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P ropagation of electrical  signals along giant n erv e  fib r es  

By A. L. H o d g k in , F.R.S. and  A. F. H u x ley

n this part of the discussion we shall attem pt to describe the way in which 
electrical signals are propagated along the giant nerve fibres of squids and cuttle- 
ish. These fibres consist of cylinders of protoplasm, 0-2 to 0*6 mm in diameter, and 
ire bounded by a thin membrane which acts as a barrier to ionic movement. The 
protoplasm, or axoplasm as it is commonly called, is an aqueous gel which is 
i reasonably good conductor of electricity. I t  contains a high concentration of 
K+ and a low concentration of Na+ and Cl~, this situation being the reverse of 
hat in the animal’s blood or sea water. Axons which are left in sea water slowly 
ose potassium and gain sodium. This process takes about 24 hours and is roughly 
10000 times slower than the diffusion of ions out of a cylinder of gelatin of the 
same size. The interchange of sodium and potassium is very greatly accelerated 
}y stimulating the fibres. Experiments with tracers, such as those made by 
Keynes & Lewis (1951) or Rothenberg (1950), allow the interchange to be measured 
quantitatively, and there is general agreement tha t the impulse is associated with 
m entry of 3 to 4 ppmol of Na+ through 1 cm2 of membrane and an exit of a 
jorresponding quantity of K+. These quantities are very small compared with 
she total number of ions inside the fibre. In  the giant axon of the squid the 
quantity of potassium lost in each impulse corresponds to only about 1 millionth 
)f the total internal potassium. One would therefore expect th a t a giant fibre 
should be able to carry a great many impulses without recharging its batteries 
ly metabolism. On the other hand, a very small fibre such as a dendrite in the 
central nervous system should be much more dependent on metabolism since the 
■atio of surface to volume may be nearly 1000 times greater.

The facts which we have outlined raise two important problems. First, how 
foes a nerve fibre use the energy derived from the mixing of sodium and potassium 
ons to generate and conduct an electrical impulse? Secondly, how does it use 
4ie energy derived from metabolism to separate K  and Na in the first instance 
ir to restore the status quo after activity? Our experiments have been largely 
loncerned with the first problem, and it is this aspect th a t will be discussed here.

In order to study the factors controlling ionic movements in the squid giant 
ixon, we measured the current which flows through about 10 mm2 of membrane 
when it is depolarized by a known amount. As an illustration we shall consider 
Dhe flow of current when the membrane is depolarized by 65 mV (figure 5 a). 
rhe first event is a brief surge of capacity current which occurs so rapidly th a t it 
ls barely visible on the time scale employed. (Other records show th a t it corre­
sponds to the sudden charging of a membrane capacity of 1 /tF/cm2.) This is 
followed by a phase of inward current which is transient and soon gives place to 
a. maintained phase of outward current. The interesting thing about the phase of 
inward current is tha t it is in the opposite direction to tha t in a stable system. If  it 
had not been drawn off by the feedback amplifier used to maintain the membrane 
at a constant potential, the inward current would have depolarized the membrane
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at about the same rate as that observed during the rising phase of the actior 
potential. According to the sodium hypothesis the active depolarization of a nervf 
fibre is due to entry of Na+. The inward current seen in figure 5 should therefore 
disappear when external Na+ ions are removed. As a substitute for Na+ we 
followed Lorente de No (1947) and employed choline which seems to be totally 
inert in the squid giant axon. Figure 56 gives the effect of removing Na+ and 
5 c shows tha t the action is reversible. I t  will be seen that the phase of inward 
current disappears when Na ions are removed and is replaced by a hump of 
outward current. The later stages of the record are little affected by removing Na+. 
A simple explanation of this experiment is tha t the initial ionic current is due to

1 m  A /cm 2

11111 mum ikc/s
F igure  5. Records of m em brane current associated w ith  sudden reduction of membrane 

poten tia l by  65 m V ; tem perature  11° C; inw ard current shown upw ard, a, axon in 
sea w ater, b, axon in Na-free choline sea w ater, c, after replacing sea w ater. (From 
H odgkin & H uxley 1952a.)

an increase in permeability which allows Na+ ions to move down their electro­
chemical gradient. In the case of record 6 there were no sodium ions in the external 
medium, and the initial ionic current is due to the outward movement of the 
internal sodium ions. In  records a and c sodium ions were present in high 
concentration outside the fibre so tha t the inward movement predominates and 
therefore produces a net inward current.

Figure 6 illustrates a related phenomenon. In  this experiment the nerve was 
kept in sea water throughout the experiment, but the degree of depolarization 
was varied. The initial ionic current is inward with depolarizations of 91 and 
104 mV but is replaced by a hump of outward current with depolarizations of 
130 and 143 mV. At 117 mV the initial phase has disappeared and the total 
current is small for a period of about 0-5 ms. We therefore take —117 mV as 
the equilibrium potential for the sodium ions. In  this experiment the resting
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otential was about 65 mV, so tha t the reversed potential difference which just 
alances the tendency of sodium ions to move inwards from the more concentrated 
xternal solution was 52 mV. This gives an internal sodium concentration of about 
0 mM which agrees reasonably with chemical estimates. The method of measuring 
lie sodium potential illustrated by figure 6 can be tested by varying the sodium 
oncentration in the external fluid. I t  is found tha t the change in sodium potential 
aries with external Na+ in the manner predicted by the Nernst equation for 

# sodium electrode. Thus a tenfold change in sodium concentration alters the 
•ritical potential by 55 mV at 8° C.

Propagation of electrical signals along giant nerve fibres

1 m A /cm 2

- 9 1  mV 
-  104 mV 
- 1 1 7  mV 
- 1 3 0  mV 
- 1 4 3  mV

4 kc/s

i’iGTJRE 6 . Records of m em brane curren t associated w ith  large depolarizations; tem pera tu re  
3-5° C; inw ard curren t shown upw ards; nerve in sea w ater. The num bers a ttach ed  to  the 
curves give th e  displacem ent of the  m em brane po ten tia l from  its resting value. (From  
H odgkin, H uxley & K atz  1952.)

The delayed outward current seen in figures 5 and 6 is little affected by changing 
he sodium concentration and is almost certainly not due to sodium movement, 
[his current is of the right sign and magnitude to explain the repolarization of the 
aembrane during the falling phase of the action potential. Since this process is 
hought to depend on an outward movement of potassium ions, it is possible that 
he prolonged current may be due to the movement of potassium ions down their 
leetrochemical gradient. In  order to test this point we compared the steady 
urrent associated with depolarization of a Sepia axon with the outward movement 
f  potassium ions measured with 42K. We found th a t the outward flux of potassium 
fas reduced under an anode and was very greatly increased under a cathode. 
Vith steady cathodal currents there was good agreement between the total 
urrent measured electrically and th a t calculated from the movement of potassium 
□ns on the assumption th a t these were the only ions concerned in carrying the 
urrent.

We have now obtained evidence tha t the early current in a depolarized axon is 
argely sodium current and the delayed current is largely potassium current. By 
naking certain rather general assumptions it is possible to obtain the complete 
ime course of these two components of the ionic current (Hodgkin & Huxley 
952 a). The permeability of the membrane to the sodium and potassium can

Vol. 140. B. 12
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then be calculated in units which have the dimensions of conductance per cm 
The sodium conductance per cm2 is defined by

9rNa =  jrN a / ( ^ - ^ N a )» (1

180 A. L. Hodgkin and A. F. Huxley (Discussion Meeting)

where / Na is the sodium current density (inward current positive), V is th> 
displacement of the membrane potential from its resting value (depolarizatio] 
negative), and T^a Is th e equilibrium potential for the sodium ion (measure! 
from the resting potential). In  this expression the numerator on the right-hanc 
side gives the flow of sodium ions and the denominator gives the driving force 
Thus V - F Na is the work done in transferring IjF  mole of Na+ from the inside tc 
the outside of the fibre. A similar expression allows the potassium conductance 
(gK) to be calculated from the potassium current (IK) and the equilibrium potential 
for the potassium ion (T^).

sodium conductance potassium  conductance

./rg>̂K>0,~-o-- -q

I I I  ______
0 1 2 3 4  0 1  2 3 4  5 6 7 8 9

ms ms

F igure  7. Changes in sodium  and  potassium  conductance associated w ith  different de­
polarizations a t  6° C, rep lo tted  from H odgkin & H uxley (1952a). The num bers attached 
to  the curves give the  depolarization in mV. The circles are experim ental estim ates and 
the  sm ooth curves are solutions of equations used to describe these changes. The calibration 
lines a t  th e  top  are 10m m ho/cm 2 and apply to  all th e  curves.

Figure 7 shows a family of curves defining the changes in sodium and potassium 
conductance at different depolarizations. The circles are experimental estimates, 
and the smooth curves are solutions of fairly simple equations which may be used 
to describe the behaviour of the membrane. I t  will be seen tha t there is great 
variation in the magnitude and time course of the two conductances, but that
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here is no sudden break or discontinuity, such as is often postulated in theories 
,f nervous conduction. Before this set of curves can be applied to the action 
potential it is necessary to find out what happens when the membrane is re- 
jolarized. The result of such an experiment can be stated fairly simply. In  all 
.aSes it is found tha t the conductance reverts to its resting value along a curve 
vhich is fairly close to an exponential. At 6° C (which was the temperature of 
he experiment in figure 7) the time constant of the restoration process for sodium 
s about 0-1 ms and for potassium about 6 ms. The process which leads to a 
lecline of sodium conductance during a maintained depolarization is also reversed 

repolarizing the membrane and has a time constant of about 10 ms at the 
’esting potential if the temperature is 6° C.

The results in figure 7 suggest th a t depolarization causes a rapid but transient 
ncrease in sodium conductance and a delayed but maintained increase in potas­
sium conductance. At first glance these changes appear too simple to account for 
:he extremely varied reactions of a nerve fibre to electrical stimuli. We have 
therefore used our results to calculate the behaviour of a theoretical nerve under 
i variety of conditions. The example we shall consider is th a t of the propagated 
iction potential.

A nerve fibre which is surrounded by a large volume of fluid obeys the well-known
'elation TT

—  —  =  /  (21 
2 Rdx*’ (Z)
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vhere a is the radius of the fibre, R  is the axoplasm resistivity, x is distance along 
he fibre, I  is the membrane current density. This equation arises simply from 
he fact th a t the radial current through the membrane is given by the rate of 
hange of longitudinal current with distance and th a t the latter is proportional 
)0 the potential gradient.

For steady propagation x may be replaced by —6t, where 0 is the conduction 
velocity. Hence

= /  (3) 
2R6i df2 v ;

rhe membrane current I  may be divided into a capacity current and into 
3omponents carried by ions. In  addition to the major components due to sodium 
ind potassium ions there was evidence for a small residual or leakage current 
IL) due to other ions such as chloride. I f  this is included we have

a d2F 
2Rd2~dt?

dV
° d 7 + / N a + i K+ 4 - (4 )

Using ionic conductances this becomes

2 W ^ f ^ G ^ + ( y - r m ) g ^ + ( V - r K)gBi+ { V - r L)gL,(5)

vhere gL is the small leakage conductance and VL is the membrane potential a t 
vhich the leakage current is zero.

12-2
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In  equation (5), a,R, C, FNa, VK, VL and are constants which can he measure!
with reasonable accuracy. grNa and gK alter with time in a manner which depend 
on V. The nature of this variation is defined by the equations used to calculate 
curves such as those shown in figure 7. There is therefore sufficient information t( 
solve equation (5) by numerical methods. Such a solution has recently beer 
completed and is shown by the broken curve in figure 8. I t  agrees well with the 
action potential observed under comparable conditions. At the beginning of the 
computation the velocity 6 is unknown. I t  can be found by guessing a value for 
6 and starting a trial solution with a small negative displacement of V. I t  is then

Fla
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ms

F igure 8. Theoretical action poten tia l and  conductance changes obtained by  solving 
equation (5) num erically w ith  subsidiary equations for gNa and  gK given by Hodgkin & 
H uxley (1952d) using d a ta  appropriate to 18-5° C. D epolarization ( — is plotted 
upw ard. Total en try  N a+ = 4-33 /i/im ol/cm 2. T otal exit K+ =  4-26 /i/tm ol/cm 2.

found tha t V goes to —00 (depolarization) or to +00 according to whether the 
velocity is chosen too high or too low. These solutions correspond to action 
potentials which are accelerated or retarded by cathodes or anodes travelling 
faster or slower than the natural velocity of the fibre. The correct value of the 
velocity brings the potential back towards its resting value a t the end of the run. 
The numerical calculation therefore predicts the form and velocity of the action 
potential with no arbitrary constants or scaling factors. The theoretical solution 
shown in figure 8 was obtained with numerical data appropriate to a 476 
diameter fibre with an axoplasm resistivity of 35*40 cm and a membrane capacity 
of TO /iFjcm2 a t a temperature of 18*5° C. The velocity observed on a fibre which
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Propagation of electrical signals along giant nerve fibres 183
ave these measured values was 21-2 m/s, while that predicted by the numerical

y  ‘olution was 18*8 m /S'Having done this analysis one can form a much clearer picture of the way in 
vhich an action potential propagates along a nerve fibre. In figure 8 the horizontal 
ines give the equilibrium potential for the potassium and sodium ions. At rest 
he potassium conductance is higher than the sodium conductance so that the

ootential is fairly near the potassium potential. When the fibre is depolarized by 
ocal circuits the internal potential rises, giving the foot of the action potential.
After a short time the sodium conductance rises and sodium ions enter the fibre, 

l|hus depolarizing the membrane until its potential approaches the equilibrium 
potential for sodium. The potential does not remain at this level because the 
sodium conductance declines and the potassium conductance rises. This brings 
the potential down to the potassium potential and so gives a positive phase. The 
ionic conductances then revert to their resting value and the potential returns to 
its resting level. The state of the theoretical fibre is the same as before except that 
It has gained Na+ and lost K+. These quantities may be calculated from the 

I theoretical curves in figure 8 and are found to  agree reasonably with those 
bbserved by Keynes & Lewis (1951).

There is also satisfactory agreement between figure 8 and the change in 
membrane conductance observed by Cole & Curtis (1939). According to the theory 
we have outlined, the total membrane conductance is approximately equal to the 
sum of the sodium and potassium conductances and can therefore be obtained 
from gNa + <7K- The resulting curve has approximately the same amplitude and 
shape as that found by Cole & Curtis.

The experiments and calculations discussed in this communication are de­
scribed in detail by Hodgkin, Huxley & Katz (1952) and by Hodgkin & Huxley 
(1952a, b, e , d).
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The electric activity of the motor end-plate

By P. Fatt and B. Katz, F.R.S., Biophysics Department,
University College London

At the nerve-muscle junction, a specific process occurs which is not found during 
the propagation of impulses along nerve or muscle fibres ; the nerve impulse 
causes acetylcholine (Ach) to be released from the motor nerve endings, and this
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