 f o r  

40.mM, 4 f o r  50 mM, 7 f o r  100 mM, 3 f o r  200 mM, 1 f o r  

300 mM) . The vai  ue f o r  each axon 'was determi ned as the' 

mean f o r  a number of membrane p o t e n t i a l s  between -20 mV and 
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Double-pulse .experiments 

The f a s t e r  decay o f  sodium c u r r e n t s  w i t h  e t h e r  p resent  i s  

remin iscent  o f  t he  f a s t e r  decay seen w i t h  i n t e r n a l  pancuronium i o n  

(Yeh and Narahashi, 1977) and quaternary s t r ychn ine  d e r i v a t i v e s  

(Shapiro, 1977; Cahalan and Almers, 1979). I n  t h e  case o f  these 

gompounds, t he  increased r a t e  o f  decay appears. t o  be due t o  

time-dependent b lock o f  open sodium channels r a t h e r  than t o  a 

speeding o f  t h e  normal i n a c t i v a t i o n  mechanism. One experiment 

lead ing  t o  t h i s  conc lus ion  i n  t he  case o f  pancuronium i s  t h a t  when 

t h e  r a t e  o f  i n a c t i v a t i o n  i s  determined by the  double pu l se  method 

f o r  smal l  depo la r i za t i ons ,  where t h e r e  i s  very l i t t l e  opening o f  

sodium channels, t he  t ime constant  f o r  i n a c t i v a t i o n  i s  n o t  a f f e c t e d  

by pancuronium (Yeh and Narashashi, 1977). It seemed impor tan t  t o  

check t h i s  p o i n t  f o r  e ther .  

Double pulse.exper i rnents w i t h  e t h e r  show t h a t  t h e  t ime  constant  

f o r  i n a c t i v a t i o n ,  i s  decreased by e t h e r  a t  smal l  d e p o l a r i z a t i o n s  and 

t o  a  degree s i m i l a r  t o  the  change i n  decay t ime  constant  f o r  t h e  

s i n g l e  pu lse  c u r r e n t s  a t  l a r g e r  p o t e n t i a l s .  The r e s u l t s  o f  one 

such experiment are shown i n  F igu re  5. The membrane was 

depo lar ized f rom i t s  r e s t i n g  p o t e n t i a l  o f  -75 mV t o  -50 mV f o r  a  

v a r i a b l e  l e n g t h  o f  t ime and, f o l l o w i n g  a  b r i e f  r e t u r n  t o  r e s t ,  t he  

l e v e l  o f  i n a c t i v a t i o n  reached du r ing  t h e  prepu lse  was assayed by 

t h e  .pehk s'odium c u r r e n t  f l o w i n g  d u r i n g  t h e  t e s t  pu lse  t o  +5 mV. 

Fo r  t he  example shown i n  F i g u r e  5, t h e  t ime course o f  i n a c t i v a t i o n  

measured i n  t h i s  way i s  q u i t e  w e l l  described, bo th  w i t h  and w i t h o u t  



Figure 5. E f f e c t  o f  ether on the t ime course o f  i n a c t i v a t i o n  

determined by the double pulse method. Pulse p a t t e r n  i s  

ill us t ra ted  i n  the i n s e t  and described i n  the t ex t .  . .Peak 

cu r ren t  dur ing .the t e s t  pulse i s  p l o t t e d  as a f unc t i on  o f  

the prepulse durat ion. Points are f i t  w i t h  an exponential  

decay t o  an asymptote. Contro l :  y  = .731 exp (-t/33.2 ms) 

+ .259; Ether: y = .818 exp (-t/22.9 ms) + .162. F u l l  Na, 

F u l l  K, 1 mM 4-AP. Holding p o t e n t i a l  -75 mV. 

~ e m ~ e r a t u r e s :  Control,  1.9-2.0'~; Ether, 1.8-2.1'~. 





ether ,  by a  s i n g l e  exponent ia l  decay t o  a  non-zero asymptote. Wi th 

100 mM e t h e r  present,  t h e  t ime constant  f o r  t h e  decay i s  reduced 

about 31 percent  and, i n  add i t i on ,  t h e  asymptot ic  va lue i s  smal le r ;  

i n  t h e  same 'axon, 100 mM e the r  decreased t h e  decay t ime constant  

f o r  c u r r e n t s  near 0  mV by 25-30 percent .  Time constants and 

steady-state values f o r  double pu lse  i n a c t i v a t i o n  were smal le r  w i t h  

e t h e r  i n  a l l  axons examined. .Resu l ts  o f  double pu l se  experiments 

are  g iven i n  Table I. 

Steady-state f a s t  i n a c t i v a t i o n  - 
, It i s  ev ident  f rom t h e  da ta  shown i n  F igu re  5 and Table I t h a t  

i n a c t i v a t i o n  a t  smal l  d e p o l a r i z a t i o n s  i s  more complete w i t h  e t h e r  

present .  This  e f f e c t  o f  e t h e r  was examined i n  g rea te r  d e t a i  1  by 

measuring "s teady-state"  f a s t  i n a c t i  v a t i o n  over  an app rop r ia te  

range of membrane p o t e n t i a l s .  A long (50-500 ms) p repu lse  t o  a  

v a r i a b l e  membrane p o t e n t i a l  i s  f o l l owed  by a  t e s t  pu lse  o f  f i x e d  

he igh t  (Hodgkin and Huxley, 1952a); t h e  peak c u r r e n t  du r ing  the  

t e s t  pu lse  i s  taken as an index o f  t h e  l e v e l  o f  i n a c t i v a t i o n  

achieved du r ing  t h e  prepulse.  I n  p r i n c i p l e ,  t he  prepu lse  i s  l ong  

enough t h a t  an asymptot ic va lue o f  i n a c t i v a t i o n  i s  reached. I n  

F igu re  6 are shown t y p i c a l  s teady-s ta te  i n a c t i v a t i . o n  curves 

determined i n  t h i s  manner w i t h  and w i t h o u t  100 rnM ether .  There a re  

two changes.produced by e t h e r : .  f i r s t ,  t he  midpo in t  o f  t h e  curve i s  

s h i f t e d  t o  t h e  l e f t  along t h e  membrane p o t e n t i a l  ax is ,  i n  t h e  

hyperpol a r i z i n g  d i r e c t  ion;  second, t he  curve i s  s i g n i f i c a n t l y  



TABLE 1 

A. ONSET 

CONTROL 100 mM ETHER 

Membrane Tau Tau 

Axon - po ten t  i . a l  (ms) Asymp. Temp. (ms) Asymp. 'Temp. 

B. WASH-OUT 

100 mM ETHER WASH-OUT 

Axon Membrane Tau A ~ W P  Temp. ,Tau Asymp. Temp. 

P o t e n t i  a1 (ms) (ms > 



Figure 6. "Steady-state" f a s t  inactivation vs. membrane potenti a1 ; . , 

. . with and without ether. Peak sodium current during the 

t e s t  pulse' i s  plotted as a function of the membrane 

' , .  . . . .potential during the 100 'ms prepulse. Holding potential  

-80 mV,  t e s t  potential  +50 mV. ~ e f e r e n c e  pote'ntial for  

normalization i s  -80. mV. 1/10 Na, 2/5 K ,  1 mM 4-AP. 

Different i a1 current electrode. Temperatures: Control, 

1.7-2.1'~; Ether, 0.5-1.9'~; Wash-out, 1.9-2.4'~. 



e Control 
A 100 mM Ether 
0 Wash-out 

Vm (mv) 



s teeper  with e the r  present.  I t  i s  convenient ' t o  describe these  

changes by f i t t i n g  an analyt ical  expres.sion t o  the  data  points ;  t he  

smooth curves in Figure 6 a re  drawn according t o  the  expression 

(Hodgkin and Huxley, 1952a) 1 / ( 1  + exp ( V  - Vh)/K), where Vh. i s  t he  

value., in m V ,  of the  membrane. potent ia l '  a t  .which' inac t  ivati,on i s  

one-half complete, and K i s  a parameter determining the  steepness 

of the  curve. In t h e  example shown in Figure 6 (Axon 11-3 in  

. Table 11),  t he  control  Vh value of -57 mV was. sh i f t ed  t o  -62 rnV by 

e the r ,  and K declined from 5.6 t o  4.8. These changes were mostly 

revers ib le  by washing out the  e ther .  Table I1 gives Vh and K 

values f o r  e the r  appl icat ions  t o  two other  axons under d i f f e r e n t  

condit ions;  t he  changes in Vh and K were always seen. The 

reversi  bi l i t y  .of the  e f f e c t  of e ther  on steady-state f a s t  

inac t iva t ion  i s  emphasized by the  r e s u l t s  from Axon 11-2 in  Table 

11: the  appl icat ion of 100 mM e ther  in t h i s  axon was made a f t e r  

200 mM e the r  had been applied and washed out;  the  changes in  Vh and 

K are  as large  as f o r  the  other  axons, in  which 100 mM e ther  was 

applied t o  t he  f r e sh  axon. 

There are  d i f f i c u l t i e s  in defining and rneasuri ng steady-state 

f a s t  inact ivat ion.  One problem i s  t he  existence of a process of 

slow inact ivat ion with a potential-dependence which overlaps t h a t  

of f a s t  i nactivation (Shrager, 1977; Starkus and Shrager, 1978). 

Fast inact ivat ion has time constants of 20-60 ms in the range from 

-50 t o  -70 mV ( 3 ° ) ,  so t h a t  prepulse durations of a t  l e a s t  100 ms 

are required f o r  a reasonable approximation t o  steady-state 



TABLE 11. 

EFFECT OF ETHER ON STEADY-STATE FAST INACTIVATION 

Prepul se Reference Cont ro l  100mM Ether  Rinse 

Axon Dura t i on  P o t e n t i a l  Vh(mV) k Vh k Vh k 



values. Slow inactivation has a  time constant of about 150 ms a t  

-115 mV ( 8 ' ~ )  (Shrager, 1977) so tha t  in an axon w i t h  substantial  

slow inactivation present a t  the holding potent ial ,  i t  i s  

impossible to  establ ish a saturat ing value for  the t e s t  pulse 

current,  since f o r  increasingly large hyperpolarizations, r e l i e f  

from slow inacti  vat'ion produces i ncreasi ngly 1  arge t e s t  pul s e  

currents. One s t rategy fo r  checking tha t  the apparent e f f ec t  of 

ether on f a s t  inactivation was not an a r t i f a c t  due to  an e f fec t  on 

slow inactivation was to  confine the measurements to  membrane 

potent ials  greater than the holding potent ial ;  t ha t  i s ,  t o  use the 

holding potential  as the reference potential  f o r  normalizing the 

t e s t  pulse height. Although the resul t ing inactivation curve may 

be dis tor ted from the t rue one, due to  some f a s t  inactivat'ion 

present a t  the holding potent ial ,  any e f fec t  of ether i s  almost 

cer tainly on f a s t  inactivation since slow inactivation has time 

constants of more than a second in the range -75 t o  -55 mV (8 '~ )  

(Shrager, 1977). A second s trategy was, t o  use low-potassium 
\ .  

solutions to  hyperpolarize the axons and, presumably, remove most 

slow inactivation a t  the resting potent ial .  

The experiments summarized i n  Table I1 were performed w i t h  a  

var.i e ty  of holding potenti a1 s, prepulse durations, and reference 

potentials.  The s h i f t  of Vh and decrease in K were always seen. 

I t  seems reasonable to  conclude tha t  these changes'represent a  t rue  

a l te ra t ion  in steady-state f a s t  inactivation. 

I 



E f f e c t  - o f  halothane - on i n a c t i v a t i o n  k i n e t i c s  

Halothane i s  an i n h a l a t i o n  anesthet ic  w i t h  bas ic  

pharmacological e f f e c t s  s i m i l a r  t o  those o f  ether .  Halothane's 

e f f e c t s  on sodium c u r r e n t  k i n e t i c s  i n  t h e  c r a y  f i s h  axon appear t o  

be e s s e n t i a l l y  i d e n t i c a l  t o  those o f  ether .  F igu re  7 shows sodium 

cu r ren ts  a t  -2 mV before, du r ing  and a f t e r  exposure t o  32 mM 

halot,hane. The exponenti a1 f i t s  t o  the  decay phases o f  the  

cu r ren ts  are shown i n  Par ts  b, c, and d ' o f  t h e  Figure; as f o r  

ether ,  t h e  decay t ime  constant  i s  cons iderab ly  decreased by 

.halothane. As w i t h  ether ,  t ime constants are reduced a t  a l l  

membrane potent  i a1 s, bo th  f o r  inward and outward cur rents .  

Halothane s o l u t i o n s  change t h e  k i n e t i c s  o f  sodium cu r ren ts  w i t h  a 
. . 

t i m e  course o f  many minutes, i n  c o n t r a s t  t o , t h e  r a p i d  a c t i o n  o f  ether .  

The r e v e r s a l  on wash-out i s  a l so  slow. , A f t e r  9 minutes exposure i n  t h e  

a p p l i c a t i o n  o f  halothane shown i n . F i g u r e  7, t h e  decay t ime  constant  was 

s t i  11 decreasing, and a f t e r  30 minutes o f  r i n s i n g  w i t h  halothane-f ree . . 

so lu t i on ,  recovery  .was s t i l l  no t  complete. I t  seems l i k e l y  t h a t  t h e  

slowness o f  halothane's a c t i o n  and r e v e r s a l  r e l a t i v e  t o  e t h e r ' s  i s  due 

t o  the d i f ference i n  water :membrane p a r t i t i o n  c o e f f i c i e n t  between t h e  

two compounds. The oi1:water p a r t i t i o n  c o e f f i c i e n t  f o r  halothane i s  285 

( o l i v e  o i l ,  25 '~)  a n d  f o r  ether  i t i s  4 (Regan and Eger, 1967). (The 

values f o r  membrane:water p a r t i t i o n i n g  are probab ly  ' l e s s  (Mastrangelo - e t  

al., 1978) b u t  the  r e l a t i v e  values f o r  halothane and e ther  are probably - 
s t i l l  s i m i l a r ) .  I t  i s  poss ib le  t h a t  t h e  membranes o f  t h e  



. . 

Figure 7. Effect of halothane on sodium current kinetics.  

Depolarization from -72 mV t o  -12 mV. ( a )  Control, 30 mM 

halothane, wash-out currents super imposed.. (.b,c,d) 

Currents superimposed w i t h  exponential f i t s  t o  f a l l i n g  

phases. Currents f i t  between 70 percent and 10 percent of 

peak values. Full Na, Full K, 1 rnM 4-AP. Virtual ground 

current electrode. Temperatures: Control, 2.5'~; Ether, 

2.5'~; Wash-out, 2.6'~. 
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Schwann c e l l  l a y e r  surrounding the .axon  a c t  t o  b u f f e r  t h e  halothane 

concen t ra t i on  near t he  axon membrane. 

The slowness o f  ha lo thane 's  e f f e c t s ,  coupled w i t h  t h e  necess i t y  

f o r  h igh  f l o w  r a t e s  t o  p revent  l oss  o f  concen t ra t i on  due t o  

evaporat ion,  made it imprac t ic 'a l  t o  d e l  i ver  halothane long enough 

t o  reach a steady-state; t h i s  made a d e t a i l e d  st,udy o f  t h e  

concentration-dependence o f  ha lo thane 's  e f f e c t s  impossib le.  I n  two 

cases i n  which 6 mM halothane was.appl ied,  t h e r e  was very  l i t t l e  

change i n  sodium c u r r e n t  k ine t i cs . ;  t he  decay t ime constant  

. decreased by . l e s s  than 10 percent  f o r  a four-minute.application. 

However, t h i s  r e l a t i v e  l a c k  o f  e f f e c t  may s imp ly  have been due t o  

f a i  l u r e  o f  t h e  halothane t o  reach t h e  axon membrane a t  a 

s i g n i f i c a n t  concent ra t ion .  



DISCUSSION 

Block of open.sodium channels or modification of inactivation ra te .  

processes? 

The central question i n  .understanding t h e '  mechanism by which 

ether- produces' f a s t e r  decay of sodium currents i s  whether the 

exis t ing inactivation process i s  i n  some way accelerated by ether 

or whether the f a s t e r  decay i s  due t o  block of open sodium 

channels, as appears to  be the case w i t h  pancuronium (Yeh and 

,Narahashi, 1977) and N-methyl strychnine (Shapiro, 1977; Cahal an, 

1978, Cahalan and Almers, 1979). Distinguishing 'between these 

al ternat ives ,  or even deciding i f  they are distinguishable,  i s  not 

easy. 

I t  i s  clear tha t  the mechanism of action of ether and halothane 

i s  very .unl ike ly . to  be similar i n  detai l  t o  the mechanisms of 

pancuronium, N-methylstrychnine, or other r e l a t ive ly  1 arge 

cations. Ether and halothane are small, neutral molecules w i t h  

h i g h  l i p id  so lubi l i ty .  If they do ac't by preferent ial  blocking of 

open sodium channels, i t  i s  not because of a lack of access . to  

closed sodium channels, as may be the case w i t h  the hydrophilic 

cations. I t  also seems unlikely tha t  ether.and halothane would 

block channels by physical or e l ec t ros t a t i c  occlusion of the pore. 

A "blocking" of open sodium channels by ether and halothane would 

most l i  ke'ly be due to' activated'  channels possessing a conformation 

with.a  receptor s i t e  for  anesthetic molecules which did not e x i s t  

in the closed s t a t e .  I t  should dlso be noted that  such a 



hypothetical  receptor wouid have t o  be f a i r l y  nonspecific; e ther  

( H ~ C ~ - O - C ~ H S ) '  and >halothane ( HBrCl C-CF3), a halogenated 

ethane der ivat ive ,  have s i gn i f i c an t l y  d i f f e r e n t  s t ruc tures .  

The only r ea l  s i m i l  ar i t y  between e f f e c t s  on sodium currents  of 

in te rna l  pancuronium or N-methyl strychnine and those of e ther  or 

halothane i s  the f a s t e r  decay of the currents .  Pancuronium, 

N-methyl strychnine and other . i nternal  1 arge. ca t ions  produce 

c h a r a c t e r i s t i c  hooked t a i l  currents  when the membrane i s  

repol arized a f t e r  a depol a r i z a t i  on, and a1 so produce t a i  1 cur ren t s  

which pe r s i s t  long a f t e r  the sodium current  has decayed completely 

(Cahalan and Shapiro, 1976; Yeh and Narahashi, 1977; Calahan, 1978; 

Cahalan and Almers, 1979). Tail currents  i n  e ther  and halothane 

appear normal. 

A second dif ference,  mentioned in RESULTS, is t h a t  pancuronium 

has no e f f e c t  on t he  r a t e  of inac t iva t ion  or on s teady-s ta te  

inact ivat ion fo r  depol a r i z a t  ions t o  membrane potent i a1 s more 

negative than -50 mV, where a small f r ac t i on  of t h e  sodium channels 

a re  act ivated (Yeh and Narahashi, 1977); appl icat ion of e ther ,  on 

t he  other hand, r e s u l t s  in both more complete s teady-s ta te  

inac t iva t ion  and in f a s t e r  k ine t ics .  I t  i s  tempting t o  use the 

observation t h a t  e ther  speeds inac t iva t ion  a t  -55 mV,  where a small 

f r ac t i on  of sodium channels i s  open, . t o  a s imi la r  ( r e l a t i v e )  extent  

as a t  large  pos i t ive  po ten t ia l s ,  where a large  f r ac t i on  i s  open, t o  

argue t ha t  e ther  does not ac t  by blocking.open sodium channels. 



B u t ,  attempts to  'develop this argument quant i ta t ively make i t  seem 

unconvincing. I t  is necessary t o  r ea l i ze  tha t  although the 

fract ion of sodium channels open a t  small depolarizations i s  so 

small as to  make the currents un-measurable with s ingle  pulses, 

there may s t i l l  be enough open so tha t  block of open sodium 

channels can proceed a t  a  su f f i c i en t ly  rapid r a t e  to  s igni f icant ly  

speed the time course of inactivation measured with the 

double-pulse procedure. This point was made in a  similar context 

by Bezanill a  and Armstrong (1977). A simplified calculation 

i l l u s t r a t e s  t h i s  point: fo r  large depolarizations, where 

activation i s  maximal, the decay time constant i s  decreased from 
' 

about .4 msec to  about .2 msec by 100 mM e ther  (F.igure 3 ) .  I f .  

ether were blocking open sodium channels, the e f fec t ive  r a t e  

constant for  blocking would be about 2.5 ms-l. ( T h i s  assumes 

tha t  the open.ing of the channels i s  f a s t  compared to  inact ivat ion,  

which is a good approximation for  1  arge membrane potent i  a1 s. ) 

Could t h i s  same. blocking r a t e  constant s igni f icant ly  affect  the  

r a t e  of inactivation a t  -55 m V ,  where few channels are activated a t  

any given time? The ef fec t ive  r a t e  constant fo r  " inact ivat ion" 

through blocking by ether wi 11 be. approximately given by the 

f rac t ion  of open channels multiplied by the blocking r a t e  constant 

of 2.5 ms-l. The fract ion of open channels a t  -55 4s too small 

to  measure d i rec t ly  b u t  experiments employing signal-averaging of 

sodium currents a t  small depol ar izat ions (unpublished) yielded the 

r e su l t  t ha t  the peak conductancetat -50 mV is about . O 1  of the peak 



conductance a t  1  arge de'p0.l ar iza t  i  ons and tha t  the peak conductance 

changes e-fold with a  change.in membrane potential  of 3.7 mV i n  the 

range -50 mV to  -40 mV; extrapolating t h i s  r e su l t ,  the fract ion of 

open channels a t  -55 mV would be .0026. Thus, the ef fec t ive  r a t e  

constant for  "inactivation" through blocking would be ,(.0025) x 

(2.5 ms-l) = .0065 ms-l. In axon 1-2 i n ~ a b l e  I ,  the 

inactivation time constant was 46 ms and the steady-state 

non-inactivated fract ion of.  channels was .56; this yields ,  for  a  

f i r s t -order  reversible  reaction, r a t e  constants of 10096 and .0122 

ms-I in the forward arid backward directions.  Thus the e f fec t ive  

r a t e  constant fo r  "inactivation through blocking" i s  comparable t o  

the r a t e  constants for  normal inactivation and t h e  net r a t e  of 

"inactivation" determined by the double-pulse method would be 

substant ial ly  f a s t e r  w i t h  ether present. 

Another i l l u s t r a t ion  of the d i f f i c u l t y  of unambiguously 

elimi nati  ng a  "blocking of open sodium channels" mechanism for  the 

general anesthesia i s  t o  note. t ha t  i f  normal inactivation only 

occurred af te r  the channels have opened, as for  example in the 

model proposed by Bezanilla and Armstrong (1977), then a  speeding 

of normal inactivation ra te  processes would be k ine t ica l ly  

indistinguishable from blocking of open sodium channels. 

Sod i urn channe 1 inactivation mode 1 s 

If i t  i s  assumed that  ether and halothane act  by a1 ter ing r a t e  

processes in the exis t ing inactivation mechanism, are the r e su l t s  

of any use in distinguishing between various kinet ic  models fo r  



sodium channel i n a c t i v a t i o n ?  I n  p r i n c i p l e ,  t h e  r e s u l t s  might  be 

use fu l ,  b u t  i n  p rac t i ce ,  t h e  necessary d i s t i n c t i o n s  seem too f i n e  

t o  make w i t h  any confidence. B o t h  s t r i c t l y  coupled models, where 

channels must open be fo re  i n a c t i  vat ing,  and t h e  ~ o d g k i n - ~ u x l e y  

model, w i t h  independent a c t i v a t i o n  and i n a c t i v a t i o n  processes, can 

g i v e  t h e  general r e s u l t  o f  t h e  cu r ren ts  w i t h  and w i thou t  e the r  

matching w e l l  i n  the  e a r l y  p a r t  o f  t he  r i s i n g  phase o f  t he  c u r r e n t  

w h i l e  having d i f f e r e n t  decay ra tes .  (These s ~ m u l a t i o n s  s imply  

assumed t h a t  the  e f f e c t  o f  e ther  was t o  increase the  forward r a t e  

constant  f o r  i n a c t i v a t i o n  i n  each model.) There are d i f f e r e n c e s  i n  

t h e  p r e d i c t i o n s  o f  t h e  two models: w i t h  the  Hodgkin-Huxley model, 

t h e  r i s i , n g  phases do not  match as w e l l  f o r  as l ong  as i n  coupled 

models; s ince i n a c t i ' v a t i o n  s t a r t s  a t  t ime  zero i n  the  

Hodgkin-Huxley model, f a s t e r  i n a c t i v a t i o n  w i l l  produce smal le r  

cu r ren ts  immediately. With coupled models i n a c t i v a t i o n  proceeds 

w i t h  a  l a g  which, s ince i t  depends on a c t i v a t i o n ,  i s  about t h e  same 

f o r  d i f f e r e n t  i n a c t i v a t i o n  constants. A r e l a t e d  d i f f e r e n c e  i s  t h a t  

f o r  a  g iven amount o f  speeding o f  t h e  decay phase, t h e  

Hodgkin-Huxley model p r e d i c t s  a  greater  dec l i ne  i n  the  peak c u r r e n t  

s i z e  than coupled models do. Another expression of t h e  d i f f e r e n c e  

i s  t h a t  i f  the  exponentiaq f i t  t o  the  decay phase i s  ex t rapo la ted  

back t o  t ime zero, t h e  i n t e r c e p t  w i l l  no t  be changed w i t h  a  change 

i n  the Hodgkin-Huxley model; i n  coupled models, t he  i n t e r c e p t  o f  

t h e  e x t r a p o l a t i o n  i s  l a r g e r  w i t h  f a s t e r  i n a c t i v a t i o n .  With t h e  

e ther  data, i n  cases i n  which i t l i s  est imated t h a t  t he re  i s  no 



"extra" change i n  current magnitude, the intercept of the 

extrapolated f i t  i s  smaller with ether f o r  moderate depolarizati.ons 

and larger w i t h  ether for  large depolarizations. However, such 
. . 

calculations depend c r i t i c a l l y  on the assumption of nb."extra"  

change in current magnitude, which i s  impossibl'e t o  independently 

check; also,  the data fo r  large depolarizations may be enough 

dis tor ted by the f i n i t e  time fo r  charging of the membrane 

capacitance to  seriously a f fec t  the r e s u l t s .  In any case, the  

quant i ta t ive differences between the various models are r e l a t ive ly  

small and probably .well w i t h i n  the bounds of e r rors  from various 

sources in the exper imental data: 

One d i f f i c u l t y  i n  f i t t i n g  the data by simple changes i n  the  

Hodgkin-Huxley model should be noted; . th is  concerns the changes i n  

the steady-state.inactivation curve produced by ether.  The changes 

in the decay time constant w i t h  ether can be f i t  f a i r l y  well with a 

simple scaling of Bh, the forward r a t e  constant for  inactivation, 

over the en t i r e  membrane potenti a1 range. However, simply scal ing 

Bh s h i f t s  the steady-state inactivation curve w i t h  no change in 

i t s  steepness, while w i t h  ether both the midpoint and the steepness 

are changed  a able' 11). There' appear to  be no simple changes in 

the Hodgkin-Huxley expressions for  the voltage-dependence of ah 

and Bh which will produce the charac ter i s t ic  change i n  the 

steady-state inactivation curve seen with ether.  



Comparison - with previous results 

There are two previous reports of voltage clamp work using 

general anesthetics. Shrivastav -- et a1 . (1976) studied the effects 
of trichloroethylene on currents in the squid axon; they found that 

the steady-state inactivation curve was shifted in the 

hyperpolarizing direction, as with the results with ether on the 

crayfish axon. Kendig -- et al. (1979) reported a similar shift 

produced by ether in the frog node. Neither group reported on the 

detailed kinetics of sodium currents. 

A result reported by Heinbecker and Bartley (1940) may be 

closely connected to the speeding of inactivation reported here. 

They reported that 24 mM ether produced a dramatic increase in the 

rate of accommodation to a,subthreshold depolarization.in frog 

nerve. The. rate of accommodation depends on the rate of sodium 

channel inactivation and the rate of potassium channel activation; 

in the frog nerve, where the potassium conductance is relatively 

small, the rate of accommodation at small depolarizations may 

primarily reflect the rate of inactivation. 

General anesthetics have been found to speed the decay of 

end-plate currents (Gage and Hamill, 1976a, 1976b) and to decrease 

the mean channel 1 ifetime estimated from current noise. measurements 

(Gage -- et al., 1979.); as with general anesthetics in the axon, it is 

not clear whether this represents a "blocking" mechanism n r  a 

speeding of the gating process. However, it is clear that the 

observations with the end-plate channels and the present ones with 



sodium channels may depend .on the same basi,c mechanism. The f a c t  

t ha t  potassium channel activation 'kinet ics  are f a s t e r  w i t h  ether 

(Chapter Two), an e f fec t  which can not be at t r ibuted to  a 

'blocking" mechanism, perhaps gives some extra  weight to  the  

poss ib i l i t y  that  i n  a l l  three channels the e f fec ts  are due to  a 

speeding of gating processes. I t  would~seem.reasonable t o  propose 

tha t  the abil i t y  of the genera1 anesthetics to  .increase t'he 

" f lu id i ty"  of l ipid bilayer membranes (Trudell - e t  -., a1 1973; Boggs 

e t  a l . ,  1976; Mastrangelo e t  a l . ,  1977; Vanderkooi e t  a l . ,  1977) -- -- 3 .- - 
m i g h t  underly a l l  three e f fec ts ,  as one poss ib i l i t y  proposed by 

Gage and Hamill (1976a) f o r  the i r  resu l t s .  

Observations probably related to  r e su l t s  reported here were 

made by Oxford and Swenson (1979),  studying the e f f ec t  of octanol 

on sodium currents i n  the squid axon. They found both t h a t  

steady-state inactivation was shif ted in the hyperpolarizing 

direction and tha t  the time constant fo r  sodium current decay was 

reduced. Furthermore, they found no sign of time-dependent 

blocking by. octanol in axons t reated w i t h  internal  pronase t o  

remove inactivation, and suggested that  t h e i r  r e su l t s  probably 

represented ef fec ts  of octanol 'on the normal inactivation 

mechanism. . Octanol has e f fec ts  similar to  those of general 

anesthetics on end-plate channels (Gage - e t  -. a l . ,  1978); jus t  how f a r  
' 

i t s  e f fec ts  on the s t ructure of l ip id  bil  ayers resemble those of 

general anesthetics is not c lear .  I t  seems possible tha t  the 

. . mechanisms of e f fec ts  on inactivation by octanol and by general 

anesthetics are similar.  



The r e s u l t s  reported here may be more useful when the  r e s u l t s  

of more experiments l ike  those of Redmann -- e t  a l .  (1979) and C h i u  - e t  

a l .  (1979), which use other means t o  a l t e r  the  l i p i d  environment of - 
t he  sodium channel, are  avai lable .  I t  wi l l  be p a r t i c u l a r l y  

h t e r e s t i n g  t o  see i f  the s e l ec t i ve  action on inac t iva t ion  and not 

ac t iva t ion  k ine t i c s  i s  t rue  f o r  other methods of l i p i d  a l t e r a t i on .  

.Pharmacological s ignif icance 
, 

I t  seems almost cer.tai n t h a t  the  production of unconsciousness 

by general anesthet ics  i s  due t o  block of synaptic transmission i n  
I 

the  cen t ra l  nervous system (Richards, 1973; Richards -- e t  a l . ,  1975; 

Richards and white, 1975). Larger concentrat ions of anes the t ics  

a re  required fo r  block of nerve conduction than fo r  block of 

synaptic transmission or f o r  c l i n i c a l  general anesthesia (Larrabee 

and Posternak, 1952; Richards, 1973; Richards and .White, 1975). 

However, the results reported here suggest t h a t  t he  generation of 

action potenti .als  may be affected i n  more sub t l e  ways i f  changes in 

sodium channel k ine t ics  were produced' by t he  l eve l s  of anes the t ic  

present dr~r ing general anesthes-ia. 

How do the  e ther  concentrat ions 'used in t h e  present research 

compare with c l i n i c a l  concentrations'? The blood concentrat ions of 

e ther  during anesthesia of dogs a t  37' are  15-24 mM (Ronzoni, 

1923; Haggard, 1924; Robbins, 1945) these  correspond t o  the same 

concentrat ions in s a l i ne  since the b1ood:sal ine  par t  i t i o n  

coef f ic ien t  i s  about unity (Steward -- e t  a l . ,  1973). The smal les t  

concentration of ettier which had a cons i s ten t ,  s i gn i f i c an t  e f f e c t  



on sodium channel i n a c t i v a t i o n  was 30 mM, which decreased the decay 

t ime constant by an average o f  about 20 percent. However, the re  i s  

a  problem i n  r e l a t i n g  these studies, done a t  low temperature i n  a  

pe r iphera l  axon o f  an inver teb ra te  poik1iotherm;with poss ib le  

ef fects a t  3 7 ' ~  i n  cen t ra l  neurons o f  ver tebrates.  Cherkin and 

Catchpool (1964) found t h a t  g o l d f i s h  adapted t o  3 7 ' ~  requ i red  25 

mM ether f o r  narcosis wh i le  a t  loOc, they requ i red  34 mM. Such a  

temperature 'dep.endence would be cons is ten t  w i t h  ac t ion  i n  a  

membrane; water :membrane p a r t i t i o n  c o e f f i c i e n t s  show var i a t  i on i n  

the  proper . d i r ec t i on .  I f  general anesthet ics do ac t  by d isso lv i .ng 

i n t o  membranes, the concentrat ions i n  the membrane would probably 

vary s i g n i f i c a n t l y  w i t h  the l i p i d  composit ion o f  t he  membrane, 

which m i  ght  vary considerably between mammals and po i  k l  i otherms. 

With these uncer ta in t ies ,  i t  would not  seem su rp r i s i ng  i f  

v e r t e b r a t e  sodium channels w e r e  a f fec ted  by c l i n i c a l  l e ve l s  of 

anesthetics, but, a t  face value, t he  present  work suggests t h a t  

such e f f e c t s  would be small. 
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POTASSIUM CHANNEL KINETICS BY ETHER AND HALOTHANE 

INTRODUCTION 

The reasons for  being interested i n  studying the e f f ec t s  of 

general anesthetics on axons were outlined in the introduction t o  

Chapter One; what seemed the most interest ing ef fec t ,  the apparent 

speeding of sodium channel inactivation, was treated in Chapter 

One: In t h i s  chapter, other e f f ec t s  of ether and halothane on the  

e l ec t r i ca l  properties of the crayfish ax-on are discussed. Most of 

these e f f ec t s  have not been investigated i n  very much de ta i l ,  and 

many of the resu l t s  and conclusions presented here must be regarded 

as prel imi nary., 

Briefly,  ether and halothane had no s ignif icant  e f fec ts  on 

rest ing potential or leakage conductance even a t  large 

concentrations. The magnitudes of both sodium and potassium 

currents were depressed, pa r t i a l ly  reversibly.  'The reversal 

potential  of the sodium channel was unchanged. The application and 

wash-out of large concentrations of anesthetic were found t o  cause 

an. i r revers ib le  s h i f t  in thevoltage-dependence of a slow 

inactivation process i n  the sodium channel. The kinet ics  of 

potassi um channel activation were f a s t e r  when ether was present, 

although the dependence of t h i s  e f f ec t  on ether concentration was 

variable from axon to axon. Finally,  a measurement of the membrane 

capaclty o f  an axon. showed no change w i t h  ether present. 

45: '  



METHODS 

The basic exper.imenta1 precedures, .data collection system, and 

the methods for analyzing sodium currents were described in Chapter 

One. Most of the experiments described here were performed using 
. . 

the guarded plate 'electrode for current collection; one of the 

experiments showing the sh i f t  in slow inactivation was done using 

the differential electrode for recording currents, in order to be 

.sure that neither. the basic properties of slow inactivation nor i t s  

sh i f t  by ether were ar t i facts  due to spatial variation in membrane 

potential. They were not. 

The level of steady-state slow inactivation was measured by 

changing the holding potential while giving t e s t  pulses t o  a 

constant potential. The time constant for changes in the .amplitude 

of the t e s t '  pulse current was about  6 seconds a t  -78 mV it 9'; 

the process was a b i t  faster  a t  more negative potentials and slower 

a t  less negative potentials. Usually a holding potential was 

established for 15 to 30 seconds for membrane potentials of -80 t o  

-100 mV, or 30 seconds, t o  3 minutes for 1ess.negative potentials; 

these durations seemed sufficient for the t e s t  pulse currents to 

nearly reach a steady-state value. There is  probably an even 

slower process of inactivation: following the establishment of a 

series of more negative potentials from a resting potential .of -80 

mV or -95 mV, .after re-establishment of the resting potential the 

currents were often sl ightly larger than they had been in the 

control, and they relaxed back to their  original size w i t h  a time 



course o f  several  minutes. However, t h e  magnitude o f  t h i s  

"hys te res i s "  was not  more than about 10 percent  and probab ly  d i d  

n o t  c o n t r i b u t e  much e r r o r  t o  the  measurements. 

potassium cu r ren ts  were obta ined us ing normal van Har reve ld '  s 

s o l u t i o n  w i t h  100 nM t e t r o d o t o x i n  added t o  b lock  sodium cur rents .  
. . 

Leak and capac i t y  cu r ren ts  were subt rac ted by adding scaled 

cu r ren ts  from hyperpo la r i z ing  pulses. 

The method f o r  measuring capacitance i s  descr ibed i n  t h e . t e x t .  



RESULTS 

Resting potential and leakage current 

Up to 300 mM ether had no effect on the resting potential of 

fresh, healthy axons,,and in a single application of 400 mM ether, 

the resting potential of -74 mV declined only to -72 mV. All 

applications of large amounts of ether were performed at 6' or 

below; up to 20 mM ether had no effect on resting potential at 

d 
25'. Similarly, up to 32 mM halothane had no effect on resting 

potential at Tow temperatures. At 25', 1-3 mM halothane had no 

consistent effect on resting potential; there were occasionally 

small hyperpolarizations or depolarizations, but these were usually 

transient. 

In axons which had been used for more than a few hours or which 

appeared.otherwise decrepit, application of large amounts of ether 

or halothane sometimes caused a decline in resting potential, 

usually irreversibly. 

Up to 400 mM ether had no effect on the leakage current 

measured in response to hyperpolarizing pulses. 

Partial block of sodium currents 

Applications of concentrations of ether of 20 mM and above 

decreased the s i r e  of sodium currents, with no significant etfect 

on the voltage-dependence of the sodium cond.uctance or on the 

reversal potential of the.sodium channel. The peak sodium current 



as a  f u n c t i o n  o f  membrane p o t e n t i a l  i s  shown f o r  a  t y p i c a l  

a p p l i c a t i o n  o f  moderate amounts o f  e t h e r  i n  F i g u r e  1. I n  t h i s  

experiment, 30 mM e t h e r  was a p p l i e d  f o r  10 minutes, 40 mM e t h e r  was 

a p p l i e d  f o r  13 minutes, 50 mM e t h e r  was app l i ed  f o r  12 minutes, and 

f i n a l l y  t h e  axon was r i n s e d  w i t h  e the r - f ree  s o l u t i o n .  The peak 

c u r r e n t  vs. membrane p o t e n t i a l  curves shown are  f o r  t he  c o n t r o l  

cu r ren ts ,  t h e  c u r r e n t s  a f t e r  6 minutes o f  30 mM e the r ,  and t h e  

c u r r e n t s  a f t e r  7 minutes o f  50 mM e ther .  Peak c u r r e n t  h e i g h t s  were 

reduced i n  30 mM e t h e r  t o  about 85 percent  o f  t h e  c o n t r o l  and i n  50 

mM e t h e r  t o  55 percent  o f  t h e  c o n t r o l ;  a f t e r  25 minutes o f  r i n s i n g  

w i t h  e t h e r - f r e e  s o l u t i o n ,  t h e  c u r r e n t s  recovered p a r t i a l l y ,  t o  80 

percent  o f  t h e  c o n t r o l .  The l ack  o f  complete r e v e r s i b i l i t y  w i t h  

30-50 mM e t h e r  i s  usua l .  

There i s  no expe r imen ta l l y  s i g n i f i c a n t  change i n  t h e  r e v e r s a l  

p o t e n t i a l  w i t h  e t h e r  present .  There i s  a lso  e s s e n t i a l l y  ,no change 

i n  t h e  voltage-dependence o f  t h e  r e l a t i v e  peak c u r r e n t  he igh ts .  

(There are  very  ' s l i g h t  d i f f e r e n c e s  i n  most cases i n  t h a t  t h e  peak 

c u r r e n t s  a t  l a r g e  d e p o l a r i z a t i o n s  a re  u s u a l l y  decreased l e s s  

r e l a t i v e  t o  t h e , c o n t r o l  than are c u r r e n t s  f o r  moderate 

d e p o l a r i z a t i o n s .  Th i s  i s  because t h e  decrease i n  peak c u r r e n t  

he igh ts  produced by e t h e r  i s  due p a r t i a l l y  t o  t h e  f a s t e r  

i n a c t i v a t i o n  w i t h  e t h e r  present .  The r e l a t i v e  r a t e s  o f  a c t i v a t i o n  

and i n a c t i v a t i o n  determine t o  what e x t e n t  t he  f a s t e r  i n a c t i v a t i o n  

w i l l  a f f e c t  t h e  peak c u r r e n t  h e i g h t  and are  such t h a t  peak c u r r e n t  

i s  decreased more f o r  moderate d e p o l a r i z a t i o n s  than f o r  ve ry  l a r g e  

d e p o l a r i z a t i o n s  ( o r  very  smal l  d e p o l a r i z a t i o n s ) .  Th i s  may be seen 



Figure 1. Decrease i n  peak sodium cur rents  by 30 and 50 mM ether. 

Times.of app l i ca t i on  o f  ether are noted i n , t h e  t e x t .  Note 

the, lack o f  change i n  the general shape o f  the I - V  curve 

and i n  the reversa l  p o t e n t i a l .  F u l l  Na, F u l l  K, 1 mM 

4-AP. Temperature: 8.5'~. 





i n  the currents in Figure 2,  Parts C and D, in Chapter One: a t  -20 . 

mV,  100 mM ether decreased the peak currents by 20 percent r e l a t i v e  

to  wash-out, and a t  +65 mV, by only about 12 percent. This e f f ec t  

may be part ly  the cause o f . t h e  30 mM ether curve i n  Figure 1 

deviating, near the reversal potent ial ,  from being a scaled version 

of the control curve. However, t h i s '  deviation i s  probably mainly 

due to  errors i n  reading the small currents near the reversal 

potenti a1 . ) 
Halothane had a similar e f f ec t  i n  depressing sodium currents 

without s igni f icant ly  changing the reversal potential  or the 

voltage-dependence of the currents (Figure 2 ) .  

Shi f t  j n  sodium channel slow inac.tivation 
I 

A curious and consistent r e su l t  observed w i t h  ether was tha t  

when concentrations greater than 60 mM were applied t o  an axon w i t h  

a holding potential near -75 mV ( the  usual res t ing  potential near 

4 ' ~  w i t h  normal potassium in the bathing solut ion) ,  the sodium 

currents a f t e r  rinsing out the ether with ether-free solution were 

invariably larger -than the control currents had been. This was 

also seen w i t h  large concentr'ations of halothane, as i n  Figure 2. 

Further experiments have shown that  t h i s  e f f ec t  'seems to be due 

to  an i r revers ib le  s h i f t  in the voltage-dependence of a slow 

inactivation process which governs the maximal sodi um conductance 

available when the axon i s  held a t  various membrane potentials.  

Slow inactivation has been previously described in the crayfish 

axon by Shrager (1977), and Starkus and Shrager (1978) described an 



Figure 2. Decrease in peak sodium currents by halothane. 30 mM 

halothane applied for 9 minutes and rinsed for 30 minutes. 

Ful.1 Na, Full K, 1 mM 4-AP. Holding potential -72 mV. 

Temperatures: Control, 2.5'~; Ether, '2.5'~; Wash-out, 

2.6'~. 





i r r e v e r s i b l e  s h i f t  i n  t h e  voltage-dependence o f  t h e  process, i n  t h e  

de 'po la r iz ing  d i r e c t i o n ,  when t h e  axon was t r e a t e d  i n t e r n a l l y  w i t h  

t r y p s i n .  The a p p l i c a t i o n  and removal o f  l a r g e  concen t ra t i ons  o f  

e the r  o r  halothane appears t o  produce a  s i m i l a r  s h i f t ,  bu t  o f  

smal.1er magnitude. 

The bas ic  phenomenon o f  slow i n a c t i v a t i o n  observed through 

changes i n  t h e  h o l d i n g  p o t e n t i a l  i s  shown i n  P a r t  A o f  F igu re  3. 

The h o l d i n g  p o t e n t i a l  i s  v a r i e d  and t h e  sodium conductance 

a v a i l a b l e  i s  assayed by measuring t h e  peak sodium c u r r e n t  f l o w i n g  

d u r i n g  a . t e s t  pu lse  t o  a  cons tant  p o t e n t i a l .  Each h o l d i n g  

p o t e n t i a l  i s  es tab l i shed  f o r  30 seconds o r  more t o  a l l ow  t h e  t e s t  

pu lse  sodium c u r r e n t  t o  reach n e a r l y  a  s teady-state value. I n  

F igu re  3a, t he  c u r r e n t s  f o r  a  t e s t  pu lse  t o  +5 mV are  shown f o r  

ho ld ing  p o t e n t i a l s  o f  -65, -75, -80, -85, and -95 mV; the  sodium 

c u r r e n t  was very smal l  w i t h  a  h o l d i n g  p o t e n t i a l  o f  -65 mV and 

reached a  n e a r l y  s a t u r a t i n g  maximum s i z e  a t  -95 mV. The c u r r e n t  

k i n e t i c s  do n o t  change s i g n i f i c a n t l y  w i t h  ho ld ing  p o t e n t i a l  i n  such 

experiments; u s u a l l y  t he  decay t ime constants change by l ess  than 

10 percent  and t h e  changes are c o n s i s t e n t  w i t h  reasonable values o f  

r e s i d u a l  uncompensated s e r i e s  res is tance.  (Th i s  l ack  o f  

s i g n i f i c a n t  change i n  k i n e t i c s  w i t h  l a r g e  changes i n  c u r r e n t  s i z e  

i s  r.eassur;ing evidence for- t h e  l ack  o f  s i g n i f i c a n t  

current-dependent e r r o r s  i n  t he  establ ishment  o f  vo l t age  c o n t r o l  by 

the  vo l tage  clamp.) 



Inact ivat ion ~ 4 t h  changes in holding po ten t ia l ,  and e f f e c t s  

of 200 mM ether. ( a )  Control currents  i n  response t o  

depolar izat ions  t o  +5 mV from holding po t en t i a l s  of -65, 

-75, -80, -85, and -95 mV. Currents are  1 arger: f o r  more 

negative holding po t en t i a l s  ( b )  Control, ether, and 

wash-out currents  f o r  a depolarization t o  5 mV from a 

holding potent ia l  of -80 mV. ( c )  Same, but f o r  -85 mV 

holding p o t e n t i a l  ( d )  Same, but f o r  -95 mV holding 

po ten t ia l .  'Full Na, Full K ,  1 mM 4-AP. . Resting po ten t ia l  

- 7 5  mV. Temperatures: ( a )  1.6-1.7'~; . ( b )  Control, 

2.5'~; e ther ;  2.3'~; wash-out, 3 .8 '~  ( c )  Control, 

1 .7 '~ ,  ether, 2 . 5 ' ~ ~  wash-out, 2 .6 '~  ( d )  Control, 

1.7OC, ether, ~ O C ,  wash-out 2.9'~. 
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In Figure 4, the peak currents during the t e s t  pulse t o  +5 mV 

are plotted'  as a function of holding potential  before, during, and 

a f t e r  the wash-out of 200 mM ether.  After 20 minutes of 200 mM 

ether,  the mid-point of the curve is shif ted from i t s  control value 

of -82 mV t o  -81 mV; following 20 minutes of r insing w i t h  

ether-free solution a f t e r  a to ta l  of 25 minutes of 200 mM ether,  

.the curve. i s  shif ted to  the right, w i t h  a midpoint of -74 mV. In 

another application of 200 mM ether t o  a d i f fe rent  axon,' the 

control mid-point was -83 mV, and the mid-point following wash-out 

was -78 mV. 

I t  was not .practical t o  follow the time course of the 
. . .  

development of the s h i f t  with complete holding potential  

inactivation curves, b u t  the time course could be followed by 

observing the t e s t  pulse current heights fo r  a single holding 

potential  near -75 mV. In such cases, there was an i n i t i a l  

reduction in peak current as soon as the ether solution was 

applied; a f te r  10 minutes or so, the peak current s i ze  would go 

through a minimum and then slowly begin to  r i s e :  i t  seems l i k e l y '  

tha t  t h i s  r i s e  represents the beginning of the s h i f t  in-s low 

inactivation. As ether concentrations could conveniently ,only be 

applied fo r  20 minutes or so, i t  is unclear whether the s h i f t  would 

become complete ' w i t h  ether solution present, or whether washing out 

the ether solution i s  necessary t o  give the complete s h i f t .  

Parts b ,  c, and d of Figure 3 compare, at  each of three holding 

potent ials ,  the currents  before,^ during, and a f t e r  200 mM e ther .  

Notice that  at  -80 mV,  the currenl; aFter wash-out i s  substant ial ly  



Figure 4. S h i f t  of slow inac t iva t ion  by e ther .  Peak current  during a 

t e s t  pulse t o  +5 mV i s  p lo t ted  versus holding potent ia l  

before, during, and a f t e r  200 mM e ther .  Peak current  

heights are  normalized w i t h  respect  t o  t h a t  with -95 mV 

holding po ten t ia l .  Actual peak cur ren t  heights w i t h  -95 mV 

2 holding po t en t i a l s  were: con t ro l ,  2.5 mA/a cm ; Ether, 
2 2 1.5 mA/cm ; Wash-out, 2.1 mA/cm . Full Na, Full K ,  

1 mM 4-AP. Temperatures: Control, 1.6-1.7'~; Ether, 2.5 
0 - 3.3'~; Wash-out, 1.6 - 2.3 C. 





t he  c o n t r o l  ; w h i l e  a t  -95 mV, where pres-umably recoj iery f rom slow 

i n a c t i v a t i o n  i s  n e a r l y  complete i n  a l l  cases, t h e r e  i s  a  l oss  of 

about 15 percent  o f  t he  c u r r e n t  i n  t h e  wash-out compared t o  t h e  

c o n t r o l .  A t  -85 mV, i n  t h i s  p a r t i c u l a r  axon, t he  e f f e c t s  of t he  

s h i f t  i n  slow i n a c t i v a t i o n  and t h e  i r r e v e r s i b l e  l o s s  o f  15 percent  

o f  t h e  c u r r e n t  n e a r l y  balanced one another, and the  c u r r e n t s  be fo re  

and a f t e r  t h e  wash-out o f  e t h e r  a re  n e a r l y  i d e n t i c a l .  P a r t  C i s  a  

n i c e  i l l u s t r a t i o n  t h a t  t he  s h i f t  i n  slow i n a c t i v a t i o n  i s  n o t  t h e  

r e s u l t  o f  a  genera l i zed s h i f t  i n  t h e  voltage-dependent g a t i n g  

p r o p e r t i e s  o f  t he  sodium channel:  i f  e i t h e r  t h e  a c t i v a t i o n  o r  t h e  

( f a s t )  i n a c t i v a t i o n  processes had been s h i f t e d  by even a  few mV, 

t h e  k i n e t i c s  i n  these two c u r r e n t s  would no t  match so w e l l .  P a r t  d  

o f  t h i s  F i g u r e  a lso  makes t h e  p o i n t  t h a t  n e a r l y  a l l  o f  t he  decrease 

i n  peak c u r r e n t  h e i g h t  due t o  200 mM e t h e r  may be due t o  t h e  change 

i n  f a s t  i n a c t i v a t i o n  k i n e t i c s ;  a t  -95 mV, where recovery  f rom slow 

i n a c t i v a t i o n  i s  p robab ly  sa tura ted  both  w i t h  and w i t h o u t  e ther ,  t h e  

i n i t i a l  r i s i n g  phases o f  t h e  c u r r e n t s  a re  n e a r l y  i d e n t i c a l  w i t h  and 

w i t h o u t  e ther .  

E f f e c t s  o f  e t h e r  on potassium c u r r e n t  k i n e t i c s  

I n  most axons tested,  a p p l i c a t i o n  o f  e the r  r e s u l t e d  i n  f a s t e r  

turn-on o f  t h e  potassium cu r ren ts ;  t h i s  e f f e c t  was r e v e r s i b l e .  An 

example o f  c u r r e n t s  w i t h  and w i t h o u t  e t h e r  i s  shown i n  F i g u r e  5. 

I n  t h i s  axon, 40 mM e t h e r  was app l i ed  f o r  12 minutes, 80 mM e t h e r  

was app l i ed  f o r  15 minutes, 160 .mM e the r  was app l i ed  f o r  15 



Figure 5. Changes in potassium current kinet ics .with ether.  

Depol arization from -75 mV t o  +90 mV. Sequence of 

application of ether 'concentrations i s  described in the 

text.  ( a )  Current i n  80 mM ether superimposed wi.th the 

current a f t e r  washing-out 160 mM ether. ( b )  Current i n  

160 mM ether superimposed with the current a f t e r  rinsing. 

( c )  The currents from ( b )  scaled so tha t  t h e i r  

steady-state values match. Full Na, Full K ,  100 nM TTX. 

Temperatures: ( a )  Ether, 4.4'~; wash-out, 4 .8 '~  

(b,c) Ether 4.8'~, Wash-out 4.8'~. 





minutes, and the axon was rinsed with ether-free solution. Since 

there was an irreversible decrease in current sizes from the 

beginning to  the end of the sequence, the currents with 80 and 160 

mM ether are shown, in Parts a and b,  superimposed with the 

currents after recovery from ether, in order to emphasize the 

differences in kinetics with and without ether. Although the 

currents with ether have smaller steady-state v.alues, they are 

actually larger than the current with no ether for the f i r s t  2 

mi 11 iseconds or so: The change in kinetics i s  further .emphasized 

in Part C,  where the currents with and without 160'mM ether have 

been scaled so that their  steady-state values match. 

The production of faster potassium channel kinetics by ether 

was a fa i r ly  b u t  not perfectly consistent finding. Nine axons were 

used for experiments with ether on potassium currents. Seven of 

the axons showed clear changes in kinetics, with t'cross-overt' 

between control and ether currents like that &en in Figure 5, with 

ether concentrations 'from 40 to 480 mM; the reverse effect was seen 

upon washing out the ether, although usually the currents following 

wash-out were not exactly the same as in the control. In two 

axons, applications of ether did not have any significant effect on 

potassium current kinetics. These results are summarized in . 

Table. I. 



TABLE I 

EFFECT OF ETHER ON POTASSIUM CURRENT KINETICS 

Percent decrease i n  time t o  half-maximum 

Ether 

Axon Concentration (mM) Crossover Compared t o  cont ro l  Compared t o  washout 

1 5 0 YES 20 30 

50 YES 25 

YES . 

NO 

4 40 YES 2 5 

80 YES 17 

YES 

YES 

300 YES 20 25 

YES 

YES 

480 YES 4 0 



I 

The speeding of activation kinet ics  was quantitated by 

measuring the time taken to  reach half of the maximum potassium 

current. Figure 6 shows data from the same experiment from which 

Figure 5 i s  taken (Axon 6 in table  I ) ;  the time to  half maximum 

current i s  plotted as a function of membrane potential  fo r  the 

'control, in 160 mM ether (following applications of 40 and 80 mM 

e the r ) ,  and following the wash-out of ether. The kinet ics  are 

changed a t  a l l  membrane potent ials  to  a roughly similar degree; 

usually, as in Figure 6, 'the percent decrease in the time t o  half 

maximum current i s  somewhat greater fo r  the 1 arger depol ar i la tons.  

'Figure 6 i s  typical of most of the axons in tha t  the currents 

following the rinsing out of an application of ether are s l igh t ly  

slower than- the control currents before ether was appl ied. 

There seems to be v a r i a b l i l i t y  from axon to axon in the 

concentrations of ether necessa-ry t n  produce a given change in 

potassium channel kinetics.  In Axon 4 i n  Table I ,  40 mM ether 

produced a large e f fec t  while in Axon 6 the same concentration 

.barely had any effect .  The experimental conditions were. similar in 

the two axons; however, i t  i s  interest ing to  note tha t  ttie control 

kinet ics  were substant ial ly  f a s t e r  in Axon 6: the time t o  half 

maximum a t  +90 mV was 1.3 msec (4.5 '~)  while in Axon 4 the time 

t o  half maximum at  +91 mV was 2.7 msec (2.6 '~) .  I t  seems 1 i  kely 

tha t  the speeding of. potassium kinet ics  by ether would have been 

seen in a l l  axons i f  large enough concentrations had been used. 

I 



Figure 6. Time t o  h a l f  maximum potassium cur ren t  w i t h  and wi thout  160 

mM ether. Same, axon as i n  F igure  5. F u l l  Na, F u l l  K, 100 

nMTTX. Temperatures: Control,  4.6'~; Ether, . 

0 0 4.6-5.0 C; wash-out, 4.7-4.8 C. 





Block o f  potass ium c u r r e n t  

I n  a d d i t i o n  t o  speeding a c t i v a t i o n  k i n e t i c s ,  40 t o  160 mM e t h e r  

decreased steady-state c u r r e n t  l e v e l s  by 10-30 percent ,  u s u a l l y  

. o n l y  p a r t l y  r e v e r s i b l y .  . F i g u r e  7  (which i s  again f rom Axon 6  o f  

Table I) shows t h e  steady-state potassium c u r r e n t s  as a  f u n c t i o n  o f  

membrane p o t e n t i a l  f o r  t h e  c o n t r o l ,  i n  80 mM e the r ,  i n  160 mM 

e ther ,  and a f t e r  r i  n s i  ng. The vol.tage-dependence o f  t h e  potass i um 

c u r r e n t s  was n o t  s i g n i f i c a n t l y  d i f f e r e n t  i n  e the r .  Comparison o f  

F i g u r e  7 w i t h  F i g u r e . 6  shows t h a t  t h e  change i n  c u r r e n t  k i n e t i c s  

w i t h  e t h e r  i s  no t  t h e  r e s u l t  o f  a  gene ra l i zed  s h i f t  o f  t h e  

voltage-dependence o f  t h e  channel. 

Membrane capaci tance 

General anes the t i cs  p e r t u r b  t h e  s t r u c t u r e  o f  l i p i d  b i l a y e r s  

( T r u d e l l  e t  al . ,  1973; Vanderkooi e t  al., 1977; Johnson and M i l l e r ,  -- -- 

1970); t h i s  p e r t u r b a t i o n  m igh t  unde r l y  t h e  pharmacology o f  genera l  

anes the t ics .  Recent ly ,  two groups suggested a  p o s s i b l e  mode of 

c o u p l i n g  between a  change i n  membrane l i p i d  s t r u c t u r e  and changes 

i n  nerve membrane function-. Haydon -- e t  a l .  (1977a, 1977b) observed 

t h a t  t h e  capac i t ance .o f  a r t i f i c i a l  b i l a y e r s  sa tu ra ted  w i t h  

n-alkanes v a r i e d  accord ing t o  t h e  number o f  carbons i n  t h e  alkane; 

presumably t h e  d i f f e r e n c e s  i n  capaci tance r e f l e c t  d i f f e r e n c e s  i n  

b i  l a y e r  t h i ckness  due t o  adso rp t i on  o f  alkane. They n o t i c e d  t h a t  

t h e  changes i n  capaci tance were c o r r e l a t e d  w i t h  t h e  a b i l i t y  o f  t h e  



Figure 7. 'Steady-state potassium current versus membrane potential, 

.with and without 80 and 160 mM ether. Same axon as in 

Figures 5 and 6. Holding potential -75 mV. Full Na, Full 

K, 100 nM TTX. ~em~eratures: Control, 4.6'~; 80 mM 

ether, 4.3-4.5'~; 160 mM ether, 4.5 - 5.0°C, wash-out, 

4.6 - 4.8'~. 





n-alkanes t o  block nerve conduction in t h e  squid axon and f rog 

s c i a t i c  nerve, and suggested a molecular mechanism by which t he  

alkane might i nh ib i t  t he  nerve impluse: adsorption of alkane i n to  

the  membrane would thicken t he  l i p id  b i layer  of t he  membrane and 

would reduce the  s t a b i l i t y  of open sodium channels by requir ing 

them t o  span a longer distance. Ashcroft -- e t  a l .  (1977a, 1977b) 

observed decreases i n  t he  capacitance of a r t i f i c i a l  1 ip id  bi 1 ayers 

when benzyl alcohol was present,  and made an e s s e n t i a l l y  iden t ica l  

proposal f o r  how benzyl alcohol might block nerve impulses. 

A giant  axon- provides a convenient preparation f o r  studying 

possible drug-induced changes in capacitance. In the  crayf ish  

giant  axon, e the r  concentrat ions up t o  100 rnM appeared t o  have ".o 

detectable  e f f e c t  on membrane cap'acitance, a t  l e a s t  with the  

r e l a t i v e l y  crude measurements I have made. Up t o  50 mM e ther  had 

no effect on the  the  capac i ta t ive '  t r ans i en t  produced by a voltage 

s tep  under voltage clamp; when the  analog signal  of the  

capac i ta t ive  t r ans i en t  was displayed on a storage osci l loscope with 

a f a s t  time base, the  t r ans i en t s  with and without e ther  

superimposed within t h e  width of t he  t r ace .  In order t o  make 

measurements of capacitance which could conveniently be d ig i t i z ed  

f o r  ana lys i s ,  I used a t r i angula r  wave-form under voltage clamp. 

The method and i t s  r e s u l t s  a re  i l l u s t r a t e d  in  Figure 8. Par t  a  

shows the  command voltage forrn, a 14.3 mV peak-to-peak 1.2 Hz 

t r i angula r  wave applied a t  a holding po ten t ia l  of -81 mV.  The 

current  signal  in response t o  t h i s  wave-form i s  shown in Par t  b; i t  



i s  c l ose  t o  t h e  response expected f rom a  r e s i s t o r  and c a p a c i t o r  i n  

2 
p a r a l l e l .  The vaiues o f  membrane r e s i s t a n c e  (380 ohms-cm ) and 

2 capaci tance (.89 p f / cm ) a re  est imated by f i t t i n g  the  da ta  w i t h  

t h e  t h e o r e t i c a l  response o f  an R C  combinat ion. I n  P a r t  d, t h e  

c u r r e n t  i n  100 rnM e t h e r  was recorded; i t  i s  e s s e n t i a l l y  i d e n t i c a l  

t o  t h e  c o n t r o l  cu r ren t ,  as i s  emphasized by P a r t  e, where t h e  

c u r r e n t s  w i t h  and w i thou t  e t h e r  a re  superimposed. Probably a  

change i n  capac i tance 'g rea te r  than about 5 percent  would have been 

detec ted  i n  t h i s '  experiment. 



Figure 8. Membrane capacitance with and without 100 rnM ether. A 

tr iangular wave-form (14.3 mV peak-to-peak, 1.2 KHz) i s  

appl ied under vol tage-cl amp. ( a )  Voltage wave-form. 

( b )  Membrane current ( c )  F i t  of the expected response of . 

a paral lel  RC combination. F i t  was made by estimating RC 

values and adjusting the values by eye for  best f i t ;  f i t  

2 2 
. shown i s  with R = 380 ohm-cm , C = .89 pflcm . (d)  

Same as part  ( b ) ,  b u t  with 100 mM ether. ( e )  Currents 

with and withcut ether superposed. 1/4 Na; 112 K, 1 mM 
. . 

4-AP,'100 nM TTX. Holding potential - 81 mV. 

' Temperature 3.7'~. 
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DISCUSSION 

Comparison w i t h  p rev ious  voltage-clamp r e s u l t s  

There are  two prev ious  r e p o r t s  o f  vo l t age  clamp s tud ies  on t h e  

e f f e c t s  o f  general anes thet ics  on nerve membranes. Kendig -- e t  a l .  

(1979) found t h a t  e t h e r  i n  t h e  f r o g  node depressed sodium c u r r e n t s  

w i thou t  changing t h e  sodium channel reve rsa l  p o t e n t i a l ,  i n  

agreement w i t h  t h e  r e s u l t s  repo r ted  here. Shr ivas tav  -- e t  a l .  (1976) 

s tud ied  the  a c t i o n  o f  t r i c h l o r o e t h y l e n e  on t h e  squid axon and 

found, i n  c o n t r a s t  t o  t he  r e s u l t s  w i t h  e t h e r  and halothane on t h e  

c r a y f i s h  axon, t h a t  t he  r e s t i n g  p o t e n t i a l  was decreased, t h e  

leakage conductance was decreased, t h e  steady-state conductance 

curve was s h i f t e d  along the  membrane potent . ia1 a x i s  and t h a t  t h e  

r e v e r s a l  p o t e n t i a l  f o r  t h e  peak t r a n s i e n t  c u r r e n t  was s h i f t e d .  

Whether t he  d i f f e r e n c e s  l i e  w i t h  t h e  anesthet ics  o r  t h e  

p repa ra t i ons  . i s  n o t  c l e a r .  . . 

Change i n  potassium channel k i n e t i c s  

Probably the  most use fu l  o f  t h e  observa t ions  repo r ted  here i s  

t he  speeding o f  potassium channel a c t i v a t i o n  by ,ether .  Two o t h e r  

i o n i c  channels show a l t e r e d  g a t i n g  k i n e t i c s  w i t h  general  

a i ~ e s t h e t i c s ;  both end-plate c u r r e n t s  (Gagc and Hami 11, 1975; Gage 

e t  al., 1979) and sodium c u r r e n t s  .show fas te . r  decay k i n e t i c s .  I n  -- 
both these cases i t i s  ambiguous whether t he  f a s t e r  decay i s  caused 

by some s o r t  o f  time-dependent b l o c k ' o f  open channels o r  whether 

t he  na t i vega ' t i ng .p rocesses  a re .be ing  a f fec ted .  I n  t he  case of t h e  



faster potassium kinetics, the change is clearly not the result of 

channel blocking or inactivation by anesthetic: its seems that the 

normal gating process is made faster when ether is present. This 

gives credence to the possiblity that native gating processes are 

also being affected in the cases of the end-plate channel and the 

sodium channel. The fact that all three of the ionic channels so 

far examined show changes in gating kinetics may also add some 

weight to the idea that the changes might be mediated by changes in 

membrane lipid structure, seen with general anesthetics in model 

systems (Trudell - et * a1 ? 1973; Vanderkooi et a1 . , 1977). 
It is interesting that sodium channel activation kinetics are 

not affected by ether while potassium channel activation is 

speeded, since one might expect the basic gating mechanisms to be 

similar. It is possible that the two processes have different 

types of rate limitinq processes, though, especially considering 

the difference in their time scales. 
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CHAPTER THREE: STUDIES ON-SODIUM CHANNEL INACTIVATION 

INTRODUCTION 

When a nerve membrane is sufficently depolarized from its 

resting potential, the permeabi 1 ity to sodium ions rises and then 

becomes small again (Hodgkin and Huxley, '1952a). A first step in 

understanding the kinetic mechanism of the sodium channel is to 

understand the relation of the inactivating phase of the sodium 

conductance to the initial activating phase. Hodgkin and Huxley's 

postulate of independent activation and inactivation gates, both of 

which must be open for the sodium channel to conduct ions (Hodgkin 

and Huxley, 1952b) appears inconsistent, at least in its original 

form, with some recent observations on sodium channel kinetics. 

One observation which is apparently common to all experimental 

preparations is that inactivation develops with a lag which roughly 

parallels the time course of the opening of the channels 

(Armstrong, 1970; Goldman and Schauf, 1972; Peganov, 1973; Schauf 

and Davis, 1975; Bezanilla and Armstrong, 1977) rather than with 

the exponential time course expected from an independent, 

first-order process. Lags in the recovery from inactivation when 

the axon is repolarized after a long depolarization have also been 

reported (Schauf, 1976; Chi u, 1977). 

Another experiment with results useful for distinguishing 

between inactivation models has different results,reported in 



different  nerves. , Goldman and. Schauf (1973) reported tha t ,  i n  the 

Myxicola giant axon, 'the r a t e  of inactivation 'measured with the 

prepul se inactivation method of Hodgkin and Huxley (1952a) was 

substant ial ly  slower th.an the ra te  of decay of sodium currents a t  

the same potent ial .  The same r e s u l t  was reported fo r  lobster giant 

axons. (oxford and Pooler, 1975). However, i n  the squid giant axon 

(Hodgkin and Huxley, 1952b; Chandler e t  a l . ,  1965; Bezanilla and . 
, 

Armstrong,. 1977) and in the frog node (Chiu, 1977) the r a t e s  

determined by the two methods are nearly ident ical .  The difference 

between the two, r e su l t s  i s  t ha t  in lobster and Myxicola axons the 

r a t e  of decay of sodi um currents i s  only m i  1 dly vol tage-dependent 

and i s  qui te  rapid f o r  small depolarizations, while in squid and 

frog nerve the r a t e  . i s  sharply voltage-dependent and i s  slow f o r  

small depolarizations. 

Qther types o,f experiments on inactivation have been performed 

i n  Myxicola axons b u t  have not been reported i n  comparable de ta i l  

fo r  other preparations. One experiment i s  the measurement of 

steady-state f a s t  inactivation by the method of Hodgkin and Huxley 

(1952a) i n  which a long prepulse t o  a varying potential  produces 

inactivation, the extent of which i s  assayed by the peak sodium 

current during a t e s t  pulse of fixed height following the prepulse; 

. i n  the Myxicola axon the steady-state inactivation curve 

constructed w i t h  t h i s  method i s  d i f fe rent  f o r  d i f fe rent  t e s t  pulse 

potent ials  (Goldman and Schauf,. 1972; Schauf e t  a1 ., 1976). This 

experiment was suggested by Hoyt (1968) f o r  distinguishing between 



inactivation models;   old man (1976) has discussed experimental 
details and precautions. Another result from Myxicola is that over 

a fairly wide range of membrane potentials, sodium currents decay 

almost to zero while inactivation measured with the prepulse method 

is far from complete (Goldman and Schauf, 1973). This is an 

important result, as Goldman (1976) has pointed out, since it can 

rule out many models in which activation and inactivation are 

independent processes. 

Because of the importance of inactivation experiments for 

narrowing the field of possible kinetic models for the sodium 

channel, and because of the seemingly different results from 

different.preparations, it seemed worthwhile to perform the same 

and similar experiments in the voltage clamped crayfish axon 

preparation developed by Shrager (1974). In doing so I have tried 

to assess and r e d ~ ~ r . ~ !  some errors associated with the voltage clamp 

method used. 

There are two major possible sources of error in voltage 

clamping giant axons with theaxial wire technique. One is the 

problem of unavoidable resistance in series with the membrane, 

which complicates establishing a constant membrane potential 

(Hodgkin -- et al., 1952). The second is the possibility of 

non-uniformities of potential and current in the r e g i o n  of membrane 

from which current is recorded. Despite the extensive' theoretical 

and experimental consideration given to this problem by Cole and 

Moore (1960), Taylor, Moore and Cole (1960), and Chandler, FitzHugh 



and Cole (1962), the extent to which it influences the results of 

specific experiments is not. usually known or estimated. 

In the work reported here. I have. used a technical advance by 

Sigworth, (1979) for more complete series resistance compensation, 

and a technical advance by Cole and Moore (1960) for estimating and 

reducing errors due to spati a1 non-uniformity. The remaining 

errors are estimated to be small enough to allow reasonable 

confidence to be'attached to the kinetic data obtained. The 

experimental. results are similar to those in squid and frog nerve 

but differ .from them .in a number of details. The results seem 

inconsistent with both the simplest models with independent 
. . 

activation and inactivation processes and with the simplest models 

in which only open channels can inactivate. Many classes of 

intermediate cases cannot be excluded. 



METHODS 

Medial giant  axons from Procambarus c l a rk i i  were di ssected, 

cleaned, and voltage clamped by the axial wire technique described 

by Shrager (1974). Crayfish were from Louisiana and California;  

there were no apparent systematic differences in the properties of 

t h e i r  axons. ' 

The microcomputer system f o r  data col lect ion,  the control and 

measurement of temperature, and the methods of analysis have been 

previously described (Chapter I ) .  

Current measurement 

To clamp the membrane potent ial ,  current was passed with the 

internal axial wire to  an external electrode consisting of three 

platinized platinum plates  of lengths 5 mm, 2 mm, and 5 mm, as 

shown in Figure 1. Membrane current density was measured by 

recording current density in the external solution as the potential  

drop between a pair  of plat inized.  platinum wire electrodes 

separated by 180 p and oriented perpendicular t o  the axon 

(Figure I ) ,  a technique devised by Cole and Moore (1960; see also 

Cole, 1968) t o  permit measurement of re1 a t i  vely local i zed membrane 

: current density. The wires had diameters of 25 p .and. were 

insulated except f o r  t h e -  f i na l  170 p. The nearer wire was usually 

within 80 p of the axon when the electrode pair  was in i t s  f ina l  

position a t  the "control, point" opposite the t i p  of the internal 

potenti a1 pipette.  The signal f.rom t,he d i f fe rent i  a1 electrode .was 



Figure 1. Method o f  current measurement. ~ o t  drawn t o  scale in the 

vert ical  direction; a typical axon diameter i s  200 v ,  and 

the external pl atinum pl a te  ground electrodes were usually 
. . 

about 3 mm from the axon. The currents shown were recorded 

w i t h  the d i f fe rent ia l  electrode opposite the control point, 

2 mm t o  the l e f t ,  and 2 mm to  the r ight ;  the nearer wire of 

the electrode was about 700 p from the axon. Current 

density was calculated by comparing current signals 

recorded w i t h  the differenJia1 electrode with those from - 

the central plate;  in this axon, the ce l ibra t ing  fac tor  was 
2 

1 mA/cm per .73 mV. between the w'ires in the d i f f e ren t i a l  

electrode. Full Na, Full K, 1 mM 4-AP. 

Temperatures : 2.5'~. 
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amplified and high-pass filtered at .06 Hz and low-pass filtered at 

14 KHz before being digitized. 

The spatial resolution of the electrode pair was calibrated as 

shown in Figure 2.' A pipette "point" current source in the nerve 

chamber simulated a small piece of axon membrane, and the electrode 

pair was moved parallel to the axis of the pipette. The size of 

the signal recorded at various positions relative to that recorded 

opposite the mouth of the pipette (x = 0)  is shown in Figure 2. 

The solid line in Figure 2 gives the values expected if the field 

due to the source falls off as l/r3l2 in the plane parallel to 

the floor of the chamber. This approximation is reasonably good, 

judged both by the fit to the data in Figure 2 and by direct 

measurement of potentials in the chamber. Knowing how the current 

from a small source will spread in the chamber; together with the 

geometry of the axon and electrode pair, permits an estimation of 

the magnitude of the contributions. of various parts of the axon 

membrane at various distances to the total recorded current signal. 

.Series resistance compensation 

In. order to increase the amount of series resis'tance 

compensation which could be employed without .inducing oscillations 

in the voltage clamp system, the current signal was low-pass 

filtered at 12 KHz before being fed back into the voltage clamp 

amp1 i f  ier (Sigworth, 1979). The current signal from the central 

plate of the external current electrode was used for series 
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F igu re  2. S p a t i a l  r e s o l u t i o n  of the d i f f e r e n t i a l  e lec t rode.  The 

p i p e t t e  c u r r e n t  source was i n  t he  chamber i n  the  p o s i t i o n  

no rma l l y  occupied by the  axon, about 3 mm f rom t h e  ground 

e lec t rode  and about 100 p up f rom the  f l o o r  o f  t h e  

chamber. Po in t s  g i v e  t h e  recorded vo l tage  s i g n a l s  
, 

normal ized'  w i t h  respect  t o  t h a t  recorded oppos i te  the  mouth 

o f  t he  p i p e t t e .  The s o l i d  l i n e  i s  drawn according t o  

w i t h  a - =  d is tance of nearer  w i r e  f rom source = 110 p 

b  = separa t ion  o f  w i res  = 180 p 



resistance compensation since the signal from the differential 

electrode pair had an unstable DC component. Compensation for 

2 10-13 ohm-cm was used. The series resistance measured from the 

time'constant of the capacitative transient, in an axon in which 

the membrane capacitance was independently measured, was 11 
2 ohm-cm . 

Except for the currents shown in Figures 3 and 5, all the 

experiments reported in this paper were performed with external 

sodium concentrations of 52 mM or below, in order to further reduce 

errors duc to series resistance. 

Solutions 

. Solutions were modifications of van Harreveld's (1936) 

solution: 205 mM NaCl, 5.4 mM KCI, 13.5 mM CaC12, 2.6 mM MgC12, 

2.3 mM NaHC03, pH 7.5-7.6. All solutions containing 

4-aminopyridine (4-AP) had the bicarbonate replaced by 2.3 mM HEPES 

buffer, and were adjusted to pH 7.6-7.7. "114 Na; 112 K; 1 mM 

4-AP" has 52 mM NaC1, 2.7 mM KCI, normal CaC12 and MgC12, 1 mM 

4-AP, with tetramethylammonium chloride (TMA) to yield 433-438 m 

Osm. The solutions named with other fractional sodium or potassium 

concentrations were the same except for greater or less 

substitution by TMA. 



RESULTS 

Use o f  4-amino-pyridi ne t o  block potassium cur ren t  -- 7- 

I n  most o f ,  the experiments repor ted i n  t h i s  thes is ,  ba th ing  

so lu t ions  contained 1 mM 4 - m i  no-pyr id i  ne (4-AP) t o  b lock potassium 

cur rents  (Meves and Pichon, 1975; Yeh - e t  -* a1 9 1976). I there fo re  

checked t o  see i f the re  were any evident  e f f e c t s  o f  4-AP on sodium 

currents.  F igure 3 shows cu r ren ts  a t  var ious times dur ing the  

onset o f  block o f  potassium cur ren t  by 4-AP. Although potassium 

cur ren t  i s  blocked nea r l y  completely a f t e r . t e n  minutes, the re  i s  no 

change i n  the  r , ise  and e a r l y  decay o f  sodium current .  There was 

never a  decrease i n  the s i ze  o f  peak e a r l y  currents;  i n  some axons, 

peak e a r l y  cur rents  increased s l i g h t l y  a t  a l l  po ten t ia l s ,  w i t h  no 

apparent change i n  k i ne t i c s .  Also, i n  a  number o f  experiments 

s o d i ~ ~ m  c ~ ~ r r e n t s  were obtained from axons i n  t he  absence of 4-AP by 

using t e t r odo tox i n  (TTX) t o  b lock sodium cur ren t  and then 

sub t rac t ing  t he  TTX - i n s e n s i t i v e  cu r ren t  from the  t o t a l  cur rent .  

The cur rents  obtained i n  t h i s  way were q u a n t i t a t i v e l y  s i m i l a r  i n  

every way examined t o  those obtained i n  axons w i t h  4-AP present. 

I t  thus seems, reasonable t o  conclude t e n t a t i v e l y  t h a t  4-AP has. no 

e f f ec t  on sodium channel k i ne t i c s .  

Methods - o f  ob ta in ing  sodl urn cu r ren t  frum Lo td l  cur isent  

F igure  4a shows membrane cur rents  obtained i n  a  bath ing 

so l u t i on  c o n t a i n i n g  low ( 5 2  mM) sodium and 1 mM 4-AP, the usual 



Figure 3. Block of potassium currents by 1 mM 4-AP. Depolarization 

from -75 mV t o  +15 mV. Time fo r  complete replacement of 

the solution in the chamber i s  several minutes.' Full Na, 

Full K. Temperature: 1.5'~. 



Control 

4 - AP, 2 min. 
4 - AP, 3 min. 
4 - AP, 4 min. 
4 - AP, 10 min. 



solution employed in these experiments. Except f o r  the ear ly  

capacitative current, a small leakage current,  and, at  the higher 

depol ar izat ions,  some residual potassium current,  the 'currents  are  

sodium currents as defined by t h e i r  TTX-sensi t i v i t y  (Figure 4b). 

In the crayfish axon, potassium currents are blocked es sen t i a l ly  

completely by 4-AP fo r  depolarizations to  potent ials  less  than 0 

mV. For these potenti a1 s ,  corrections f o r  leak and capaci t a t i v e  

currents could be made by addition of appropriately sc'aled currents 

fo r  hyperpol arizing pulses. Currents obtained in t h i s  way appeared 

to  be purely sodium currents except f o r  an i n i t i a l ,  small outward 

current which i s  almost c e r t a i n . 1 ~  gating current (Armstrong and 

Bezanilla, 1974). Parts c,  d ,  and e '  of Figure 4 compare two 

methods of correcting fo r  leak and capacitative current. Part c 

shows two currents superimposed, both i n  response to  a pulse from 

-86 mV t o  -26 mV, one with and one without T T X .  Part d shows the 

capacitative and leakage currents in response to  a pulse from -86 

mV t o  -166 mV. In Part e,  two current sweeps have been 

superimposed; one i s  the sodium current obtained by subtracting the  

two sweeps i n  Part c ,  the second i s  the current obtained by scaling 

the sweep i n  Part d by 8/6 and adding i t  to  the non- T T X  sweep in 

Part c. Except fo r  the i n i t i a l  outward b l ip  of presumed gating 

current which i s  present in the second b u t  not i n  the f i r s t ,  the 

two c~ l r r en t s  match nearly perfectly.  

For potentials greater than 0 mV, block by 4-AP was usually not 

qui te  complete. Small potassium, currents,  w i t h  slow kinet ics  (Yeh, 



Figure 4. ' Ionic currents in low sodium and. 4-AP. ( a ) '  Currents 

f o r  depol arizations from -82 mV t o  -42, -32, -22, -12, 

-2, +8, +18, +33, +53, +93.mV. 'Reversal potential  i s  

about +22 mV. 114 Na, 112 K ,  . . 1 mM 4-AP. Temperature 

3.8'~. (b) Same, b u t  with 100 nM TTX added t o  

bathing solution. ( c )  Current ( i n  a d i f fe rent  axon) 

f o r  depolarization from -86 mV t o  - 2 6 m ~ ,  w i t h  and 

without TTX. 115 Na, 115 K ,  1 mM 4-AP. Temperature 

3.3'~. ( d )  Same fo r  hyperpolarization from -86 mV to  

-166 mV. ( e )  Superimposition of sodium currents 

obtained by two methods described in tex t .  I n i t i a l  

.outward current i s  only present in the case in wh.ich 

;capacitance and leak ' are corrected by current from 

hyperpol arization. Otherwise the two currents match 

perfectly. 



I +lo0 nm TTX a. 1/4 Na, 1 mM 4-AP 



e t  a1 1976), can be seen fo r  the. two 1,argest depol ar izat ions i n  - * 
Figure 4b. In addition, leak conductance was non-ohmic and was 

usually s igni f icant ly  greater f o r  larger depolarizations than f o r  

hyperpol ar izat ions and small depol arizations.  For 1 arger 

depolarizations, sodium current was isolated from to ta l  current in 

two ways. One was simply to  add TTX and subtract the 

TTX-insensitive current. An equally sa t i s fac tory  b u t  much more 

convenient method was to  record two current sweeps; in one, the 

t e s t  pulse was preceded by a conditioning prepulse s u f f i c i e n t l y .  

long and strong to t o t a l l y  inact ivate  the sodium current. The 

prepulse was separated from the t e s t  pulse by a short  return t o  

r e s t  so tha t  the capacitative current would b,e the same i n  the t e s t  

pulse w i t h  the prepulse as in tha t  without the prepulse. This 

procedure i s  i l l u s t r a t ed  in Figure 9. The prepulse inact ivates  the  

sodium current but  has no apparent ef fect  on leak or residual 

potassi um current; subtracting the two current sweeps yields  sodium 

current. This procedure appeared en t i r e ly  equivalent t o  TTX 

subtraction in axons in which both were used. ( In  principle there 

i s  also gating current present with the pre-pulse subtraction 

procedure, b u t  for  outward sodium currents i t  i s  obscured. When 

the prepulse subtraction technique i s  used fo r  inward currents,  

especi a1 l y  near the sodium r.eversa1 potenti a1 , gating current i s  

evident.) 



Spatial  uniformity - of membrane currents  

The uniformity of sodium currents along the length o f . t h e  axon 

was examined by moving the d i f f e ren t i a l  electrode pa i r  described in 

Methods to  various positions. The general r e su l t  was tha t  currents  

were reasonably uniform in magnitude and time course .over lengths 

of axon extending a few millimeters in e i ther  direction from the 

control point opposite the t i p  of the internal potential pipette.  

Figure 5 shows currents recorded a t  various points spanning a 4 mm 

length .of axon centered a t  the control point. The currents shown 

are in response to  a step in potential  from.-75 mV'to -25 mV,  in 

the heart of the negative-resistance region of the membrane, where 

both current amplitudes and kinet ics  are  sensi t ive to  small changes 

in membrane potential  and where the membrane potential  i s  

inherently unstable. Despite t h i s ,  there are only r e l a t ive ly  minor 

differences among the currents.  

I t  i s  useful t o  express the differences i n  currents recorded a t  

various locations as -d i f fe rences  in the "effective" membrane 

potential a t  the d i f fe rent  locations. Differences in the e f fec t ive  

membrane potential  can be estimated by comparing, a t  the d i f fe rent  

locations, the curves of peak sodium current vs. potential  or  

= h 3  the time constant fo r  the decay of sodium current ,  vs. 

potent ial .  Figure 6 shows peak sodium current as a function of 

membrane potential  recorded a t  the 'control  point and a t  1 mm in 

e i the r  direction from the control point. The .magnitude and the 

potential dependence of the currents a t  the control point and a t  1 



Figure 5. Currents in response t o  a depolarization from -75 mV t o  -25 

mV were recorded at  three positions: opposite the control 

p o i n t , ' l  mm r ight ,  2 m r ight ,  1 mm l e f t  and 2 mm l e f t .  

The nearer wire of the electrode was 300-400 p from the 

axon. Leak and capacitative currents were corrected f o r  

with current from a hyperpolarizing pulse. h ill Na, Full 

K, 1 mM 4-AP. Temperature 1 .8"~ .  





mm r ight  were very similar;  the c u r r e n t s . a t  1 mm l e f t  (toward the 

direction from which the piggy-back electrode had been inser ted)  

were effect ively shif ted along.the potential  axis in the 

hyperpolarizing direction by about 2-3 m V ,  both in the position of 

the negative-resistance region- and in the value of the reversal 

potential .  Also, the currents a t  1 mm l e f t  are about 20 percent . . 

smaller in the posit ive limb of the current-voltage re la t ion  

re la t ive  to  those a t  the control point. F'igure 7 shows p l o t s - o f  

'h 
vs. membrane potential taken over a 2 mm span ( i n  a 

different  axon). Above -20 mV the time courses of the currents  

were essent ia l ly  identical a t  a l l  three posit ions; below -20 m V ,  

where the rh vs. potential curve i s  steep, differences are 

evident. The points from currents recorded 1 mm l e f t  are shif ted 

by about 3 mV re la t ive  to  those a t  the control .point ;  t h i s  i s  seen 

most c lear ly  in the -35 to  -20 mV range. The points from currents 

recorded a t  1 ,mm r ight  are very s imilar  t o  those from the control 

point; the effect ive s h i f t  a t  any potential  i s  less  than 1 mV.  

Considering the whole span, then, i t  seems reasonable t o  conclude 

tha t  f o r  any' given voltage pulse, the currents over the 2 mm length 

or iginate  from areas of .membrane differ ing in potential  by 4. mV o r  ' 

less.  

The uniformity of effect ive membrane .potenti  a1 determined in 5 

axons over spans o f  2 mm and 4 mm, using the s h i f t ,  i n  rh vs. 

membrane potent ial ,  i s  shown in Table I .  Usually the s h i f t  was 

determined in the regi'on around -25 m V ;  here the curve was 



'Figure 6. Peak sodium cur ren t  vs. membrane ' po ten t i a l  a t  th ree  

pos i t i ons  along the axon. The nearer w i re  was 

. 100-200 ,p from the axon. 1/4 Na, 1/2 K, 1 mM 4-AP. 
1 0 

Holding 'po ten t i  a1 -83 mV. Temperature 3.7 C. 
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Figure 7. Decay time constant  vs. membrane po ten t ia l  a t  t h r ee  

posi t ions  along, the axon. The nearer  wire was 100-200 11 

from the  axon. 1/10 .Na, 215 K; 1 mM 4-AP. Holding 

potenti  a1 -83 mV. Temperature 4.2-4.4'~. 





suf f ic ien t ly  steep to  be sensi t ive,  while the currents were big 

enough for  accurate determinations of rh. These were typical 

axons which were "good" in the sense tha t  they had s table  res t ing  

potent ials  in the range -72 to .  -76 mV in '  van Harreveld's solution ,. 

a t  3-4'~.  A few axons had low or unstable rest ing pbtent ia l s  

(and were not. used fo r  experiments); most had been seen t o  be 

damaged during entry of the  piggy-back electrode. These' "bad" 

axons often had spectacularly non-uniform currents,  lending some 

confidence t o .  the resolving power of the d i f fe rent ia l  electrode. 

Knowing approximately the magnitude of variations in potential  

along the length of the axon, and knowing the resolving power of 

the electrode, as shown in Figure 2, permits a rough estimation of 

how much variabil  i t y  in membrane potenti a1 there wi 11' be in the 

areas of membrane which contribute s ignif icant  amounts of current 

density to  the d i f fe rent ia l  electrode when i t  i s  in i t s  f ina l  

position opposite the control point. Assuming that  the e l e c t r i c  

f i e l d  due to a current source spreads as 1/r. (3'2), a s i n  the 

theoret ical  l ine  in Figure 2, then fo r  the d i f f e ren t i a l  electrode 

with spacing .180p,'with the nearer wire 701.1 from the axon, and 

assumi ng an axon diameter of 200p, simp1 e numerical approximati.ons 

lead to .  the r e su l t  t ha t  75 percent of the signal would or iginate  

from about a .7 mrn length 'of axon centered a t  the control point. 

90 percent of the signal would or iginate  from ab0ut.a 1.5 mm 

, length. (This assumes equal membrane current densi t ies  along the 

axon's length.) Therefore, the eit imations given i n  Table I of 



Axon - 
1 

2 

3 

4 

5 

6 

7 

TABLE I 

SPATIAL UNIFORMITY OF EFFECTIVE MEMBRANE POTENTIALS 

External sodium Potential variation Potential variation 

concentration In 2 mm length (mV) in 4 mm length (mV) 

Full 3 5 

Full . 

114 

114 

114 

114 

1 / 1 0  



membrane potential uniformity over a 2 mrn span translate fairly . .  

directly into estimations of the potential. uniformity represented 

by the signal recorded at the control point by the differential 

electrode.. Of course, the largest contributions come from the 

nearest portions of membrane, which are closest in potential to the 

ideal command potenti a1 pipette. 

The most common pattern of deviation from strict uniformity was 

that seen in Figu.res 6 and 7: the effective membrane potentials 1 

mm right were very similar to those at the control po.int, but the 

membrane 1 .mm left was effectively more depolarized by 2-4 mV by 

the same pulse. .This pattern of deviation is easily understood; 

the axial wire of the piggy-back electrode was fastened to the 

potential pipette by a dab of laquer about 400p long; located about 

1 mm behind the tip of the..pipette. The current density delivered 

by the axial wire was, therefore, not at a1 1 homogeneous in this 

region, and some non-uniformity in membrane potential must be 

expected. In contrast, direct measurements of current density when 

current was passed with the axial wire in salt solution showed that 

the delivered current density was quite uniform to the right of the 

tip of the pipette, in agreement with the near uniformity of 

membrane currents in the part of the axon where current was 

supplied by t h i s  p a r t  o f  the wire. 

A condition which was not optimal for recording currents from 

the smallest possible area of membrane was the use of ground plates 

on only one side of the axon. In several experiments, two plates 



were used, one on e i ther  s ide of the axon. The spa t ia l  uniformity, 

judged both by measurement of currents along the length of the axon 

and by the biphasic decay of currents in the -30 mV t o .  -35 m V  range 

(see Results),  was not s igni f icant ly  be t te r  with two plates ,  and 

the small increase i n  the e f fec t ive  resolving power of the 

electrode with ' t h i s  arrangement, due to  l e s s  re1 at ive contribution 

by the areas of 'membrane on the f a r  s ide .of  the axon, did not 

compensate fo r  the smaller t o t a l  signal and consequent decrease of 

the signal-to-noise ra t io .  

Decay - of sodium conductance 

A t  most membrane potent ials ,  sodium conductance decays 

exponentially to  zero. In Parts a,c, and e of Figure 8 are shown . 

sodium conductances a t  three potentials.  in a s ingle  axon. The 

i n i t i a l  downward deflection i s  due to  gating current; leak and 

capacitative current were corrected for  by adding currents from 
1 ' 

. . 
hyperpol arizations.  In Parts b, d and f are shown the same 

currents with the f a l l i ng  phase f i t  with an exponential declining 

to  zero. The f i t  i s  very good at  a l l  three potent ials . '  The 

exponential has been f i t  between the times a t  which conductance had 

declined to  75, percent and 30 percent of i t s  peak value, in order 

t o  emphasize any deviation from a s ingle  exponential a t  longer 

times . 
There were three classes of exceptions t o  the usual s ingle  

exponential decay,to zero. In most axons, currents between -35 mV 



F igu re  8. Exponenti a1 decay o f  sodi um conductance. Currents have 

'been d i v ided  by t h e  d r i v i n g  f o r c e  (membrane p o t e n t i a l  - 
r e v e r s a l  p o t e n t i a l )  t o  g i v e  t h e  conductances. (a,c;e) 

Conductances a t  -45, -17, +8 mV i n  t h e  same axon. (b,d,f) 

.Same conductances superimposed w i t h  exponent ia l  f i t s  t o  

f a1 1  i n g  phases. F i t s  , were made between 70 .percent and 30 

percent  o f  t h e  peak value. ( g )  Dev ia t i on  f rom s i n g l e  

exponent ia l  decay a t  -32 mV; same axon as (a-f) .  

( h )  S ing le  exponent ia l  decay a t  -32 mV i n  a  d i f f e r e n t  

'axon, I n  a l l  par ts ,  leak and c a p a c i t a t i v e  cu r ren ts  were 

cor rec ted f o r  by adding ' c u r r e n t s  f rom hyperpol a r i z a t i o n s .  

(a)  and (b)  are s igna l  averaged sums o f  16 d e p o l a r i z i n g  and 

16 hyperpo la r i z ing  sweeps. (c-g) are sums o f  s i n g l e  

sweeps, one depol a r i z i n g  and one hyperpol a r i z ing .  ( h )  i s  

t h e  s i g n a l  averaged sum o f  4  d e p o l a r i z i n g  and 4  

hyperpol a r i z i n g  sweeps. (a-g) : 114 Na, 112 K, 1 mM 4-AP; 

3.5 '~ (h )  : 1/10 ~ a ,  2/5 K, 1 mM '4-AP; 3.3 '~ 





and -30 mV e x h i b i t e d  b iphas ic  decay. F igu re  89 shows a  r e l a t i v e l y  

severe example. However, t h e  degree o f  d e v i a t i o n  f rom a  s i n g l e  

exponent ia l  v a r i e d  f rom axon t o  axon and i n  axons w i t h  t h e  bes t  

s p a t i a l  u n i f o r m i t y  c h a r a c t e r i s t i c s  t h e  d e v i a t i o n  was u s u a l l y  q u i t e  

smal l .  An example i s  shown i n  F i g u r e  8h. It seems l i k e l y ,  

. there fore ,  t h a t  t h e  de .v ia t ion  u s u a l l y  seen i s  due t o  s p a t i a l  

var ia t ion 's  i n  membrane c u r r e n t s  and i s  n o t  an i n t r i n s i c  p r o p e r t y  o f  

t h e  sodium channels. 

A second r e g i o n  o f  membrane p o t e n t i a l  where the  f i t  t o  a . s i n g l e  

exponent ia l  was g e n e r a l l y  n o t  e x c e l l e n t  i s  f o r  l a r g e r  

depo la r i za t i ons ,  t o  p o t e n t i a l s  g r e a t e r  than +40 mV o r  so. There 

was u s u a l l y  a  small, s lower component t o  t h e  decay of c u r r e n t s  a t  

t h e s e  p o t e n t i a l s .  A  t y p i c a l  example i s  shown i n  F igu re  9. I n  

F i g u r e  9b, an exponent ia l  has been f i t t e d  t o  the  c u r r e n t  between 

the  t imes a t  which i t  has decayed t o  75 percent  and 25 percent  o f  

i t s  peak value; t h e r e  i s  a  c l e a r  f o o t  i n  t he  c u r r e n t  reco rd  

r e . l a t i v e  t o  the  f i t .   his f o o t  i s  'not an a r t i f a c t  o f  t h e  prepu lse  

s u b t r a c t i o n  technique s ince  i t a l so  appeared i n  c u r r e n t s  ob ta ined 

by TTX. sub t rac t i on .  
, . 

The t h i r d  r e g i o n  where except ions were sometimes seen i s  a t  

very smal l  depo la r i za t i ons ,  i n  t he  r e g i o n  -45 mV t o  -40 mV. I n  

some axons, the- decay appeared t o  proceed t o  a  non-zero asymptote. 

The asymptote was always l e s s  than 10 percent  o f  t h e  peak value; 

t he  decay t o  t h e  asymptote appeared exponent i a1 w i t h i n  t h e  accuracy 

o f  the. de terminat ion .  



Figure 9. Prepulse subtraction technique for  leak and capaci tat ive 

current correction. 

( a )  Pulse protocol and currents.  p he t e s t  pulse to  +86 mV 

was preceded by a 1.00 msec prepulse t o  -39 mV i n  order t o  

inactivate sodium current;  the resu l tan t  current was 

subtracted from the t e s t  pul'se current. w i t h  no prepulse t o  

yield sodium current. 

( b )  -Current obtained in t h i s  way superimposed w i t h  

1 east-squares exponenti a1 f i t ;  f i t  was between 75 percent 

arid 25 percent of the peak current. Note second component 

114 Na, 1 / 2  K, 1 mM 4-AP. 3 . 9 ' ~  
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Double pulse measurement of inactivation 

The double pulse method of Chandler, Hodgkin, and Meves (1965) 

was also used to follow the development of inactivation at various 

membrane potentials. The procedure is illustrated in the inset of 

Figure 10. A prepulse of variable duration is applied to the 

membrane and the level of inactivation reached during the prepulse 

is assayed by the size of the current during a test pulse followi.ng 

the prepulse and separated from it by a return to the holding 

potential for 300 microseconds. The purpose of the return to rest 

is to allow the non-inactivated fraction of sodium channels to 

begin, as nearly as 'possible, from the same initial condition with 

the prepulse as without it. The duration of 300 microseconds was 

selected to be short enough to allow almost no recovery from 

inactivation (there was recovery of only a few tenths of a percent 

dt -82 mV) while long enough that the kinetics of currents after 

prepulses were only very slightly different from those in the 

absence of prepulses. In the inset to Figure 10 are shown the test 

' pulse currents with various prepulse durations; with sufficiently 

long prepulses, in this case a 12 millisecond pulse to -24 mV,  

there is virtually no sodium current remaining during the test 

pulse. This was confirmed in experiments employing TTX 

subtraction. Consequently, correction for leak, capacitative., and 

any residual potassium current could be made in a simple way by 

subtracting the test pulse currents' following a prepulse sufficient 

for complete inactivation. 



Figure 10 Comparison of double pulse inactivation with sodium current 

decay. Inset: the pulse pattern used in Part a. Details 

of the performance and analysis of double pul se experiments 

are given i n  METHODS of Chapter One. The currents shown i n  

the inset  are for  piepulse durations of 0, 1, 3, and 1 2  

msec. The cpaci t a t i  ve t ransients  have been truncated t o  

save space. (a,b,c) Comparison of double pulse 

inactivation time course with single current decay. The 

normalized double pulse points have.been scaled t o  match 

the currents when the decay of the currents i s  about 50 

percent complete. The currents are a l l  inward currents and 

have been plotted with inward current posit ive fo r  

convenient comparison with the double pulse points. Dashed 

l ines  indicate s t a r t  of the depol arization; arrows indicate 

termination. In the currents shown in a-c, leak, and 
* 

capacitative currents were corrected for  by adding currents 

f o r  hyperpolarizations. 114 Na, 112 K ,  1 IIIM 4-AP. 
' 0 Temperatures: 3.2 C for '  the s ingle  pulse currents;  3.5 - 

3,.6OC fo r  double pulse experiments in ( a )  and ( b ) ;  3.3 - 
3 .4 '~  f o r  the double p u l k  experiment in ( c ) .  

- 





In Parts a, b, and c of Figure.10 the time course of 

inactivation determined by the double pulse method i s  compared t o  

the time course of decay of single pulse current a t  the prepulse ' . 

potential .  The double pulse points have been superimposed on the 

, 
current records and scaled so tha t  the two curves match when the , 

single  pulse current has decayed to about half of i t s  peak value. 

A t  a l l  potent ials ,  the kinet ics  of hac t iva t ion  followed.by the two 

methods appear simil ar over the time at  which they may be 

compared. Of par t icu lar  in t e re s t  fo r  kinet ic  models of sodium ,, 

channels are the kinet ics  of inactivation f o r  small 

depolarizations; i t  i s  i n  t h i s  region .of membrane potential  t ha t  

Goldman and Schauf (1973) found, i n  the Myxicola axon, tha t  s ingle  

pulse currents decayed much fa s t e r  than the time course of 

i nacti vati on determined by the prepul se met hod. Figure 11 shows 

da ta  l i ke  that  in Figure 10 b u t  from an axon i n  which signal 

averaging was employed to obtain a c learer  record of the single 

pulse current a t  -42 mV,  where peak conductance i s  small ( 117 of 
+ 

the peak conductance a t  36 m V )  and decays slowly, w i t h  a time 

constant of about 10 m i  11 iseconds. The time courses are closely 

simi 1 ar. 

Pooled data from three axons are given i n  Figure 12. Both 

measurements show tha t  the r a t e  of inactivation i s  sharply 

dependent on membrane potential  in the region from -50 t o  15 m V ,  

which i s  also the region in which peak sodium conductance varies 

steeply w i t h  membrane potential., The small differences in time 



Figure 11. Time courses of double-pul se inactivation and sodium 

current decay a t  .-42 mV. . Current is the signal averaged 

sum of 16 depol arizing and 16 hyperpol arizing pulses. 

Double pulse points are scaled to  match when the current 

has decayed about halfway. Dashed l ine  indicates s t a r t  of 

pulse; arrow indicates end. 114 Na, 1 /2  K, 1 mM 4-AP. 

. Temperature: 3.5 - 3.6'~. 





Flgure 12. Collected double .pulse inactivation and current decay data 

foe three dxons. Time constants were obtained from 

exponential f i t s  t o  the decay phases of the currents and to  

the double pulse inactivation curves. a f t e r  the i n i t i  a1 

lag. 1/4 Na, 1/2 K ,  1 mM 4-AP fo r  a1 l axons. Experiments 

performed at  3.2 - 3.6'~. 
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constants for inactivation.determined by the two procedures may be 

.accounted for by spati a1 nonuniformity of membrane potenti a1 

amounting to a few mV. In general the time course of inactivation 

determined by the double pulse method was less well described by a 

single exponential than were the decay' phases of the single pulse 

currents. This may a1 so be understood as the result of -spatial 

nonuniformity. 

Lag - in double pulse inactivation 

The time course of inactivation measured with the double pulse 

method always showed a "1 ag", or a delay of .2-2 msec before the 

rate of development of. inactivation reached its maximum. Similar 

lags in.double pulse inactivation are seen in other nerves 

(Armstrong, 1970; Bezanil 1 a and Armstrong, 1977; Goldman and 

Schauf, 1972; Peganov, 1973) ; in these nerves, the time course of 

the lag appears to be roughly similar to the time for the sodium 

current during the prepulse to reach its peak. The 1 ag in double 

pulse inactivation and its relation to the current during the 

prepulse are shown in Figure 13 for a prepulse to -3 mV. Both the 

prepulse sodium current and the double pulse inactivation points 

(crosses in Figure 12a) decay exponentially after about 1.5 msec. 

The double pulse inactivation points have been scaled to match the 

sodium current for 1 ater times. Also plotted is an exponentia'l 

decay curve which fits both the double pulse inactivation points 

and the sodium current for times; beyond 1.5 msec; the deviation of 



t he  double pu1s.e po in t s  from the  exponent ia l  curve a t  e a r l i e r  t imes 

i s  obvious. 

How accurate ly  does the development o f  double pulse 

i n a c t i v a t i o n  co r re l a te  w i t h  t he  sodium conductance dur ing t h e  

prepulse? For the  s implest  s t r i c t l y  coupled models, i n  which 

channels must open before i nac t i va t i ng ,  t h e - r a t e  o f  development of 

i n a c t i v a t i o n  would be 'p ropor t iona l  t o  the  number o f  channels abl'e 

t o  undergo i nac t i va t i on ,  t h a t  is ,  t o  the  number o f  open channels, 

and t o  sodium conductance. Chandler, Hodgkin, and Meves (1965) 

performed a  double pulse experiment designed t o  t e s t  such a  

mechanism; t h e i r  data showed no l ag  and was b e t t e r  f i t  by an 

exponential  decay than by a  curve drawn on the  assumption t h a t  t he  

r a t e  o f  i n a c t i v a t i o n  was p ropor t iona l  t o  sodium cur ren t  dur ing the  

prepulse. The r e s u l t  o f  t h i s  same experiment performed i n  the  cray  

f i s h  axon are shown i n  Figure 13a; the  curve labe led f ( t )  was 

ca lcu la ted assuming t h a t  the r a t e  o f  i n a c t i v a t i o n  i s  p ropor t iona l  

t o  the  sodium current .  Although both  f . ( t )  and t he  t ime course o f  

double pulse i n a c t i v a t i o n  show an i n i t i a l  l a g  and then exponential  

decay, they are no t  i d e n t i c a l .  The main d i f f e rence  i s  t h a t  the 

double pulse po in ts  show less  o f  a  l a g  a t  e a r l y  times; t h i s  i s  

shown more c l e a r l y  i n  the  i n s e t  t o  F igure  13a, where the two curves 

have' been scaled' t o  match a t  time zero. 

Are t he  d i f fe rences  between f ( t )  and double pu lse i n a c t i v a t i o n  

i n  F igure  13a exper imental ly  s i g n i f i c a n t ?  There i s  d i f f i c u l t y  i n  

ob ta in ing  sodium cur rents  which ,are p rec ise  enough i n  the  f i r s t  



hundred microseconds or  so, where ga t ing  current,. imperfect  

capac i ta t i ve  cur rent  correct ion,  or  imperfect  TTX subt ract ion o f t e n  

introduces some er ro r .  Also, since the ca l cu la t i on  o f  f ( t )  curves 

depends on tak ing the i n teg ra l  o f  the sodium current, small e r ro r s  

i n  the base l ine due t o  imperfect leak co r rec t ion  can have. 

s i g n i f i c a n t  consequences. A  method which gives the  same 

. in format ion but'.minimizes the e f f ec t  such 'er rors  have on the 

comparison i s  t o  ca lcu la te  the r a t e  o f  i n a c t i v a t i o n  from the double 

pulse i n a c t i v a t i o n  curve and compare i t  d i r e c t l y  w i t h  the t ime 

course of sodium current .  This i s  shown i n  Figure 13b. A smooth 

curve, the sum o f  two exponentials and a  constant, was f i t  t o  match 

the double pulse i n a c t i v a t i o n  points.  Then the de r i va t i ve  of t h i s  

curve, which gives .the r a t e  o f  development o f  i nac t i va t ion ,  i s  

compared t o  the sodium current. I n  t h i s  example, and i n  .other 

cases i n  d i f f e r e n t  axons, the r a t e  o f  i n a c t i v a t i o n  i s  not  

propor t iona l  t o  sodium current  at  e a r l y  times; i t  r i s e s  f a s t e r  and 

reaches a  peak e a r l i e r .  It i s  d i f f i c u l t  t o  know t d  what degree 

experimental e r ro rs  a f f ec t  such comparisons. One problem i s  the 

use of the peak t e s t  pulse cu r ren t  as an index o f  the f r a c t i o n  o f  

non-i nact iva ted channels; i t i s  not  c lear,  w i thout  knowing the  

k i n e t i c  mechanism of the channel, exac t l y  how good an index i t  i s  

under various pulse protocols.  It seems q u i t e  c lea r  t h a t  the  

general t ime course o f  the lag i n  i n a c t i v a t i o n  i s  not  an a r t i f a c t  

due t o  d i f f e r e n t  re1 a t i ve  ra tes  o f ,  ac t i va t i on  and i n a c t i v a t i o n  

dur ing .the t e s t  pulse w i t h  and wi thout  prepulses of var ious 



Figure  13. Lag i n  double pu lse  i n a c t i v a t i o n  (a)  The t ime course o f  

double pu lse  i n a c t i v a t i o n  i s  compared t o  c u r r e n t  decay a t  

t h e  prepulse p o t e n t i a l  o f  -2 mV as i n  F igures  10 and 11. 

Crosses g i ve  t h e  double pu lse  po in ts .  The c u r v e  l a b e l e d  

f ( t )  was c a l  cu 1  ated as , . 

w i t h  to = 64 mscc. 

The curve labe led  exp (-t /1.25) i s  t h e  exponent ia l  f i t  t o  

t h e  f a l l  i n q  phase o f  t h e  cur rent .  

I n s e t : .  f ( t )  and double pu lse -  i n a c t i v a t i o n  p o i n t s  scaled t o  

match a t  t ime  zero. 

(b )  Same data; g ( t )  i s  an emp i r i ca l  f i t  t o  t h e  double 

pu lse  i n a c t i v a t i o n  t h e  negat ive  o f  i t s  t ime 

d e r i v a t i v e  i s  p l o t t e d  s c a l e d . t o  match t h e  peak c u r r e n t  

" he'ight. 11.4 Na, 1/2 K, 1 mM.4-AP. S ing le  pu lse  cu r ren t .  

3.5'~; double pu lse  points; ,  3.1 - 3.4'~. 
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durations; ' w i t h .  a 300 psec return t o  r e s t  between the prepul se  

and the t e s t  pulse, the time to  peak' .in the t e s t  pulse current 

decreases only very s l igh t ly  even with 1 arge prepulses. Also, the 

lag i s  jus t  as evident when a 3 msec return to  r e s t  i s  used instead 

of 300 psec, and in t h i s  case the time to 'peak in the ' t e s t  pulse 

currents does not change at  a l l .  A more troublesome problem i s  the  

poss ib i l i ty  tha t  small non-uniformities in membrane potential  might 

contribute in unknown ways to  d i s t o r t  comparisons l ike  those i n  

Figure 13. In axons w i t h  poor spa t ia l  uniformity the time course 

of double pulse inactivation often does not correspond very well 

w i t h  the time course of single pulse currents,  and i t  would not be 

surprising i f  in axons with good b u t  not perfect uniformity there 

were large enough er rors  t o  a f fec t  r e su l t s  l i ke  those in Figure 13. 

Test.inq simple cn~lpl ed models 

The simplest model for  s t r i c t l y  coupled inactivation kinet ics ,  

in which channels must open before inactivating, i s  

K 
Closed + -+ + Open + Ir~dcLivated (Sclleme . I )  

fo r  potent ia l s  a t  which inactivation i s  complete; fo r  potent ials  a t  

which inactivation i s  incomplete, there  would have t o  be a 

s ignif i fcant  r a t e  constant fo r  , the inactivated + Open t rans i t ion  

as well. Beianilla and Armstrong (1977) have shown tha t  models of 

t h i s  type w i t h  the r a t e  constant K being voltage independent can 

account fo r  the,main features  o f  inactivation. 
I 



. . -  . .  . . .  - 

Scheme.1 makes p r e d i c t i o n s  about t h e  fo rm o f  sodium c u r r e n t s  

which can be t e s t e d  f a i r l y  simply. I n  t h i s  model, t he  r a t e  of 

i n a c t i v a t i o n  i s  g iven .by the  f r a c t i o n  o f  t h e  channels i n  t h e  open 

s t a t e  m u l t i , p l i e d  by the  r a t e  cons tant  K. The r e s u l t s  of t he  

prev ious  s e c t i o n  suggest t h a t  t h e  r a t e  o f  i n a c t i v a t i o n  i s  no t  

s t r i c t l y  p r o p o r t i o n a l  t o  t h e  number o f  open channels and would be 

i n c o n s i s t e n t  w i t h  Scheme 1. There i s  another, s i m i l a r ,  c a l c u l a t i o n  

which appears t o  r u l e  out  t h e  s imp les t  case o f  scheme 1, w i t h  K 

being vo l tage  independent. Th is  approach i s  based on t h e  

observa t ion  t h a t  t h i s  model p r e d j c t s  t h a t  a t  a l l  membrane 

p o t e n t i a l s  where i n a c t i v a t i o n  i s  complete, t he  i n t e g r a l  o f  t h e  

sodium conductance du r ing  a  d e p o l a r i z i n g  pu lse  w i l l  be a  cons tant .  

The r a t e  o f  i n a c t i v a t i o n  i s  p r o p o r t i o n a l  t o  t he  f r a c t i o n  o f  open 
-- 

channels: 

d  [ I n a c t i v a t e d ]  1 d t  - [Open] x K 

I n t e g r a t i n g  f rom 0 t o  0 0 ,  s ince a l l  t he  channels become i n a c t i v a t e d ,  
00 90 

1 = I d [ l n a c t i v a t e d ]  = 5 K x;[Open] d t  
0 0 = 

= K 4 [open] d t  (Expression 1 )  
0 

and i f  K i s  n o t  vo l t age  dependent, t he  i n t e g r a l  ought t o  be t h e  

s.ame a t  each membrane p o t e n t i  a1 . 
The experimental  r e s u l t s ' a r e  shown i n  F igu re  14. I t  i s  c l e a r  

t h a t  t he  i n t e g r a l  o f . sod ium conductance i s  no t  independent o'f 

membrane p o t e n t i a l ;  t he  i n t e g r a l  i s  a t  a  maximum i n  t h e  r e g i o n  -10 

t o  -20 mV, bu t  q u i c k l y  becomes smal l  a t  .more negat ive  membrane 

p o t e n t i a l s  and a l so  becomes smal l ,  b u t  n o t  as s teep ly ,  a t  more 



Figure 14. Dependence of integrals  of sodi.um conductance on membrane 

potential .  Details of the calculation are given in the 

' text .  Data from two axons; the integrals  in each axon were 

normalized with respect t o  the largest  value. Crosses: 

1/4 Na, 1 / 2  K ,  1 mM 4-AP, 3.5'~. Leak and capaci tat ive 

. current corrected f o r  by' hyperpol arizing pulse.  currents. .. 

Squares : 1/4 Na., 1/2 K ,  1 mM-4AP; 3.6'~. Leak and . 

capacitative current corrected for  by prepul se inactivation 

method. 





positive potent ials .  The smaller values a t  more negative 

potent ials  are not simply due to  the time constants f o r  decay being 

so long tha t  the integral cannot be calculated f o r  long enough 

times; the time constants f o r  decay in the axons shown in Figure 14 

were about 10 msec near -40 m V ,  w i t h  the 64 msec pulse duration 

used in one of the axons the current would have decayed to  a 

f ract ion of a percent. The f a c t  t ha t  inactivation i s  not quite 

complete f o r  the points in the -50 mV t o  -40 mV range (See Figure 

16) probably has only a small e f f ec t  and would.be in the direction 

of making the integrals  larger. 

The.integrals of conductance plotted in Figure 14 were 

calculated on the basis of an ohmic conductance, 

where V R e v  i s  the reversal potenti a1 . Some of the curvature in 

Figure 14 could be caused by the current-voltage curve fo r  open 

sod i urn ' channel s bei ng non-1 i near. The instantaneous 

current-voltage curve f o r  the sodium currents in one of the axons 

in Figure 14 i s  shown in Figure 15. I t  i s  essent ia l ly  l inear  from 

-30 mV t o  +60. Below -30 mV, i t  was impossible to  accurately 

measure t a i l  currents  f o r  the instantaneous current-voltage curve 

because of the.presence of an extremely f a s t  (10 - 20 ~ s e c )  i n i t i a l  

decay phase' i n  the t a i  1s-  which makes extrapolating .back t o .  time 

zero impossible; t h i s  has also been noted in the Myxicola axon by 

Goldman and Hahin (1978). For membrane potent ials  above +60 m V ,  

there i s  some deviation from l inea r i ty  in the current-voltage 



Figure 15. 1nstant.aneous cur rent -vo l tage r e l a t i o n  f o r  sodium 

channels. Channels were opened w i t h  a ..7 msec pulse f rom 

-79 mV t o  + I 1  mV, fo l lowed by a step t o  a va r i ab l e  membrane 

po ten t i  a1 . The instantaneous cur rent  a t  the  new p o t e n t i  a1 

was obtained by ex t r apo la t i ng  an exponential  f i t  t o  the  

f i r s t  50-100.psec back t o  t he  t r a n s i t i o n  time. Same axon. 

as represented by squares i n  F igure  14. 1 /4  Na, 1/2 K, 





relat ion b u t  i t  i s  not large enough t o  account alone f o r  the 

decrease in the integral a t  these potent ials .  

The decrease in conductance integrals  f o r  both large and small 

depolarizations r e l a t ive  t o  -10 t o  -20 mV means tha t  ~ i g u r e  14 i s  

inconsistent with any version of Scheme 1 with an inactivation r a t e  

constant showing a  monotonic dependence on membrane potent ial .  

My attempts a t  finding kinetic models f o r  the sodium channel 

consistent with the data described in t h i s  Chapter will not be 

detailed here; I found no model which would simultaneously give, in 

de ta i l ,  the correct  dependences on membrane potential  of the peak 

sodium current activation curve, the decay time constant, and the 

conductance integral .  My e f fo r t s  concentrated on l inear  

multi-state models i n  which the probabili ty of inactivation i s  much 

greater when the channel i s  open or i s  in an intermediate s t a t e  

between the closed and open s t a t e s ;  the extremely close correlation 

in membrane potential  between the steep parts  of the activation 

curve and the decay time constant curve make i t  hard to  believe 

tha t  inactivation i s  not coupled in some way to  activation. 

Steady-state inactivation determined w i t h  d i f fe rent  t e s t  pulses 

In the ,Myxicola axon, i t  i s  found tha t  the steady-state 

inactivation curve , s h i f t s  along the membrane p o t e n t i a l  a x i s  when 

t e s t  pulses producing different  peak levels of conductance are  used 

to  assay the' inaciivation'ikhieved during the prepulse; the 

significance of such s h i f t s  for  kinet ic  models has been discussed 

by Hoyt (1968) and Gnldman (1976).  



In Figure 16 are shown the r e su l t s  of an experiment designed t o  

t e s t  f o r  t h i s  e f fec t  in the crayfish axon. Prepulses of 100 msec 

were followed by t e s t  pulses t o  -34 or +51 mV and the resul t ing 

steady-state inactivation cu'rves obtained with the two t e s t  pulse 

potent ials  are compared. (In the experiment in Figure 16, the 

prepulse and t e s t  pulse were separated by a 300 ~ s e c  return t o  the 

holding so that  the capacitative currents would be the 

same in a l l  t e s t  pulses, to  allow f o r  accurate subtraction of 

them). The curves are  identical within the accuracy of the data, 

a t  al.1 membrane potent ials .  In t h i s  axon, the peak conductance a t  

. -34 mV was about 115 of tha t  a t  +51 mV. In the Myxicola axon, the 

steady-state inactivation curve s h i f t s  5.8 mV f o r  a two-fold 

increase in peak sodium conductance, so tha t  a s h i f t  of a smilar 

magnitude would have been detected. 



Figure 16. Absence of s h i f t  in steady-state activation curve with t e s t  

pulse height. Steady-state inactivation curves were 

obtained by giving a  100 msec prepulse t o  a  variable 

potential ,  returning, t o  re,st  for  300 psec, and stepping 

to  the . tes t  pulse potential .  The peak currents during the  

t e s t  pulses are p 1 o t t e d . a ~  a  function of the prepulse 

potent ial ,  normalized to  the value fo r  a  step from -84 mV,  

the holding potential .  (The.data points f o r 4 4  mV and 

-104 mV fo r  the -34 mV t e s t  pulse show tha t  there was 

v i r tua l ly  no inactivation a t  -84 mV; peak current was only 

5 percent increased by the 100 msec prepulse t o  -104 mV and 

much of t h i s  may have been due t o  removal of '.slow 

inactivation. See METHODS, Chapter One.) The curves are  

identical fo r  t e s t  pulses t o  -34 mV and +51 mV. Peak 

C .  
conductance at  -34 mV was .19 of tha t  a t  +51 mV. 1/4 Na,, 

1/2 K, 1 rnM 4-AP, 3.3 - 3.5'~. 





DISCUSSION 

The main purpose of the work described in t h i s  Chapter was t o  

peform in the crayfish axon some of the experiments on sodium 

channel inactivation necessary to  begin to  formulate kinet ic  models 

f o r  the sodium channel consistent w i t h  the macroscopic currents.  

The resu l t s  of the experiments are s imilar  in general b u t  d i f fe rent  

in detail .  .to the resu l t s  in other nerves; a complete comparison and 

enumeration of the various s i m i l a r i t i e s  and differences nerve by 

nerve i s  beyond the scope of t h i s  thes is .  The basic kinet ic  

properties of inactivations; the sharply voltage-dependent decay 

time constant and the s imi lar i ty  in time course between current 

decay and double pulse inactivation, are  more l ike those of the 

squid axon and frog nerve than the Myxicola axon.. The simple 

exponential decay to  zero of sodiirm current .in the crayfish axon 

makes i t  an a t t r ac t ive  preparation fo r  quant i ta t ive experiments on 

sodium channel kinetics.  

The inabi l i ty  of Scheme 1 t o  f i t  the conductance integral data 

may p u t  l imitations on how c lose ly , the  block ,of channels by 

internal cations (Armstrong, 1970; Yeh and Armstrong, 1978; Cahalan 

and Almers, 1979) resembles normal i nacti vation. 
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APPENDIX: PHARMACOLOGY OF GENERAL ANESTHETICS 

INTRODUCTION 

General anesthetics are gases or volatile liquids which produce 

unconsciousness when inhaled. Any gas, even an inert gas (Fenn, 

1969) can produce general anesthesia if present at sufficient 

pressure. This fact has led to the idea of a mechanism of general 

anesthesia which does not depend on the specific chemistry of each 

gas. - 

For the purposes of this thesis, barbiturates, opiates, 

ketamine, and other "intravenous anesthetics" will not be 

considered to be general anesthetics, although this term is 

sometimes used to include them. Their actions on the central 

nervous system appear to differ from those of gaseous and volatile 

agents (van Harreveld -- et a1 ., 1951; Price and Dripps, 1970; 

Brazier, 1972) although the resulting clinical states are similar. 

NEUROPHYSIOLOGY OF GENERAL ANESTHESIA 

It is not known how the general anesthetics produce 

unconsciousness. As will become clear, electrical recordings from 

almost every area of the nervous system 'show.some change during 

general .anesthesia. If there is a specific. effe-ct on a particular 

' . structure which' underlies the loss of consciousness, we do. not yet 

know what it is. 



The reticular theory - 
I 

Until fairly recently, it was widely believed that the loss of 

consciousness was due to block of the ascending reticular system, 

with the consequent removal of a tonic excitatory '.act ion normal ly 

exerted on the cerebral cortex by the reticular system. This view, 

due mainly to the work of Magoun and his collaborators, was based 

partly on analogies to states of coma produced by sleep or 

reticular 'transection, and .partly on the observations that 

responses in the reticular formation due to peripheral sensory 

stimulation were greatly reduced during ether or pentobarbital 

anesthesia (French -- et a1 ., 1953; Magoun, 1963) and that the 
"arousal response" seen in the cortex upon stimulation of the 

reticular formation was blocked during pentobarbital anesthesia 

(French and .King, 1955). 

Recent evidence .has accumulated which is inconsistent with the 

reticular theory. Darbinjan, Golovchinsky and Plehotkin (1971), 

using deep-brain recordings in cats, found that the arousal 

response during stimulation of the reticular formation was not 

abolished during ether.anesthesi'a and concluded that, the decreases 

in the. reticular formation responses to sensory stimulation were 

due to depression of the synaptic input to the reticu.lar 'formation, 

rather. than to-depression ofthe reticular formation itself. Mori 

-and his colleagues found increased activity of reticular neurons 

: during.cyclopropane anesthesia (Mori -- et a1 ., 1972) as did Shimoji 
and Bickford (1971) during halothane anesthesia. So, a1 though 



recordings during barbiturate anesthesia are consistent with the 

reticular theory (French -- et al., 1953; French and King, 1955; 

Darbinjan -- et al., 1971), those during inhalant general anesthesia 

are not. 

Changes - in activity - of specific regions , 

There is a voluminous literature on changes in electro- 

encephalographic recordings during general anesthesia (reviewed by 

Stockard and ~ickford, 1975). Such data is of 'limited value in 

determining effects on specific regions of the brain because of the 

problem,of deciding whether changes in the activity of a particular 

region are "intrinsic" or the result of changes in input from other 

regions.- 

In the case of the cerebral cortex, there are several studies 

showing dramatic decreases in the intrinsic activity of neurons. 

Darbinjan -- et al. (1971) showed that callosal potentials, evoked in 

one part of the cortex in response to stimulation of the 

contralateral hemisphere, and thought to involve only transmission 

by cortical neurons, were markedly depressed during ether 

anesthesia. Richards and his collaborators observed depression in 

the function of specific neuronal tracts in -- in vitro brain slices 

from the olfactory cortex (Richards, 1973 a,b; Richards -- et al., 

1975) and from the dentate gyrus of the hippocampus (Richards and 

White, 1975) at sub-clinical levels of general anesthetics. 



CELLULAR ELECTROPHYSIOLOGY OF GENERAL ANESTHESIA 

A large number of effects of general anesthetics at the 

cellular level have been observed in -- in vitro studies: depression 

of cilia1 beating (Nunn, 1974), of mitosis (Nunn, 1974), of 

actomyosi n ATPase activity '(Merin, 1975), of bacterial luminescence 

(White et al., 1975), of cell aggregation (Ungar, 1975), of 

phospholipid metabolism (J. Miller, 1975), of mitochondria1 

respiration (Rosenberg and Naugaard, 1973). These actions were all 

seen at cl i n.ical concentrations, of anesthetics. The fol lowing 

review will deal only with actions of anesthetics on nerve 

conduction and synaptic transmission, both because it is clearest 

how these effects may alter the function of the nervous system and 

because of the subject of this thesis, but the diversity of 

cellular actions of general anesthetics should be borne in mind. 

Anesthetic concentrations --- and in vitro experiments 

It is important to compare the concentration of anesthetics 

producing -- in vitro effects to the concentrations present during 

general anesthesia of an animal. Anesthetic concentrations durlng 

surgical anesthesia can be measured as blood concentrations or as 

alveolar concentrations. Eger and his associates ' ( ~ ~ e r ,  1964; Eger 

et a1 . , 1965; Regan - and. Eger," 1967). developed' the concept of the -- 
"minimum alveolar concentration": the alveolar concentration at 

wh.ich .50 percent 'of 'the subjects .do not move in response to a skin 

incision. (de Jong and. Eger. (1975) have pointed out that, 



practically speaking, this is below a minimum for a surgeon, since 

at this concentration 50 percent of his patients would be leaping 

up from the operating table). Concentrations present in surgical 

anesthesia range up to two to three times the minimum alveolar 

concentration, depending on the anesthetic and the level of ' 

anesthesia. I will refer to this range as "surgical" or "clinical". 

concentrations of anesthetic. Respiratory arrest occurs at from 

two to six times the minimum alveolar concentration, again 

depending on the anesthetic (Regan and Eger, 1967). I will refer 

to these as "apneicl' concentrations. 

Most research ( i nc.ludi ng the experiments of thi s thes i s) has 

been peformed with ether and with halothane, the most venerable and 

the most popular (respectively) surgical general anesthetics. 

The minimum alveolar concentration for ether anesthesia of dogs 

is 3.29 percent ( V I V )  and the apenic alveolar concentration is 9.3 

percent (Regan and Eger, 1967) which correspond (assuming 

equilibrium) to concentrations in saline solution of about 15 mM 

and 44 mM, respectively, using an air: sal ine parti tion coefficient 

of 12 (Steward -- et al., 1973; Renzi and Waud, 1 Y / / ) .  Blood 

concentrations of ether during anesthesia of dogs range from about 

15 to 24 mM (Ronzoni, 1923; Robbins, 1945; Haggard, 1924), 

corresponding to saline concentrations of about the same, since the 

b1ood:water partition coefficient is about 1 (Steward -- et al., 

1973). Blood concentrations of ether at respiratory arrest are 21 

to 26 mM (Ronzoni, 1923). Aqueous concentrations of ether needed 



for narcosis of poikl iotherms at 37° are similar to those needed 

for anesthesia of mammals at the same temperature: 25 mM for newts 

I (Miller -- et a1 ., 1973) and goldfish (Cherkin and Catchpool, 19641. 
Concentrations needed for narcosis of goldfish which have been 

adapted to lower temperatures are-higher: 34 mM at lo0 and 35 mM 

at 5' (Cherkin and catchpool,. 1964). The requirement for higher 

concentrations at lower temperatures is consistent with a membrane 

site of action since the oi1:water partition coefficient decreases 

with temperature. 

The minimum alveolar concentration for halothane anesthesia of 

dogs is .87 percent (v/v) and the apneic concentration is 2.5 

percent (Regan and Eger, 1967); assuming equilibrium, these values 

correspond to .28 mM and .79 mM in saline solution at 37O, using a 

partition coefficient of .76 for the air:saline partition (Steward 

Synapses 

It is widely believed that the production of general anesthesia 

is due, at the cellular level, to the blsek of synaptic 

transmission. As will be seen in the following review, there is 

ample evidence that synaptic transmission in the spinal cord, in 

synaptic ganglia, and in the brain itself can be significantly 

depressed by clinical levels of general anesthetics. However, in 

most of these cases, there is little understanding of the mechanism 

by which synaptic transmission is depressed. 



Sympathetic ganglia 

One of the themes running through cellular electrophysio~ogical 

studies of ge.nera1 anesthetics is the observation that at clinical 

levels of anesthetics, synaptic transmi.ssion can be depressed with 

little effect on the ability of nerve fibers to conduct action 

potentials. The classical work demonstrating this was that of 

Larrabee and ~osternak (1952), who investigated the effect of 

several general anesthetics both on direct nerve conduction and on 

conduction through perfused sympathetic ganglia from cats, rats, 

and rabbits. They found that for a given concentration'of 

anesthetic, the reduction in the height of the (externally 

recorded) action potential was greater in post-synaptic f.ibers than 

in direct-conduction 'fibers. Clinical concentrations of ether' and 

chloroform decreased the ,height of. post-synaptic action potenti a1 s 

by about 20 percent; significant depression of direct 

action-potential conduction required anesthetic concentrations two 

or three times larger than clinical levels. Larrabee and Posternak 

emphasized that their results did not necessarily imply a selective 

effect on synaptfc processes (now known to be pre-synaptic release 

of transmitter and post-synaptic membrane conductance changes in 

response to transmitter) ; since the safety factor ' i s  much higher in 

axonal conduction than in synaptic transmission, selective block of 

trans-synaptic excitation could be explained "without assuming an 

action on.synaptic structures which differs in any way from the 

action on other portions of the neuron". 



Syrnpathet i c  gang1 i a synaptic transmission - and pressure reversal 

of general anesthesia - 
Johnson and Flagler (1950) showed tha t  ethanol narcosis of 

tadpoles could be reversed by .high pressures (100-200 

atmospheres). This reversal has since been found also f o r  a 

variety of gaseous and vola t i le  anesthetics (Halsey and 

Wardley-Smith, 1975.). The observation of pressure reversal has led 

to  the expectation tha t  i f  there i s  a s ingle  "fundamental" action 

responsible f o r  general anesthesia, i t  ought to  be reversible by 

pressure. 

Kendig and her collaborators (1975) examined the pressure 

sens i t iv i ty  of the block of synaptic transmission in r a t  

sympathetic ,gang1 i a by halothane and methoxyf lurane. A t  

atmospheric pressure, reduction of the post-synaptic action 

potential was greater  than the reduction of the pre-synaptic 

(d i r ec t  conduction) action potenti a1 ; a surgical concentration of 

halothane (.25 mM) depressed the post-synaptic action .potential by 

about 20 percent. .(This i s  in good agreement with Larrabee and 

Posternak' s (1953) work with the ca t  gang i i a where a surglcal 

concentrat ion of e ther  (20 mM) depressed, the post-synapt ic  act ion 

potential by 20 percent).  Kendig' and her collaborators found tha t  

depression of transmission i n .  both "slow" (muscari nic)  and " fa s t "  

(nicot i  n'ic.) acetylchol ine-medi ated synapses was .--... not *- antagonized by 

pressure: pressure . i tself  depressed transmission .and augmented the 

depression produced .by .halothane or  methoxyf lurane. In  contrast ,  
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pressure did (sl ight ly) antagonize the depression of pre-synaptic 

action potentials by higher concentrations of anesthetic (Kendig - et 

al., 1975; Kendig and Cohen, 1977). - 

S~inal cord 

Austin and .Pask (1952) recorded extracellular potentials in the 

spinal cords of cats exposed to various concentrations of ether and 

found that monosynaptic ventral root potent i a1 s in response to 

stimulation of the sciatic peripheral nerve were markedly depressed 

by concentrat ions of ether (measured in the blood) corresponding to 

surgical anesthetic levels. The dorsal root potential, on the 

other hand, reflecting only the conduction of action potentials in 

"type A" fibers, was unaffected up to concentrations of ether which 
.- 

produce respiratory arrest. 

Somjen and Gill (1963) and Somjen'(1967) used the techniques 

developed by Eccles and his collaborators to record intracellularly 

from spinal cord motoneurons in animals which inhaled ether. 

Excitatory post-synaptic potentials elicited by stimulation of 

sensory nerves were decreased in amplitude during ether inhalation. 

Somjen and Gill also tested the excitability of motoneurons by 

injecting current' with an intracellular electrode,, to,see if, in 

addition to the depression ofsynaptic potenti a1 s, the generation 

.of action potentials in response to a given excitation might be 

affected by ether. They found that although the threshold 

potential for firing was not regularly affected, the ability to 

respond to a .sustained depolarization with repetitive firing.was 



depressed, and the degree of accommodation to a gradually 

increasi.ng current was enhanced. This was true in some but not all 

neurons; when present, these effects were reversible and 

reproducible. In these experiments no estimate was made of the 

ether concentrations. 

Richens (1969' a, b) used both extracel lular and intracel lular 

recording to investigate the depression by volatile anesthetics of 

synaptic transmission in the isolated frog spinal cord. Synaptic 

transmission was completely blocked by concentrations of 

anesthetics which did not' impair conduction of action potentials in 

pre-synaptic fibers. In attempting to localize the site of action 

of the anesthetics in blocking synaptic transmission, Richens found 

that post-synaptic potentials were smal ler, that the threshold for 

firing of the motoneurons was higher, and that intracel lul arly- 

recorded motoneuron action potentials were smaller in the pressure 

of chloroform. 

Synapses in the brain --- 
Recently, Richards and his collaborators have demonstrated that 

general anesthetics can depress excitatory synaptic transmission in 

the brain itself (Richards, 1973 a,b,c; Richards -- et a1 ., 1975; 
Richards and White, 1975). They recorded potentials from the 

surface o f  t h i n  - in vitro guinea pig .brain slices while stimulating 

-' tracts containing a large number of paralle'l axons which synapse 



onto a second populati.on of neurons. The evoked f i e l d . p o t e n t i a l s  

recorded in t h i s  way have various components which r e f l e c t  the 

action potent ials  i n  the stimulated t r a c t ,  the synaptic potent ials  

in the post-synaptic ce l l s ,  and also the action potent ials  ar is ing 

in the post-synaptic neurons (Richards and Sercombe, 1970; Richards 

and White, 1975). Because the neuron populations in these t r a c t s  

are very homogeneous, the s ignals  are qui te  sharp and stable.  

Richards (1973a) and Richards, Russell and Smaje (1975), using 

brain s l i ces  frorn'the olfactory cortex, found that.halothane, 

ether, and met hoxyf 1 urane, at  concentrations .be1 ow the mi n i'mum 

a1 veol ar concentrations, depressed' the amp1 i tude of the post - 
synaptic potential.. The pre-synaptic action potent ials  were . 

depressed only a t  higher concentrations ( b u t  these were s t i l l  

within the range of surgical concentrations). Richards and White 

(1975) made similar observations on s l i c e s  from the dentate gyrus 

in the hippocampus. 

Richards and his  collaborators have attempted t o  ident i fy the 

point or points at  which synaptic transmission' i s  depressed. I t  is 

very d i f f i c u l t  t o  eliminate any possibi'lity. For example, i t  i s  , 

clear  tha t  a t  the lowest concentrations which ' a f fec t  transmission, 

the action potent ials  in the bulk of the pre-synaptic nerve t r a c t ,  

are not f a i l i ng ,  b u t  i t  i s  impossible to  eliminate the poss ib i l i ty  

tha t  conduction i s  f a i l i n g  i n  the very f ine  pre-synaptic 

arborizations of these, nerves; the small currents from these 

probably make almost no contribution t o  the recorded f i e l d  

p o t ~ n t i  a ls .  



The threshold for firing of the post-synaptic cells could be 

estimated (in a necessarily crude way) from the size of the 

synaptic potential necessary to excite a given amplitude of the 

post-synaptic action potential signal. The threshold did not seem 

to change with the genera1 anesthetics present, in agreement with 

the findings of Somjen and Gi 11 (1963) on motoneurons. However, as 

with the motoneuron experiments, there were suggestions that the 

generation of action potentials was altered in more subtle ways. 

~richloroeth~lene produced a tendency for repetitive firing not 

normally seen (Richards, 1973~). Ether simply depressed the firing 

of some cells but induced latent and repeitive firing in others 

(Richards -- et a1 . , 1975). Halothane and methoxyflurane depressed 

the activity of a1 1 cells observed (Richards, 1973a; Richards - et 
-- 

a1 ., 1975). - 
Some of the action of some of the anesthetics could be shown to 

be post-synaptic. Glutamate applied iontophoretically to the 

post-synaptic cells produced action potential activity in these 

cells. Ether, methoxyflurane, and trichloroethylene diminished 

this activity, suggesting a post-synaptic effect of these 

anesthetics (Richards, 1973~; Richards -- et al., 1975; Richards and 

Smaje., 1976). However, halothane had no effect even at levels 

which profoundly reduce stimul ation-evoked activity (Richards, 
. 

1973b; Richards and Smaje, 1976). Smaje (1976) tested the ability 

of general anesthetics to a1 ter action potential activity produced 

by iontophoresis of acetylcholine onto these cells (the action of 



acetylcholine i s  of the "slow" type i n '  these neurons). All .the 

gaseous and vol a t i l e  general anesthetics t r i ed ,  ether,  methoxyf lurane, 

tr ichloroethylene, and halothane, caused a dose-dependent increase in 

the f i r i n g  ra te  produced by acetylcholine. 

N-icoll (1972) also studied synaptic transmission in the mammalian 

cortex, in t h i s  case in the i n  vivo olfactory bulb of rabb'its. Mitral 

axons ( i n  the la te ra l  olfactory t r a c t )  were stimulated; the mitral  " 

somas were t h u s  excited .antidromically, and the exci ta tory synapses of 

the m i  t r a l  dendrites (which have reciprocal synapses with the 

dendrites of granule c e l l s  (Eccles, 1973)) were thus activated. These 

events were followed by recording ext race l lu lar  f i e l d  potentials.  In 

contrast  t o  the '  findings of Richards and his coll  aborators w i t h  

olfactory cortex synapses, Nicoll found tha t  excitatory synaptic . 

potent ials  were depressed i n  these olfactory bulb synapses only a t  

high (approximately apneic) concentrations. Furthermore, depression 

of the nerve conduction and of synaptic transmission took place a t  

about the some concentrations. 

The granule c e l l s  onto which the mitral c e l l s  synapse in turn have 

synapses back onto the mitral cel l  dendrites. these are inhibi tory 

synapses (Eccles, 1973). By using paired s t imuli ,  Nicoll found tha t  

the inhibition of mitral c e l l s  by the granule c e l l s  was markedly 

prolonged by moderate anesthetic concentrations. There was no way 

from these r e su l t s  to  distinguish between various possible mechanisms: 

blockage of re-uptake of the transmitter,  f a c i l i t a t i o n  of release of 

the transmitter,  and so on). I 



The most s t r ik ing  facet  o f ' t h e  observations made on the actions 

of general anesthetics on synapses i s  the complexity and d ivers i ty  

of the e f fec ts  seen: not only do e f fec t s  on inhibitory synapses 

d i f f e r  from those on excitatory synapses ( ~ i c o l l ,  1972) b u t ,  even 

within the same neurons, excitation produced by one transmitter i s  

depressed while that  by another i s  n o t  (Richards and 

Smaje, 1976; Smaje, ' 1976) and even when considering. the act ions on 

the excitation produced by a single transmitter on a single type of 

neuron, halothane is s t r ik ingly  d i f fe rent  in i t s  e f fec ts  from the 

. other anesthetics (Richards and Smaje, 1976). I t  is clear  tha t  a 

simple statement of the so r t  "general anesthesia i s  produced by 

block of excitatory synaptic transmission" will not suff ice t o  

explain .the action of '  general anesthetics: which synapses 'i,n which 

neurons in which part  of the brain must be determined. 

Neuromuscul ar jun'ctions 

Action of general anesthetics a t  the neuromuscul ar junction ' ha,s 

been of. i n t e re s t  fo r  two reasons. F i r s t ,  ever since Auer and 

Meltzer (1914) suggested a "curare-like1' action of e ther ,  

depression of neuromuscular transmission has been postulated t o  

contribute t o  the loss of muscle tone seen in deep ether 

anesthesia. Second, the neuromuscul ar synapse may provide a model 

fo r  actions of anesthetics a t  central  synapses. From the point of 
- 

view of t h i s  thes is ,  the muscle end-plate provides a case where the 



actions of general anesthetics in modifying the operation of a 

voltage-sensitive ionic channel have been described. 

Auer and Meltzer (1914) found that in deeply etherized dogs 

indirect' stimulation of muscles - via nerves was depressed while 

directly stimulated muscle contraction was normal.. Secher (1951) 

tried to determine whether this depression was due to nerve fa.ilure 

by recording external nerve action potentials in the rat phrenic 

nerve-diaphragm muscle preparations; he found that nerve conduction 

failed at about the same time as muscle contraction. Ether 

concentrations' were not reported. 

Karis, Gissen and Nastuk '(1966, 1967) found that clinical 

concentrations of ether completely blocked tension development in 

the frog sciatic ne.rve-sartorius muscle system. (Axonal c,onduction 

was found to be unaffected by these concentrations "in general 

agreement with the earlier work of Secher", but Secher found 

parallel depression except in,experiments where an unspecified 

amount of curare was also present). ,In these experiments clinical 

concentrations of ether and halothane diminished the amplitude of 

end-plate potentials and of miniature end-plate potentials 

(m.e.p.p.s). The threshold for firing of the muscle membrane was 

found to be increased. 

In attempting to define the site of general anesthetic action 

on the neuromuscular junction, Galindo (1971) found that clinical 

concentrations of halothane decreased both the amplitude and the 

frequency of m.e.p.p.s, suggesting actions both pre- and 



post-synaptical ly. Kennedy and Gal i ndo (1975) found tha t  cl  i nical 

concentrations of enflurane decreased the amplitude of m.e.p.p.s 

b u t  not t h e i r  frequency; the threshold of the muscle membrane was 

increased, as fo r  ether and halothane. 

Waud and Waud (1975 a,b) found tha t  c l in ica l  levels of a number 

of general anesthetics reduced the depolarization produced in the 

frog end-plate by the acetylcholine analog carbamylchol i ne. 

Minimum alveolar concentrations reduced depolarization in response 

to  a given dose of carbamylcholine by about 25 percent. 

Recently, Gage and Hamill (1976 a,b) examined miniature 

end-plate currents (m.e.p.c.s) and the resulting m.e.p.p.s in r a t  

diaphragm muscle in the presence of e ther ,  halothane, chloroform, 

and enf lurane and Gage, Hami 11 ,  and Van Helden (1979) examined the 

e f fec t  of ether on m.e.p.c.s and on the current noise induced by 

acetylcholine in toad sar tor ius  muscles. Subclinical levels of 

anesthetics increased the r a t e  of decay of m.e.p.c.s with no ( r a t  

muscle) or only s l igh t  (toad muscle) decreases in m.e.p.c. 

amplitudes; t h i s  resu l t s  in diminished m.e.p.p. amplitudes. 

Concentration corresponding to  mi nirnum a1 veolar concentrat ions 
I 

caused about 30 percent decreases in the time constant f o r  decay of 

m.e.p.c. s. . Large concentrati.ons of anesthetics ( f o r  example, more. 

than 40 M ether)  'produced the opposi'te e f fec t :  larger  time 

constants than the cont.ro1. Gage -- e t  a1 , (1979) used the theory 

developed by Anderson and Stevens (1973) to calculate  the mean 
. . 

channel l i fe t ime 'from the current noise produced by appl ied 



acetylcholine; the mean channel lifetime decreased ,progressively 

with concentrations of ether from 5 to 70 mM. Gage -- et al. (1979) 

interpreted their results to suggest that ether in some way reduces 

the stability of open end-plate channels (the increase in the 

m.e.p.c. decay time constant with high concentrations of ether 

appeared to be due to inhibition of acetylcholinesterase and 

consequent delayed removal of acetylcholine from the synaptic 

cleft), while pointing out that the alternative hypothesis that 

ether blocks open end-plate channels could not be ruled out. 

Nerve conduction 

Many experiments have shown that nerve conduction can be 

reversibly biocked by general anesthetics. However, since the 

concentration of anesthetic required for significant block in a1 1 

nerves so far examined are higher than those needed for induction 

of general anesthesia, most workers discount nerve conducti.on block 

as the basis of general anesthesia. 

Following are summaries of work done with the most stud,ied of 

the general anesthetics, ether and halothane. Unless otherwise 

noted, action potentials were recorded extracel lularly from- 

multi-axon nerves. Where gas concentrations have been converted 

into sal ine concentrations, I have used partition coefficients 

given by Steward -- et  al. (1973), Regan and Eger (1967), and 

Mastrangelo -- et al. (1975), with the temperature dependence of the 

partition coefficients taken into account. 



Ether Minimum a1 veol ar. concentration 15 mM 

Apneic concentrat ion 

Lorente de No (1947) found reversible block of myelinated frog 

fibers by ether. Ether concentrations were not known. 

Larrabee and Posternak (1952) found that 48 mM ether reduced 

the height of the action potential of type A (myelinated) fibers in 

the cat cervical ganglion by 40 percent. Type C (unmyelinated) 

fibers were blocked by only 10 percent at this concentration. At 

77 mM, type A fibers were blocked by 90 percent and type C fibers 

by 40 percent. 

Roth (1975) found that 5.6 percent (v/v) ether in the gas phase 

(54 mM in saline at 25') blocked frog sciatic nerve action 

potenti a1 s by 30 percent. 

Schwartz (1968) found that 90 mM ether was required to block 

conduction in a single squid giant axon. 

Richards, Russel 1, and Smaje (1975) found that '4.5 percent 

(vlv) ether (21 mM in saline solution) blocked the action potential 

from lateral olfactory tract fibers from guinea pigs by 10 

percent. Smal ler concentrations had no significant effect. 

~ichards and White (1975) found that 4.5 percent ether blocked 

conduction in perforant tract neurons by more than 40 percent 

(equ i 1 i bri urn was not reached). 



Hal othane Minimum .a1 veol ar concentration .28 mM 

Apneic concentration .79 mM 

El l i s  (1969) found tha t  4 percent (v/v) halothane (1.3 mM in 

sal ine)  blocked r a t  s c i a t i c  nerve f ibe r s  by 15 percent. 2.5 mM 

produced 40 percent block. Conduction velocity was slowed 10 

percent by 2.5 mM. 

Roth (1975) found that  3.6 percent ( c / c )  halothane (2.0 mM in 

sal ine solution a t  25') blocked frog s c i a t i c  nerve action 

potent ials  by 50 percent; 3 mM blocked by 70 percent. 

Diamond, Havdala, and Sabell i (1975) reported tha t  18 mM 

halothane blocked the action potential' in frog ' sc ia t ic  nerve by 25 

percent. (The discrepancy between the r e s u l t  and Roth's i s  

probably due the f a c t  t ha t  Diamond -- e t  a l .  did not use desheathed 

nerves). 

Kendig and Cohen. (1975) found tha t  .5 mM halothane blocked 

impulses in the r a t  cervical ganglian by 15 percent. 1 mM blocked 

by 25 percent. 

Richards (1973a) found a 10 percent decrease in the signal from 

. the la te ra l  olfactory t r a c t  f ibers  of the guinea pigs with 3 

percent (v/v) halothane (corresponding to  .97 mM in sa l ine  

solution).  
. . 

While i t  i s  t rue that  r e l a t ive ly  large concentrations of 

anesthetics are required to  block.'conduction s igni f icant ly  in most 

nerves so f a r  examined, i t  i s  c lear  tha t  there i s  considerable 



var ia t ion.  in the  s e n s i t i v i t y  of various types of nerves. The data  

a r e  too scanty t o  make de f in i t e  statements about var ia t ion  of 

s e n s i t i v i t y  w i t h ,  say, f i b e r  diameter, b u t  i t  i s  i n t e r e s t i ng  t h a t  

t he  most s ens i t i ve  neurons a re  t he  small ( .5  - 1 micron) cen t r a l  

neurons. The perforant  t r a c t  neurons are  a t  l e a s t  40 percent 

blocked by a high c l i n i c a l  .level of e ther .  

A number of people (Wall,, 1967; Seeman, 1972; Richards, 1973a; 

Richards and W.hite, 1975) have suggested t h a t  block of conduction. 

in t he  very f i n e  pre-synaptic arbor izat ions ,  as small as .1 micron 

in diameter (Pe te rs  -- e t  a1 ., 1970), could be important in general 

anesthesia.  (Not a1 1 of those who have suggested t h i s  th ink i t  i s  

l i ke ly ) .  This thinking i s  ba.sed on numerous observations of 

g rea te r  s e n s i t i v i t y  of smaller f i b e r s  t o  a var ie ty  of blocking.  

agents (Gasser and, Erl.anger, 1929; Uehara, 1960; Staiman and 

Seeman, 1974). However, these s tud ies  have been done with 

myel i  nated f i b e r s ,  whi l e  the  cen t ra l  arbor-i za t ions  a r e  

unmyelinated; a lso ,  such s tud ies  seem not t o  have been done with 

v o l a t i l e  o r  gaseous anesthet ics .  

A second point from this  nerve block data  i s  t h a t  the re  i s  a 

s ign i f ican t  level of conduction block of a number of nerve types a t  

apneic concentrat ions of anesthet ic .  T h u s ,  while i t  i s  probably 

not important. in  the  production o f .  general 'anesthesia, nerve. block 

could well be involved in resp i ra to ry  a r r e s t .  
' D 



Mechanism of nerve block --- 
There are only a few s tud ies  with information about how nerve 

conduction i s  blocked by general anesthet ics .  Most of the  

avai lable  work suggests t h a t  the  primary cause of block i s  a 

depolarization of the  nerve f i b e r .  ' ~ l c o c k  (1906) found t h a t  50 

percent e the r  ( v l v )  caused depol a r i  zation of f rog s c i a t i c  nerves, 

as measured by in jury cur ren t s  through a cut  end. Wright (1946), 

working with c a t  peroneal and r a t  t i b i a 1  f i b e r s ,  found t h a t  d i l u t e  

e ther  vapors both revers ib ly  depolarized the  nerves and blocked 

t h e i r  action po ten t ia l s ,  w i t h  s imi la r  time courses. Lorente de No 

(1947) made the  same observation with frog s c i a t i c  nerves, and i n  

addit ion noted t h a t  hyperpolarization restored the  e x c i t a b i l i t y  of 

an ether-treated nerve. Ether concentrat ions were not known. 

~ e p o l a r i  zation probably causes loss  of exci tabi  1 i  t y  by 

inact ivat ion of sodium channels; t he  f a c t  t h a t  the  inac t iva t ion  vs. 

membrane potenti  a1 curve i s  sh i f t ed  in t he  hyperpolarizing 

d i rec t ion  by e ther ,  as reported here in  Chapter 1 f o r  the  cray f i s h  

axon and by Kendig -- e t  a l .  (1979) f o r  the  f rog node, means t h a t  

depolarizing the  nerve.wil1 inac t iva te  an even g rea t e r  f r ac t i on  of 

the  sodium channels than in the  control  case. The loss  of 

avai lable  sodium channels through inac t iva t ion  i s  cons i s ten t  with 

Lorente de No's observation of res to ra t ion  of act ion po t en t i a l s  by 

hyperpol'arization; t h i s  observation shows c l e a r l y  t h a t  sodium 

chan,nels can be made avail.able with a s u f f i c i e n t l y  negative 

membrane po ten t ia l .  This i s  a lso  in  agreement with the  observation 



i n  Chapter 2 t ha t  200 mM e ther  decreases peak sodium currents by only 

about 50 percent w i t h  holding potent ials  of -80 t o  100 mV. However, 

in the crayfish axon even large concentrations of e ther  and halothane 

d i d  not depolarize the resting membrane, and i t  i s  l ike ly  tha t  a t  low 

temperatures the axon would s t i l l  be exci table  w i t h  as much as 200 mM 

ether. Most of the studies showing depolarization in the other nerves 

were done a t  room temperature or above w i t h  large concentrations of 

ether; I d i d  not do experiments w i t h  these conditions. 

Changes - i n  accommodation r epe t i t i ve  ac t iv i ty  

I t  is in te res t ing  to  note tha t  in a number of 'systems, subt le  

changes in nerve f i r i n g  are seen w i t h  concentrations of anesthetics 

too low t o  block excitation. I t  i s  interest ing to  speculate tha t  a t  

leas t  some of these may be related to  the changes in sodium and 

potassium current kinet ics  described in Chapters 2 an'd 3. 

Perhaps the most stri 'king observation i s  one made by Heinbecker 

and Bartley (1940). They found, in frog s c i a t i c  nerves, t ha t  42 mM 

ether ,  which depressed the s i ze  'of s ingle  action potent ials  b u t  did 

not eliminate them, produced a dramatic increase in the r a t e  of 

accommodation'to a Subthreshold depolarization.,  The r a t e  of 

accomodation depends on the r a t e  of sodium channel inactivation and 

the r a t e  of potassium channel activation (Hodgkin and Huxley, 1952); 

both these rates  are increased by ether in the crayfish axon and i t  i s  

very tempting to  r e l a t e  those e f f ec t s  to  the one observed by 

Heinbecker and Bartley. I 



Somjen and Gill (1963) also observed cases in which 

accomodation was enhanced'by ether,  in ca t  spinal motoneurons. 

They found also tha t  the a b i l i t y  to  respond t o  a long 

depolarization w i t h  sustained f i r i n g  was depressed by ether. Both 

ef fec ts  cou.ld be explainable by changes i n  sodium channel 

inactivation kinet ics ,  and potassium channel activation kinet ics ,  

l i k e  those seen in the crayfish axon. However, the motoneuron has 

a much more complex se t  of voltage-dependent channels and the 

fac tors  governing accommodat.ion and r epe t i t i ve  f i r i n g  are l ike ly  t o  

be. very complicated. The same caution applies t o  any attempt t o  

interpret  the changes i n  f i r i n g  patterns seen in the guinea pig 

olfactory cortex (Richards, 1973c; Richards -- e t  a1 ., 1975). Another 

finding of t h i s  type is the depression of post-tetanic r epe t i t i ve  

f i r i n g  seen by Van Poznak (1963) in cat  soleus motor axons with 

cl inical '  concentrations of ether.  In any case, i t  i s  c lear  tha t  

anesthetics may have s ignif icant  e f fec ts  on action potential  

generation even a t  concentrations too small t o  block exc i tab i l i ty ;  

even if such ef fec ts  are not of fundamental importance in the 

physiology of general anesthesia, i t  i s  possible they play a ro l e  

i n  more subt le  ways, such as determining differences in the 

detailed e f fec t s  of the d i f fe rent  anesthetics. 

Mol ecul ar theories of general anesthesia 

A cornerstone of most molecular theories of anesthesia i s  the 

idea tha t  the anesthetic properties of gases somehow resu l t  from 

the i r  dissolving into ce l l  membranes, a hypothesis or ig ina l ly  made 



by Overton (1901) as a consequence of noting the excel lent correlation 

between the anesthetic potency of a compound and its olive oi1:water 

partition coefficient. 

Before discussing the effects of'general anesthetics on membrane 

structure, it should be emphasized that .it is by no means certain that 

these effects underly general anesthesia. Correlations between 

anesthetic potency and physical properties other than lipid solubility 

have been made, including, for example, van der Waals constants (Koski 

et a1 ., 1975) and ionization potentials (Sandorfy, 1976). Paul i ng -- 
(1961) and S. Mi 1 ler (1961) independently suggested that anesthetic 

potency was correlated with the ability of the gas to form 

micro-crystalline hydrates ("clathratesn) of structured water 

molecules; Pauling proposed that clathrates would form near protein 

- molecules and would affect their activity. However, recently 

molecules have been found, SF6 for example, fdr which the correlation 

i s  not very good (K. Miller, 1969). A number of workers have pointed 

out that the correlation of anesthetic potency with lipid solubility 

would be consistent with anesthetic molecules interacting with 

hydrophobic regions of probes and causing conformational changes 

leading to loss of activity (Eyring, 1966; Eyring -- et al., 1973; Hsia 

and Boggs, 1975; Ueda -- et al., 1975; Woodbury -- et al., 1975; Franks and 

Lieb, 1978). A few aqueous enzymes have been found whose activity is 

inhibited by general anesthetics, but clinical concentrations did not 

produce significant inhi bition (Brammall -- et a1 . , 1973; Ueda and 
Kamaya, 1973). 



Cr i t i c a l  volume hypothesis 

Mu1 1 i n s  (1954, 1973, 1975) suggested t h a t  anesthesia occurs 

when a c r i t i c a l  volume of anes the t ic  has entered a c e l l  membrane, 

regardless  of the  s t ruc tu r e  of the  anesthet ic  molecule. In various 

forms, t h i s  has been a popular idea. K.W. Mil ler  and h i s  

col laborators  (S. Johnson and K. Mil ler ,  1970; K. Mil ler  -- e t  a1 ., 
1973; K.  Mil ler ,  1974; K. Miller ,  1975) have suggested t h a t  

anesthet ic  molecules dissolve  in some membrane in t he  c e l l  and 

cause t h a t  membrane t o  expand by disordering the  l i p id s .  This 

hypothesis was designed' in par t  t o  account f o r  the  pressure 

reversal  of narcosis shown i n  narcotized tadpoles,  newts, and mice 

( F .  Johnson and F lag le r ,  1950; K .  Miller  -- e t  -a l . ,  1973; Lever -- e t  a1 . 
1971; Halsey and Wardley-Smith, 1975). Pressure i s  be1 ieved by 

. 

Mil.ler and h i s  col laborators  t o  reverse the  e f f e c t s  of anes the t ics  

by compressing the  membrane back t o  i t s  o r ig ina l  volume. From the  

amount of pressure needed t o  reverse e f f e c t s  from various doses of 

anesthet ic ,  they calcula ted t h a t  during general anesthesia the  

membrane would be expanded by about .4 percent. 

Seeman and Roth (1.972)' have. shown t h a t  erythrocyte membranes 

are  expanded by about ..4 percent with c l i n i c a l  le.vels of 

anesthet ics .  Seeman (1972, 1974; 1975) calcula ted t h a t  the  actual  

occupying volume of anes the t i c  a t  these concentrat ions would be 

only about ..02 percent i n ' t h e  membrane; he suggested t h a t  extensive  

conformational changes in membrane prote ins  must be involved in the  

kembi-ahe expansion,.   ow ever, Ueda, Shieh a n d  Eyri ng (1974) have 



found tha t  a purely phospholipid monolayer was expanded by .5 

percent in the presence of c l in i ca l  concentrations of a number of 

general anesthetics,  so tha t  i t  i s  not c lear  tha t  proteins must 

contribute to  the erythrocyte expansion. 

I t  i s  not c lear  how expansion of bilayers would produce general 

anesthesia. Mu1 1 ins (1975) suggested tha t  the volume increase 

would cause a local incre.ase i n  pressure within the bilayer and 

tha t  t h i s  pressure would af fec t  membrane proteins by compressing 

' them. Seeman (1975) suggested spec i f ica l ly  tha t  the sodium channel 

in the nerve membrane i s  compressed or  dis tor ted so tha t  i t  i s  

blocked. I t  i s  d i f f i c u l t  to see how these models could account fo r  

the pressure reversal. of anesthesia, since they pos'tulate tha t  , 

proteins are made inactive by local increases i.n pressure t o  begin 

with. 

Changes in membrane fluidity - 

Trudell, Hubbell, and Cohen (1973a) found tha t  ha.lothane and 

methoxyflurane decreased the order of fatty-acid chains in 

phospholipid bilayer vesicles.  The order i s  estimated.by the 

average t i l t  of nitroxide spin labels on fatty-acid chains, 

detected by electron spin resonance (Hubbell and ~ b ~ o n n e l l ,  1971) ; 

"f lu id i ty"  i s  often used to  mean the inverse of "order" i n . t h i s  

sense. ~ r u d e l l ,  Hubbell, and Cohen (1973b) a l so  showed tha t  

p'ressure reversed the decrease in order caused by the anesthetics.  

They suggested tha t  biological membranes would be s imilar ly affected 



and t h a t  t h i s  i s  ' t h e  bas is  o f  general anesthesia. L a t e r  work has 

conf i rmed the  increase i n  f l u i d i t y  f o r  o t h e r  anes thet ics ;  w h i l e  

t he re  are some d i f f e r e n c e s  i n  est' imates o f  t he  concent ra t ions  o f  

anes thet ics  needed f o r  s i g n i f i c a n t  e f f e c t s ,  i t  i s  c l e a r  t h a t  l a r g e  

concent ra t ions  ( f o r  example, above 50  rnM e t h e r )  have c l e a r  e f f e c t s ,  

'and c l i n ' i c a l  l e v e l s  p robab ly  have smal l ,  b u t  r e a l ,  e f f e c t s  (Boggs 

e t  a1 . , 1976; Mastrangelo e t .  a1 , 1977). -- -- 
Other measurements have a l so  shown p e r t u r b a t i o n  o f  b i l a y e r  

s t r u c t u r e  by general anesthet ics.  The r o t a t i o n a l  d i f f u s i o n  r a t e  o f  

t he  f l u o r e s c e n t  probe 1- phenyl-6-phenylhexatriene was shown by 

Vanderkooi' -- e t  a l .  (1977) t o  be increased i n  t h e  presence o f  a 

v a r i e t y  o f  general anesthet ics;  they  a l so  showed t h a t  t h e  l a t e r a l  

d i f f u s i o n  r a t e  o f  t h e  f l u o r e s c e n t  molecule pyrene was f a s t e r  w i t h  

general anes the t i cs  present  ( f o r  example, increased by a f a c t o r  o f  

2.7 by 200 mM, e the r ) .  

S. Johnson and K. M i l l e r  (1970) and Johnson, M i l l e r ,  and 

Bangham (1973) showed t h a t  general anes thet ics  a t  c l i n i c a l  l e v e l s  

increased the  c a t i o n  p e r m e a b i l i t y  o f  liposomes, bo th  n a t i v e  sodium 

p e r m e a b i l i t y  and valinomycin-mediated potassium pe rmeab i l i t y .  They 

f u r t h e r  demonstrated t h a t  t h i s  e f f e c t  cou ld  be reversed by h igh  

pressures. 

It i s  n o t  c l e a r . , t h a t  t h e  e f f e c t s  seen on b i l a y e r  systems have 

any .bear ing on t h e  p h y s i o l o g i c a l  phenomenon o f  general anesthesia. 

It .is poss ib le  t h a t  the  f u n c t i o n i n g  o f  some of the  'membrane-bound 

i o n i c  channels and enzymes i n  nerves might  be i n f l uenced  by the  



s t a t e  o f  l i p i d s  surrounding them; Gage and Hami 11 (1976 a, b) and 

Gage, Hami l l  and Van Helden (1979) suggested t h a t  t he  r e d u c t i o n  o f  

the  s t a b i  1 i t y '  o f  end-plate channels they  observed cou ld  p o s s i b l y  be 

due t o  an e f f e c t  o f  t h e  anes the t i cs  on t h e  l i p i d s  surrounding t h e  

end-plate channel. However, i t  i s  c l e a r  t h a t  much more must be 

understood about t h e  f u n c t i o n i n g  o f  membrane p ro te ins ,  and about 

t he  a c t i o n  o f  general anes thet ics  on l i p i d s  and on p ro te ins ,  be fore  

. the molecular  bas i s  f o r  t h e  pharmacological ac t i ons  o f  general. 

anes thet ics  becomes c l e a r .  



BIBLIOGRAPHY 

Alcock, N.H. 1906. The action of anaestheti.cs on living ti,ssues. 

Part I. The action on isolated n.erve. --- Proc. Roy. Soc. London 

B77, pp. 267-282. - 

Anderson, C.R., and C.F. stevens. 1973. Voltage clamp analysis of 

acetylcholine produced end-plate current fluctuations at frog 

neuromuscular junction. - J. Physiol. (Lond.), - 235, pp. 655-691. 

Auer, J., and S.J. Meltzer. 1914. The effect of ether inhalation 

upon the skeletal motor mechanism. - - - - -  J. Pharm. Exp. Ther. 5, pp. 

521-522. 

Austin, G.M., and E.A. Pask. .1952. Effect of ether inhalation 

upon spinal cord and root action potentials. - J. ~h~siol. 

(Lond.) 118, pp. 405-411. 

Boggs, J.M., J.T. Young, and J.C. Hsia. 1976. Site and mechanism 

of anesthetic action. I. Effect of anesthetics and pressure on 

fluidity of spin-labeled lipid vesicles. - Mol. Pharmacol. - 12, 

pp. 127-135. 

Brammall, A , ,  D.J. Beard, and G.H. Hulands. 1973. The effects of 

inhalational anesthetic agents on the enzyme glutamate 

dehydrogenase. Brit. J. Anaesth. _. - 45, pp. 923- 



Braz ie r ,  M.A.B. 1972. - The Neurophys io log ica l  .Background - f o r  

Anesthesia (Char les  C. Thomas, S p r i n g f i e l d ,  I 1  1 i n o i  s ) ,  pp. 

Bruce, D.L., M.J. Bach, and J. A r b i t .  1974. Trace anes the t i c  

e f f e c t s  on perceptua l ,  c o g n i t i v e ,  and motor s k i l l s .  

Anesthesio logy - 40, pp. 453-458. 

Cherkin, A. and J.F. Catchpool. 1964. Temperature dependence o f  

anesthesia i n  g o l d f i s h .  Science - 144, pp. 1460-1461. 

De Jong, R.H. and E.I. Eger 11. 1975. MAC expanded: AD50 and 

ADg5 va lues o f  common i n h a l a t i o n  anes the t i cs  i n  man. 

Anesthesio logy - 42, pp. 384-389. 

Darb in jan,  T.M., V.B. Golovchinsky, and S.I. P leho tk in .  1971. The 

e f f e c t s  of anes the t i cs  on r e t i c u l a r  and c o r t i c a l  a c t i v i t y .  

Anesthesio logy - 34, pp. 219-229. 

Diamond, B.I., H.S. Havdala, and H.C. S a b e l l i .  1975. D i f f e r e n t i a l  

membrane e f f e c t s  o f  genera l  and l o c a l  anes the t i cs .  

Anesthesio logy - 43, pp. 651-660. 



Eccles, J.C. 1973. - The Understanding --- o f  t h e  B r a i n  (McGraw H i1  1, 

New York, 1973), p. 99; .p. 83. 

Eger, E.I. 11. 1964. Uptake o f  methoxyf lurane a t  cons tan t  a l v e o l a r  

and cons tan t  i n s p i r e d  concen t ra t i on .  Anesthesio logy - 25, p. 284. 

Eger, E.I.. 11, L.-J. Saidman, and B. Brands ta te r .  1965. .Minimum 

a l v e o l a r  concen t ra t i on :  a  s tandard o f  anes the t i c  potency. 

Anesthesio logy - 26, pp. 756-763. . 

E l l i s ,  F.R. 1969. Dependence o f  ha lothane potency on pH. B r i t .  

J. Anaesth. 41, pp. 664-668. . - - 

E y r i  ng, 1966. Untang l ing  b i o l o g i c a l  r e a c t  ions.  Science - 154, pp; 

1609-1613. 

Eyr ing, H.E., J.W. Woodbury, and J.S. D 'A r r i go .  1973. A mo lecu la r  

mechanism o f  genera l  anesthesia. Anesthesio logy - 38, pp. 

Fenn, W.O. 1969. I n e r t  gas narcos is .  Annals -- N.Y. Acad. Science 

117, pp. 760-767. - 

Franks, N.P., and W.R. L ieb.  . . 1978. Where do genera l  a n a i s t h e t i c s  

actp. Nature - 274, pp. 339-342. 



French, J.D., and E.E. King. 1955. Mechanism invo l ved  i n  t h e  

anes the t i c  s ta te .  Surgery - 38, pp. 228-238. 

French, J.D., M. Verzeano, and H.W. Magoun. 1953. A neura l  b a s i s  

o f  t h e  anes the t i c  s ta te .  - Arch. Neurol .  Psychiat .  69, pp. 

519-529. 

Gage, P.W. and O.P. Ham,il l .  1976a. E f f e c t s  o f  severa l  i n h a l a t i o n  

anes the t i cs  on t h e  k i n e t i c s  o f  pos t -synapt ic  conductance 

changes i n  mouse diaphragm. - B r .  - J. Pharmacol. - 57, p,p. 263-272. 

Gage, P.W. and O.P. Hami l l .  1976b. General anes the t ics :  synap t i c  

depress ion c o n s i s t e n t  w i t h  increased membrane f l u i d i t y .  

Neuroscience L e t t e r s  - 1, pp. 61-65. 

Gage, P.W., O.P. Hami l l ,  and D. Van Helden. 1979. Dual e f f e c t s  o f  

e t h e r  on end-p.late cu r ren ts .  - J. Phys io l .  (Lond.) - 287, pp. 

~ a l  i n d o ,  A. 1971. Procaine, p e n t o b a r b i t o l ,  and halothane:  e f f e c t s  

.on t h e  mammalian myoneu-Val . j u n c t i o n .  - -  J. Pharm .=. t h e r .  169, - - 
pp. 185- 



Gasser, H.S. and J. Erlanger. 1929. The role of fiber size in the 

establishment of a nerve block'by pressure or cocaine. - Amer. 

J. Physiol. 88, pp. 581-591. - - 

Haggard, H.W. 1924. The absorption, distribution, and elimination 

of ethyl ether. IV. The anesthetic tension. of ether and the 

physiol.ogica1 response to various concentrations. - -  J. Biol . 
Chem. 59, pp. 783-793. - -  

Halsey, M. J'. and B. . Wardley-Smith. 1975. Pressure reversal of 

narcosis produced. by anesthetics, narcotics, and 

tranquillisers. Nature - 257, p. 811-813. 

Heinbecker, P. and S.W. Bartley. 1940. Action of ether and 

nembutal on the nervous system. - J. Neurophysiol. - 3, pp, 

219-236. 

Hodgkin, A.L. and A.F. Huxley. 1952. A quantitative description 

of membrane current and its application to conductance and 

excitat,ion in nerve. J. Physiol. (Lond.) - 117,- pp. 500-,544. 

Hsia, J.C. and J.M. Boggs. 1975. Protein perturbation hypothesis 

o f  anesthesia. In Moleculai. Mechanisms - o f  Anesthesia, B.R. 

Fink, Ed. (Raven Press, New York, 1975), pp:. 327-337. 



Hubbel l ,  W.L., and H.M. McConnell. 1971. Mo lecu la r  mot ion i n  

sp in - labe led  phospho l ip ids  and membranes. - - - -  J. Am. Chem. Soc. 

93, pp. 314-326. - 

Johnson, F.H., and E,A. F l a g l e r .  1950. H y d r o s t a t i c  p ressure  

r e v e r s a l  o f  na rcos i s  i n  tadpoles.  Science - 112 p. 91-92. 

Johnson, S.M., and K.W. . M i l l e r .  1970. Antagonism o f  p ressure  and 

anesthes'i a. Nature .  - 228, p. 75-76. 

Johnson, S.M., K.W. M i l l e r ,  and A.D. Bangham. 1973. The opposing 

e f f e c t s  of p ressure  and genera l  anes the t i cs  on t h e  c a t i o n  

permeabi 1 i t y  o f  l iposomes o f  va ry ing  l i p i d  composit ion .  
- 

Bioch im.  ~ i o p h y s .  Ac ta  307, pp. 42-57. -- 

Karis ,  J.M., A.J. Gisse'n, and W.L. Nastuk. 1966, Mode o f  a c t i o n  

o f  d i e t h y l  e t h e r  i n  b lock ing  neuromuscular t ransmiss ion .  

Anesthesio logy - 27, pp. 42-51. 

Ka r i s ,  J.M., A.J. Gissen, and W.L. Nastuk. 1967. The e f f e c t  o f  

v o l a t i l e  anes the t i c  agents on neuromuscular t ransmiss ion .  

Anesthesio logy - 28, pp. 128-134. 



Kendig, J.J. and E.N. Cohen. 1975. Neural sites of 

pressure-anesthesia interactions.. In Molecular Mechanisms - of 

Anesthesia,.B.R. Fink, Ed. (Raven Press, New York, 1975), pp. 

421-427. 
. . . . 

Kendig, J.J., J.R. Trudell, and..E.N. Cohen. 1975. Effects of 
, . 

pressu.re and anesthetics on conduction and'synaptic 

transmission. - -  J. Pharm. Exp. -- Ther. 195, pp. 216-224. 

Kendig, J.J. and E.N. Cohen. 1977. Pressure antagonism to nerve 

conduction block by anesthetic agents. Anesthesiology - 47, pp. 

Kendig, J.'J., K.R. Courtney, and E.N. Cohen. 1979. Anesthetics: 

moleci-~lar correlates of voltage and frequency dependent sodium 

channel block in nerve. To be published. 

Kennedy, R.D., and A.D. Galindo. 1975. Comparative site oT 

various anesthetic agents at the.mammalian myoneural junction. 

Br. J.. Anaesth. 47, pp. 533-540. - - - 

Koski, w.S.',  K.M. Wilson, and- J.J Kaufrnan. 1975. Correl-ation- 

between anesthetic potency and the van der Waals a constant. 

'In .Molecular Mechanisms .of - A'nesthesi a, B.R.. Fink, Ed. (Raven 

. Press, New York, 1975), pp. 277-289. 



Larrabee, M.G. and J.M. Posternak. 1952. Selective actions of 

anesthetics on synapses and axons in mammalian sympathetic 

ganglia. - J. Neurophysiol. - 15, pp. 91-114. 

Lever, M.J., K.W. Miller, W.D.M. Paton, and E.B. Smith. 1971. 

.-Pressure reversal of anaesthesia. Nature - 231, pp. 368-371. 

Lorente de No, R. 1947. A study of nerve physiology. Studies - from 

the Rockefeller Institute, 131, pp. 131-132. - - 

Maguun,.H,W. 1963. The Waking Brain. (Charles C. Thomas, 

Springfield, Ill., 1963), p. 85. 

Mastrangelo, C,.J., J:R. Trudell, H.N. Edmunds, and E.N. Cohen. 

1978. Effect of clinical concentrations of halothane on 

phospholipid-cholesterol membr.ane fluidity. - Mol. Pharmacol . 

Merin, R.G. 1975. Subcellular mechanisms for the negative 

inotropic effects of inhalation anesthetics. In Molecular 

Mechanisms - of General Anesthesia, B.R. Fink, Ed. (Raven Press, 

New York, 1975), pp. 327-337. 



M i l l e r ,  J.C. 1975. Anes the t ics  and phospho l i p i d  metabolism. I n  

Mo lecu la r  Mechanisms - o f  Anesthesia, B.R. F ink ,  Ed. (Raven 

Press, New York, 1975), pp. 439-448. 

M i l l e r ,  K.W. 1969. How do anes the t i cs  workp Anesthesio logy - 30, 

pp. 127-128. 

M i l l e r ,  K.W. 1974. I n e r t  gas narcos is ,  t h e  h i g h  pressure  

n e u r o l o g i c a l  syndrome, and t h e  c r i t i c a l  volume hypothesis .  

Science - 185, pp. 867-869. 

M i l l e r ,  K.W. 1975. The pressure  r e v e r s a l  o f  anesthesia and t h e  

c r i t i c a l  volume hypothesis .  I n  Mo lecu la r  Mechanisms - o f  

Anesthesia. B.R. F ink,  Ed. (Raven Press, New York, 1975), pp. 

M i l l e r ,  K.W., W.D.M. Paton, R.A. Smith, and E.B. Smith. 1973. The 

pressure r e v e r s a l  o f  anesthesia and t h e  c r i t i c a l  volume 

hypothesis .  - - -  Mol. Pharm. 9. pp. 131-143 

M i l l e r ,  S.L. 1951. A t heo ry  o f  gaseous anes the t ics .  -- Proc. Nat. 

Acad. Sci .  47, pp. 1515-1524. - - -  

Mori ,  K., K. Iwabuchi, M: Kawamata, K. Onta, and M. F u j  i t a .  1972. 

. .  The neu ra l  mechanism o f  cyc lopropane.anes thes ia  i n . t h e  r a b b i t .  



Mullins, L.J. 1954. Some physical mechanisms in narcos'is. - Chem. 

Rev. 54, pp. 289-323. - -  

Mullins, L.J. 1973. Closer still to a mechanism of anesthesia. 

Anesthesiology - 38, pp. 205-206. 

Mullins, L.J. 1975. Anesthesia: an overview. In Molecular 

Mechanisms - of Anesthesia, B.R. Fink, Ed. (Raven Press, New 

York, 1975), pp. 237-242. 

Nicoll, R.A. 1972. The effects of anaesthetics on synaptic 

excitation and inhibition in the olfactory bulb. - J. Physiol. 
(Lond.) - 223, pp. 803-814. 

Nunn, J.F. 1974. Effects of anaesthetics on motile systems. In 

Molecular Mechanisms - in General Anaesthesia, M.J. Halsey, R.A. 

Mil lar, and J.A. Sutton, Eds. (Churchi 1 1  Livingstone, New York, 

1974), pp. 183-190. 

Overton, 1901. Studien -- uber die Narkose (English summary). 

Pauling, L. 1961. A molecular theory of anesthesia. Science - 134, 

pp. 15-21. 



Peters., A., S.L. Palay, and H. deF. Webster. 1970. -- The F i n e  

S t r u c t u r e  -- o f  t h e  Nervous System (Harper and Row, New York, 

1970), p. 170. 

Pr ice ,  H.L., and R.D. Dr ipps.  1970. In t ravenous anes the t ics .  I n  

The Pharmacological  Basis  o f  Therapeut ics  ( 4 t h  Ed.), L.S. - 
Goodman and A. Gilman, Eds, (MacMil lan, New York, 1970), pp. 

93-97. 

Regan, M.J. and E . I .  Eger 11. 1967. E f f e c t  o f  hypothermia i n  dogs 

on anes the t i z i ng  and apneic dose o f  i nha1atio.n agents. 

Anesthesio logy - 28, pp. 689-700. 

Renz'i, F. and B.E. Waud. 19.77. P a r t i t i o n  c o e f f i c i e n t s  of v o l a t i l e  

anes the t i cs  i n  .Krebsl s o l u t i o n .  Anesthesio logy - 47, pp. 62-63. 

Richards, C.D. 1973a. On t h e  mechanism o f  halothane anesthesia.  

J. Phys io l .  1Lond.) 223, pp. 439-456. - - 

Richards, C.D. 1973b. The a c t i o n  o f  genera l  anaes the t ics  on 

synapt ic  t r ansmiss ion  w i t h i n  t.he c e n t r a l  nervous system. I n  

Mo lecu la r  Mechanisms - i n  General Anaesltlttsid, M.J. I lalsey, R.A. 

M i l  l a r  and J.A. Sutton, Eds. (Churchi 11 L i v i  ngstone, Edinburgh, 

1974), pp. 90-111. 



Richards, C.D. 1973a. Does trichloroethylene have a different 

mode of action from other general anestheticsv - J. Physiol. 

(Lond.) 233, pp. 25-27P. 

Richards, C.D., W.J. Russell, and J.C. Smaje. 1975. The action of 

ether, and methoxyflurane on synaptic transmission in isolated 

preparations of the mammalian cortex. - J. Physiol . (Lond. ) 248, 
- . - 

pp. 121-142. 

Richards, C.D. and R. Sercombe. 1970. Calcium, magnesium, and the 

electrical activity of guinea-pig olfactory cortex -- in vitro. 

1970. - J. Physiol. (Lond.) 211, pp. 571-584. - 

Richards, C.D. and J.C. Smaje. 1976. Anesthetics depress the 

sensitivity of cortical neurones to L-glutamate. &. J. . 

Pharmac. - 58, pp. 347-352. 

Richards, C.D. and A.E. White. 1975. The actions of volatile 

anaesthetics on synaptic transmission in the dentate gyrus. - J. 

Physiol . (Lond. ) 252, pp. 241-257. - 

Richens, A. 1969a. The action o f  generdl anesthetic agents on 

root responses of the frog isolated spinal cord. - -  Brit. J. 

Pharm. 36, pp. 294-311. - -  



Richens, A. 1969b. Microelectrode studies in the frog isolated 

spinal cord during depression by general anesthetic agents. 

Brit. J. Pharm. 36, pp. 312-328. - - - -  

Robbins, B.H. 1945. The effect of ether, divinyl ether, and 

cyclopropane anesthesia upon the heart rate and rhythm and 

blood pressure during normal respiratory activity and during 

'artificial respiration after respiratory arrest. - -  J. Pharm. 

Exp. - -  Ther. 85, pp. 192-197. 

Ronzoni, E. 1923. Ether anesthesia. 11. Anesthetic concentration 

of ether for dogs. J. Biol. Chem. 57, pp. 761-788. - - - -  

-- 
Kosenberg, H. and N. Naugaard. 1973. The effects of halothane on 

metabolism and calcium uptake in mitochondria in rat liver and 

brain. Anesthesiology - 39, pp. 44-53. 

Roth, S.H. 1975. Anesthesia and pressure: antagonism and 

enhancement. In Molecular Mechanisms - of Anesthesia, B.R. Fink, 

Ed. (Raven Press, New York, 1975), pp. 405-419. 

Sandorfy, C. 1976. On the anesthetic. potency of f luorcarbons, 

their ionization potentials, and their dissociative effect on 

hydrogen bonds. In Environmental Effects - on Molecular 

Structure - and Properties, 0 .  Pullman, Ed. (Reidel, 

Derdrecht-fl01 1 and, 1976 ) .  pp.  529-533. 



Schwartz, E.A. 1968. E f f e c t  of d i e t h y l e t h e r  on sodium e f f l u x  f rom 

squid axons. Currents - i n  Modern B i o l o g y  - 2, pp. 1-3. 

Secher, 0. 1951. The p e r i p h e r a l  a c t i o n  o f  e t h e r  es t imated  on 

i s o l a t e d  nerve-muscle p r e p a r t i o n .  I V .  Measurement o f  a c t i o n  

p o t e n t i a l s  i n  nerve. - Acta pharmacol. - e t  t o x i c 0 1  . - 7, pp. 

119-131. 

Seeman, P. 1972. The membrane ac t i ons  o f  anes the t i cs  and 

t r a n q u i l i z e r s .  Pharmacol. - -  Rev. 24, pp. 583-655. 

Seeman, P. 1974. The membrane expansion t h e o r y  o f  anesthesia: 

d i r e c t  evidence us ing  e thano l  and a  h igh -p rec i s i on  d e n s i t y  

meter. E x p e r i e n t i a  - 30, pp. 759-760. 

Seeman, 1975. The membrane expansion theo ry  o f  anesthesia. I n  

Mo lecu la r  Mechanism - o f  Anesthesia, B.R. F ink ,  Ed. (Raven Press, 

New York, 1975), pp. 243-251. 

Seeman, P. and S. Roth. 1972. General. anes the t i cs  expand c e l l  

membranes a t  s u r g i c a l  concent ra t ions .  Biochim. Biophys. Ac ta  

Shimoj i ,  K. and R'. B ick fo rd .  1971. D i f f e r e n t i a l  e f f e c t s  o f  

anes the t i cs  on mesencephalic r e t i c u l a r  neurons. I. Spontaneous 

f i r i n g  p a t t e r n s .  Ar~trs  t l ~ s i o l a q y  35, pp. 68-75, 



Smaje, R.C. 1976. General anes the t i cs  and t h e  a c e t y l c h o l i n e  

s e n s i t i v i t y  o f  c o r t i c a l  neurones Br. J. Pharm 58, pp. 359-366. - - -- 

Somjen, G. 1967. E f f e c t s  o f  anes the t i cs  on s p i n a l  c o r d  o f  

mammals. Anesthesio logy - 28, pp. 135-143. 

Somjen, G.G. and M. G i l l .  1963. The.mechanism o f  b lockade o f  

synap t i c  t r ansmiss ion  i n  t h e  mammalian s p i n a l  co rd  by d i e t h y l  

e t h e r  and by t h i o p e n t a l .  J. Pharm. Exp. Ther. 140, pp. 19-30. - - - - -  

Staiman, A. and P. Seeman. 1974. The impulse-b lock ing 

concent ra t ions  o f  anes the t ics ,  a lcoho ls ,  an t iconvu lsants ,  

ba rb i t u ra tes ,  and n a r c o t i c s  on ph ren i c  and . s c i a t i c  nerves. 

Can. J. Phys io l .  Pharmacol. 52, pp. 535-550. - - -. 

Stevens, W.:C., E . I .  Eger 11, A. White, M.J. Halsey, W. Mungar, R.D. 

Gibbons, W. Dolan and R. Shargel. 1975. Comparative 

t o x i c i t i e s  o f  halothane, i s o f l u r a n e ,  and d i e t h y l  e t h e r  a t  

subanesthet ic  concen t ra t i ons  i n  l abo ra toy  animals. 

Anesthesio logy - 42, pp. 408-419. 

Steward, A., P.R. A l l o t t ,  A.L. Cowles, and W.W. Mapleson. 1973. 

S o l u b i l i t y  c o e f f i c i e n t s  f o r  i n h a l e d  anaes the t i cs  f o r  water,  

o i l ,  and b i o l o g i c a l  media. - B r i t .  - J. Anaesth. - 45, pp. 282-292. 



Stockard, J. and R. B ick ford .  1975. The neurophysio logy o f  

anaesthet ics.  I n  A Basis  o f  P r a c t i c e  o f  Neuroanaesthesia, E. 

Gordon, Ed. (Excerpta Medica, New York, 1975). 

T r u d e l l ,  J.R., W.L. Hubbel l ,  and E.N. Cohen. 1973a. The e f f e c t  o f  

two i n h a l a t i o n  anes the t i cs  on t h e  o rde r  o f  sp in- labeled 

phospho l ip id  ves ic les .  Biochim. Biophys. -- Acta 291, pp. 321-327. 

T rude l l ,  J.R., W.L. Hubbel l ,  and E.N. Cohen. 1973b. Presure 

r e v e r s a l  o f  i n h a l a t i o n  anes the t i c  induced d i  sorder i n  

sp in- labeled phospho l ip id  ves i c les .  Biochim. Biophys. - Acta. 

291, pp. 328- - 

Ueda, I., and H. Kamaya. 1973. K i n e t i c  and thermodynamic aspects 

of t h e  mechanism o f  general  anes thet ics  i n  a  model system of 

f i r e f l y  luminescence -- i n  v i t r o .  Anesthesiology - 38, pp. 425-436. 

Ueda, I., D.D. Shieh, and H. Eyr ing.  1975. .D isorder ing  e f f e c t s  o f  

anes the t i cs  i n  f i r e f l y  l u c i f e r a s e  and i n  l e c i t h i n  sur face 

monolayers. I n  Molecular  Mechanisms - o f  Anesthes.ia, B.R. F ink ,  

Ed. (Raven press, New York, 1975), pp. 291-312. 

Uehara, Y. 1960. Narco t i c  and NaCl d e f i c i e n c y  as b lock ing  agents. 

Jap. - J. Phys io l .  10, pp. 267-274. 



Ungar, G. 1975. E f f e c t  o f  genera1 anes the t i cs  on embryonic c e l l  

aggregat ion. I n  Molecu lar  Mechanisms - o f  Anesthesia, B.R. F ink ,  

Ed. (Raven Press, New York, 1975), pp. 569-574. 

Vanderkooi, J.M.,.R. Landesberg, H. S e l i c k  11, and G.G. McDonald. 

1977. I n t e r a c t i o n  o f  general anes the t i cs  w i t h  phospho l i p id  

v e s i c l e s  and b i o l o g i c a l  membranes. Biochim. Biophys. -- Acta 464, 

pp. 1-16. 

Van Harreveld, A. 1936. Phys io log i ca l  s a l i n e  f o r  c r a y f i s h .  - Prac. 

Sot. Exp. B i o l  . Med. 34, pp. 428-432. - - - -  

'Van Harreveld, A., R.J. Foster ,  and G.D.   asm man. 1951. E f f e c t  o f  

: d iphenyl  hydanto in (D i  l a n t i n )  on et.her and p e n t o b a r b i t a l  

(Nembutal) narcos is .  - Am. - J. Phys io l .  166, pp. 718-722. - 

Van Poznak, A. 1967. The e ' f f ec t s  o f  i n h a l a t i o n  anes the t i cs  on 

r e p e t i t i v e  a c t i v i t y  generated a t  motor nerve endings. 

Anesthesiology - 28, pp. 124-126. 

.Wall, P.D. 1967. The. mechanisms o f  general anesthesia. 

Anesthesiology - 28, pp. 46-52. 

.Waud, B.E. and D.R. Waud. 1975a.' The e f f e c t s  o f  d i e t h y l  

e ther ,  enf lura.ne, and i -so f  lu rane a t  t h e  neuromuscular 

j unc t i on .  Anesthesiology 42, pp. .275-280. - 



Waud, B.E. and D.R. Waud. 1975b. Comparison o f  t he  e f f e c t s  o f  

general anes thet ics  on t h e  end-plate o f  s k e l e t a l  muscle. 

Anesthesiology - 43, pp. 540-547 

.White, D.C., 0 .  Wardley-Smitti, and G. Adey. 1975. Anesthet ics  and 

bioluminescence. I n  Molecu lar  Mechanisms - o f  Anesthesia, B.R. 

F ink,  Ed. (Raven Press, New York, 1975), pp. 538-591. 

Woodbury, J.W., J.S. D 'Ar r igo ,  and H.. Eyr ing .  1975. Molecu lar  

mechanism o f  general anesthesia: 1 i popro te i  n conformat ion 

change theory.  I n  Molecu lar  Mechanisms. - o f  Anesthesia. B.R. 

F ink,  Ed. (Raven Press, New York, 1975), pp. 253-175. 

Wright,  E.B. 1947. The e f f e c t s  o f  asphyx ia t ion  and narcos is  on 

pe r iphe ra l .  nerve po l ' a r i za t i on  and conduct ion. - Am. .J. - Phys io l .  




