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+ QUANTITATIVE DESCRIPTION OF MEMBRANE
CURRENT AND ITS APPLICATION TQO CONDUCTION
AND EXCITATION IN NERVE

By A. L. HODGKIN anp A, F. HUXLEY
From the Physiological Laboratory, University of Cambridge
{Received 10 March 1952)

- This article concludes a series of papers concerned with the flow of electric
ourrent through the surface membrane of a giant nerve fibre (Hodgkin
mm:k—a% & Katz, 1952; Hodgkin & Huxley, 1952 a—c). Its general object is e.“
discuss the results of the preceding papers (Part I}, to put them into
mathematical form (Part II) and to show that they will account for con-
duction and excitation in quantitative terms (Part III).

PART 1. DISCUSSION OF EXPERIMENTAL RESULTS

The nw!%m described in the preceding papers suggest that the electrical
vmwmﬁoﬁ of the membrane may be represented by the network shown in
Fig. 1. Current can be carried through the membrane either by charging the
B.aEqum capacity or by movement of ions through the resistances in paraliel
sqa_w the capacity. The ionic current is divided into components carried by
sodium and potassium ions (Iy, and Iy}, and a small ‘leakage current’ (I;)
made up by chloride and other ions. Each component of the jonic current mhm
.mmeoﬂ.nmb& by a driving force which may conveniently be measured as an
electrical potential difference and & permesability coefficient which has the
E@EEE of a conductance. Thus the sodium current (Iy,} is equal to the
8&:5 conductance (gy,) multiplied by the difference between the membrane
potential (£) and the equilibrium potential for the sodium ion (By,). Similar
equations apply to Iz and I, and are collected on p. 505. :
. Our experiments suggest that gy, and gg are functions of time and
membrane potential, but that Ey,, Eg, E,, Cy and § may be taken as
constant. The influence of membrane potential on permeability can be sum-
marized by stating: first, that depolarization causes a transient increase in
sodium conductance and a slower but maintained increase in potassinm con-
ductance; secondly, that these changea are graded and that they can be
reversed by repolarizing the membrane. In order to decide whether these
effects are sufficient to account for complicated phenomena such as the action
potential and refractory period, it is necessary to obtain expressions relating
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the sodium and potassium conductances to time and membrane potential.
Before attempting this we shall consider briefly what types of physical system
are likely to be consistent with the observed changes in permeability.
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Fig. 1. Electrical circuit representing membrane. By, =1/gga; Bx=1lgx; Bi=1/fi;. Rua and
Ryg vary with time and membrane potential; the other components are constant.

The nature of the permeability changes

At present the thickness and composition of the excitable membrane are
unknown. Our experiments are therefore unlikely to give any certain informa-
tion about the nature of the molecular events underlying changes in perme-
ability. The object of this section is to show that certain types of theory are
excluded by our experiments and that others are consistent with them.

The first point which emerges is that the changes in permeability appear to v
depend on membrane potential and not on membrane current. At a fixed
depolarization the sodium current follows & time course whose form is inde-
pendent of the current through the membrane. If the sodium concentration
is such that By, <E, the sodium current is inward; if it is reduced until
Ex, > E the current changes in sign but still appears to follow the same time
course, Further support for the view that membrane potential is the variable
controlling permeability is provided by the observation that restoration of the
normal membrane potential causes the sodium or potassium conductance to
decline to a low value at any stage of the response.

The dependence of gy, and gy on membrane potential suggests that the
permeability changes arise from the effect of the electric field on the distribu-
tion or orientation of molecules with a charge or dipole moment. By this we
do not mean to exclude chemical reactions, for the rate at which these oceur
might depend on the position of a charged substrate or catalyst. Al that is
intended is that small changes in membrane potential would be most unlikely
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to cause large alterations in the state of & membrane which was composed !
irely of electrically neutral molecules. . o m
ob%ﬂ“ﬂnﬁ question to consider is how changes in the distribution of 2 arﬁm&w
article might affect the ease with which sodium ions cross the Ea_:r.nm_s.w
Wmanm we can do little more than reject a suggestion which formed ﬁ._o oE.“:_—...__W
basis of our experiments (Hodgkin, Huxley & Katz, 1949). ?“.ooum_:n.eo g s,
view, sodium ions do not cross the membrane in ionic form but in aogg.swe_cﬁ
s&._r.w lipoid soluble carrier which bears & large negative ﬁmpsuma n..:a. Mq_:o& Mu_.”.
i i ium i Since both combined anc un::
mbine with one sodium ion but no more. )
“MEE.H& carrier molecules bear a negative charge erm%.p_..a attracted to ....ra
outside of the membrane in the resting state. Depolarization allows the carrier

molecules to move, so that sodium current increases as the membrane potential

is reduced. The steady state relation between sodium current and voltage .

could be calculated for this system and was found to agree Hnmmﬂsmr_%. i;reeh“
observed curve at 0-2 msec after the onset of W..E.mmmn mmﬁompu—unaoﬁwn o
waa encouraging, but the analogy breaks down if it is pursued :3 _«n. oo e
model the first effect of depolarization is a movement of 5.@&.._.4@ y cha .mmw_
molecules from the outside to the inside of the membrane. .Eu.m m”..mm ch -E.@u
outward current, and an inward current does not occur E..E acB& in oﬂuﬂzp
Jose sodium to the internal solution and return to the outside of the Bo_..:mw. _
In our original treatment the initial outward mﬁ.gﬂa was .n&sowm to M_w”umum _M"m .w_
small proportions by assuming & low density of carriers an u“.& ig o
movement and combination. Since we now rﬂo?. Pwe the .ﬂ.” CUrTH "
takes an appreciable time to reach its maximum, it is uwnammpqm_ ”swﬂ. *
that there are more carriers and that they react or move Eo_..” FMM %.HBE,
means that any inward current should be preceded by & large ou ﬂr cur ont
Qur experiments show no sign of a ooEwoambe large aE.Emr to be MM..HH.E on
with the model. This invalidates the detailed mechanism =§Eu.c._.nouarm_
permeability change but it does not 88__.:.? e_.:w more mﬁmun..p wowm_w _H ity tk
godium ions cross the membrane in combination s:ﬁ..w lipoid soluble carrier.
A different form of hypothesis is to suppose that sodium movement mo.vmﬂW
on the distribution of charged particles q..r:....w do not act as oﬁ.naﬂ E_..__ ¢
usual sense, but which allow sodium to pass ?no,,..mw.awa EeEennzm when .w_
occupy particular sites in the Emaw....u:m. On this view ‘...vm uwnm 0 o%céﬁmoa.
of the activating particles determines the rate at which _.r e 8 E.Mu mw y
ductance approaches its maximum but has little effect on the Epm_w_ u o
the conductance. It is therefore reasonable to find nrmm HE_H.M.? _E.ME&
a large effect on the rate of rise of sodium oo..&cng.boa d.ﬁe a relaf _”M y ne!
offect on its maximum value. In terms of this hypothesis one mig _- eﬂhﬂ o
the transient nature of the rise in sodium conductance v« mﬁmmvomﬁ“u m.n.Q
activating particles undergo a chemical change .wm..mu :.Eﬁ:M: _.om_ a%”m_w a_ >
which they occupy when the membrane potential is high. alternative is
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attribute the decline of sodium conductance to the relatively slow movement
of another particle which blocks the flow of sodium ions when it reaches a
certain position in the membrane,

Much of what has been said about the changes in sodium permeability
applies equally to the mechanism underlying the change in potsssium perme-
ability. In this case one might suppose that there is a completely separate
system which differs from the sodium system in the following respects: (1) the
activating molecules have an affinity for potassium but not for sodium;
(2) they move more slowly; (3) they are not blacked or inactivated. An
alternative hypothesis is that only one system is present but that its selectivity
changes soon after the membrane is depolarized. A situation of this kind would
arise if inactivation of the particles selective for sodium converted them into
particles selective for potassium. However, this hypothesis cannot be applied
in & simple form since the potassium conductance rises too slowly for a direct
conversion from a state of sodium permeability to ome of potassinm
permeability.

One of the most striking properties of the membrane is the extreme steepness
of the relation between ionic conductance and membrane potential. Thus INa
may be increased e-fold by a reduction of only 4 mV, while the corresponding

figure for g is 56 mV (Hodgkin & Huxley, 19524, figs. 9, 10). In order to™

illustrate the possible meaning of this result we shall suppose that a charged
molecule which has some special affinity for sodium may rest either on the
inside or the outside of the membrane but is present in negligible concentra-
tions elsewhere. We shall also suppose that the sodium conductance is pro-
portional to the number of such molecules on the inside of the membrane but
is independent of the number on the outside. From Boltzmann’s principle the

proportion F; of the molecules on the inside of the membrane is related to the
proportion on the outside, F,, by

where Z is the potential difference between the outside and the inside of the
membrane, w is the work required to move the molecule from the inside to the
outside of the membrane when E =0, ¢ is the absolute value of the electronic
charge, z is the valency of the molecule (i.e. the number of positive electronic
charges on it), £ is Boltzmann's constant and 7 is the absolute temperature.
Since we have assumed that F,+ P, =1 the expression for Fis

e[ [ro-(17])

For negative values of z and with E sufficiently large and positive this gives

P, =constant x exp[zeE/kT).

%

ve
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In order to explain our results z must be about 6 since kr A = WMM.» 18 25 mV
¢

at room »@Ewanwnﬁ.a and gy, oc exp—E/4 for B large, This suggeats that the
mxﬁ_.m&a JWQ.% distribution changes must bear six negative electronic charges
or, if a BJEE. theory is developed in terms of the orientation of a lop .
molecule with a dipole moment, it must bave at least three negative char mm
on one end and three positive charges on the other, A different but n&mm&

..EE Proportion of the time that each of the charged molecules g ends

umﬁ.ma is n_mrﬁEE. : &._.d‘. exp~Ef25 so that the wawmwouaon of m:“mmmw« i.mw.””w
8IX are at the Ezm.o 18 exp—£/4-17. This suggestion may be given Plausibility
but u.uon mathematica] simplicity by lmagining that a number of charges form
a ?.E.mo. or chain which allows sodigm ions to flow through the membrane
. When it is .mmwo_pnmu&. Details of the mechanism will probably not be settled
: .mcu some time, v:._._ it seems difficult to escape the conclusion that the changes

a definite upper Limit to this hypothetical current, but it coyld hardly have
rmm..u more 2::.~ a few per cent of the maximum sodium current without pro-
ducing a conspicuous effect at the sodiym potential,

PART I1. MATHEMATICAL DESCRIPTION oF MEM
BRANE .
CURRENT DURING A VOLTAGE CLAMP

ZLotal membrane current

“he mnmn step in our analysis is to divide the total membrane current into
capacity current and an jonje current, Thus -

dy
1=Cy=_ 4. .
M dp L (1)
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where ,
I is the total membrane ewrrent density (inward current positive);
I; s the ionic current density (inward current positive);
V  is the displacement of the membrane potential from its resting value

{depolarization negative);
C,; is the membrane capacity per unit area (assumed constant);

¢t is time.
The justification for this equation is that it is the simplest which can be used
and that it gives values for the membrane capacity which are independent of
the magnitude ot sign of ¥ and are little affected by the time course of V (see,
for example, table 1 of Hodgkin et al. 1952). Evidence that the capacity

current and ionic current are in parallel (as suggested by eqn. (1)) is provided

by the similarity between ionic currents measured with m =0 and those

calculated from -(,, M&N with /=0 (Hodgkin e al. 1952).

The only major reservation which must be made about eqn. (1) is that it
takes no account of dielectric loss in the membrane. There is no simple way of
estimating the error introduced by this approximation, but it is not thought
to be large since the time course of the capacitative surge was reasonably close
to that calculated for a perfect condenser (Hodgkin et al. 1952).

The vonic current :

A further subdivision of the membrane current can be made by splitting the
ionic current into components carried by sodium ions (1), potassium ions
ANNV and other ions ANL" lelaNan_uNum +N~. va
The individual tonic currents ‘

In the third paper of this series (Hodgkin & Huxley, 19525), we showed that
the ionic permeability of the membrane could be satisfactorily expressed in
terms of ionic conductances {9na: 9k and §,). The individual jonic currents are
obtained from these by the relations

. N.Z_- =gna (£ — f#v;
Ig =gy (E—Eg),
I,=§, (E-E),
where £y, and Ey are the equilibrium potentials for the sodium and potassium
lons. 1, is the potential at which the ‘leakage current’ due to chloride and
other fons is zero. For practical application it is convenient to write these
equations in the form Tna=ga (V=Vy), . 3)

Ig=gc (V-Vy), (4)
bﬂw;-\!.ﬂv. (6)
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where V=E-E,,
V‘Zs HEZ:I. L,
Vek=E —~EK,,
_.\_.Hbqﬁ!.@...
and E, is the absolute value of the resting potential. ¥, V., ¥ and ¥ can
then be mensured directly as displacements from the resting potential,

. The ionic conductances
The discussion in Part I shows that there is little hope of calculating the
time course of the sodium and potassium conductances from first principles.
Our object here is to find equations which describe the conductances with
reasonable accuracy and are sufficiently simple for theoretical calculation of
the action potential and refractory period. For the sake of illustration we
shall try to provide a physical basis for the equations, but must emphasize
that the interpretation given is unlikely to provide a correct picture of the

membrane. . .

Potassium conductance
(m.mhofcm?)

L T T -
L]

L1t 0 v 3 4y
0 1 2 3 4 5 [ | 2 2 4 5
msec msec
Fig. 2. A, rise of potassium conductance assoviated with depolurization of 26 mV; 8, fall of
potassium conductance associated with repolarization to the resting potential. Circles:
experimental pointa replotted from Hodgkin & Huxley (10525, Fig. 13), The last point of
4 is the same as the first point in B. Axon 18, 21° C in choline sea water. The smooth curve
is drawn according to equ. (11) with the following parameters:

Curve 4 Curve #
(V=-26mV) (¥ =0)
e 0-08 m.mhofom* 7-08 m.mhofem?
Ixw 7:08 m.mhofcm? 0-09 m.mhojem?®
Tw 0-75 msec 11 msec

At the outset there is the difficulty that both sodium and potassium con-
ductances increase with a delay when the axon is depolarized but fall with no
appreciable inflexion when it is repolarized. This is illustrated by the circles in

- Fig. 2, which shows the change in potassium conductance associated with
a depolarization of 25 mV lasting 4-9 msec. If g 13 used as a variable the end
of the record can be fitted by a first-order equation but a third- or fourth-order
equation is needed to describe the beginning. A wseful simplification is
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achieved by supposing that g, is proportional to the fourth power of a variable
which obeys a first-order equation. In this case the rise of potassium con-
ductance from zero to a finite value is deseribed by (1 —exp (—¢))8, while the
fall is given by exp (—4¢). The rise in conductance therefore shows a marked
inflexion, while the fall is a simple exponential. A similar assumption using
& cube instead of a fourth power describes the initial rise of sodium con-
ductance, but a term representing inactivation must be included to cover the
behaviour at long times.

The potassium conductance .
The formal assumptions used to describe the potassium, conductance are:

Ix=Fgn*, , (6}
=t (1-w)=fn, (1)

where Jg i3 a constant with the dimensions of conductance/em?, a, and 8,
are rate constants which vary with voltage but not with time and have
dimensions of [time]-!, » is a dimensionless variable which can vary between
0and 1.

These equations may be given a physical basis if we assume that potassium
ions can only cross the membrane when four similar particles occupy a certain
region of the membrane. »represents the proportion of the particlesin a certain
position (for example at the inside of the membrane) and 1—» represents
the proportion that are somewhere else (for example ut the outside of the
membrane). «, determines the rate of transfer from outside to inside, while

., determines the transfer in the opposite direction. If the particle has a
negative charge «,, should increase and By should decrease when the membrane
is depolarized. .

Application of these equations will be discussed in terms of the family of
curves in Fig. 3. Here the circles are experimental observations of the rise of
potassium conductance associated with depolarization, while the smoocth
curves are theoretical solutions of eqns, (6) and (7).

In the resting state, defined by ¥ =0, # has a resting value given by

%o
%tBug
If ¥ is changed suddenly «, and 8, instantly take up values appropriate to the
new voltage. The solution of (7) which satisfics the boundary condition that
n=n, when t=0is

Ny=

=Ny, ....AesE - 3& exp A l..w\.__-zu. Amv
where Ry =a,f{o, +B,), 9
and Th= :AR: +@=v. :Ov
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From eqn. (6) this may be transformed into a form suitable for comparison
with the experimental results, i.e.

5= {(9xe) ~[(gx)! ~ (gmolt) exp (~ 4/ T, (1)

where g, is the value which the conductance finally attains and Jxo i8 the
conductance at ¢=0. The smooth curves in Fig. 3 were caloulated from
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ig. 3. Rise of potassium conductance asgociatod with different depolurizations, The circles are
experimental pointa obtained on axon 17, temperature 6-7°(, using observations in sen water
and choline sea wuter (sco Hodgkin & Huxloy, 1952a). The smooth ourves wore drawn from
cqn. (11} with gy, =0-24 m.mhofem? and other parameters as shown in ‘Uable 1. The time
scale applies to all rocords. Tho ordinate seale is the samo in the upper ten curves {A to J)
and is increased forrfold in the lower two curves (K and L). 'The number on each curve gives
the depolarization in mY,

— s

MEMBRANE CURRENT IN NERVE 509

eqn. (11) with a value of 7, chosen to give the best fit. It will be seen that
there is reasonable agreement between theoretical and experimental curves,
except that the latter show more initial delay. DBetter agreement might have
been obtained with a fifth or sixth power, but the improvement was not con-
sidered to be worth the additional complication,

The rate constants a,, and B,. At large depolarizations gx., seems to approach”
an asymptote about 20-50%, greater than the conductance at ~100 mV,

Taniz 1. Analysis of curves in Fig. 3

4 oy By Tn b Ba
{mV} {(m.mhofem?) (msec) (mseo-t} {msec-1)
Curve (1) (2 3) 4 (5} 6
—_ (-w) (2431 (1-000) - — —
y: | - 109 20-70 0-961 1-05 0-9156 0037
B - 100 20-00 0-953 110 0-868 0043
(4 - B8 18-60 0-935 1-25 0748 0-052
D - 76 17-00 0915 1-50 0-810 0-057
.4 - 63 1530 0891 1-70 0:524 0-064
¥ ~- 5l 13-27 859 2056 0419 - 0069
[ - 38 10-29 0-808 2-60 0-310 0075
¥4 - 32 862 0772 3-20 0-241 0071
I - 26 -84 0728 3-80 0192 0072
J - 19 500 0-674 4-50 0150 0072
K - 10 1-47 0-496 525 - 0-005 0096
L - 6 098 0-448 5-26 0085 0105
- ) (0-24) (0-315) - - —

Col. 1 shows depolarization in mV; col, 2, final potassium conductance; ool 3, 5y, =(grol/Fx)t;
ool. 4, time constant used to tompute curve; col, 6, u, =n,/r,; col. 6, B, ={1 - ny){r,. The figure
of 24-31 was chosen for §fx bocause it made the agymptotioc value of ny, 59, greater than the valus
at - 100 mV,

For the purpose of calculation we assume that n=1 at the asymptote which
ia taken as about 209, greater than the value of 9kw 88 V= —100 mV. These
assumptions are somewhat arbitrary, but should introduce little error since
we are not concerned with the behaviour of g at depolarizations greater than
about 110 mV, In the experiment illustrated by Fig. 3, ggw =20 m.mho/om?
at ¥=—100 mV. g, was therefore chosen to be near 24 m.mhofecm?, This
value was used to calculate n,, at various voltages by means of eqn. (6). «, and
» could then be obtained from the following relations which are derived from

eqns. (9) and (10):

%y =Moo/ Ty

Bu= (1~ 3.8:._.:.
The results of analysing the curves in Fig. 3 by this method are shown in

Table 1.

An estimate of the resting values of a, and S, could be obtained from the
decline in potassium conductance associated with repolarization. The pro-
cedure was essentially the same but the results were approximate because the
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resting value of the potassium conductance was not known with any aceuracy
when the membrane potential was high. Fig. 2 illustrates an experiment in
which the membrane potential was restored to its resting value after o de-
polarization of 26 mV. It will be seen that both the rise and fall of the
potassium conductance agree reasonably with theoretical curves calculated
from equ. (11) after an appropriate choice of parameters. The rate constants
derived from these parameters were (in msec!): a,=0-21, 8,=0-70 when
V=0 and «,=0-90, 8, =043 when V= —25 mV.,

In order to find functions connecting a,, and 8, with membrane potential we
collected all our measurements and plotted them against ¥, as in Fig. 4.
Differences in temperature were allowed for by adopting a temperature
coefficient of 3 (Hodgkin e al. 1952) and scaling to 6° C. The effect of replacing
sodium by choline on the resting potential was taken into account by dis-
placing the origin for values in choline sea water by +4 mV. The continuous
curves, whick are clearly a good fit to the experimental data, were calculated
from the following expressions: .

%, =0-01 (V +10) \ _”.E_ ﬁmvsn_u“ (12)

B,=0-126 exp (V/80), (13)

where a,, and B,, are given in reciprocal msec and ¥ is the displacement of the
membrane potential from its resting value in mV,

These expressions should also give a satisfactory formula for the steady
potassium conductance (gg.,) at any membrane potential (), for this relation
is implicit in the measurement of o, and B,. This is illustrated by Fig. 5, in
which the abscissa is the membrane potential and the ordinate is (gg./g )t
The smooth curve was calculated from eqn. (9) with «, and B, substituted
from eqns. (12) and (13).

Fig. 4 shows that g, is small compared to «, over most of the range; we
therefore do not attach much weight to the curve relating g, to ¥ and have
used the simplest expression which gave a reasonable fit. The function for «,,
was chosen for two reasons. First, it is one of the simplest which fits the
experimental results and, secondly, it bears a close resemblance to the
equation derived by Goldman (1943) for the movements of a charged particle
in & constant field. Our equations can therefore be given a qualitative physical
basis if it is supposed that the variation of « and f with membrane potential
ariges from the effect of the electric field on the movement of a negatively
charged particle which rests on the outside of the membrane when V is large
and positive, and on the inside when it is large and negasive. The analogy
cannot be pressed since x and B are not symmetrical about E=0, as they
should be if Goldman’s theory held in a simple form. Better agreement might
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Rate constant (msac-)

T T T TR SUN T TR T | L
~110-100 =90 ~80 ~70 -60 5040 ~30 —20 10 0 10 20 30 40 50
V(mV) )

Fig. 4. Abscissa: membrane potontial minus resting potential in sea water. Ordinate: rate
conatanta delermining rise (a,) or fall (8,) of potassium conductance at 6° ¢, The resting
potential was assumed to be 4 mV higher in choline ses water than in ordinary sea water.
Temporature differences were allowed for by assuming a @,y of 3. All values for ¥ < 0 wera
obtained by the method illustrated by Fig. 3 and Tablo 1; those for V> 0 were obtained
from the decline of potassivm conductance sesociated with an incresse of membrane potential
or from repolarization to the resting potential in choline sea water (e.g- Fig. 2). Axons 17-21
wam@._..”va C, the remaindar at about 20° C. The smooth curves were drawn from eqns, (12}
and (13).
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Fig. 5. Abscissa: membrane potontial minus resting potentisl in sca water. Ordinate: experi-
mental measurements of n,, caloulated from the steady potassium conductance by the

relation ny, =gz . /ix), where i is the ‘maximum’ potassium conductance, The smooth
curve ig drawn according to eqn, (8),
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be obtained by postulating some asymmetry in the structure of the membrane,

but this assumption was regarded as too speculative for profitable considora-
tion,

The sodivm conductance

There are at least two gencral methods of describing the transient changes
in sodium conductance, First, we might assume that the sodium conductance
is determined by a variable which obeys a second-order differential equation,
Secondly, we might suppose that it is determined by two variables, each of
which obeys a first-order equation. These two alternatives correspond roughly
to the two general types of mechanism mentioned in connexion with the
hature of inactivation (pp. 502-503). The second alternative was chosen since
it was simpler to apply to the experimental results,

The formal assumptions made are:

Ina ﬂwaubw.zt :3
.wﬁmun... (1=m)—B,,m, (1)
(==l (16)

where §y, is a constant and the o’s and B’s are functions of ¥ but not of ¢,

These equations may be given a physical basis if sodium conductance is
assumed to be proportional to the number of sites on the inside of the membrane
which are occupied simultaneously by three activating molecules but are not
blocked by an inactivating molecule. m then represents the proportion of
activating molecules on the inside and 1. the proportion on the outside;
A is the proportion of inactivating moleoules on the outside and 1-/ the
proportion on the inside. «,, or By and B, or o, represent the transfer rate
constants in the two directions.

Application of these equations will be discussed first in terms of the family
of curves in Fig. 6. Here the circles are experimental estimates of the rise and
fall of sodium conductance during a voltage clamp, while the smooth curves
were caloulated from eqns. {14)-(16).

The solutions of eqna. {15) and (16) which satisfy the boundary conditions
m=my and h=h, at t=0 are

M=~ (M, — 1) exp (~4r,,), (17)
h=ho—(ho—hy) exp (—t/r,), (18)
where qﬁﬂ.ﬂuﬂi\nﬂi .Tu!v and Tm = ,:Aﬂ.:n +@§v.

ho =auf(0,+By) and =1/ (o +By).
In the resting state the sodium conductance is very small compared with the
value attained during a large depolarization. We therefors neglect m, if the
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depolarization is greater than 30 mV., Further, inactivation is very ncarly

complote if V< —30 mV so that ko may also be neglected. The expression for
the sodium conductance then becomes

e =g (1 —exp (—tfr, )P exp (—tfr,), (19)

109 o2 0 . ——— 4
100 - 2 = —o 2

88 £, L —0- ﬁ.|¢|

g S

——
5 Qi O Fa

Sodium conductance (m.mhofcm?)

— ARNRI WS JU WSS U S TENN SN N
o_~u¢mmwwwﬂoid58n

Fig. 6. Chauges of sodium conductance associated with different depolarizations. The circles are

4 to H drawn from cqn. 19, I to L from 14, 17, 18 with gy, =707 m.mhofem?. The ordinate

scales on the right are given in m.mhojem?, The numbens on the left show the depolarization
in mV. The time scalo applies to all enrves,

where gy, =gx,m3 4, and is the value which the sodium conductance would
attain if & remained at its resting level (k). Eqn. (19) was fitted to an experi-
mental curve by plotting the latter on double log paper and comparing it with
a similar plot of & family of theoretical curves drawn with different ratios of

Tm t0 7. Curves 4 to /1 in Fig. 6 were obtained by this method and gave the
IH. CXVIL ....
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TamLe 2. Analysis of curves in Fig. 8

P
(m.mhofcm?)

4

(mV)

Curve

........

—
fr
]

amm | P~ —ibew 8285

5
Fovosarcng IS
SERET EEF R

F288egRgNgageS
N
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'Y were too swall to be relizble or because they were not independent

plotted in Figs. 7-10 either becauss the

Values enclosed in brackets were not
mesasuremnents obtained in this experiment.

MEMBRANE CURRENT IN NERVE m,mm

values of g\, 7,, and 7, shown in Table 2. Curves I to £, were obtained from
equs. (17) and (18) assuming that &, and 7, had values caleulated from experi-
ments described in a previous paper (Hodgkin & Huxley, 1952 ¢). .

The rate constants a,, and B, . Having fitted theoretical curves to the experi-
mental points, «,, and B, were found by a procedure similar to that used with
z, and 8, i.e.

SH.SST&-. hﬁ":luﬁsv\ﬁa. .

the value of m, being obtained from /gy, on the basis that M, approaches
unity at large depolarizations.

«, B. Axon
10 oc = 17
o” dea. o e 20
- A a N
Gl
=~ I v v A
g 7r o 4
m -
-1 o
< -
S 4t
F- I
L
e 3}
2t
1%
o.. el N —
=110-100 90 ~80 ~70 —60 ~50—40 —30 =20 —10 0 +10

V{(mV}

Fig. 7. Abscissa: membrane potential minus resting potential in sca water. Ordinate: rate
conatanta {v,, and f,,) determining initial changes in sodium conductance at 6° C., All valnes
for ¥ <0 were obtained by the method illustrated by Fig. 8 and Tabie 2; the valueat V=0
was obtained from the decline in sodium conductance sssociated with repolarization to the
resting potential. The temperature varied betweon 3 and 11°C and was allowed for by
asauming & @y of 3. The smooth curves were drawn from eqna, (20) aad (21).

Values of «,, and 8,, were collected from different experiments, reduced to
8 temperature of 6° C by adopting a @,y of 3 and plotted in the manner shown
in Fig. 7. The point for ¥ =0 was obtained from what we regard as the most
reliable estimate of the rate constant determining the decline of sodium con-
ductance when the membrane is repolarized ﬁ.momm_as & Huxley, 19525,
table 1, axon 41). The smooth curves in Fig. 7 were drawn according to the

equations: 7 | O
at,, =11 :\+wmv\Aanv _\+m.|ut. v,
10
=4 exp (V/18), (1)

where a,, and B, are expressed in msec-1 and V is in mV,

(20)
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Fig. 8 illustrates the relation between m,, and V. The symbols are experi.

-mental estimates and the smooth curve was calculated from the equation

ﬂbﬁs "Qg\ﬁﬂn:lmlhwm»Vn
where «,, and 8, have the values given by eqns, (20) and (21).

The rate constants @ and £,. The rate constants for the inactivation process

were caloulated from the expressions

=k,

h.w..llt. |-8<...>.

S 223 2%3¢2¢z2
rrrrrrm

01

° -n---nh--—-n-n-u
~110-100 50 ~80 ~70 -60 ~50 —40 ~30 20 =10 0-+10
V{mv)

tions (e.z. Fig. 6 and Table 2). The smooth eurve ia drawn according to eqn. (22). The

experimental pointe are proportional to the oube root of the sodium conductance which
would have boen obtained if there were no inactivation.

.<£=om obtained by these equations are plotted against membrane potential

in Fig. 9. The points for ¥ < —30 mV were derived from the analysis described

in this paper (e.g. Table 2), while those for V> —30 mV were obtained from

the results given in a previous paper (Hodgkin & Huxley, 1952 c). A tem-

perature coefficient of 3 was assumed and differences in resting potential wore

allowed for by taking the origin at a potential corresponding to 4 = 0-6.
The smooth curves in this figure were calculated from the expressions

&, =007 exp (V/20),

tnd
Bu= H\Amx_v Wm.@.,ww.r ~v .

(23)

(24)

(22)
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ercmwgawm?eon&mﬁouroesoa._\bsm._pmd\mmmroizmb Em.uo.ew@mseoew
curve i3 calculated from the relation :

b =0y f(2y+ B,), {26)
a.u_,.n O o %5
14 ; Axan e
Al 1 a17 -113
13 | @ 20 P
12l 2 o ja w“ method A 412
v
1] | -
|y 37
~10 le3s [A 99
b | m 39 [method B
m (1) | A Wt -09
= H
£ othy ST
WO.NI o 39 ethod B {107 .
v} | ¥ .9
% osf _ 1%¢
= !
o5\ e 05
04f- « 1%
o3l * o3
02l ~02
o1l 01
ol 0

=110 ~100~90 —B0 70 -0 —50 ~40 ~30. <20 —10 0 10 20 30

¥ (mV)

Fig. 9. Rate constants of inactivation {xy and B,) a8 functions of membrane potential (V). The '

smooth curves were caleulated from eqns, (23) and (24). The experimental values of o, and fi,
were obtained from data such as those in Table 2 of this paper {(method A) or from the values of
7 and Ay, given in Table 1 of Hodgkin & Huxley (19562¢) (method B). Temperature differonces
were allowed for by scaling with a @,y of 3. Axon 39 was at 19°C; all others at 3-9°C, The
valuea for axons 37 and 39* were displaced by - 1-5and - 12mV in order to give Ay =06 at
¥ =0,

with a, and 8, given by equs. (23) and (24). If V> —30 mV this expression
approximates to the simple expression used in a previous paper (Hodgkin &

Huxley, 1952 ¢), i.e. -
y \bB"H\AuuTonv;ﬂ._\vu

where ¥, is about —2 and is the potential at which 4, =0-5. This equation is
the same as that giving the effect of a potential difference on the proportion
of negatively clarged particles on the outside of g membrane to the tota}
number of such particles on both sides of the membrane (see p. 503). It is there-
fore consistent with the suggestion that inactivation might be due to the

v/
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_.,.Eoézszn. of a negatively charged particle which blocks the flow of sodiuny
1ons when it reaches the inside of the membrane, This is encouraging, hut it
E:.me be mentioned that a Physical theory of this kind does :cammﬁ:_ to
satisfactory functions for @y and B, without further og hoc assumptions,

ha
s ﬁ ] ha
10
09k Axon 0
-9
o8l o 38
o 3 08
o7l A 9%
| 07
os}
a6
0S|
<405
o4f
o+
a3
03
oz
02
g S
-1
0 1 L 1 L i & 1 1 ! ' 1 1 A 1
—100 ~90 -0 -70 -0 =50 —40 ~30 <20 10 ¢ 10 20 30 4 50 0
V{mv)
Fig. 10, Steady state relation between 4 and V¥, The smooth ourve is drawn socording to equ, (25)

A.Hawn Qw”ﬂoﬂ?ﬂon“_.-.”_u MSM.“ .”Men”.—.ﬂw M-:H.- p_”oﬂ.“v_o I of Hodgkin & Huxley (19526). Axon nu.

. X iap =1-8mV. Axop 39+ (3° C, fibre in derol;
.__FE E@Fa& -12mYV, .H.Ew curve gives tho fraction of the 8&:5-3&?@ system ﬂ..m_h.n_”
i readily available, ag 5 fuaction of membrane Ppotential, in the steady atate,

PART I11. RECONSTRUCTION OF NERVE BEHAVIOUR

W_w.a remainder of this paper will be devoted to calculations of the electrica]
chaviour of a model nerve whoge wnowma_.mmwnamnm:am v%nrmsagao:u

which were fitted in Part II to the volta . .
satlier papers of this series, voltage clamp records described in the

w o Summary of equations and perameters
© may first collect the equations which ive th
s foman s cole ;ih veltoge T E.W e the total membrane current {

I=C Hmf_m+ Fend (V 7
Mg HIRP (Y —Vy )+ Gy m?h (VP +§,(V - Vs, (26)
here dnfdt=a,(1 ~n)—B.n, (M

QS\&HREC.L:VIF&F (16)
dAfde=a,(1 ) - Bk, {16}
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aud @, =001 (¥ +10) \ AE,N%LV_ (12) -
B,=0-125 exp (V/80), )
o, =0-1 :lﬁ\?ww'%ﬁ? (20)
Bn=4 exp (V/18), (21)
oy =0-07 exp (V/20), (23)
Br=1 \ ?6 A%, Hv : (24)

Equation (26) is derived simply from egns. (1)-(6) and {14) i Part IL. The
four terms on the right-hand side give respectively the capacity current, the
current carried by K ions, the current carried by Na ions and the leak current,
for 1 cm? of membrane. These four components are in parallel and add up to
give the total current density through the membrane 7. The conductances to
K and Na are given by the constants Jx and gy, , together with the dimension-
less quantities n, m and A, whose variation with time after a change of
membrane potential is determined by the three subsidiary equations (7), (15)
and (16). The a’s and B's in these equations depend only on the instantaneous
value of the membrane potential, and are given by the remaining six equations,

Potentials are given in mV, current density in pAfem?, conductances in
m.mhofem?, capacity in pF/em?, and time in msec. The expressions for the
o’s and f’s are appropriate to a temperature of 6-3° C; for other temperatures
they must be scaled with a Qo of 3. .

The constants in egn. (26) are taken as independent of temperature, The
values chosen are given in Table 3, column 2, and may be compared with the
experimental values in columns 3 and 4.

Membrane currents during a voltage clamp

Before applying eqn. (26) to the action potential it is well to check that it
predicts correctly the total current during a voltage clamp. At constant
voltage dV[dt=0 and the coefficients « and B are constant. The solution is
then obtained directly in terms of the expressions already given for n, m and %
(equs. (8), (17) and (18)). The total ionic current was computed from these for
a number of different voltages and is compared with a series of experimental
curves in Fig. 11. The only important difference is that the theoretical current
has too little delay at the sodium potential; this reflects the inability of our
cquations to account fully for the delay in the rise of g (p. 509).

‘Membrane’ and propagated action potentials
By a “membrane’ action potential is meant one in which the membrane
potential is uniform, at each instant, over the whole of the length of fibre
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i eSmy Huotan_.“u _ —SmV Hm&t&nan

. B8
b ——
g —ImV
C Afem
- =18mV 100pAfem
< —20mV “—.._oot?.nau " H ¥

Hmoo.:an:%

—27mV

—bl o L b g A
0 1 2 3 4 5 Tmsec 0 1 2 3 4 § § 7mse

Fig. 11. Left-hand column: time course of membrane curront during voltage clamp, caleulated
for temperature of 4° C from eqn. (26) and subsidiarics and plotted on the same scalo as the
exporimental ourves in the right-hand eolumn, Right-hand column: ohsorved time course of
membrane currents during voltage olamp. Axon 31 nt 4° C; compensated foedback. The
time scale changes botween d, I and e, £. "The current seale changes after b, 8; ¢, O; d, D

and f, ¥

Vv
\4
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considered, There is no current along the axis cylinder and the net membrane
current must therefore always be zero, except during the stimulus, If the
m..:.zz_nm 18 m.m_pon_.. shock at £=0, the form of the action potential should be
given by solving eqn. (26) with I =0 and the initia] conditions that ¥ =V, and
m, n m.um h have their resting steady state values, when ¢ =0, ’

The situation is more complicated in a propagated action potential. The fact

that the local circuit currents have to he i
provided by the net memb
current leads to the well-known relation g srrne

i=—— 27 27)

where ¢ is the membrane current per unit length, , and 1y are the external and

internal resistances per unit length, and 2 is distance along the fibre. Fer an

ixon surrounded by a large volume of conducting fluid. », i i
sared with 7,. Henco g Huid, r, is negligible com-

r - I=—27 ‘ (28)

'here I is the membrane current density, q mm.ero radius of the i
! 1 ) fibre and
1¢ specific resistance of the axoplasm. Inserting this relation in eqn Mrgwm
e have : . .
8 ¥ c ov. _ -
3R, 522~ Un 3, Hixn :\Iq\_mv+ﬁz%=u2ﬁi—\z-v+m.. V-1, (29

e subsidiary equations being unchanged.
Ha_mwn_ob. (29) is a _uw—._..meu_ differential equation, and it is not practicable to
lve it as it stands, During steady propagation, however, the curve of 4

ainst time at any one position is similar in shape to that of ¥ aga; i
) ¢ ainst
dny one time, and it follows that einst distance

otV 10w

Ozt TR g
2re § is the velocity of conduction, Hence

a &V_ . Ay _
N@d@nﬂm»ll h..nlam.._-ﬁun.:. aﬁ.lu.—\unv.-Qstu\nA.—\l—.\29v+maﬂ—,\|—\~w. Aucv

'his is an ordinary differential equation and can be solved
Procedure is still complicated by the fact that @ is not k
} mecessary to guess a value of 6, insert it in eqn.,
ierical solution starting from the resting state at

==Emnme==w. but
nown in advance.
(30) and carry out the
the foot of the action

. 8 either + o0 or- oo,
rding as the guessed 8 was too small or too large. A new value of @ is

0 e - 3
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then chosen and the procedure repeated, and go on. The correct value brings
V back to zcro (the resting condition) when the action potential is over.

The solutions which go towards + oo correspond to action potentials
travelling slower than normal under a travelling anode or faster than normal
under a travelling cathode. We suspect that a system which tends to — oo for
all values of @ after an initial negative displacement of V is one which is
incapable of propagating an action potential.

NUMERICAL METHCGDS

Membrane action polentials

Inlegration procedure. The equations to be solved are the four simultaneous first-order equations
(28), (7), (15), and (16) (p. 518), Aftor slight rearrangement (which will be omitted in this descrip-
tion) these were integrated by the method of Hartree {1932-8). Denoting the beginning and end
of a step by 4, and ¢, ( =4, +5) the procedure for each step was as follows:

{1) Estimate ¥, from ¥, and its backward differences.

(2} Estimate n, from #, and its backward differences,

(3) Calcuiate (dnfdt), from eqn. 7 using the estimated #, and the values of a, and 8, appropriate
to the catimated V,.

(4} Caloulate », from the equation

e (5,5, H o (), 8) )

AM{dnfdt) is the second difference of du/d!; ita value at ¢, han to be estimated.

(6) If this value of =, differs from that estimated in (2), ropeat (3) and (4) using the now u,. If
necessary, repest again until succeasive values of w, aro the same.

() Find m, and &, by procedures analogous to stops (2)-(5).

ﬂﬂv Caloulaty ﬁlﬂan and “I!_Uam\:u

(8} Calculate (dV/dt), from eqn. 26 using the values found in (7) and the originally estimated
v,. _
{9) Calculate n corrected ¥, by procedures analogous to stepe (4) and (6). This result never
differed enough from the original estimated valus to necessitate repeating the whole procedure
from step (3) onwards. .

‘The step value had to be very amall initially (since there are no differences at £=0) and it also
had to be changed repeatedly during a ran, beoause the differences became unmanagoabls if it
was too large. It varied between about 0-01 msec at the beginning of a run or 0-02 mseo during
the rising phase of the action potential, and 1 mscc during the small oscillations which follow the
spikeo.

Accuracy. The iast digit retained in ¥ corresponded to microvolis. Sufficient digita were kep
in the other variables for the resglting errorain the change of ¥ st each step to be only oocasionally
as large s 1V, It is difficult to estimate the degres o which the errors at successive steps
acoumulate, but we are confident that tho overall errors are not lnrge enough to be detectoed in the
illustrations of this paper.

Temperature differences. In culeulating the action potential it waa convenient to use tables
giving the a’s and f's at intervals of 1 mV, The tabulated valuca were appropriate to a fibre at
8-3° C. T obtain the action putential at some other temperature 7 °C the direct method would
be to multiply all «’a and 8% by a fzctor $ =375, thig bring correct; for a Q,, of 3. Inspection
of eqn. 26 showa that tho sume result is achioved by oalculating the aotion potential at 6-3° C with
& membrane capacity of $04 xF/em?, the unit of time being t/¢ maec. This method was adopted
sinco it saved reealculating tho tablos,
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Propagated action rolential

Equations, ‘The main cquation for a i inl
A Propagated action potentin) . i
» quantity mmﬂ&.augk?. s Do pag; botentind is eqn. (3n), hn-...ce_noia

v _ v o1 _
o =K [+ g WV = Vo) 4 Guamh (¥ V4,01 - Vo). a1)

The subsidi i ) " .
oaav_“ua:. 1ary equations (7), (15} and {16}, and the a's and B's, arc the same as for the membrang

Integration procedure. Steps (1)-{7) wera the same as for th i i

that the pros e dure. 8 - o the membrane action polential. After
(8) Estimato (dV/dt), from {dV/ds), and ita backward differences,
(9) Calculate (d®V/de i in i

of —\w -E..«E b A_Mr. /dt*), from eqn. (31), using the values found ip (7} and the estimated valuss
(10) Caloulate a corrected (dV/d&t), by procedures analo,

gous $o stepa (4) and {5).

( “M.» m.-?.._wao & corrected V) by ?8&. ure analogous to stop {4), using the corrected (dV/de),.
{12) Teceasary, repeat (9)-(11) using the new ¥, and {d¥/de),, until successive values of m.

!roae-mua—.o gmsmngmnegeoo:__aﬁr i i ion i
whors i o roting o embrane. The solution of this equation is ¥ = ¥, on,
'~ K = KgofCry =0, (32)
When K has been chosen # can thus be found and b,
» ence ¥, ¥y, ste, (Vyents, ohits, efa,).
After several runa had been caloulated, so that X was known within msm“_w =B._“=q =E=bw timeo
was saved by starting new runs not from near ¥ =0 but from 4 set of values interpolated between

8 . .
eownlwobw.“m ?585::515&-.—& gone towards +co and another which had gone

was found by i ing i i
motond 'y inserting in eqn. (32) & value of # found by meaguring the foot of an obeerved acotion

in the c!.rnu Phases, was therefors employed, The solution was ocontinved as
woeg”-..&. and a_-.o valve om. d*Vfdet caleulated at each stop from the differences of d¥fde. From
these it was poasible to derive an estimate of the values {denotod by z) that dv V/df* would have

taken in & propagatod action potential, The membrane solut; .
following equation instead of eqn. (31): 1on was then re-caleulated using the
dv- i

& TR =Pt G (V- V) sV v 2 @3

lhis was repeatod uatil the z's assumed for g i
& particular run agreed with the A2V [dir's der;
rom the same run, When this is the case, eqn. (33) in idontical with eqn. (31), i aived

o the propagated action potontinl, tio tein cquation
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RESULTS
Memlbrane action potentials
Form of action potential at6° C. Three calculated membrane action potentials,
with different strengths of stimulus, are shown in the upper part of Fig. 12,
Ounly one, in which the initial displacement of membrane potential was 15 mV,
is complete; in the other two the caleulation was not carried beyond the middle
of the falling phase because of the labour involved and because the solution

110

=V {mV)

110
100y

1 i

5 6

. msec

Fig. 12. Upper family: solutiona of oqn. (26) for initia! depolarizations of 90, 15, 7 and 6 mV
{caloulated for 6° C). Lower family: tracings of membrane action potentials recorded at
6°C from axun 17. The numbers attached to the curves give the shock strength in
mucoulombfem?, The vertical and horizontal scales are the same in both families (apart from
the slight curvature indicated by the 110 mV calibration line). In this and ail subsequent
figures depolarizations (or negative displscements of V) re plotted upwards.

had become almost identical with the 15 mV action potential, apart from the
displacement in time. One solution for a stimulus just below threshold is also
shown.

The lower half of Fig. 12 shows a corresponding series of experimental
membrane action potentials. It will be seen that the gencral agreement is
good, as regards amplitude, form and time-scale. The caleulated action
potentials do, however, differ from the experimental in the following respects:
(1} The drop during the first 0-1 msec is smaller. (2) The peaks are sharper.
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(3) There is a small hump in the lower part of the falling phase. (4) The chding
of the falling phase is too sharp. The extent to which these differences are the
result of known shortcomings in our formulation will be discussed on pp. 542-3,

The positive phase of the calculated action potential has approximately the
correct form and duration, as may be secn from Fig. 13 in which a pair of
curves are plotted on a slower time scale.

~¥(mv)
058555338388

'IIII'IITI'|_

15 msec

fig. 13. Upper curve: solution of ogn. (26) for initin! depolarization of 15 mV, calculated for

8°C. Lower curve: tracing of membrane action potentia! recorded at 9-1° ¢ (axon 14). The
vertical scales are the same in both curves (apart from curvature in t

he lower resord).
The horizontal scales differ by s factor appropriate to the temperature di

fTerenco.

Certain measurements of these and other calculated action potentials are
ollected in Table 4.

Form of action potential at 18-5° C. Fig. 14 shows a comparison between
caloulated membrane action potential at 18-5° ¢ and an experimental one
t 20-6° C. The same differences can be seen as at the low temperature, but,
teept for the initial drop, they are less marked. In both the calculated and the
tperimental case, the rise of temperature has greatly reduced the duration of
e spike, the difference being more marked in the falling than in the rising

1ase (Table 4), as was shown in propagated action potentials by Hodgkin &
atz (1949).

The durations of both falling phase and positive phase are reduced at the

gher temperature by factors which are not far short of that (3-84) by which
& rate constants of the permeability changes are raised (Q,, =3-0). This is the

stification for the differences in time scale between the upper and lower parts
Figs. 13 and 14.

e iy yup—

Duration Duration

TaniLx 4. Characteristics of calculated action potentials
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Lower curve: tracing of membrane action potential recorded at 20-3° C {axon 11). Vertical scales are

similar. Horizontal scales differ by & factor appropriate to the temperature difference.

Fig. 14. Upper curve: solution of eqn. (26) for injtial depolarization of 15 mV, calcwlated for 18-5°C.
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Propagated action potential

Form of propagated action potential, Fig, 15 compares the calculated pro-
pagated action potential, at 18-5° C, with experimental records on both fast
me slow time bases. As in the case of the membrane action potenti !
m_m.mumbmom are in cortain details of the form of the spike.

ﬂ&c&.@ of conduction. The value of the constant K that was found to be
needed in the equation for the Propagated action potential {eqn. 31) was
S.ﬁ msec~L, This constaut, which dependsonly on properties of the membrane,

al, the only
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Fig. 15. 4, solution of eqn. (31) caleulated for X of 10-47 maeg-t EE 8552.&53 cm um.:a:%n

B, same !...__.ES. Eenr.& on alower time scale. ©, tracing of propagated action potential on
B._” 42.53-. and horizontal scales as 4. Temperature 18:5° C, D, tracing of Propagated
aaotion potential frorn another axon on approximately the same vertical and horizontal scales

-nh..h.cﬂ. .me.. i i
ety goﬁnneoﬂﬁﬂo—;&ggi?n several hours; ita spike wag initially

determines the ..wonmsaaon velocity in conjunction with the constants of the
nerve fibre considered as a cable. The relation is given by the definition of X

(p- 6524), from which
0=1(Ka{2R,C,,), (34)

ar.ana 0 =conduction velocity, a=radius of axis cylinder, R,=specific
‘esigtance of axoplasm, and Cyr=capacity per unit area of membrane.

The propagated action potential was calculated for the temperature at which
‘he record C of .umm. 15 was obtained, and with the value of Cyr (1-0uFfom?)
hat was measured on the fibre from which that record was made. Since 6,a
nd Ry were also measured on that fibre, 2 direct comparison between c.w_a.:-
ited and observed velocities is possible, The values of ¢ and R, were 238 1 and
54 Q. cm respectively. Hence the calculated conduction velocity is

(10470 x 0-0238/2 x 35-4 x 10-%)} cm/sec=18-8 mysec.

he velocity found experimentally in this fibre was 21-2 m/sec,
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Impedance changes

Time course of conductance change. Cole & Curtis (1939) showed that the
impedance of tho membrane fell during a spike, and that the fall was due to
a great increase in the conductance which is in parallel with the membrane
capacity. An effect of this kind is to be expected on our formulation, since the
entry of Na+ which causes the rising phase, and the loss of K+ which causes
the falling phase, are consequent on increases in the conductance of the
membrane to currents carried by these ions. These component conductances
are evaluated during the calculation, and the total conductance is obtained by
adding them and the constant ‘leak conductance’, 7;.

mv m.mhofcm?

0 1 2 3 4 5678%0msec

Fig. 16. A, solution of eqn. (26) for initial depolarization of I5 mV at & temperature of 6° C. The
broken curve shows the membrane action potential in mV; the continuous curve shows the
toial membrane conductance (gy, +¢g +§;) 88 a function of time. B, records of propagated
sotion potential {dotted ourve) and conductance change reproduced from Cole & Curtin (1939).
The time scules are the samo in A and B,

Fig. 164 shows the membrane potential and conductance in a calculated
membrane action potential. For comparison, Fig. 168 shows superposed
records of potential and impedance bridge cutput (proportional to conductance
change), taken from Cole & Curtis’s paper. The time scale is the same in Basin 4,
and the curves have been drawn with the same peak height. It will be scen that
the main features of Cole & Curtis’s record are reproduced in the calculated
curve. Thus (1) the main rise in conductance begins later than the rise of
potential; (2) the conductance does not fall to its resting value until late in
the positive phase; and (3) the peak of the conductance change occurs at
ncarly the same time as the peak of potential. The exact time relation between
the peaks depends on the conditions, as can be seen from Table 4.

We chose a membrane action potential for the comparison in Fig. 16 because
the spike duration shows that the experimental records were obtained at about
6°C, and our propagated action potential was calculated for 18-5° C. The
conductance during the latter is plotted together with the potential in Fig. 17.
The same features are secn as in the membrane action potential, the delay

rit. oxvi, 34
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between the rise of potential and the rise of conductance being even moro
marked.

Absolute value of peak conductance. The agreement between the height of the
conductance peak in Fig. 164 and the half-amplitude of the bridge output in
Fig. 16B is due simply to the choice of scale. Nevertheless, our calculated
action potentinls agree well with Cole & Curtis’s results in this respect,
These authors found that the average membrane resistance at the peak of
the impedance change was 25 .cm?, corresponding to a conductance of
40 m.mhofem®. The peak conductances in our calculated action potentials

ranged from 31 to 63 m.mho/cm? according to the conditions, as shown in
Table 4.

mY  m.mhojcm?
0 35
s.l

30
JOR 3
ol 25
so}-20
O 45
al-
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20}
|
o9

L]

T T .lmj.
15, 2 25 3 3 peagy

0 05 1

Fig. 17. Numerical solution of eqn. {31) showing componenta of membrane conductance (g) during
propagated action potential ( - V), Details of the analysis are as in ¥ig. 15,

Components of conductance change, The manner in which the conductances
to Na* and K+ contribute to the change in total conductance is shown in
Fig. 17 for the calculated propagated action potential. The rapid rise is due
almost entirely to sodium conductance, but after the peak the potassium con-
ductance takes a progressively larger share until, by the beginning of the
positive phase, the sodium conductance has become negligible. The tail of
raised conductance that falls away gradually during the positive phase is due
golely to potassium conductance, the small constant leak conductance being of
course present throughout.

o Tonic movements

Time course of ionic currents. The time course of the components of membrane
current carried by sodium and potassium ions during the calealated pro-
pagated spike is shown in Fig. 18 C. The total ionic current contains also
& small contribution from ‘leak current’ which is not plotted separately,

Two courses are open to current which is carried into the axis cylinder by
ions crossing the membrane: it may leave the axis cylinder again by altering
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the charge on the membrane capacity, or it may turn cither way along the
axis cylinder making a net contribution, I, to the local circuit current, Fhe
magnitudes of these two terms during steady propagation are—C AV /de and
(Car/K) A2V [de® respectively, and the manner in which the ionic current is
divided between them at the different stages of the spike is shown in Tig. 18B.
It will be seen that the ionic current is very smail until the potential is well
beyond the threshold level, which is shown by Fig. 124 to be about 6 mV.

100
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Fig. 18. Numerical solution of eqn. (31) showing components of membrane current during pro-
pagated action potentinl. 4, membrane potentisl { - V). B, ionio ourrent (I,), capacity
current Al Cy %v and total membrane current ? =X df
current (I} and potassium current (Ig). The time scale applies to all the curves, Details
of the analysis are as in Fig. 15.

. C, ionio ourrent (.}, sodium

During this period the current for charging the membrane capacity comes
almost entirely from local circuits, The fact that the ionic current does not
become appreciable as soon as the threshold depolarization is passed iz due
partly to the smallness of the currents reached in any circumstances near the
threshold, and partly to the delay with which sodium conductance rises when
the potential is lowered.

Total movements of ions. The total entry of sodium and loss of potassium can

- be obtained by integrating the corresponding ionic currents over the whole
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impulse. This has been done for the four complete action potentials that we
calculated, and the results are given in Table 5. It will be scen that the results
at 18-5° C are in good agreement with the values found experimentally by
Keynes (1951) and Keynes & Lewis (1951), which were obtained at com-
parable tempexatures.

Ionic fluzes. The flux in either direction of an jon can be obtained from the
net current and the equilibrium potential for that ion, if the independence
principle (Hodgkin & Huxley, 19524) is assumed to hold. Thus the outward
flux of sodium ions is Ty, f(exp (¥ —¥,) F/RT—1), and the inward flux of
potassium ions is —Iyf(exp (Vx— V) F/RT—1). These two quantities weze
evaluated at each step of the calculated action potentials, and integrated over
the whole impulse. The integrated flux in the opposite direction is given in
each case by adding the total net movement. The results are given in Table 5,
where they can be compared with the results obtained with radioactive tracers
by Keynes (1951) on Sepia axons. It will be seen that our theory predicts too
little exchange of Na and too much exchange of K during an impulse. This
discrepancy will be discussed later.

Refractory period
Time course of inactivation and delayed rectification. According to our theory,
there are two changes resulting from the depolarization during a spike which
make the membrane unable to respond to another stimulus until a certain
time has elapsed. These are ‘inactivation’, which reduces the level to which

mV
100 -
50
° N\
m.mhofcm?
13
& Jos*
10 Ho4
03
5 02
01
0 PR M

13 20 msec
Fig. 10. Numerical solution of ogn, (26) for initial depolnrization of 15 mV and temperature of
8°C. Upper cirve: membrane potential, as in Fig. 13. Lower curves show time course of

¢x and & during action potential and refractory period.

*he sodium conductance can be raised by a depolarization, and the delaycd
rise in potassium conductance, which tends to hold the membrane potential’
aear to the equilibrium value for potassium ions. These two effects arc shown
1 Fig: 19 for the calculated membrane action potential at 6° C. Both curves
‘each their normal levels again near the end of the positive phase, and finally
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and represent the excess over the corresponding movement

rd intersection with the base line after the spike; it is begun in

TasrE 5. Ionic movements during an impulse. All values are expressed in pamolefem?

in the resting state. In the theoretical cases the integration is taken as far as the 3

(4) when V =0 before the spike, Experimental data from Keynes (1951) for row 6 and from

i

0-1 mV; (2) and (3) at the atimulus

Keynes & Lewis (1851) for rows 5 and 7.

case (1) when ¥
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settle down after a heavily damped oscillation of small amplitude which is not
seen in the figure,

h@__%eau% to stimuli during positive phase. We calculated the responses of
the ‘membrane when it was suddenly depolarized by 90 mV at various times
during the positive phase of the membrane action potential at 6° C, These are
shown by the upper curves in Fig. 20. After the earliest stimulus the

—V{mV) —V(mv)
:.om _ ap
[ B¢ o> E ]1%
501 r.no
O..l | NPT S Aod 1 4 3 4 . g '
3. 10 15 20701 2 ..‘c
msec  msec
-¥(mV)
100f
504~
oL s N, '. $\7\8 9 10\11 12msec
LI AN NG A N v e =

Fig. 20. 'Theoretical basia of refractory period. Upper ourvee: numerical eolutiona of equ. {26) for
temperature of 6°C, Curve A gives the response to 15 mpucoulomb/cm?® applied instan-
tansously at ¢=0. Curve F gives the reaponse to 90 mpucoulomb/em® again applied in the
resting state. Curves B to D show effect of applying 80 mgcoulombfem® at various times after .
ourve 4. Lower curves: & similar experimont with an actual nerve, temporature 9° C. The

voltage scales are the same throughout. The time scales differ by & factor appropriate to the
temperature differenco.

membrane potential falls again with hardly a sign of activity, and the
membrane can be said to be in the ‘absolute refractory period’. The later
stimuli produce action potentials of increasing amplitude, but still smaller
than the control; these are in the ‘relative refractory period’. Corresponding
experimental curves are shown in the lower part of Fig. 20, The agreement is
good, as regards both the duration of the absolute H&Sowou% period and the
changes in shape of the spike as ICCOVery progresses.
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Ezxcitation

Our calculations of excitation proccsses were all made for the case where the
membrane potential is uniform over the whole area considered, and not for the
case of local stimulation of a whole nerve, There were two reasons for this:
first, that such data from the squid giant fibre as we had for comparison were
obtained by uniform stimulation of the membrane with the long electrode;
and, secondly, that calculations for the whole nerve case would have been
extremely laborious since the main equation is then a partial differential
equation.

T'hreshold. The curves in Figs. 12 and 21 show that the theoretical
‘membrane’ has a definite threshold when stimulated by a sudden displace-
ment of membrane potential. Since the initial fall after the stimulus is much
less marked in these than in the experimental curves, it is relevant to compare
the lowest point reached in a just threshold curve, rather than the magnitude
of the original displacement. In the calculated series this is about 6 mV and in
the experimental about 8 mV. This agreement is satisfactory, especially as the
value for the calculated series must depend critically on such things as the
leak conductance, whose value was not very well determined experimentally.

The agreement might have been somewhat less good if the comparison had
been made at a higher temperature. The calculated value would have been
much the same, but the experimental value in the series at 23° C shown in
Fig. 8 of Hodgkin et al. (1952) is about 15 mV. However, this fibre had been
stored for 5 hr before use and was therefore not in exactly the same state as
those on which our measurements were based.

Subthreshold responses. When the displacement of membrane potential was
less than the threshold for setting up a spike, characteristic subthreshold
responses were scen. One such response is shown in Fig. 12, while several
are plotted on a larger scale in Fig. 21B. Fig. 214 shows for comparison
the corresponding calculated responses of our model. The only appreciable
differences, in the size of the initial fall and in the threshold level, have been
mentioned already in other connexions,

During the positive phase which follows each calculated subthreshold
Tesponse, the potassium conductance is raised and there is a higher degree of
“inactivation’ than in the resting state. The threshold must therefore be
raised in the same way as it is during the relative refractory period following
a spike. This agrees with the experimental findings of Pumphrey, Schmitt &
Young (1940).

Anode break excitation. Our axons with the long electrode in place often
gave anode break responses at the end of a period during which current was
made to flow inward through the membrane. The corresponding response of
out theoretical model was calculated for the case in which a current sufficient
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to bring the membrane potential to 30 mV above the resting potential was
suddenly stopped after passing for a time long compared with all the time-
constants of the membrane. To do this, eqn, (26) was solved with 7=0 and the

initial conditions that ¥V = +30 m¥, and m, n and % have their steady state -

values for ¥'= +30 mV, when t=0. The calcnlation was made fora temperature

-V (mV}

-10
L 1 L 1 $ 1 ] 1 I 1 I
o 1 7 3 4 5 & 7 8 9% 10
msec

Fig. 21. 4, numerical solutions of eqn. (20) for 6° C. The numbers attachoed to the curves give the
initial depolurization in mV (also the quantity of charge applied in mycoulombfem?),
B, response of nerve membrane at 6°C to short shocks; the nunbors show the charge applied
in mpcounlomb/em3. The curves have been replottod from records taken ab low amplification
and a relatively high time-base speed.

of 6-3° C. A spike resulted, and the time course of membrane potential is
plotted in Fig. 224. A tracing of an experimental anode break response is
shown in Fig. 22 B; the temperature is 18-5° C, no record near 6° being avail-
wble. It will be seen that there is good general agreement. (The oscillations
[fter the positive phase in Fig. 22 B are exceptionally large; the response of
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this axon to a small constant current was also unusually oscillatory as shown
in Fig. 23.)

The basis of the anode break excitation is that anodal polarization decreases
the potassium conductanee and removes inactivation. These cifects persist for
ait appreciable time so that the membrane potential reaches its resting value
with a reduced outward potassium current and an increased inward sodium
current, The total jonic current is therefore inward at ¥ =0 and the membrane
undergoes a depolarization which rapidly becomes regenerative.

100 |-
90

=V(mV)

- 9 10 20 30 msec

° Ll i) L1} --—-—--bhq-E--pun-

=V {mV)

108 o 2 4 6 8 msec
1 1 TN S
10| ﬁ\
=20k
~30E
Fig. 22. Theoretical basis of anode break excitation. A4, numerical solution of eqn. (20) for
boundary eondition — ¥ = -39 mV for ¢ <0; temporature 6° .. B, anode break excitation
following audden cessation of external current which had raised the membrane potential by

20-5 mV; giant axon with long elccbrods at 18-5° C, Time scales diffor by a factor appropriate
to tho temperaturo differance,

(=

Accommodation. No measurements of accommodation were made nor did we
make any corresponding calculations for our model. It is clear, iowever, that
the model will show ‘accommodation’ in appropriste cases. This may be
shown in two ways. First, during the passage of a constant cathodal current
through the membrane, the potassium conductance and the degree of inactiva-
tion will rise, both factors raising the threshold. Secondly, the steady state
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ionic current at all strengths of depolarization is outward (Fig. 11), so that an
applied cathodal current which rises sufficiently slowly will never evoke o
regenerative response from the membrane, and excitation will not oceur.

Oscillations
In all the calculated action potentials and subthreshold responscs the
membrane potential finally returns to its resting value with a heavily damped
oscillation. This is well scen after subthreshold stimuli in Figs. 214 and 24,
but the action potentials are not plotted on a slow enough time base or with
a large enough vertical scale to show the oscillations which follow the positive
phase.

The corresponding oscillatory behaviour of the real nerve could be scen after
& spike or a subthreshold short shock, but was best studied by passing a small
constant current through the membrane and recording the changes of
membrane potential that resulted. The current was supplied by the long
internal electrode so that the whole area of membrane was subjected to
& uniform current density, It was found that when the current was very wealk
‘the potential changes resulting from inward current. (anodal) were almost
exactly similar to those resulting from an equal outward current, but with
opposite sign. This is shown in Fig. 23 B and C, where the potential changes
are about +1 mV, This symmetry with weak currents is to be expected from
our equations, since they can be reduced to a linear form when the displace-
ments of all the variables from their resting values are small. Thus, neglecting
products, squares and higher powers of 57, 3m, 3n and 8%, the deviations of v,
m, n and & from their resting values (0, My; g and ky respectively), eqn. (26)

(p- 618) becomes

S =Coy o 4 1AV ~ 4G Ticn -+ o5V
- wmz:apwmcﬁzsmﬁ .lQlZwa q\...lq_-..‘.,‘,.m__h +§ uw V. (35)
Similarly, eqn. (7) (p. 518) becomes
dén O,

lin.ln 8{ay +B,)
& mﬁ\m“\ aﬁa+m=vm3l3=l|mq\ 3V,

or

€+a=+§ mau*W|5mﬁnm%“mw. (36)

ﬂwe..m%ua_uummmug&&.ero owonpﬁonom&m.onabawm:mﬁnr respect to
time. .

The quantity 8n can be eliminated betwoen eqna. (35) and (36). This process
is repeated for m and 8k, yielding a fourth-order linear differential equation
with constant coefficients for S¥. This can be solved by standard methods for
any particular time course of the applied current density S1.
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Fig. 234 shows the response of the membrane to a constant current pulse
calculated in this way. The constants in the cquations are chosen to be
appropriate to a temperature of 18-5° C so as to make the result comparable
with the tracings of experimental records shown in B and C. It will be seen
that the calculated curve agrees well with the records in B, while those in C,
obtained from another axon, are much less heavily damped and show s higher
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Fig. 23. A, solution of cqn. (35) for small constant current pulse; gﬁa?wﬁ..u 18-5° C; linear
approximation. The curve showa 3V/81 (plotted upwards) as a funetion of time. B, ara__.ms
in membrane potential associatod with application of weak constant currents of m:.._:”_o:
15 msoo and strongth +1-48udfom?. By, cathodic current; By, anodic current, Depolarizs-
tion is shown upward. Temperature 18° C. C, similar records from another fibre enlarged to
have same time soalo. Current strengths are 40-55 uAfem?, Temperature 18° (. The response
is unusually osoillatory.

frequency of oscillation. A fair degree of variability is to be expected in these
respects since both frequency and damping depend on the values &.. m&n com-
ponents of the resting conductance. Of these, gy, and g depend critically on
the resting potential, while 7, is very variable from one m_uu.a to another, )
Both theory and experiment indicate a greater &nnuwm of 89:9&3%.&@_.543&
than is uszally seen in a cephalopod nerve in a medium o._.. normat lonic com-
position. We believe that this is largely a direct result of using the long internal
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electrode. If current is applied to a whole nerve through a point electrode,
neighbouring points on the membrane will have different membrane potentials
and the resulting currents in the axis cylinder will increase the damping,
The linear solution for the behaviour of the theoretical membrane at small
displacements provided a convenient check on our step-by-step numerical
procedure. The response of the membrane at 6-3° C to & sinall short shock was
calculated by this means and compared with the step-by-step solution for an
initial depolarization of the membrane by 2 mV. The results are plotted in
m..mm. 24. The agreement is very close, the step-by-step solution deviating in the
direction that would be expected to result from its finite amplitude (cf, Fig. 21).

2
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1] F S ST N s’ s ' emae 2, SEPEE |
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Tig. 24. ooEm.a:non of stop-by-step solution and linear approximation, Eqn, (26), temporature
6° C; initial displacement of - ¥ =2 mV. Continuous-line: step-by-step solution. Cireles;
linear approximation with same initial displacement,

As pointed out by Cole (1941), the process underlying oscillations in
aembrane potential must be closely connected with the inductive reactance
bserved with alternating currents. In our theoretical model the inductance is
ue partly to the inactivation process and partly to the change in potassium
snductance, the latter being somewhat more important. For small displace-
ients of the resting potential the variations in potassium current in 1 em? of
iembrane are identical with those in a circuit containing a resistance of 820
-geries with an inductance which is shunted by a resistance of 1900 Q. The
vlue of the inductance is 0-39H at 25° C, which is of the same order as the
2H found by Cole & Baker (1941). The calculated inductance increases
fold for a 10° C fall in temperature and decrcases rapidly as the membrane

tentinl is inercased; it disappears at the Potassium potential and is replaced
" & capacity for B> B,

DISCUSSION
@ results presented here show that the equations derived in Part IT of this
per predict with fair accuracy many of the electrical propertics of the squid
nt axon: the form, duration and amplitude of spike, both ‘membrane’
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and propagated; the conduction velocity; the impedance changes during the
spike; the refractory period; ionic exchanges; subthreshold responses; and
oscillations. In addition, they account at least qualitatively for many of the
rhenomena of excitation, including anode break excitation and accommoda-
tion. This is a satisfactory degree of agreement, since the equations and
constants were derived entirely from ‘voltage clamp’ records, without any
adjustment to make them fit the phenomena to which they were subsequently
applied. Indeed any such adjustment would be extremely difficult, because
i most cases it is impossible to tell in advance what effect a given change in
one of the equations will have on the final solution.

The agrecment must not be taken as evidence that our equations are any-
thing more than an empirical description of the time-course of the changes in
permeability to sodium and potassium. An equally satisfactory description of
the voltage clamp data could no doubt have been achieved with equations of
very different form, which would probably have been equally successful in
predicting the electrical behaviour of the membrane, It was pointed out in
Part II of this paper that certain features of our equations were capable of
a physical interpretation, but the success of the equations is no evidence in
favour of the mechanism of permeability change that we tentatively had in
mind when formulating them. :

The point that we do consider to be established is thut fairly simple perme-
ability changes in response to alterations in membrane potential, of the kind
deduced from the voltage clamp results, are a sufficient explanation of the
wide range of phenomens that have been fitted by solutions of the equationa,

Range of applicability of the equations

The range of phenomena to which our equations are relevant is limited in
two respects: in the first place, they cover only the short-term responses of the
membrane, and in the second, they apply in their present form only to the
isolated squid giant axon.

Slow changes. A nerve fibre whose membrane was described by our equations
would run down gradually, since even in the resting state potassium leaves and
sodium enters the axis cylinder, and both processes are accelerated by activity.
This is no defect in describing the isolated squid giant axon, which does in fact
run down in this way, but some additional process must take place in a nerve
in the living animal to maintain the ionic gradients which are the immediate
source of the energy used in impulse conduction.

After-potentials. Our equations give no account of after-potentials, apart
from the positive phase and subsequent oscillations.

Conditions of isolaied giant azon. There are many reasons for supposing that
the resting potential of the squid giant axon is considerably lower after isola-
tion than when it is intact in the living animal. Further evidence for this view
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is provided by the observation (Hodgkin & Huxley, 1952¢) that the maximum
inward current that the membrane can pass on depolarization is increased by
previously raising the resting potential by 10-20 mV by means of anodalty
directed current. Qur equations could easily be modified to increase the resting
potential (e.g. by reducing the leak conductance and adding a small outward
current representing metabolic extrusion of sodium ions). We have not made
any caleulations for such a case, but certain qualitative results are evident

from inspection of other solutions. If, for instance, the resting potential were -

raised (by 12 mV) to the potassium potential, the positive phase and sub-
sequent: oscillations after the spike would disappear, the rate of rise of the
spike would be increased, the exchange of internal and external sodium in
a spike would be increased, the membrane would not be oscillatory unless
depolarized, and accommodation and the tendency to give anode break
responses would be greatly reduced. Several of these phenomena have been
observed when the resting potential of frog nerve is raised (Lorente de No,
1947), but no corresponding information exists about the squid giant
BXon.

Applicability to other tissues. The similarity of the effects of changing the
soncentrations of sodium and potassium on the resting and action potentials
of many excitable tissues (Hodgkin, 1951) suggests that the basic mechanism
f conduction may be the same as implied by our equations, but the great
lifferences in the shape of action potentials show that even if equations of
ihe same form as ours are applicable in other cases, some at least of the
)arameters must have very different values.

Differences between calculated and observed behaviour

In the Results section, a number of points were noted on which the ealcu-
ated behaviour of our model did not agree with the experimental results, We
hall now discuss the extent to which these discrepancies can be attributed to
nown shortcomings in our equations, Two such shortcomings were pointed
ut in Part II of this paper, and were accepted for the sake of keeping the
quations simple. One was that the membrane capacity was assumed to
ehave as a ‘perfect’ condenser (phase angle 90°; p. 505), and the other was
1t the equations governing the potassium conductance do not give as much
elay in the conductance rise on depolarization (e.g. to the sodium potential)
3 was observed in voltage clamps (p. 509).

The assumption of a perfect capacity probably accounts for the fact that
e initial fall in potential after application of & short shock is much less
arked in the caleulated than in the experimental curves {Figs. 12 and 21).
»me of the initial drop in the cxperimental curves may also be due to end-
fects, the guard system being designed for the voltage clamp procedure but
it for stimulation by short shocks,
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The inadequacy of the delay in the rise of potassium conductance has several
effects. In the first place the falling phase of the spike develops too early,
reducing the spike amplitude slightly and making the peak too pointed in
shape (p. 625). In the membrane action potentials these effects become more
martked the smaller the stimulus, since the potassium conductance begins to
rise during the latent period. This causes the spike amplitude to decrease
more in the calculated than in the experimental curves (Fig. 12).

The low calculated value for the exchange of internal and external sodium
ions is probably due to this cause. Most of the sodium exchange occurs near
the peak of the spike, when the potential is close to the sodium potential. The
early rise of potassium conductance prevents the potential from getting as close
to the sodium potential, and from staying there for as long a time, as it should.

A check on these points is provided by the ‘anode break’ action potential.
Until the break of the applied current, the quantity n has the steady state
value appropriate to ¥ = +30 mV, ie. it is much smaller than in the usual
resting condition. This greatly increases the delay in the rise of potassium
conductance when the membrane is depolarized. It was found that the spike
height was greater (Table 4), the peak was more rounded, and the exchange
of internal and external sodium was greater (Table 5), than in an action
potential which followed a cathodal short shock. :

The other important respect in which the model results disagreed with the
experimental was that the calculated exchange of internal and external
potassium jons per impulse was too large. This exchange took place largely
during the positive phase, when the potential is close to the potassium potential
and the potassium conductance is still fairly high. We have no satisfactory
explanation for this discrepancy, but it is probably connected with the fact
that the value of the potassinm potential was less strongly affected by changes
in external potassium concentration than is required by the Nernst equation. -

SUMMARY

1. The voltage clamp data obtained previously are used to find equations
which describe the changes in sodium and potassium conductance associated
with an alteration of membrane potential, The parameters in these equations
were determined by fitting solutions to the experimental curves relating
sodium or potassium conductance to time at various membrane potentials,

2. The cquations, given on pp. 518-19, were used to predict the quantitative -
behaviour of a model nerve under a varioty of conditions which corresponded
to those in actual experiments. Good agreement was obtained in the following
cases:

(¢) The form, amplitude and threshold of an action potential under zero
membrane current at two temperatures,

{0} The form, amplitude and velocity of a propagated action potential,
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(¢) The form and amplitude of the impedance changes associated with an
action potential,

(d) The total inward movement of sodium ions and the total outward
movement of potassium jons associated with an impulse,

(¢) The threshold and response during the refractory period.

(f) The existence and form of subthreshold responses.

(9) The existence and form of an anode break response.

(%) The properties of the subthreshold oscillations seen in cephalopod axons,

3. The theory also predicts that a direct current will not excite if it riges
sufficiently slowly.

4. Of the minor defects the only one for which there is no fairly simple
explanation is that the calculated exchange of potassium ions is higher than
that found in Sepia axons.

5. It is concluded that the responses of an isolated giant axon of Loligo to
electrical stimuli are due to reversible alterations in sodium and potassium
permeability arising from changes in membrane potential.
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A method of investigating the effects of close arterial injections
on spinal cord activity. By W. FeLpserg, J. A. B. Gray and
W. L. M. Perry. National Institute Jor Medical Research, Mill Hill,
NW.7

This technique was developed in order to investigate the effects of acetylcholine

and other substances on the activity of the spinal cord, when given by close

arterial injection. This enables relatively high local concentrations to be

reached without using doses which produce pronounced systemic effects.

¢ Vertebral artery

Nﬂn_nq”_ rootlets of C1 N N Cannula
nterior 2y ‘
spinal Wil _.//' Q .
artery \F, .
A

Basllar artery

lets e
rootlets of Vertebral artery

Fig. 1. Diagram of exposed cervieal cord: a, screw foroep tips;
b, branches tied; ¢, edge of cord,

The arterial supply of the spinal cord lies on its ventral surface and is easily
accessible only in the high cervical region, where it can be approached through
the anterior atlanto-occipital membrane and the thin bodies of the atlas and
cranial part of the axis. This approach exposes the vertebral, basilar and
anterior spinal arteries. The disadvantage of using this region is that the ventral
roots of C1 are short and small and that there are few afferents to the segment,

The head and neck of the cat are clamped rigidly. The upper parts of the
trachea and ocsophagus are extirpated, a tracheal cannula being inserted low.
The exposed prevertebral muscles are removed after the nerve branches of C1
supplying them have been dissected out. Lengths of C2 are prepared and cut
peripherally; C3 is divided to prevent neck movements during stimulation.
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