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A MODEL™FOR ELECTRICAL CONDUCTIVITY OF THE SQUID AXON:
CONDUCTING CHANNEL APPROACH ’
“Guy ' Roy
University of California, Berkeley, €alifornia

Group in Medical Physics and Blophysxch
Donner Laboratory

ABSTRACT

The purposé of this work 1is to explain in terms.of physical principles
the behavior of nerVeAcells. The most detailed and reliable exboriments
made -on nerve cells to elucidate';heir mechanism are thosc with the voltage
clamp method. The functioning of nerve cells can be explainced in terms oL
ionic currents across their membrane. A model is being develepud to explain
the measured ionic currents. ' ' |
1. The basic hypothesis of this model is that there are conducting channels in
the membrane. There is a chemical reaction between some membrane components
and several ions. Vacancy formétién and diffusion in the ionic complex results
in conduction. This part of the @odel.caq be called the "conducting chanunel”
(c-C) hypothésis.

2. A second hypothesis is introduced to describe the experimentally observed

dynamics of the conductances. It is assumed that the reaction between ions

and membrane substrates is an autocatalytic reaction. The complete model can be
called the "autocata1ytic—conducting-chaﬁnel“ (A-C-C) model

3. The A-C-C model is compared with the experimental data of Hodgkin and

Huxley (1952). The unknown constants are determinéd by curve fitting. Using

the cable equation, stationary and propagatlng action potentxals are ‘gencrated.

4, The model accounts for various properties of axons like thILShold refractory

period, accomodatlon, meedance change strengtn duratloq characteristic,
repetitive firing andvhyperpdlarization. Tt is also shown that the model for
the axon can be used with some modifications for the dendrites and soma of
nerve cell

3. Many recent experiments have been performed on cquld axons, changing the
external and internal medium of the axons. The observed effects produced by
changing calcium,‘sodium, potassiumvand chloride ions have becn explained
satisfactorily by the C-C model. Even some quantitative aspects of the effect

of drugs on the axon caun be approximated.
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UN MODELE DE LA CONDUCTIVITE ELECTRIQUE DE LYAXON DU SQUID:

METHODE DES CANAUX CONDUCTEURS
Guy ROY

.. UNIVERSITY OF CALIFORNIA, BERKELEY, CALIFORNIA
Group in Medical Physics’and Biophysics

Donner Laboratory

'ABREGE .

A"Ce travail a poﬁr bu; d'expliquer; eﬁ_Se bgsant.éur des prin-
cipes fﬁysiques, le comportement des cgllules nerveuses. Les expériences
les plus précises et les plﬁs fiableé faites suf'lés'céllules nerveuses
pour élucider leur fonctionnement sont'celléé faites avec'lé méthode
dite "voitage clamp'. Le fonctionnement des Celiules nerveuses peut étre
expliqué 3 partir des courants ioniques a travers leur membrane;'Un

modele a été développé pour expliquer les courants.ioniques mesurés.

1. L}hypoﬁhése de base du modéle suppose l'existencé de cénaux conduc-
teurs_dans la.membrané. Il se.produi; une réaction chimique éntre.
certains comﬁosés de 1la membrane et plusieprs'ions. La formation de -
siﬁeé Qacants et la diffusion & travers ces sites vacants aﬁéﬁcllé
condUﬁtion. Cette partie du‘modéle a été appqiée Lihypothese du

' canal conducteur ' (C-C).



.fagon satisfaisante par le modele C-C. Méme.quélqués aspects quan-

*

. - L . , K . S
Une deuxieme hypothese est introduite pour décrire les observations
expérimentales sur la dynamique des conductances. On suppoSe'que la
réaction entre les ions et les composés de la membrane est autocata-
lytique,' Le modele au complet est dénommé !'canal conducteur auto-
catalytique' (C-C-A). o
Le modéle C-C-A a été comparé aux résultats expérimentaux de Hodgkin

et Huxley (1952). Des constantes inconnues ont été_déCerminées par

un ajustement optimal des courbes théoriques et expérimentales.

En se servant de lf!équation du cable cocaxial, des potentiecls dtaction

stationnaires et propagés ont été calculés.

Le médélé explique lés proﬁriétéé des axones,sﬁellcs que le seuil,

la période réfractatire, 1faccommoéation; la‘vafiafioﬁ d'ihpédaﬁée,
la_qaractéristique»d'aﬁplitUde vs dufée du courant;de stimulatiéh;v
Iés‘décharges~r§pétées et liﬁyPefpblériséﬁidn;” Le‘médéle de 1l'axone

a aussi été appliqué avec'qﬁelques ﬁbdifications au ébrps et dendfites;
des cellules nerveuses.

Plusieurs expériénceszrécentes ohﬁ été‘faiteé‘éﬁr 195 axones: de $QUid ‘~~

en introduisant des variations du milieu ionique intérieur et extérieur.

B

Les effets observés & la suite de changement de la concentration du

calcium, du sodium, du potassiumiou du ¢hlore ont été expliqués de

‘titatifs des effets des molécules biochimiques sur ltaxone ont été

introduits.
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INTRODUCTION

- _ A. Cable‘équatioh_

Since it was found that nerve cells weére generating electrical

potentials; models have been déveloped'to explain the@L An important con-
tribution was Hefﬁanh's local circuit theory in#pinedAfrom_the theory of
the subméfiné Cable.'A quantitatiye_model was devélpped to calculate the
potential a§ a funétion of the'éistance along.thg axon and as a function
of time;_A_recent‘review of this model Hasvbeen mgde by,Téquf (1963)."
v The axon wgs;considéred as a‘leaky.cablebaléng which the poten-
tial bfopagéted.,The ciréuit was as shoén below
le--va —_ | %Rm vaz
\ ) %lm'
v ~ is the memﬁrane:poteﬁtial'difféfence.
4.4 - ’
T L is ﬁhe.resistance pg? ¢m of axoplasm'
' il;_iz © are the éurrent in the ax0plasm‘
im‘v - 1s thé_membfane curfeﬁt

X " is the distance along the axon
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~Introducing.

where b is the axon radius. Im

the membrane. -

The sum of -potentials around a closed path gives

= r ilnﬁg

= ri bx R (1-1)

= 1
“m
i
L. B
Ax

4
m

m 21b Ax. _

is called the current density across

Taking the limit of |
o h L oa
Ox dx
e 2 b,Im o | - Q1-2)

Taking the derivative with respect to x of (1-1);f'>

a2y
_m
dxl
21 b1

I

 Expressing r in terms of the resiStivity’p_of,thé axoplasm.

onbI

(dx

dzv'm' o R , o
T w2 - B ”

N

. ‘,r'ﬁrbz

‘ 2

o dx?

d2v. - , :
b mo
7p 2m . o (1-4)

dx” .

*



P .

R _, we have

Nernst equation

g
. :

In thevcase of the steady state and with a constant membrane resistance

Ky

That gives an exponential function of x for Vﬁ;,For the transient situa-

tion .
- dV :
1. =C —2 41 (1-5)
m mdt - "R
»where'IR is the resistive current and Cm the memb:ane capacitance.

The result is a partialbdifferential equation with‘x and t, called the

cable equation

—_— T By - (1-6).

B. Bernstein'theorz

Another important. contribution to the dnderstanding of the

action'éotehtial of the nefvefwas made by Bernstéinb(1902). He postula-

ted that the resting potential qf'the nerve cell was caused by the .

concentrations of the different ibnsvoﬁ each siae of the mémbrane and
their.rgspective permeabiliﬁy through the membraﬂé. 1f one iom, for. |
example;potassiuﬁ, has a>greater permeabilify thén’the'qthérs, it will
tenévto flow down if; concentration'gfadient. But this fiow will esta-
blish an1¢1éctrostati; potentiai whicﬁ wili‘éréQent furtherrfléw_of the
K ions, if ﬁhe peé;tivelioqs cannot cross the membrane. The value of the
electtqs;étic potential whi;h'preVents‘any_net-current is given by the
_ RT In 4[K1'j:
Ck~ ZF =[E;]

Vek - 1is called_thevconcentration potential of the potaésium ions
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Bernstein could predict approximately:the ampliéude of the resting poten-’

tial withvthe value qf\é . To expiain'the action pétengial, he simply

k
a;sumed”thét thé stimplation_of the nerve cell increased the_pérmeébility
to all tﬁeuéther small ions;llike Na and Cl, thué bringing the‘restiﬁg' "
poteﬁtial_tb zero. In the framework of ﬁhe céblevtﬁebry, it meant a
change:of iR'with fime.
This was'suppofcéd by the ékperiments of Cole aﬁd’Curtis §1939) who
meésu;ed the impedance”of the:membfane of thétsquid axon during the
Sbike;zAna found.that'it"deéyeased to about 25 ohm/cm?. The resting
value was 1000 ohm/émz. The capaciténce Qas found to be‘réther constantv:
~and remafk;bly uniform over most membranesirénéing only from .5 tQIZ.O.V
uf/cmz; for the sqﬁidiit_was 1.0 uf/chz. |

.. The Bérﬂstein_theory was Rept for almost 40 years until Hodgkiﬁ
and HQXiey;(1939) showed that the actioﬁ”poteﬁtial reversed the mémbraﬁe
potential_insﬁead of briﬁging it to a zéro value. The sodium ions have‘
a.verj_high conceﬁtration ;utside, wﬁich;then é§u1d ﬁroduce é positive
membréne poténtial, 1f they are allowed to flo@ inside until the elec-
trostatic force stops ﬁhem. If after a”stimulaﬁid;; the.sodium perﬁea-
bilit§‘increases very much,bsodiuﬁ Qill flow inside bfinging ﬁhé
membrane botential to the SOJium.gquilibrium p§:enfia1, Fhu§>:évérsing

the membrane potential.’

C. letage clamp
{Then Hodgkin and Huxley (1952) made experiments to determine
N ’ : : IR : .
the detéils of the ions movements during the stimulation of the nerve

cell. Their experimeﬁtal method was based on a technique developed by

Cole (1949). They used the giant axon of the squid into which two

o~
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longitudinal electrodes were inserted. Through one electrodeﬁand another

one outside they_coﬁld pass a current and using a feed-back amplifier,

the potential across the membrane could be maintained constant. This very

“ingenious technique, called voltage-clamp, permitted measurement of the

flow of ions at different step values of the membrane potential. It was
found earlier that the current density through a portion of the membrane

is given by

N dv
Im “_Cm dt + IR

Keeping V constant, Im = IR. By stimulating with negativé potentials or

making the membrane potential more negative almost no current flows, but

by making ‘the membrane potential less negative or increasing it toward

zero, the current was much larger, being inward then reversing outward

to attain a constant amplitude. Hodgkin and Huxley (1952a) made ekperi-'.

ménts toiideﬁtify ﬁhe ions that were ﬁroducing such a current. From our
previous cbnsiderationg,lthey had reason to_suspeét that sodium was flo-
wing inward and potéssium outward. By replacing Na in the outside medium
by choline fhe inward currénf disappearéd, and when Na {s reintroduced,
the 1nwarq currgnt reappeafs. Besides, the steady outward curfent'is not
modified by removing Na. That supports the fact that the ﬁa current is

only tehporary and produced by the high concentration gradient of sodium.

. They found that the outward current is mostly produced by potassium ions,

chloride providing only a very small part of it. By recording the current
in sea water with and without sodium at different voltage step amplitudes,
they obtained the time curve of sodium current and pétassium current sepa-

rately for each voltage step. During those experiments they also measured

" the membrane potential at which the Na current was reversing for different

“external Na concentration. From the Nernst equation'the membrane potential



at thch_#h;vNa current SHoﬁid be zero can be calculated; the caicula;ed
 and measured values cqmparedeithin the limit of exéeriméntal accuracy.
Then they assumed Lhat.;he ionic currents could be expressed as a pro;
duct of tﬁe'conductance times the.total potential;;wc call concentra-
“tion potential the value of the poténtial given by the Nernst equation.

The total potential is the difference betwecen the electrical and the

Na.

i fals g - 41, =
.concentratlgn potential; for Na we have Vﬁ cNa ag Na g

(er- Vb&g) and a similar expression for 1 - ihe&'assumed then that.the

time and potential dependance of the currents were caused by the conduc-

tance variations. This hypotheSis‘Qas SUpported by ‘the Bernstein's model,

-which was éssumlno‘changes 1n membrane permeablllty during the action
potential and by the experlments of. Cole ‘and Curtls (1939) who measured
an impédAnce change during the action potential, In order to pro?e that
these reﬂétions were correét they made experiﬁents.wfth a double §£ep
.of voltage..A first step of voltage 1is applied, fqr:eiample 25vmv.,

then after difﬁerent_intgrvals ofvﬁime, the'step is reduced to 10 mv.

If the change is made at around 1 msec., when the sodium current is high,

we see a fapid instantaneous.$ﬁrge of Eodiumvcurrent. The surge is much
émaller.if the chénge occurs atfearlier orklater times. Makihg many sucﬁ
experiﬁepﬁs at various ihi;ial énd finai voltages; curves can be made
Showing.thé‘relatioh‘between the 1ﬁsténtane6us cﬁangerf:cu;rent'and the

step change in voltage. The curves are all straight lines with a slope

that depends on the value of the conductance at the moment of the step

Change..These‘experiments are a very strong demonstration of the current-

voltage relations given above. From their data on the.sodium and potas-~
sium currents, they could obtain the conductances as function of time

and voltagé.'The sodium conductance presented a particular problem:
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It was only temporary, but had a small steady state value at applied .-~

potentlals close to the resting potential. Tngthisappearanoejof the Na

Lo

"'““f@"“'flf’( ll[iI{'Q.“'l

\4hconductanceﬁwas called inactivation. This problem had to be investigated

in more details. They found that by appying a hyperpolarizing voltage
| . Co [ . :

- followed by a depolarizing voltage, the amplitude of the sodium current

was larget for the same depolarizing voltage when nOuhyperpolarization

was applied By making many such experiments, they f0tnd that the inac~
t1vat10n was potential dependant- it was about zero for membxanc potentlal

of 40 mv below the resting potential and complete for 40 mv above the

.resting .potential. They also . determined the time course of inactivation

for a series of applied potentials.

D. Hoagkm and Huxley model..i

| With all these experimental results in hand, Hodgkin and
Huxley (1952d) developed a theory to enplain theit results. From the
potaesinm Conductance’curQes, a first order diffetential equation seems
to be.a good starting point; but the rise and amplitude.do not correspond
to'a linear differentiel eeuation; The amplitude"of thebconductances are -

voltage dependent and their increase is qu1te steep 'From a semi-log plot

Cof gK vs 'V, we see that for e- fold increase in gK, the voltage changes by

only 5 or 6 mv. Although it should be possible to apply the Goldman (1943)

constant f1eld theory to derlve 8 (V), the argument in the exponential

will have to be about 4 times smaller whichﬂmcanslthat_4 charges are

~involved in the process. Besides the rise of the Conductance_is slow

initially and then becomes rapid. By using the solution of a linear first
order differential equation, (1 - e o) and putting it to a fourth power

(1 - e’at)a_they could obtain the correct shape for the g, curves.
. K S

v
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When 8k returns to its resting value, the time course is linear; their
theory satisfies that requirement too .

. =[ 1/4 (s 1/4 1/-4): -t/T7%
- Bk T Bk T ke T B ¢

For the fa11:of gy e have 6n1y an eXponentidlﬁté_éﬁé foQFth pOwer.’Thig
ig the tofai equation uééd to fit the data. From each curve a valuevfér
T and koo were obtained. The modeL‘wa;-that féur'eventé had to occur
,simultaneéusly in the membrane in order to have thé:ions éross. Each

event had a time'dependehF probability n given by

& G - B
and -
- 4
B — Bg

)
By 1déntifying the two formulations'for gK, we have a coffespondance

between Byeo and T a@d qn and Bn

+ _._l_ - g = n
n g +B . ) -
a; Bn I & an+Bn

From ailtche values of:Tnand ng.correspohding values of & aﬁd Bn.couid
be obtained. Then a. and Bn'are plo;;ed agaigst Vf “An empirica1 formu1a
was‘uéed té fit these curves, so Ehét the potassidm conduétance curves
could be derived~theoreticaiiy. ‘For gﬁé sodiuﬁ.curves the séme'method
was used, assuming a similar model. Thé probability equa£ion; were given
by the ﬁrbduct of activafion tihes inactivétion equations

dm _ - |
dac qm (1-m) ﬁgm

BNg = éNé m3h, A cubic was found to fit best the rise of sodium conduc-

'tance. From the inactivation experiments they had the voltage dependance



: T , , _
of inactivation, so that ho and h_ were known. Because BN ac

Q-

|
!

o

is very small

-t/T)3 -t/'Th)

- ' | -t/71.3 at/Th
Bng = gNa“1/3 . (1-e )T . h e + gNam1/3 <1~e

h (l-e
By fitting the data curves to the equation and identifying with the

theory they again obtain curves for s Bm’ ¢, and Bh for which empi=-

h
rical formulas, similaf to the one for potassium could be obtained. The
prgcédure was not as-eésy ‘as for the ﬁqtassium“conductahce'curves'because
of the inactivation dependance on potentiai.

'Cole and Mbo?év(1960j1made experiments,with high hyberpolarizing
potentialé and found that a twenty-fifth power.waé.more adequate to fit
their»data for thé potassium éonductance but iniﬁhe normal rangé‘of
potential vafiation, the fourth power'isiacchrate ehough;

Taking the cable equation developed in the introduction

52y v |
2p 2 m ot R

ox .

where

Ip= e TPl t 1

Na

1 and iK have been determined and can be calculated. ,IL is called the

)

leak currgnt and is also assumed to bg of the fqgm I, =g (Vm - VCL

Hodgkin and Huxley (1952b) made a few experiments to determine,gL and VCL;
They concluded that 8y, was constant; it has a rather small value. :

Experiments were made to obtaid-space clamped action potentials,

: where'thebpotential is forced to be the same on all the length of the

fiber; that simplifies the cable equation because V@ = 0. The numerical
o , ' : %2 ‘ :

integration of the four differential equations can be made and theoretical

action potentials are obtained. They compare them with experimental ones;

we see that they are idéntical,within the range of experimental accuracy.

With the space-clamped action potential they could verify many fundamental
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properties of action potentials, like threshold and refractory period. .
" At more than one centimeter from the point of stimulation the
action potential propagates at constant speed. Then the cable equations

are again simplified because

2 3%y v
m_ . m

2 at2

.0

o
.That SimplificétiOh givés an ordinary-differenﬁia1 équétion.agaiﬁ. But
its‘integration presents a difficulty. If 8 is eithér too large:or too
small, the calculated action potenti;i.will_blow up to.plus or minus
infinity, By trial and error, more‘and more accuréte values of 8 can be

obtained until the action potential is completely determined. The value

of © compares well with the experimental value of the. speed of propagation.

This problem of integration is caused by the simplification of the cable
equation. If the partial diffe%en&ial equationiis Integrated no such
difficul;y'occurs, as shown by Cooley and Dddge t1966)} |
Hodgkin,‘Huxley and Katz‘(1952) also made experiments to deter-
mine the effects of temperature on the i0nic'cuf;en£s. The results were
that the_time‘dependanée of the ionic currents were greatly moaifiéd but
not,their_amplitudes. They could aécqunt.rather weli for the éhange in
the time.couyse of the action potential b& suppq§ihg a Q1O qf 3 applied

to ;11 tﬁg rates coefficients o Bn; am; Bm’ oy and Bh,

‘The series of.experiments'perfdrmed by Hodgkin and Huxley to
determine ﬁhé detail précess of the nerve actidn potentigl weré very well
designed.andvgéve very intereﬁting resul;s. ~ Their modél, altﬁougﬂ wor;
king well, is ?ather empirical. The physicél bésiQ theyICried to give to
it does not secem very probable.

Because these theoretical resulté were h&t giving any mechanism

for the change of conductance of the membrane, an intensive search for

10
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possible mechanism was started.

In chapter five of Cole (1968) there is a review of many different

models that were tried to explain the squid axon data. Also in Tasaki (1968)

many -of the_physico-chemical approaches to membran¢ phenomena are reviewed.
Iin Moore (1968) there is a review of the necessary features that a model of
the_nerve'mémbrane must have to be acceptable. ‘From these different reviews

we see that many models have been tried, but have not succeeded in explai-

‘ning the voltage-clamp data. Most of the models have attempted to describe

the conduction mechanism using the hypothesis that the current goes through
pores in the membrane. The pore model encounters serious difficulties when

it comes to explain the tran51ent nature of the sodlum current and the

»independence of the sodium and potassium currents. Because the pore model

did_not succeed in explaining the conductionnmcchaﬂism of the membrane,
we'thoughcva different apﬁroach was necessary.

:Before doing so we would like to state'che necessary‘requirements
of any model, if the model 1is goiyg'toiceﬂavc as we1l>and even better than
the H-H emplclcal system.

‘The first part of avmodel is the steady atate relation betwecn
current and voltage. From the experiments of Hodgkrn and Huxley descrlbed

above, it seems’ necessary that current- voltage relation should be expressed
ayE

as I = g.V with g being time and potent1a1 dependant. There }s’nc reactive

elements_in the ionic currents in voltage clamp. Then to satisfy the con-

ductance dependence on potential, the model must provide for a very sharp

‘rise of conductance in a short range of potential; for the sodium conduc~

. . A o
tance the incréase is 10~ from 0 - 20 mv. We know from our own experience

that the fit;of the theory with the experiments must be very good, if the

model is going to work.
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The next major problém comes from fhc k1n¢tic_dnt$;'vThb mbd§1'
must rcprbducc quite well the rise of the cohduc;ancos_with tin_wf
.A'suitable hypotheéis must explain the h&n-linear rising of ghc conduc-
tance and the’potehtial'dependancé of the rate constants. And agéin the
fit musﬁibevquite good to achieve suitable fesdits. Also the recent
data on.yoltage clamp of squid axon has brought §Qme other difficulties
~and req@ireménts; the most iﬁterestiﬂg are those where iogic concentra-
tions inside ahd outside‘thé a#én are modified..-Tﬁe fesultsbcan be
interpreted as- a shift of the conductangé steady state curve to the léf;
ér to the right. That summarizes the most imquﬁant[points ﬁhat must be
expléinea'by a model and we will‘attempt to_satisfy them in our model. -
We Qill sﬁppose that a mécromole;ule extending across thé mem- -
brane reécts with.many cations.along its chain ;ﬁd:those fonic sites are
used for édnduction. Vacancy formation at thosé sites will ﬁermit a
transfer of iong across the membrane. We'Qill develop steady st&te and"
time dependent equacionsffor_the_céndUctanéesvanavéompare_them to the

data of Hodgkin and Huxley (1952 a, b, ¢, d) and'éf_many others after”them.

E. Receﬁtrekperiments

| Since the invention of the.vo1tage clamp by Colé and the
detailed gtudies by Hodgkin-aﬁd_ﬁﬁxley; a greaf maﬁy quantitative inves-
tigations of the voltage current relationshibs were made‘in the sQuid
axon as well as in crab nerve aﬁd in other'éxperimentél test’objects;

These are admirably reviewed in the detalled monograph by Kenneth Cole(1968)



and by Katz (1966) Tasaki (1968) and Moore 2?668):, QUantitetive compa-‘
risons in this thesis are made with the orlglnal set of data on the Squ1d
axon by Hodgkin and Huxley,:and with some of the more recent data. It is
important to note, that a.nuﬁber of_additional faets have emerged during
the last 20 years. about the behavior ef excitable membranes. Any good
model must furnish at least qualitativeiexplanations for these aed hepe-
fully suggest new experiments.' The most sallent p01nts with regard to

the behavior of nerve axon membranes are listed here only bxlefly

An 1mportant progress in investigating squ10 axons was the advent
of perfu51on of the axon brought by Baker Hodgkln and Shaw (1961) that
technique permlts the experlmenter to vary the 1nterna1 concentration
and_compesitien-OE the ions inside the axon, :A'long line of experiments
were stérted with this techniqueg_the experimenter can select any ion for
the outside and inside solution and study the conductivity of the membrane
for these ions selectively.

We must mentien that the effect of changing.the outside solu-
tion.was studied without ‘the need for perfusion, but the control of the
experiment is better with'pexfusien. Hedgkin'and ﬁuxley (1952) had‘
studied the effect decreasing theISOdiﬁm ion’eohCentration on the mem-
brane current and conductances. - fhen Ftankenhaetser and Hodgkin‘(1957)
modified the calcium.ion‘conceetration and'foune that the result was a
shift of the condﬁctance voltage curves for'the sodium and potassium
ions and tﬁe inactivatien_of the sodium conductanee. vThen Moore (1959)
worked on the effect'oﬁ inereaeing the betassium ion cencentration in |
the outside solution and found an important effect in the I-V charac-
terietic. Later on the results of Ehrensteln and Gilbert (1966) and
Lecar et al (1967) showed that the effect of anroasing ‘the pota551um

.ion concentration could be explained by a shift in the potassium



conductance Jé,‘voltage‘curvef
'Heénwhilé Tasaki:gi_él‘(19655 started to'étudy ;he cffecplof
ions otherAthaﬁ_those normally found in the ;quid axon. They‘found thag
they éouldAsubstitute ammonium and lithium ion for éqaium, and rubidium
- for potaséium,_whilé cesiﬁm does ﬁdt subéﬁitu;e‘too wél} for potgssiwﬁ.
Neither cesium or rubidium substitute.for sodium,
;Also.another'series of ekperiments conducted by many inveéti;b
-gators, studied the effect of dlfferent drugs on the axon potentlal
Detailled voltage clamp experlments were performed by Hille (1967)
to work out the effect of Cecraethylammonlum chlorlde (TBA) and that

of tetrodotox1ne by Yoore (1967). Many other drU(s were also expcrl-'

mented and the few experimenters who ‘worked with:vpltage clamp'found

that the effect of the drugs were to shift the conductance voltage curve,

in a way simiia: to that pr&dﬁéed by changes in ionKICanentrations.~

Specific'qrgénic dyes,Which,intéract with the membganes-and render’it

' suééeptib1e tovultra?violet light were'intrbduﬁedzin'thg outside solu~

tion and'Qoltage clamp studies were made §y Pooler (1969). It seemsb

that the effect is to shift the inactivatioﬁ.of tﬁe'sodium conductance.
There stili is many éxpér;ménts to perfoim in this line of

investigations to obtain_fhé precise effect of each component on each

of the membrane conductances.

There are also expefimeﬁtslﬁhat heésure electrical and
eléctrqmagnetic phenomena during the éctioh potential.or in the festing
membrane. Squid and lobster axons éppear t6 carry a net negétive‘chargg
-as measured Ey Segal (1968) Thi; finding tends to prove the pfésehce
of negative charges in the meﬁbrane aﬁd ﬁhefeﬁy éxplain;the cation |

selectivity of the membrane.

14
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"It was shown recently by Cohen, Keynes and Hilley (1968), that

there are rapid structural changes accompanying action potentials mcasura-

ble by light scattering and birefrigerance Chahggs. These appecar to arise

from the ra=dially oriented molecules associated wigh the‘ﬁembrane and are
an indication thaﬁ Consiaeréble rearrangemeﬁt in molecular membrane struc-
ture occurs.;

Frazer and Frey(1968) have neasured the emission of electro-
magnetiﬁ waves at hicfowava frequencies from active nerQes (Biophysical
Journai, §:731; 1968).. It has been_shown'tbét heat changes occur during
1nitiation‘and passage of action currenﬁs in thé.mémbrane which are
greatéf than those that would be encountéred by 6ﬁmié'heatihg by the

currents. The heat changes are probably associated with chemical inter-

actions at the membranes and Qith_allostéric changes of macromolecules.

And finally we have the work performed on artificial bylayers. They have

been produced by a number of investigators and it has been shown by them

that eleCtrical condgcti#ity across such membraheé can be radically
altered by specifié proteins, partibulariy.agtibiotiés. Among these

are N&sﬁatin and Valinomybip; ion'seleétivities havé:been'claimed for
some of ;hesé suSstances» Colacicco etal(i968)ﬂ The stétus of this field

was recently reviewed by Finkelstein énd Cass (1968) who have also shown ™~

. that the glycoprotein molecules responsible for decreased conductivity

are élso specific-tO'certaiﬁ cations. Muller and Rudin (1968) assume that
the protein and antibiotics which have the specific membrane affinities
are capable of interacting with bylayer'membranes and form protein
bridges a;ross,thembéllowinggcohductivity to'téké place. The recent
finding of Bean et &1 (1968).that membrgne'gctivg_faétofsvcan cause a
stepwisé increase éf transvefsé conductivigy of lipid b;laYQrs~is

partiéularly interesting. It may be assumed that each step corresponds
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to the punch-through action of a single macromoleculc. Nuller-and'Rudin

(1963), (1968) also demonstrated induced excitability in reconstituted

cell membrane structure and could obtain "restinp” and "action" potentials

from these. Current voltage relationships in some of thcsc systems are- very

similar to those found in electronic semiconductor tunnel diodes.

F. Other models

We have already Commented prev1ously that the phenomenologlcal

theory supplied by Hodgkin and Hukley accompanying the -original investi-

gations, wHile.admirably describing-the'experimental data, has not been

particularly helpful in the development of physical and molecular models

for ion conduction across: the membranes. The theory proposed by Mullins

(1961) on pore<activity,'does not appear to agree with experimental facts.

since this model assumes that potassium and sodium ions each travel in the

same pore and has so far failed to account for the effects of hyperpola-

rization of the membrane. The most. elaborate investigations have been

conducted on the assumptfon that the phenomenon of electrodlffusion will
explaln a11 the active phenomena. 4nother set of 1deas include the
assumption that conductivity changes depend on significant structural
reorganization of the macromolecules in the membrane and that the mole-

cular arrangement is a bistable configuration. Finally, several authors

have proposed that the conduction of electricity in 11ving membranes is

fanalagous to solld ‘state conduction phenomena ‘found in semlconductor

crystﬁls.

-

The physical basis of the electrod1ffus1on theory has been

reviewed by Finkelsteln and Mauro- (1963) Much 1nterest was raised in

2

this form of the theory by the experlments and calculatlons of Teorell

S S
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-and his grouélon‘artificial fon exchange membranes; Howéver, ﬁhe model
vvdid not adeqUately explain the peculiar changes in conductivity encoun=-
tefea.in 1iVing membranes during the exciﬁation procéss. in o:dér gg
provide a better approach ﬁo this problem, Katchaisky, working with
gédém (1963); and later with Richardson‘(1967), has presented the trans-
port equaﬁioﬁs for multilayer membranes and iﬁitiéted»work»on mosaics.
None of theSe ﬁodéls"has as yet quantita;ively aé@ounﬁed'fo;’all.the
eSsentiaI:properties:of thé-sqﬁid éxon membfanéﬂés'pointed out'by
Kenneth Cole.in his exhaustive revieﬁl(1§65). |

Goldman (1965)>initiated a model of nerve membrane exc¢itation
by considéring_the role of calciuﬁ ibn and assuming that calcium enters
into ;hemiéal interaCtibn with the surface of‘tﬂe mémbfane,'then by
causing the reaétivi;y of chemical.éoﬁponents in the membrgne to be
altered. Chéngeux, ggvél (196?), ﬁave attempted.to glve a more genera-
lized.form to the alteration of propertiég of_membtahés éompoéed of
macromolecules_witﬁ‘ﬁore'thaﬁ one allosterié staﬁe., It was assumed
here thét”as ﬁhe molecules of thé ﬁembrané_interact with ions outside
of the membfane,'inﬁeractionvforces between_neighborihg macromolecules
also changé. 'Thése authors.ar:iQed at a desbripfién of ﬁembraﬁe properties
which allows bistablebmodelof operation and abrupt t:ansitidn from one
: stété to ahothér. Very recently, Terrell_Hill (private communication)
'lgavé a more genera}izéd descr1ption of the thermédynamic properties of
‘the.bisﬁaﬁlgimémbrané. Also Katchalsky and Spaﬁgiér(1968) have deve-
loped EQuatidnS based on ir%eversiblé therﬁodynamiCSbﬁo explain facillated .
'diffusion'iﬁ terms .of éllos;eric-states’of aj"cafrief".
.Adams (1968):bas§d his récent calcﬁiafiohs—onia‘model developed by
Tasaki (1963) and assumes that protein éﬁbunits bind calciqm ions in the

resting state; upon depolarization these are freed and :hé active sites

. e
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combine wichK or Na ions. When these chemical reactions oceur there is
surface conperation'between.neighbofing macromoleenies; this has an
influence onvion binding. From thermodynamic considerations Adams:
derives expréSsion‘for a membrane bistable wieh_reSpect:;o elecfrical
condnction; in_its present.state the tneory neuld:appeap to predict an’
abrupt.transition from ont to the other state in the voltage elamp:.this.
appears to'eontradict the.voltage clamp experiments which ﬁail to show.
snch.rapid.eransitions. | :

The‘above theories are in qualitative agreemen; with some
observedncnanges in membrane properties;je.ga.birefriéeranee,“local
»heat_ane_microwave eﬁission du#ing the excitation pfocess; theyfhane
not as’yet been sufficiently deneioped-te provide a quantitative
descfiptien of the HodgkiniHuxley.phendmena.

During the last fewiyears‘a number.of antndfs have pointed:
out that ceftain analogs exist'invtne behavior of exc?eable biological
membranes and.condnctivity1CUfrent relationships in'inorganic seﬁi-
conductors; particularly rectifiers-and transistofs.

Mauro (1962) observed that fixed charges in ionic membranes
are analogous to impurity ions in semi- coneuctors. Muller and Rndln :
(1962, 1968) noted the ressemblence of the behavior.of reconstituted
membranes to ﬁunnel diodes. Wet (1966) noints to qnalitative agreement
between membxane and - solid state conduct1v1ty phenomena. waever no
 1attempt has been made to quantitatively accounL for the Hodgkln-Huxley
“findings: using a solid state model.

Tne current investigation was initiated (Rny and Tobias (1968))
with the reallzation ‘that steady state conduct1v1t1es obta?ned in the
squid axon by the voltage clamp method for pbtassium ion current as well

as for sodium ion current corrected for inactivation, resembled .the

i
L)
i
|
i
!
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dependence of. conductivity on voltage in inorganic semiconductor devices.

A close examination of the correspondence, however, revealed that the

_conductance properties behaved like solid state rectifiers only when the

_Ymembréne potential differed from the resting potential by Q greater amount

than ébout‘BO miliivolts depolarization. When the change of.potential on
the'membfanes differed from thé'festing potential by less thaﬁ about 30
millivolts, the rapid rise of cbnductivity upﬁn‘depélarizati;n could not

be accouhted’for by the assumption of a conétant nu@ﬁer of‘charge carriers.
Oné‘could, hbwever, account for the entire‘chAnge;of‘steédy.state conduc=

tivity by the assumptions that the first 30 millivolts of ""change' from

. the restingrpotehtial results in a rapidly increasing number of channels

(cﬁarge carriers) available for conductibh of currents across the mem- .
brane by ipn; and'thét above_}O miliivol;s tﬂe number Qf canductor
channels.wquld be éonstant. |

An examination of the c0mpieg behaviot of nerve'membfanes
(as described abové) would lead to a fairly ﬁlaUSibié assumptibn that
initiai.gteps of depélarization as well as the lafer step of inactiva-
tion prqbably involves chemical intefa¢tion.of ions with maéromoleculés,

and could,-thefefbre, be also associated with surface cobperativé pheno- -

.mena.

Early in this work, it was realized thatvthé.analogies to solid
state crystal semiconductors are very tenuous. In the first_place,tmost'
of our knowledge of inorganic semiconductors comes from studies on

crystals where electric current is madevup of oppoéite migration of

electrons and of vacancy sites. Thé knowledge of ion conduction in

crystals is incomplete and the beﬁavior‘of orgaﬁic semiconductors has
not been studied in sufficientldetail as yet. Agin (1967) discussed some

of the pitfalls of applyiﬁg semiconductor theoty. For‘example,=the'time
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- constant fér response to an applied ficld in avmcmbranc can bc near 100 pscec
wﬁcfcas, iﬁbrganic semiconductors ﬁay regpond 108 tiﬁes fuétcf. .1§‘1s
also‘questiongd whether ion tunneling may occur ih a membréﬁe in a manner.
analogous to eleétron tunneling in transi;tors.‘

Our current idea of the molecular spfﬁcﬁure,of‘mémbranes‘is still
very vaéde.and non-specific., The énalpg és far as it d?n be carried in this
paﬁer, tﬁe;efore, only extends to genefallformaliémsj 1Theromewh§t.su£pri-v
sing goodnesé of-fits,.however, suggests thatvif méy;be wé11 wérth'whiig-
to undertékeva‘detailéd investigation of the basic ph&sics Qf‘:he electri-
cal conductivity behav;or'in organic semiconductors witﬁ,éﬁructufe'akin to

proteins, giycoproteins'and‘lipids.
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STEADY STATE EQUATIONS

A, Current-Yoltage Relation
. o "' -'Thé'Nernst7P1aﬁék equation gives the relation Eétween the cﬁfrent
- and the eléctrical and chemical ﬁoténtialg. _Considering i:.for 6ne
dimension éﬁd.for a single ion involved in conductiéh,‘we have the current
dénsity |

1= - (RT pdC _ C pz d¥ | (2-1)
R dx VX : - :

The above equation can be rearranged to give:

dy
ST dc | d¥ ]

Ig=- uvaC [’ vFC dx dx

o ~d [ RT LnC . 1
= - L < + Y-] -
I bz FC ™ [ 27

wé_introduce
RT LnC, , _
v .

this is the electrochemical potential

= . EL . . . _
IR.A HZVFC dx ' . , (2-2)

Assuming that I is independant of x and integrating across the membrane’

d

o odx | | , _
e J = - o 2-3)
o v . .

A@ =J - (Vm + Vé)

vV =.-040Y V =
m .



'C is the concentration outside the axon and Ci inside the axon,vc;is-
(o) L . ' . R . s
called the concentration potentialt The integral in equation_(2-3);gives

the resistance of the membrane R or its inverse the conductance g -

d

1 % ax U I
g N .4) p’ZVFC_ o S (2-4)
= 4V : ‘ - -

I 8 vV, + V) - . ,(2 5)

This transformation is quite convenient, because it modifies the problem .

- of the_ccffent across”the membrane into a problem of the resistance.of
the_membtene} If,the parametersep_end_C in equetioﬁ-(Z-h) afe constaﬁt
within tﬁe_membteﬁe; the resistance R isvconétant_aﬁd we have Ohm'silaw}
But tﬁe.parametefs v and’C can ce yariable and tﬁat Qili give e'nqﬁ{
linear relation‘between current andIQOitége.

o chation (2-5) ie’geﬁeral acd reetricted only by the aesumptioﬁ
that Inis”iﬁdependent of k_and by the applicabﬁlit& of the Nernst-Planck

'eqcétionl For example the result of the integratlon of equatlon (2- 4)
mlght nge e conductance g which ‘'is a functlon of - V ‘and V . We could
also-have V and‘V' vary w1th time.‘tIt is possible then that-the conduc-
t1v1ty £, defined 1n (2 4), is also time dependent. Hodgkin and Huxley
(1952b) found ‘that the relation between current and voltage ‘was linear
when they measurec the instentaneous.change of cutrent.produced by a step
‘changevef‘theiﬁotential.Yh. vBut:if'the current‘ic ﬁeasutedrwhen it has
reached ébsteedy:state, the.curreﬁt veltage relation is nct iinear acy
more."chation.(Z-Sj cén explain such_results iffg is time.dependent;
if g is a. slowly changing functien the tnstantaneous curtent change
will be directly proportional to the potential but the steady state

current'wlll not; if g is a rapid ‘function of'tzme, then both instanta-

N
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neous and steady-state currents will have non linear characteristics.

B. Conducting Channels

'Our‘problem will be to develop a model for the cdnduc;ion of
ions in the membrane. The baeic hypoehesis is.that there are molecular
components_innmembranes.reaching from ene side to tne other which form
complexes with several Na or K ions; there is a spetific membrane compo-
nent for each ion. The assumption for tne existence of selective membrane
componenes tnat bind N5+ or K+ does not‘have'enfidirect experimental sup-'
port because there is not yet sufficient data on the membrane structure.
:However phosphollplds as well as proteins are known to bind catlons, the
only requirement for the model is that there are at_least two different
membranencomponents forming channels across the membranes in different
loeationé and that one has a high preference for Na+_or for ions that
can substiﬁute fbr,Na+ and the oeher one for K+ or its substitutes. The
assumptien of sepaiate channels iS'SUpported by the experiments of Moore
et al. (1967) who blocked the K currents with TEA without affecting the
Na current. Although phospholipids cannot be ruled out as possible sub-
~ strates, we are inclined to fevor proteins or polypeptides, because ex-
'periments by Rojas and Tobias (1965) on phosphollpld reactions with K
and Na ions have failed to show preferred blndlng for one ion by any of
the usual membrane phospholipidsa On the other hand, experiments by
Muller .and Rudin (l963,_1968) have shown that the resistance of artifi-
cial meﬁbrenes_dron by a factef of about 104 when a certain protein
called EIM'is'introdnced on the membrane; also this protein permits
them te obtain I-V curves similar to those observed on squid axons in

isoosmotic potassium concentrations. ‘Additional evidence supporting
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the view ﬁhaﬁ EIM provides the éhanﬁel through tﬁo arpificial membrane was
" found by.Bean et al. (1968). They féuna ﬁhat the §6nauc£éﬁce:in;rgaﬁed'By
sﬁall»and»regqlar étéps when the ﬁembrane reacted with EIM. Also, many
'polypeptides.were found to reduce the ﬁeﬁbrane.resistaqée, especially
Valinomycin and its family. Valinomycin was found-by'Coiaciqco et al,
(1968) to have a high preference‘f6r K iéns when the latter were.in con-
centration-of 0.5 M or more. Barfoft et al. (1968) have shown that ﬁhe
intrbduétiop ofninsulin on one side of ahvaftificial mémbrane and its "
antiserum on fhe'other side could decrease thé"reSistaﬁce of fhe mémbrane‘
by és.much as 1034‘ All‘thésé'décfeases of resistancé bring the artificiéi
‘membrane resistance to a value much ;lose; to the natufalﬂmemb?ane.fesisj
'tanée; the lipid biiayer’aioné has'a.much too hig§ fesistance compéred

to thoée'of natural membrahes. A possibié implicaéibhAof‘che results-

is thétltﬁé>pfoféins 6r.the polypepfidés férm Bfidges.a;ross the liﬁid
_bilayef,';hus préviding chagﬁelsjfor?the ions.L'The.u$uai.membrane models
assume-a'Continuous iipid biiayef coated'with proteins; but récén; expe-.
fiments‘by:Lenardvand Singer (1966, 1968) hayé'suggested that groteins,
:»bécau;é §f their Strpﬁ#ure,'must fbrm'bridges éc?ossvthe membrane,ISOme
partg'of ﬁhe proteins'aré hydfophobié and;would'asé§ciéte with the
hydrophébiC~porti§n‘ofIthe ?hpsﬁhbiipids; the other parts are hydrophylic

and remain on the surface of the membrane.

‘The hypotheéis of protein bridges or channels across the membrane

;s’gé;hering:mOQe eQidencé in its'favof, nétboniy from the éone mentiong&
gxpé;iménts,'but arso from many others, specially in the fiéid of active
tran5port.vThigsmode1 will use.fhis_hybochesis, but will makgvit ﬁore
'specifi¢ to explain the ékperimentéi resultsvoh axénal ﬁembranes. Our

hypothesis is that the protein channels must first react with the ions

24
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to form an ionic complex before they could become conducting channcls. .

The complexes are formed when the ions react withﬂa'receptor'molecules

SX . The name ''receptor molecule!" was used to differentiate between
z

the ”condﬁﬁting channel!" concept and the ”qarrier”vmodels. The '"receptor
molecule" réméihs in stationary position, whereag the ''carrier'" is some-
times aséumed to move from one side of the membrane to the other.

X is asgumed to be an atbm‘other than Na or K, pgevélent'in tﬁe form‘SXz
in the membrane when the membrane is not conducting. Since we do not

know the identify of X, it is used initially only in a formal sense. In

- mitochondrial membrane oscillations, X corresponds to hydrogen, which can

be involved in exchange reactions with potassium. The following chemical

reactions can take place:

(2-6)

. The subscript j will be i or o depending on whether the ions Q come from

the inside or outside the cell. _Ionic cOnCentratioﬁs are different on
each side‘of the membrane and the changes in concentration on either side
of the'membrané will'affect_ghé'equilibriuh constants. In equations (2-6)
it is gssuméd”tﬁgt the in;e:action beﬁween Q and 'S is specific for Q.
This is:the simplest.case; later it Qill be seeﬁ that S can aléo react

with other ions e.g. inactivators, inhibitors or substitutes.



LB

U51ng the mass law, relations between concentratlons C, can be estab-

r ! ! C'\“/I'l{'

’lished,'ix' s Yaliell neenr 'ﬁf@ilﬁ“g A R

Csx Q x

.__._z'.'_l____.——K

C C |
Q SX,

o (2-6a)

Because S is assumed to be present in the membrane in a limited amount,
the total concentration of substrate S equal

c = C +C + mean -+ C .- , o 7(2-6(:)
. .S S : \ 4
. ST ‘QZS ‘ Qz._1 X | stz-l o sz

However Q is avallable in ample quantlty outside the membrane'

and-CQ is not apprec1ab1y modlfied by its 1ncorporat10n in. CQS
Using equations (2- 6a) and (2- 6c), the Concentrations CSQ X of the

i z-i

products of.the variouS'steps'of the reactions can be calculated as
. . 1

functions of Ki’ CX’ CQ andACST. »The resu;ts of calculating CSQz is
c - . .. ST ' (2-6b)
sQ - o _ , .
z 1 © 1 /% 1
Lt Yxx et e ——x
z ; z z-1 i 'z z- 1

The value of j will‘be either‘ivor 0; for exémplevthefe might be zi

ions from inside and,zo from outéide; in ‘the last term that would give
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For most purposes it is sufficient to use the‘valgc of z inlébtaining‘
fits to observed I-V relationships. However to account for expefiments
wﬁere.the'insidé and outside’éoncentfations ofiQ éré changed,'it was
necessary_to intfoduée'zi‘and z - The authors realize that the kinetics
of the.contribution§ of ions Q fpém bothAsides'of the mémbrdne is a com-~
plex problem. 2, and z denote average contributions; eventually experi-
mentél results should leaa pé_a“verification_éf this‘tfcatﬁent._From this
-general model to calculéte.the concentration of'cdndﬁcting components in
the membrane, a series Qf simplifyihg‘assumptions Qill be made in order
to obtain»fofmulas easier to utilize and containing less arbitrairy
pérameters; 'The'fifst simﬁlifica:ion is tha; oﬁly che,complex.having

the form SQi is conducting; it is bossible that the other forms.are also
conducting,vbut it seems that tbey should be much iess»dsefull for éoﬁ-
dpctiohbbecause thé mobility of the ions in thém will be smaller and also
because they should be p;esent'#niiowér conéentratibn than SQZ.

A second ;impiification can.be introduced by assuming that the concentra-
tions of the intermediaﬁe components in (2-6¢) afe'low enough to be
neglected. vThese simplificétions redﬁce the reactions (2-6) té their
simplest form v ) _ B
| 24Q; + 2Q, * X, T2 SQ + X | | - o (2-7)

and CST‘,=' CSx +,ACSQ » S (2-7a)

Eliminating the intermediate concentrations'by taking the product of each

equilibrium equation in (2-6a), we have

‘ . o : CQ z v _
CSQ =.K1 K2 K3 --- Kz _JY CSX ) v (2—7b)
z - Cx ' N z ,



and with (2-7a)

c

sQ,

- (2-7¢)

This result is equ1va1ent to neglectlng all the 1ntermed1ate terms in

(2 6b) for C

large and K1 very small and the other K

One obtains a result equivalent to (2»76) if K

QZ

is

i have 1ntermediate values in

(2-6b) 'The factor contalnlng l/K must be larger than any other. -

In reactions (2- 6) and (2 7) Q is dlSplaCLHO X 1n the recep--

»tor molecule.

An equivalent treatment would assume 1nstead a simple

associatlon reaction between Q and S without diSplac1ng any atom or

molecule, but producing only a rearrangement of the molecules.

would have

C

+ oelee

ST

Then we

(Z-Sdl

(2-8f)

_(Z-Bg)
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With (2-8g) and (238f)‘we'obtain
¢ - , Cst
9, 1+ xz’l Cq ¥ Kz'l i 1"1 ¢ "2y ---v'K'»lch "z
i [ i Y
% K - Kz Kz-'l T Kl

Using the same simplifying assumption as_before:‘C is the only con-

5Q
. ) z
. ducting component, and approximating '
st 7 % Csq - | - (2-8b)
One hés,
+ s | | -8)
zi Qi 2_0 Q0 + S SQz (2-8)
z z ' '
C = KC.C "1 ¢c. %o - (2-8a)
SQz 5 Qi Qo
Using (2-8b) .and (2-8a)
. ' -1‘ ezo -Zi
cC. =14+K ¢ c. . o (2-8c¢)
sQ, Q 9 - |

Two similar results have been obtained for C they are given by

| " Usq,

equations (2-7c¢) and (2-8¢c). Either of them could be used for later

calcul;tions; choosing'one of ﬁhem is rather arbitrairy.‘ But the

results §bcained with any one of the two say (2-8c),'cén be traﬁs-

" .formed:veryvsimply into the fesult; that would b; obtained using (2-7c);
introducing the factor szvintq (2-8c) tranéform;’it into‘(2-7c). This

is why all later calculation can be made with (2-8c) without loosing any

generality. If experiments show the necessity of having coﬁponent X, it
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‘\- . . ) . ) . :
can be introduced easily. "To simplify the writing of equation (2-8c)

we ‘introduce an equivalent value for the product

C i ¢,L6% = ¢~ - : (2-9a) -
Introducing (2-9a) inte équatibn (2-8c) ‘ o o _ ;
ST :
C. = - . 1(2-'-9(:)
B R NS '
! -0 Q

o . . . o v
It must be remembered that C does not have any experimental corres-

Q
pondaﬁce'andvité equivalent should always be used if we'want‘to‘int:oducef‘
. : . . ' . 3 7 ] Cand C . C .h the ’
1nt0iequatlon (2-11) tbgvexperlnental,valu;s of CQo n i’ Cos a§ e | |
same meaﬁing as CSQZ.,,» .

C. Vacancy Formation and Diffusion

There is always vacancy formation in any solid at a'Cemperature
above 0° K because the free energy F=E - TS must remain at its minimum.
The number of vacancies can be calculated. ’Foliowing Kittel (1967)'we have

n= E_/RT - : , 5
1 +e ' _ SRR
where n is the number of vacancies;'N the total ﬁumbef'of sites available -

for ions and E, the energy of vacancy formation., = . o "

The diffusion of ions in alkali halide crystals has been studied
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and the.mobility of the ions in these crysfals Qas calculated. Iﬁ is

assumed that the ions can jump to the next sité if they have enough energy

to do go; the ﬁumbef of trials per secénd is equal to thé frequency of

y;bration v in ‘the crys;al. The number of successfui:trials per second, p,

iis éiﬁen.by u times the proportion of ionébthat haVe an energy greater than Ev.
un v

p=2 - v B (2-10b)
N 1+ e Ey/RT .

1f E, is much greater than KT, e§uation'(2-10b) reduces to the more fami-

-E T
‘liar case p = ve v/K

. But if EV is small, equation (2-10b) must bg
used. If .there is a concentration gradient across the crystal, a net flux
of these<i§n§.wi11 be obtained. The ﬁét flux can be calculated. Applying
the aefiniifon of the flux, we have

- )
i

‘adM

= = + 2=
M I_=p (n+ 3 )

It
"where M is the number of ions per unit of surface, and '"a'" is the lattice
distance., If there is a gradient of ions in the crystal, the increase in

M from one lattice site to another is given by a first order approximation.

The net flux is

I is transformed into a concentration gradient; by using C = aM, where C

is the concentration.

@ ado

dx dx
dc

3 =pat ¥

dx
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Introducing (2-10b)

g_o_wat e N " (2-10¢)
= —FT7R 4 . -10c
v .
1+ e v . oo

This result is equivalent to Fick's law of diffusion,where the diffusion

constant D is
2 .
p=—=2 ‘
N E_JRT

- l+te
If an electrical gfadient is introduced in equation (2-<10), it gives .the
Nernst equation (2-1) that was used at the beginning of this chapter.
From Einstein's relation, the mobility W is calculated from the diffusion
constant. : L,

' vaD_ z,F va

W= "RT , E_/RT
1 + e :

- (2-104d)

It is Qell known experimentaliy that the'aiffusioniconstant:D’for many
types of moiecules‘diffusing through a membrane is an exponential func-
tion of the free energy;” id Sﬁein (1967) a large number of experiments
have beeﬁ put ﬁogethe: b& assuming azlatﬁicé mode1 fbr the diffusion of
molecules through the membranes; “The diffusiph is assumed to take place -
'between hydrogen bonds.qf the membrane and ;hose of the diffusing mole%
cules. . Wé‘haye assﬁmed in tﬁis_case a lattice model fdr the-diffusion
of ions; but :hréugh a protein structure rather than thgoﬁgh thg lipid
latticé and byvspeéific bonds with thevprotein. the the ions.héve_
.reacbedAwith their respective feééptpr'moleculeévthey will have formed
ionic complexes which may se?ve as mé;rices.for'tﬁeAcondQction of ioms.
Vac;qciés can be forméd at the ioni; sites;.theriong jump from bne site
to thé néxt ahd this caﬁ respit in fhe diffusion of {oﬁ; through the

membrane.
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It is likely that "impurities' would hinder such a diffusion
process; hence the requirement that S be '"saturated" with z atoms of Q

before ionic conduction becomes significant. The prescnce .0f even one

" atom of X or of some other type of inactivator or inhibitor might conceiv-

ably cause.a drastic feduction in the rate of diffusion.of ions through
the membrane. .Equation (2-10d) is used to calculate the mobility of ions

through the ionic complexes. The value of M"a!'' is the distance between

- iomiic sites on the: receptor molecule. F, z,, L are known quantities,

Ev_will_be:determinéd later.

D. Membrane Surface Barriers
The equilibrium constant K in equation (2-8) can be calculated

with the partition function, {, of each of the molecules in the reaction,

“including { for transfer of Q into‘and out the membrane. Referring to

REIF (1965).

+1 el _ -z -z, _ Z_ -E(/KT
K = i [e] : = e
“hs s Cor G, £
Since it is not always simple to caléulate the partition functions, K is

expressed in terms of the free energy change of the reaction, AF

K=o AF/RT . (2-11)

The value of AF is made of the sum of many energies; the ones that we
want to determine more precisely are those for the ions penetrating the
membrane.

AF.= AFO + zg AFQi f z AFQO | ‘ (2-113)
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For the reaction to occur, z; ions will have to change their energy by
AF. and-z .ions by AF . AF. and OF, will depend on the difféfence in
Qi .0 Qo Qo Q4 - . . :

- the energy of the ions between inside and‘outside the membrané;' AFO in-
cludeé'all the'other energy terms of tﬁe parfitibn function of tﬁe chemical
reaction.l - | “

Davson and Danielli (1952) have proposed a model for the mem-
brane permeability_and,they applied it to the caée‘of the ionic diffuéion
across the‘mémbrane.. Their model assumes a local-potéﬁtial-engrgy jump
for a molécule to éross ﬁhe membrane wétér.intefface; this energy is
.Ewi or Ew§, Ewi for the jump from axqplésm.into the mg@brége and Ewo
~ for the jgmp froﬁ the outside medium into ;he membrane; In iéﬁic Solu;
tions, thé:e will also be an inducéd dipole field at the inﬁerfacé;
Davson and Danielli'(}936) have sﬁown‘that'the dipoles in”memﬁrangsv
sﬁould be oriented with their positive end in the membrane phase and
their nggati&e end in the;liquid phase; .The éneréies requireé to over-

come the dipole field.are E_. and EDo'

Di

~ For th =E =E andE_ =E_ =E_,
For the moment ye assume Ewi EWo,~ W n-"Dil ED0 e

We shalllsee later that in some cases EWiv#_EWo and.EDi # EDo'

- OF, = OF, = Ew + E

Q" Q D (_2'17“’)
with (2-11) -2(E, + E_)/RT
| K=Ke Ew, T (2-11c)
 where " <AF /RT
: : K = e °
o}
S e o Cor _ . , .
‘with (2-9¢) “QSs -z z(E  + .ED)/RT o o (2-11d) -

1.fEK¢ CQ‘, e
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The next problem is to evaluate the energy EV ic equatioc.(2-10d) needed
by an ion to jump into a vacant site. From the energy bnrriers prqposcd
above for the membrane, it is ve y likely that “the hlqhest cncreles are
those at the interfaCes} The_diifusion cqnstant will havc a much smaller
value forvthe.crc;sing at interfaces than inside the membrane.‘ The value

is ima by E. = + '
of Ev 1s epprex1jated y E, Ew ED_

with (2-10d) = )
va sz _ v
W= (5, +Ep Y (2-12) -

(1-+ e | .)

The dipole pdtential ED can_be evaluated. When there is 2 potential

dlfference across a capacitor, a number of pOsitive‘Charges accumulate
on one side ard an equal number of negatlve charges accumulate on the
other'side.',But when ‘the capacitor_is in a solution containing negative

and positive mobile charges, dipoles are formed one each side and the

-potential dlfference is produced by the dlfference in7the'concentration

of dlpoles between the two sides. This increase in the concentration of
dlpoles on each side increases the dlpole potent1a1 ED near the surface

(the zeta potentlal) and E becomes a function of V ; the potentlal across

the membrane; " For each charge on the surface, there w111 be a new dlpole -

:._ " ‘O
ED -,FVm + ED

EDO is the dipole pocential when Va = 0.

It'must be noted here that the above proposed-potential,barriers
are only 1oca1 barriers and do not produce any net current. The potential

difference'.vn across the membrane is the only one to produce a net current;
4

‘the above -proposed potential energles influence the amplitude of the

currents by their action on the conductances. A more detailed and more

-




fundamental treatment of the membrane surface barriers will be done in
future work.
Equations (2-11d), (2-12) and (2-13) can be used to oalculate’
_ the membrane conductance g. Repeating'equation_(é-é), for the membrane
resistancevR
oA . : o
R “Sew = s PR C
0 v . .
The value of C, the- concentratxon of c0nduct1ng charges is éctually

giVen by.CQS in equation (2 lld) It is 1ndependant of x because in

thls model the conductlng charges are evenly dlstrlbuted in the membrane,
The value of o has been calculated for the interface regions in the mem~,
brane where it is- lowest and where‘it will have a 11m1t1ng valuerfor thee
diffusion of ions. | The mobility p of equation (2 12) is thus also 1nde->
pendent of.x The membrane conductance becomes,

z Fu C
v . S.
}g;_v__q_‘

-d

: ' + : o
z,, 1s the valence of K and Na' ions

Using equation (2-11d), (2-12) and (2-13)

g

_ _ | IR o
8T &+ FVm)/RT T -zz g+ ymr o (21D
R : (+ K Smt
re DT ) aEE g e 0T
: - O
E, = E_ f ED
o e E va CST . F .vd CST
m RTd 22 R
a = dfz d = 'membrane,thickness

Equations (2-17) and (2317a)_represent the main;results of the conductivity
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calculations in conducting channels.

E. Applications to K+-and Na conductance -

‘The above calculations can be used to obtain the_conéentration of

- conducting potassium and sodium ions inside the membrane, their mobility and

; théreBy their conductivity through the membrane ..

,'[VFdr the Rotassium~ion§,.eQuation (2-11d) becomes:

C
o o KST : e
,CKSm: i -1 -z -z (E__+ E_)/RT _ - (2-18)
) . oK ,K( e - - ’
and equatidn (2-12) becomes
: , 2 K |
Lo - Fveag | | | (22307
K . (E_+ E_./RT). : o e
® L. WK UDK) | | o
and equation (2-17) becomes -
g } o
mK .
gy = — T _ (2-21)
K, 0 e.(_r::oK + FVm)/RT) (,1 \ 1 . z, ezK (E_ + ‘va)/RT)
: ' Lo oK~ K i -
E, = 4O
S B T Fox
2 2 2 .
NV a - ) . N
CH F Csr Y 2k - F Sger X ¢
: RTd V = 2,4 RT
} d = membrane thickness : a z. = d
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_ . _ v v L _ o
" For the sodium ions, the conductance presents an additional problem which
vdoeé'ﬁot océur in the pota;éium Copductanée; :itézincrease ié oﬁly té@po-
-rary and i:'disappears even undgf a‘cbnstént poténﬁiél. ‘ |

’.:Tbvexplain such a phenomena within.thé.frqmework of this‘que1  ik
we.use th? possibility méntioned previously;_that.andther'ion can‘beA
inyolved»in.the cbmplex férmaﬁion; It is assumed that anpther fon can
feact with.the sodium protein complex. The hewiéo@plex can be Spchrthat
the_sodiﬁm ioﬁs are much more strongly boﬁﬁdvco the propéins and‘aré noﬁ
ablé.to‘formjas muCﬂ vacancies. if tﬁéir vacancy‘ehergy is only 0.1 ev.,
the SOdiuﬁféoﬁducﬁéngg_Qill be‘Qery small‘: The‘réaction’will be.the' o
Lfollowiﬁg '_v | | | ”

‘A + S Na ‘S A Na i
ho o - : . 3 ,

A + 2z
* Na - ®n  "Na

*ni

NaSe A Ao - TAfL NaSA

(2-23) -

Applying equation (2-8c) to the case of the sodip@fions:we have'CNaSO,

the concentration of conducting complexes when ‘there is no inactivation.

' - ________STNa v . . v :
“Naso ~ ot “Nao . = " %Nai | <2f24?
Lt Ky, QNao  Sat
- When inactivétion takes place a certainﬁquahtity:of Nas is*trénsformed .

into NaSA., - The maximum amount of inactivation.is

Naso ~ CNase © CNasa (223



Using (2-23), (2-24) and (2-25)
. -1 -Zh : -
CNaS@ = K S (CNaso = CNase)
Using the usuél short ‘ ' - .
ch o Thoo “ni
A - AO - Ai
C “Na _ C *Nao c ®Nai
Na - “Na0O Nai
C. = STNaV S
NaSw 2 1 -z -
Na

CNase _ 1
“Naso-

A

The expression for K, and KNa are-

- E ' T
2y ( °hv+ FVﬁ)/RT

Ky = Ko ®
: e (B, + FV )/RT
KNa ‘ KNao ‘
E = E i
oNa ~ . "WNa = “DNa
0
E = E + E

oh CCwh Dh
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(2-26a)

(2-26)

(2-27)

(2-28)




‘With the vallie of C

ductance. The details of that calculation will be given in the next

chapter.

8Na0 ~

NaS

"gNaw %

v = resting potential

CNase

C

h (V)=
m Naso

g

mNa

Exao | T (vmﬁ + hva§> ] ‘“-_»_;_'

+ FV )/RT

(E -
) (1 +-KNao

(1;+ o oNa

1 -z

.C

Na

sTNa “na¥
2 : '
zNa .RT

L (E N —
ﬂa e Na OI\aTF.Vm)/RT) .

The identification of this inactivator -is still uncertain; we know it

canft be Ca or Mg since their removal increases inéctivacion és'was
shown by Frankenhaeuser and Hodgkinr(1957). ‘The potaésium current has

been shown to be independeﬁt of the sodium current. Chandler et al

_(1965)1have'showﬁ that anions are not without importance in the inac-

tivation process: when inside KC1 1{s reduced to‘SO mM and sucrose is

introduce, the inactivation curve is shifted by 20 mv.. If the sucrose

is_replaced by choline chloride, the inaétivation’curVe is restored to

we can calculate the amplitude of the sodium con-

(2-29)

- (2-30)

(2-31)
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its normal p&éition; We could interpret:;hegék}eguicS as shpwing that Cl1
is the inactivator. | |

To- compare our theoretical calculatioﬁ withbékperimental results;
wé have chosen to use the data of Hodgkin and Huxlef (1952&); we;také thé
steady Sta;é potassium conductance for thg différéht‘voitage clamp. values
of the poténtial'and also the ampiitude.of the sodium condﬁctances.and
compare ﬁhgm:;o 6ur equations. A computer program, wﬁich minimizes
 §hisquare; determines the bést values for the pérameters. The calcula-
tions we;efméde by CDC'6600 of the Lawrencé Radi%tion»Labor;tory and the
érogram was_developed'by the persbnnel of the mathematics and éomputing ‘
grbup ofjﬁﬁé.laboratory. |
| | 1We will transform.eqpations.(2?21), (2-29),‘2-30) ahdjluép

many parametérs together to make them simpler to handle.

_ Bk .
gK - , -V/Vo ' ' -zKV/Vo
. (l+Ae ") (L+Be )
Vo= Vp-V
v 'is the applied potential
VR _is.the’resting potentiall o - .
Vg = RI/;»" |
o Bayy W) -0 |
; gNao -V/V -2 V[V
‘ e o N o
(L+TCe )(L+De )
. o L -
bV = z, VIV
: h °

1 +E e




.A =
' le-=
C -~
‘D‘ -
E =

(E  + FVR)/RT

oK

<EoNa

+ FVR)/RT

z
Na oN
e N

+ FVR)/RTA’

(E -+ FV_)/RT
a .R

We obtain.aAvery good fit to the data, as seen in Fig., 1 and 2. The

values of:thé;parameters are given in Table 1,

A B
4.6>;. ;11;0-
c 5 1 b
6.61_.: - 1000.

E
io.sf

The values of zy = 4.0 an
in forming the.potassium protein

sodium receptor protein complex.

a

‘Table 1

4.0

Zha

8.0

2y

4,0

. The value 2z

of charges reQUired_for the inactivation.

21.0
5mNai-'

66.0
h(o) -

0.66

h

= 4.0 gives

zNa = 8.0 mean that four K ions are involved

complex and eight Na ions fbrm the

us the number
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Figure 1 - Steady State Potassium Conductaﬁce .
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F. Leakage Current

{

‘The proposed model to explain.the ionic currehﬁs thfough;thc:
imembraneridoes not exclude the possibility ghat ions couid érdssvtﬁc~mem—u
braneuth;ougﬁ other.;égions outside the spécific cHanneié. For.eXémple_
there couldlbe a diffusiéﬁ of ions through the ‘interstitial positions

,%;ih,the lipid lattice. Tﬁe leakage conductance is calculated from'eqqé-

t iioﬁ“-(2§4) where the mobility i and the concentration C of conducting

charges is independent of x..

The.concehtfation CL of conducting .charges is given by the concentration

interstitial positions in the lattice. The mobility ¢° has the same

expression as before

o= T (E. + E_)/RT
RT (L+e "B DLy

-ap Géifthé distance bgtween'inters;itial positions.. The valﬁe offCL is

. probably;conséant, élthough it could vary with the membrangnpotential;;
more iﬁierstitial positions could be created when the membrane potential ,
becomesziarge.

A leakage conductance g, was found by Hodgkin and Huxley (1952b)

and also a concentration potential V

oL’ They found ;hat g was small and

they assumed it to be constant. Adelman and Taylor (1961, 1962) made more
detailed experiments on thé leakage current and found a rectification in it,
Gilbert and Ehrenstein (1969) and Lecar et al (1967) have found a linear
(possibly leakage) current that was very large when Ca and Mg ions were
removed from the outside medium. Whén Ca and Mg are introduced fhe

linear current is reduced very much., It is known that Ca and Mg ions




- diffuse very, little through thé“membrane.

S1f ‘they. take many of the 1ncer~

stit1a1 positlons 1n the Iipid lattice, the value of CL will be. greatly

reduced; this can explain the observed effects of Ca and Mg 1ons on the.

linear current.

The trcatment of the leakage conductance has not been developed

ve1y much yct in the‘framework of this model. We reserve more develop-

" ments for the future.'
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DYNAMIC EQUAT1ONS

A. Mobility kinctics
There are two processes taking place together during the change
. in the .conductances of the membrane. The first one is the mobility in-
Crease br'aécrease. The second one i§ the variation in the ion~-complex
cdncentraﬂion, The experimental results we have on the time depcndence
-of the.conductances permit us to have only an apbroximate:evaluation of
the firsﬁ’process, the mobility‘yariation; the kinetics of thé conduc~
.tance variations will clearly be dominated by the variations in CQS
Lo . . ’
when.fhe{membrane is depbiarized ffom its resting state. But there is a.
situatibn*whére we can get a élear picturé of the kinetics of.the mobility.
When the membrane has‘been,depolarized by more.than 30 mv from its resting
state ‘for a long time (more than 5 msec) the value of C

, QS

and does ~ not increase any more. If then another increase in potential

is saturared

is.produced, it will show the kinetics of the mobility. Unfortunately
there is only one such experiment available in Hodgkin and Huxley (1652¢);
.but its résultS'are interesting Eecause they'shqw a linear. exponential
increase with time, in contrast with the very non-~linear increase obser-
véd?fof the first depolarizing step. The time constant is about 0.5 msec.
It would be very interesting to ﬁave more experimental results with this
method, in order to demonstrate better thé existence of two separate
processes that regulate the variatioﬁ in the membrane cénductance.

From the detailed kinetics of éonductance changes, we could

have argued that the mobility variations could not be much slower or

-
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faster thah the chemical kinetics. If it is much faster, let us say about -

IO'usec or less,. it would have increased at the same ﬁimé aé ﬁhe,potential
and:ix'wouig have shown a non-linear relation between thé insﬁantaneoﬁs
'chrrent_and.the membrane_péténtial; we know ffomythe’HonginQHuﬁkey
_expe;iﬁents that it'is not the case for the squi&.axons. But-.it might
happen.in_qcher éxons; .for example, in the fr;gis node, ;here‘isﬁaJnonf
linearArelatiOn between the instantaneous.curréﬁt and the potential;

If the mobiiity time constant is larger than’IO psec or 1owef
than Gne msec we would seé a first increase in tﬁe_conductance,'a:satuta-
tion, and then the secoﬁd incréase; in other words we would see twa
saturation levels. Finally if the timé constant is longer than 10 msec,
we wouldvalso obSef?e two levelé of saturation, at least for high dééof
larization. All these afguments apply to the'kinetics of thg potassium
conductance; they will not appear as weil.with the sodium cdnductance
kinetics because of their traﬁsient charactef.  we.céﬂ-§aniude.then thaf
the time conétant for the mobility variation should be bétweeﬁ_oﬁe and ten
msec for the potaésium conductanéé and.betwéenro.l'and one msec:fof the
sodium-conductance; the sddiﬁm cbnductance variations are about lO'timés
faster thén'the pétassium conductance variations. fhe oﬁly exberimental
results (the one méntioned above) we have for the sqdiuﬁ conductancé is
withih'#his range and is about 0.5 msec.

" When the membrane is depolarizedafrom:iﬁs resting state, the
‘increase in conductance produced by the ihcreése in ﬁoﬁility ié small
‘compared o the one pr§duced by the increase iﬁ.complex formatioﬁ. 1t
scems also that with the actual éxperihentél-results we cannot'séparate
the twolﬁrocesses. Because of thesé'réasons we will not introduce any

time dependent equations for the mobility variations. But it is an
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approximatidn that we are making to keep the model as simple as possible;

for a more generallmodel there shquld be a differential equatidn for the.

mobility.

B. Ion-complexrkinetics.

Now we come to ﬁhebkinetics‘of the compfex ermatiOn{ They will
be taken ffqm:éhemical k;heiics; The 6n1y'Bésié thébfy that we have for
chemica1 kinetics_is dérived for gas-phase reaction from tﬁe collision
;heory or the activation theory. |

The yesults afé liﬁeérAdifferential equétions whick for this

-

case would be like this: ) C : ‘

dc -z

S~ ""C. - R_C
e T R Cq % 7 Ry s
. Z
R - Ry
_— [KC C. - ¢ ] =4
K Ry
For the steady state situation
dcC )
Zes L
dc :
and KC ZC = aé'wg have used it to deveiop the steady stage:relatiop

Q S - QS

and membrane potential. When the membrane potential is

between C

Qs
changed, the value of.K is changed and there will fdllowra time dependant

. changé_in C, e until equilibrium is obtained again. We can replace the

Qs »
factor K CQZCS in the differential equation by the new equilibrium value

of CQS cal}ed C

We might Say that C

. We have already developed a function for C

QS QS

is the output, although the
. o .

Qs if the inpug and CQs
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real input is the membrané potential. This transformation is made to
eliminate the equilibrium constant which has already been calculated and

lcavés.only the rate constant.

’d(és-}' ) Ré[_CQSw-.CQS.._] o .(3_1)

:If we attémbt to fit tﬁis equation to the daﬁa on the kinetics
of the potgésiﬁm COndﬁctance, we can easily seé that it does not wofk.
This equation gives a.simple éxponential-function Qf time; the.data-'
shows an inflexion initially which the equation»above cannot give as‘it is.
That differential equétion has been deveiéped for very simplé éases of
Acﬁemibal kinetics énd it could not Ee expééted to work for peaccions accu;

“ring in liquid-solid phages. Many chemiéél.reactiohs occﬁring in sélucioh
“are found toﬁbe>non41ineér'and chefé is no genérall;hédry that Qe'éan.use.
‘The phenomén? of catalysis and the problems of liquid-solid interface
reaction gi;e the the;retical developments comp1icaﬁed and QngolVed
diffibultieg; Euc we can temporarily solve the'sitpa;ion by making em-
piricalvmbdifications of the fundamentaiAdiffefehtiai equation. Among the
mon»iinear chemical kinetics equations, we found dn§ type that wds fitting
the data vefy well and which aiso was }ogically plausible.wichin the frame-
work of opf @Qdel. This type of reaccion_isvthVQUtocalytiq prdcess; 
it meangftﬁac tﬁe‘néw complex férmed.froﬁ the substfates can serve as a.
catalyser for the.formation of the other EomplexesQ At the begining the
reaction gill proceed slowly and as more complexé§ are formed it will
proceed-fa;ter until it has reached its equilibrium state. This kind of
kinetiqs 15 precisely the one we have fbr the increase in the ionic con~
ductancgs. Then it 1is assumed that the prdtéin‘ion comblgx isva cata-

lyser for its own formation. We might say that the substrate is an



enzyme in its inactive state and when ions are bound to_iﬁ, it becomes
vactivé,dnd;catalyze its own actiVa;ion. SUChva_case>is,wclliknown for the
enzyme pgpsinpgen ghich becomes pepsin when activat¢a;.HCL in the stomach
can'actiQaté the énzYme But at .a very sléw rate. But as séonmas.SQmo,of
. y ) . . ) 4

" the pepsinogen is turned to pebsin, then pepsin itselﬁ»caﬁalyses the
;adtivation,sf pepsindgen;
| ‘It is possible that we have é similarxcasé with thc.accivatioﬁ
of the membréne conductancesf Changeux et aln(1967) have assumed that as
the molecu1é$ of the membrané in;efaét with ions outsideAtﬁeLmembrane,
interaction forces between‘neighboring macromolecules may‘élso‘changc;=‘
This hypéthé;is is similar to what we hawve caLied autocatalyéis; The’
kinetié.equations for suChbg process éan be-éxpreééed’simply;_the;rate':

constant is proportional to the concentration of the :Complex:

R3 = Ry Cos * Ry,

: The term R32 is the rate of the reaction when CQS = 0. It
repfesehts_the others ways of increasing CQé when there_.is no autocatalysis.
The differential equation would then be

dc
B - e . 5 LR : )
dc = Cosm = Cos? (Ryp G+ R3p) A S a2

Since the conductance g is directly proportiomal to C and since

\ Qs

we are neglecting the kinetics of the mobility variations, we will have

L= (e - ®RE +oRY - (30

(nd

g, is the previously developed equation (2-17) for the steady-state
‘value of the conductance; R1 and R2 are unkﬁown constants that will be

obtained by curve fitting.> Their only requirements is that they are
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time-independent; but they could depend on many .other variables like,

‘temperature and membrane potential. Equation (3-4) can be integrated

when the membrane potential is maintened constaﬁt.'v

| 8 = dt
(8o~ 8) (R, + R,8) '
1 _ 1 1 1 S
- = = [ + ] o .
(8 ~ 8) (R, + Rg) b Ly - 8) R+ Bt s
L Rl» R,
1 dg dg
+ = dt
(R, + R;g,) (g-g)_2+g
Ry
R2/R1 + g |
Ln. R/ T g (R, + R g ) t
21 _
(gm-g-‘) . (R, +'R.g)
o 2 1 _
Ln = Y(R2 + R1 gw) t

(R, + Ry g ) (g, - 8)

- 'We can see that the time constant is dependeht of g and then

tt is pOtehtial dependent. 'It is also obvious from the differential
equation that the conductance will increase slowly and then faster.
Both of these features are seen in the time dependerice of the Na and
K condgctances in Hodgkih and Hugley (1952d).

| ‘ -(R_'+R1gc;°) t
e R, 85+ R, g, 80 - (R, g, - R2 go) e
& g | - (R, + Rl Ba) €

32 + R1 go + (R1 g, - R1 go) e

(3-5)

.

go initial g
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Equation (3-4) and (3-5) can be applied to calculate the potassium con-
ductance kinetics

dgK ' A

) = - ; ) . ) t A : -
dt (g - g) Ry B + Roy o . (3-4a)

'

The integr;tion gives the same result as in eqﬁafion (3-5) when ghe po-
tential Vﬁ ié congtant. But the sodium COnductance'presents'ah additionalb
probieﬁ; it is only transient. In developing the steady-state equations
we intréducgd an additional hypothesis into our model fo éxplain such a
fact. We assumed thaﬁ some other ions, possibly chlofide, could also
react with the protein substrate for SOdium‘and thereby reduce the‘diffu-
sion of sqdium ions; that process was called iﬁactivation. We have an
increasé:in CNaS and then ? decrease. We make a fifst calculation with

linear differential equations

dC - ;
NaS : 2 _
——— = R -
dt 1 CNa CS R2 CNaS
———gﬁgé— . R3 CNaS'CA - RA CNaSA
t ' .
C.+ C

st ONas T Cnasa ™ Cst

Replacing d/dt by the symbol D we have for CNa

S
pc. . =R c 2 (C C c ) - R, C
© “NaS 1 Na ST T "NaS = "NasA” © "2 “Na$
D C - Y
NaSA = Ry Cu.s €y = R, Cyusa
DC =R, ¢ 2. -c -8 CNSCAY) R, C
NaSsS 3 Na ST NaS _Bj—-a_R_-_ .7 %% TNa

2
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C : R R,
"Na ) D+ R + R, C + Rl R3 CAA ]

+ R 2 4% 471 "Na

Coi o 2 B
I\aS[D + (R, + R,

1

= (D + _Ra)‘ R, cNa Cop : (3-63

It could have a solu-
I .

This a liﬁear secoﬁd order differential equation.
tion which“is a simple exponeﬂtial incréése and éecrease, or it couLd\.
show.oscillations of. decreasing amp}itudes; depending on ﬁhe éonscan;s.

From the experimental data for the sodium conductahce, it is easy to seé

that .there ‘is no oscillations. 'Then the solution will be of cﬁis type

CNaS Ble 1 - Bze.v‘ 2

where,yl‘and Yy can be related to the R's and B1 and B2 dépend‘on initial"

conditions;> Rearranging the terms we have

. B, - (y, - y,) to
Cnas = B1® " [ Lo gfe 2 1’ ] ' (3-7)

This result has the form of an increésing exéoténtial times a decreasing
one. It_is'as if we had multiplied'theYSOIUCion of two first order

‘differential equations; one giving an increase of CNa"to~its'steady-

state and the other one decreasing C from its maximum to its resting

NaS

value. Since we will have to introduce non-linearities in our diffe=

rential equatidn for C as we did for the potassium conductance we will

NaS,

use two independent differential equations to describe the increase and

decrease of C We have shown that it is quite justifiable to do so in

NaS’

Thiscase because there is no oscillation in the experimental results.
That method is much more simple to handle and will give correct results.

For the increase of C we .will have the same autocalytic

Nas$S

process as we had for the potassium case. For the decrkase in-CNaS the



wy
w

$ : ) : 2 s
experimental results on inactivation show a linear process. Then for inac-

_ tivatioﬁ'wé will use a simple first order linear differential equation.

For the increase ofCNas we have
1
~NaS. - LI ! . .
a7 Oaso T Onast (Rs Oyas * Ry | (3-8)

Q
For the decrease ye wil? usg the following
‘-g—z-l:%:(hm-h) - o (3-10)
h represeh;s the proportion of CNas remaining after'the.ihactivacion
h, = 22 SR - (3-9)

© _ C

CNaScD and CNaSO‘are in equat10n}(2-26) developed in the steady state

discussion.
be given b duct "ok
The total value qf CNas yill e given by the product of CNaS h
For the case of constant membrane potential the solution for C&as has
already been calculated and the one for h is . .
. | . | #'Rht
h(e)= h, - (h-h) e
b is the initial value of h
-Rht 'P\xt _
h (t)= h_ (1 - e - )+'h e (3-10a)
The amplitude of CNas will depend on the product of CE;SO (h_+ ho).

It means that this is the maximum value of CN;S; it could be smaller

depending on the time constants of the two proceéses. In most cases h_
is zero, but since for small depolarization h_ 1s not negligible, it must

be introduced. The initial value of CNas has béen neglected because it is

negligible at rest. Because 8Na is directly proportional to CNaS we will



. into one for BNa

transform the above differential equation for CNaS

dt (gNaO ENa INa &Na 2Na

'
gNa é gNa'h

and the ampiitude will be gNaO'(hw + ho)

Putting all the equations together for the potassium and for the sodium -

‘conductance we have

i S
dt By

dg
Na _ _ _ ‘
dt. (gNaO gNa) (RlNagNa + R2Na ) S (3-11)
e ey o o
AR MK VR N € A
- ﬁ oo : L : ’(3 12)
BNa ~ TBNa S 3 )

The value of ng’ gV o and h are glven by the steady state equatlons
(2-21), ;(2-30) (2- 31)

: We have fitted these equations to the Hodgklné and Huxley
(1952d) data. They work very well for the eota551um conductance as can
be seenvon Fig. 3. ‘The values for the constants are given in Table 2.
They also work quite well for the sodium conductance for depolarlzatlon
of 15 mv or higher. For lower_depolarizatiens the experimental rate of
increasevbecomes larger; it becemes.smaller in the model. Also the
rate of inereasc for inactivatien is approkimately constant for depo-

larization larger than 15 mv. But for lower depolarization it becomes

dg . o , :
—Na - -5 ) (R r R ) (3-11)

S . - (3_._.1'2)

B (Ri8 + Ry S (3-13)

® -
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Figure 3 - Time dependance of pdtassium conductance in Voltage-clamp

Temp. = 6°C.
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'éuddenly mUéh'lower. As we saidvbefore,.webdb not  have a fundamental
theory to calculate ﬁhe rate‘consgants for all tyée of.réaccioﬁs.<‘Their
,foﬁmulatiénAare rather empirical; we introduced a special formulation
.fdr,anwapﬁbcalytic process, containing certain cohstants. .Thcsc<coﬁs- ' : -
tants williéértainly'depend on energy and temperatufe.. If'their energy - !
dependeﬁée is not influen;ed”by the membrane poéentialréhanécs, they w;ll

remain constant during the action potential or during a voltage clamp.

We found that it is the case for the potassium.condUCtance‘and for most

~of the sodium conductance. But it seems that the rate constants for

-the:isodium conductance is changing when the membrane is depolarized bet=

~ ween 0 and LS mQ and also the same thing occurs for inacﬁivaﬁion.

. ‘,AASincé this modification in the time constant is rather sﬁarp
and happenstor both acti?étion and inactivation of the Na conductances
at the'séme pbtentials, we,aséume that the conformation of the proteins
are soﬁewhgt'modifiéd by the decrease in membrane poteﬁtial, This mbdi- i
ficatiop of the proteihs‘will_change the rate constants with botﬂ its
reactants.V,Thevproportipns qf modified proteiné compared to the unmo- T

dified bnes being given by the Boltzman factor

P, -_ZNaf (45 - v ) F/RT
P, ° |
2 E l
!
Pl + P2 =.1.0 f
P, = 2y, (45 - Vﬁ)F/RT ; (3-139 o

14+ e

The rate constant for the activation of the Na conductance is increased;

the rate constant for inactivation is decreased or the time constant ™

is increased.



R,
R = 21N4a + R
2Na z__ (45 - V) F/RT ' "20Na
Na . m
1+e
] ’r |
1h
T = + _ L
' R z__ (45 - V )F/RT Toh . (3-14)

1+ e o

We have tried to ignore this refinemeﬁt and we made calculations to
. .obtain:an action potential without these pbténtial dependant rate cons-
‘tants. Welfound the curious fact that we were getting a series of well
graded reponses, just about 1ikeAthose,obtained when synaptic or soma
“membranes are stimulated, in contrast with the axonal response which

is all or none. When we introduced the potential dependance on the .z -

-

. rate constants, we get the all or none response. -Thit modification of
the rate constants is important only for depolarizing potentials below

"~ “15.mv. The change in R a does not seem too important on the experi-.

2N

;menta% voltage clamp record because of the small amplitudg of gNa, but o
we have just shown that it is an important.detail.

There is still the fepolariiatibn of the conductances to be
formulated. - When the potential in voltage clamp is returned to its
‘resténg or any oﬁher value, the kinetic equations are not neceSsarily .
the $ame, especially for the autocatalytic éroéeé;,

" The decrease of the K énd Na.conductancé does not have ‘to be
autécatglytic. Expcriments by Hodgkin and Huxley (1952b) show that the
decrease of both conductances seems to be.liﬁear. Both processes were
tried aﬂd it was found»that the linear one was fitting better. It was

also found that the linear process is also better for the action poten=-

tial; the time it took the membrane potential to return to its resting
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state was too long for the non linear decay. Then the autocatalytic rate
'iS'feplaced by a constant rate in the equation when the conductances: are:
decreasing. Thc,po;ential dependent rates stay the same; inactivation has

the same kinctics for increase or decrease. For .the decrease we have, .
. ) . ‘s

dgy , . _ ' .
T (e - 8y) (R3K_+ Rox) - (3-16)
dg . .
“Na _ Lt v
dt = (Bnae " Bna) (Rang ¥ Ryy) ‘ (3-17)

Wéfﬁﬁst'ﬁgiﬁEﬂéhf ﬁhéfﬁphe ing}dduction of diffeféntiréﬁésvinto the
differential'equatiop (3-135 and (3-11) is not absolutly neceséary; The
improvement of the fi£ én the data is réther smail and it might not be
worthwhilevt§ use equation (3-16) and (3-17) with somé oﬁher data.

The same'éompﬂter programm has been used to find the best values of the
parametefs.to fit the data taken from Hqggkin and Huxley (1952d) by
.introducing the integrated equations (3-5) and (3-10a) and the steady
state eguations (2-21), (2-30). The fit is quite éatisfying asvshown_

in Fig. 3 and 4. The values of the constants are given in Table 2.

Table 2
: ' 2 L . -
Kilo-ohms-cm” /msec msec msec
RlKv' _ Rox v Rk
0.08 S 0.05 0.5
F.l.‘Na ‘ R2ONa RélNé R3Na o -
0.25 0.25 5.0 3.0
S T T

1-'0 800



o Datao
O Calculated

109
o— © ®
100
: "c} & ©
N ] 88‘ _. -
f @ & -©
e
Ll
ElE re
Clo .
Of ¢ \Ca & S @®
£ |0.0M A
o 63
et 0 A © S & 9]
o 10.0[ & : ‘
51
0 n . °
- 5.0y, ';8
O —— & ®
5.0t 32
O © e ®
0O & &
1.0 feo 19 - ~
0§ 9 —9
-0l 10 , .
. ~ U O
Ot 6
Cl()g;’ (3 ) CB -

0 10 20 30 40 50 60 70 80 90 100 1.0
' t (msec) -

XB8L687-3234

Figure &4 - Time dependance of sodium conductance in Voltage-clamp

Temp., = 6°¢C.

61



»

C. Hyperpolarization

There are importent results that'were obtained by Cole and

1Moome;Gl960) and which should also be explained’by;our ‘model.: They -
' hyperpolarlzed the squid axon membrane in voltage- clamp aqd d3901arized
it to_the sodium potential in order to eliminate the sodlum current.
The potaésium current was then obtalned direetly as a funceion’of time.
.The stricking difference with the uormal'potaSSiuh.curreﬁt is its longer
initial delay. Using the formulation developed by Hodgkln and Huxley.
';(1952d) they couldn't fit their data; the fourth—power orlSixth-power“
expotentlals cannot possibly even approaeh these feSults Cole and
Moore (1960) had to modify the fourth-power to a twenty flfth power

in- order to fit their data. These results are_really alhard blow..

to whateve: model could be behind the H-H formulation. A differeue
approach {s neeoed to explain such kinetics. Ourrmodel'Brings a diffefv.

rent idea.to explain the kinetics of conductance chénges. The initial .

rate Oftincrease is given by (RlKgK +'R ). lf R KgK is very small
initlally, then the rate is given by th until RlKgK becomes larger
chaan2 We see that by adjusting the constants R1K aﬁd R2 bwetcan:

explain about any length of delay. From the curve fittlng we have made

with the H-H data, we determined the constants R1 and RZK,we have

RlK = 0 08 Kohm-cm /msec and R2 —‘0,05 msec'I; When the membrane

is at rest-the initial value of g is around 0.3 mnho/cmz..‘The ini~ ~
tial delay for depolarization at the sodium potent1al is short about
0.2 msec. We can see that as soon as 8 has’ 1ncreased to 3 mnho/cmz,
R2K is negligible.

Now if the membrane is hyoerpolarized to -120 mv below the-
-6

resting potential, the resting value of Bk is. brought down to 10

mnmo/cmz. That means RlKgK is about zero initially. The initial rate

Ty
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.

of increase of g 1is
, _ T K
.dgK s )
== R = 0,05 = 1, T L -
Pt 2KgKco 0.05 x 24 1.2 mmho/msec 'cm

From that we can evaluate how long it will take for 8 to reach the
'rgsting Valug of 0.3 mnho/cm2. We are justified_td uée the above

is still smaller than R K'whén 8y reaches its

.equation, bc;ause RlKgK . 2

ﬁormal résc;hg value. It will take 0.25 msec tobgK FO'reaéh.the
resting vé&ug. From the data of Cole and Moore (1960), we see that this
 hi$”jps£fabbut the differencevof delay obéerved between.the'hyperpola~
rizéd aﬁd'ghe normal state. .
.  There is énother important fact demonstratgd by chése'eipe-
‘riments: ﬁhe sodium current does not seem to be»affécted by the hyper-. . T
polarizaﬁiéﬁ. Our rate of increase for the sodium conductance is
' (RlNag&é +iR2Né§’ the value, we found'fo; the consfants by fitting our.

= 0.25 Kohm~cm2/msec and R between

. fon to the H-H data are -
equation . to e H- a g are R 2Na

1Na
5/0 and.0.25 msec =~ depending on the value of the depolarization. The
initial raté,vwhen the membrane 1is depolarized to any potential. beyond

2

30 mv,*ié Ow25.x 10° +VO.25; that means the initial rate is 0.25 msec-l.

Using the same method as for gy to caiculate the time it takes for BNa

to come .back to its resting value of 10f2

mmho/c;m2 after it has been
reduced by hyperpolarization, dgNa/dt_= RZNagNaw.taking BNaw
10 mmh‘o/cm2 for V= 30 mv, we have 10-2 = 0.25 x 10t and t = &4 x 10‘-3 msec.
. The yaLué.of.t 6btained'in this w%y gives fhe difference in delay between -
é normai and é hyperpolarized conductance; we'sée-that the Q¢1ay will not
be obsérved, as it was found by Cole and.Moore'(1960). These results

bring additional support to our kinetic theory, which at first might seem

rather arbitrary. The kinetic situation for the potassium conductance is

-




’ b . .
"~ well explained by our model. The situation for the sodium conductance 'is

more complicated because of inactivation and.also because of these poten= .

- tial .dependant rates that we had to introduce. " Although ye believe. the .
basic theory to be correct, there is a nced for more refinements and more

fundamental. calculations. We reserve this for future work.

D. Action Potentials

To show the performance of the model nerve in.the normal situa-
tion where the membrane potentilal is free‘tp modify itself dependihg on

the currents, we will use.the well known cable equation .

b d’v _ v . : ‘ R

—— e = —_— V - . V-V s -

202 Codr T 8k (V- V) Fogy (V- Vg )b g (V- V)
Vﬁ‘z VR-V VCNa.= vﬁa -VR . VCK - VK _VR _Cm =.1.0 L.Lf/cm2
V. =V -V b= axon radius P = resistivity of axoplasm

We will first examine the space-clamped action‘pdtenpial which simplifies

greatly the cable equations because

Introducing the functions for 8Na and By» OF rather taking the four
differential eduation,'and'integrating them numerically we obtain the
space-clamped action potential. We use an initial value for V, and the

initial values for the conductances.

o4




Co qr = Bg (V-V) + hgy (V-V ) 4 og (V-V))

dg! i
Na _ 1 .o . dh .
ac T Bnay B Rana Bna T Rana) s q T Ry ()

T (8o ~8) (Ryy8g + Ry

Tﬁe‘ihﬁggfatiop was made with a computer progrém.dhose numérical inte~

. gration procédure was based on a fourtﬁ-order Adamé-MoUlton predictof~
Cofrector_wi§h startingxprocedﬁre based on Zonneveld?siformuié.' This
starting procedure is of Runge-Kutta type, but brovides’an eséimate of
the truncagion error at eaéh step. The progrém:w55>deyeloped byIL.P.
Meisénéf.of the mathematics and ¢omputing'group of the:Lawrence Radia-
tion Laboratbry at Befkeley; lThe calculations were made by the CDC 6600.
Introducing a simple printer plot rbutiné, we ‘obtain a p1§t"of_the action
potential directly with the nﬁmericél results; Qé'éiso.havé the sodium
.and potassium curreﬁts or conductances at the same gime. 1:115 a simple.
-and fairly répid program to use; it takes about'fqur.seconds.for an.
acnion;potehtial lasting 10 msec in real time. The results are quite’
good as -shown on figure 5. We found thaﬁ an initial depolarization of

13 mv waéhthe one that'compares_;he best with the data; the latter has an-
Vinitial;depélarizatioﬁ of 20 ﬁv‘whiéﬁ.déc;eases té‘about.ISVQQ‘before |
firing,_while oﬁrs does not decrease before firing: we can say that the
experimental initial potential is 15 mv, which.is>fair1yiclose to our
value of313‘mv. The space-clamped action potential gives us a fairly
good ideéfdf the actioﬁ’pbteqtial produced at the ﬁoint of stimulation;
we get aﬁ actioq potential which 1is ﬁugh mo;é.liké the one obtained

experimentally on an ordinary axon when we use an initial current
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instead of an initial potential, with the same equations. We seec the

: subthreshoid'response and the thréshold potential and currents; but

-except fbr the initial rise of the aCtibn'poténtial, both results are.

similar.

:_ It has been showﬁ experimentally that the_action-poténtial

" propagates at constant speed; this can be introduced into the cable

equations to simplify them again.

2 2

62 - g - < ; "0 = the speed of propagation
4k n .
b '—d2V=C -d—\—’+1 %1 + 1
2 4l m dt Na K tL

2p 8°

'Using the same computer program we-can integrate this equation and
obtain the propagated action boténtialﬂ The procedure is complicated by

the known fact that the voltagé'v goes to plus or minus'ihfinity if 6

is not very accufa:eiy.determinéd. So we have to go_by'tfial and error,

to find a vaiué of © which stabilizes the potentiar. Six to eight
digits in 6 are usually Sufficient to obtain the éction poténtial until
its point. of undershoétﬁ 1t compafes well with the data taken from
Hodgkin and Katz (1949) as seen ogvfiggre.6. The spéed we found was
12.6 m/séé; The caichlateé éétion“poyéntia1 wi11.have'different ini-
tial delays when we ﬁse different inifiai.depb}arizations.‘

The complete cable equatiéns werevintegfated numerically

~with a computer prdgram developed by Cooley and Dodge (1966). They

showed the theoretical action potential does indeed propagate at cons-
tant speed at a distance of one centimeter from the point of stimulation.

The action'potentiél obtained 1s éSsentially the same as the one obtained

-
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frqm>the'apprdximate cabIe equation for the propagéted actiqﬁ,potential;
‘Theif action potential at x = 0 is similar ﬁo the one obtained from

ﬁurrénh sﬁimdlation with the space-clamped axon. Thus we can %ely'quité
~satisfac£orily on these fﬁo ordinairy differential equatiens as-approxis
.matioﬁsf. Tﬁey are much simpler and shorter-to use, than the wholé.;ablg

equation. -

E. Temperature Variation

’  fThe steady-state amplitudes of the conducﬁanées will vary with
temperéfure, as can be seen from their formulas. 1If the résting pbteﬁtiél
is maintained'and the temperature increased, we_éhould observe an increase
in thé'réstiﬁg value of the conductances. For.any potential we should
observé‘a difference betweéﬂ.tﬁe-COndﬁctance.at a low and high temperéture;
wﬁen the.ﬁembrane is around zero, the'exponentiél factors are negligible,
and the'émplitude of.the';énductances'should increase much 1e$s with tem-
peratuté, 1f we take the plot of g versus Vﬁ; we should have a shift of
thel curve horizontallf and vertically. The vefﬁiéal shift is caused by
the 1ﬁcrease of the maximﬁm value gm; the hérizontal_shif; is caused
by the'exponential factors. We can make some predictions of these changes’
for ihe potassium conductanée. |

For temperature increéses; at the resting<§otént1a1 we.should
multiplx the potassium conducténge by a Q10_°f a least 1.5, 1t could be
more than that because therg are many undetermined comnstant in our theory.
That value is calculated from the exponential functions of temperature
that are appeéring in the steady state equation for the conductance.

1For temperéture increases where the membrane poﬁential is

between 0 and -30 mv, we will observe a smaller increase in the conductance,

69
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because the'chemical reaction is'sathrated and there‘feméine,only the in-
ccrease“inntne monility. For memnrane potentta;s:ctvabout 25 my,:the'QiO'
is‘atchnﬁ-i.Z,'and it will be abont l.l‘fér zeto membrane.potential. We
.have very llttle data on the temperature dependance of the conductance,
Hodgkin Huxley and Katz (1952) gave a few results and say that.the
amplltudeslof the conductance can be corrected_for temneratnre changes
by using a Q16_=”1.3. They found Qlo'rangingvfrom 1.0 te 1}5,1this is
quite ianCCOrdance with this theory. B

tl‘Hodgkin;VHuxley and Katz (1952);found that the rétee of in-
crease and decrease of cﬁé conductances were yery much dependent on the
vtemperature they obtained an average Q) = 3.0;, with variations going v
between 2.7 and 3.5.

in‘this model a Q10 of three is quite.notmal-to‘expect since'

the kinetics of the conductances are dominated by chemical reactions
whose'Q10 are normally in the range of 2 to 6:_ The Q10 is dlrectly '
related to the energy of activation in the theory of rate processes for
simple chemicelbreaction. If the rate of a reection can be expressed as

- E, /RT
ja

The QIO can be obtained from.the ratio
(T +10) 10 1-:ja/T_2
Qo = R, (T) =

The product T (T + 10) is approximately equal to T% when T is
aroUnd.300°K. From the QlO we can-Calculate the energy‘of activation,
E. for each reaction.

ja : :
’ -For the range ovalb'between 2.7 . and 3.5 we obtain energies

of 18-23 Kcal/mole or between 0.7 ev and 1 ev. These energies are of
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the ordgryéf those.fof ehemicalvbonds and.afé'mgch higﬁerv:hau the
surféce energies that we have'introduced for the:equilibrium-constantsﬂ
;Thevgnefgies invdlved when the membrane poténtialﬁis changed .are small -
compared to these écti&ations energies. Nevertﬁelegs the amplitude. of .the .
depéléfization should modify the Q10 a little.
At first we tried a Q10 ,'3.0 for ali fate ﬁonsfants.
When we introduced these QlO into the equations, we found that
the amplitude of the action potential at a just'threshold stimulation
. Was. rathe1 low compared with the data, although it reached its normal
]amplltude for stronger stlmulétlon. We 1ntroduced a Q1 - 2.5 for
inactlvation and»a Q10 % 3.5 for activation of Na ;onductances. ‘These
~values éfe still within théAexperimehtal resultsvénd give é much higher.
amplitude for a just threshola stimulus. Sinqe_we.did not have that "
~ problem at low tempefatures,nwe conclude that»this_difficﬁlty is due
to thé.hiéhly approximate'determination of the tgmperétﬁre dependence
of the conductances. A éomplete set of céndgctancé cufveé in voltage
clamp at high temperatures would be'needéd td.déﬁermine more accurételyﬁ
the effe;t of temperature on the different rate constants. Space-clamped
action potentiagl for many iﬁitial dcpolarizationéfwére caicﬁiated at
ZO.SOC. One takeﬁ from the da;é 6{ Hodgkin and Huxley (1952d) was com-
pared with them: it fits well with one of ours which has an’initial
depolépizatiqn of 11 mv, as shown on figure 7. The ac;ion botentiai '
from the data has an initial minimum.potential.of about‘ls mv. The
differenée_between fhem is probabiy caused byva differénce‘of threshold.
 A proﬁagéted action p@tential for é témperature of 18.5°C is .
shown in figure 8. It is compared to an actibn_potential,takeh f?omj

Hodgkin and Huxley (1952d): they are quite similar. The speed of
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propagation is 23 m/sec for the model axon and 21 m/sec for the experi-.
mentalzaxbﬁu. The Q10 for the speéd_of.bropagatién is 1.5. Iﬁ isviniohe
~usual Taﬁéécof Q10 observéd for éondﬁction velocity,in nerve_fibofs,

We .canialso calculate the propagatgd éqtion pbtenéidi for Various tempes” -
ratures. We find that the speed of propagation'in;réases aimost linearly
with témperature up to 35%¢ and then decreases. The amplitudc of the
action,ﬁogéﬂtial decreases continuously with temperature to disappear
_completély'at 4200. The average amplitudes.of the aCtion‘poténtiéls_'
for sqgid:axons were measured for different temperatures'by Hodgkin aﬁdﬁ
KatZ’(nggj;. Their results with our calculations are shown on Figure 9.
The agréemeﬁt is quite good invspite-of the'facg thét'our parameﬁers were
célculated.fof one particular axon data. The temperature they reported
for the'disagpearanée of thé spike isr38°C which is close ﬁo the 42°C we

' found for the model. The reason for the disappearance of the spike as

suggested. by Hodgkin and Katz (1949), ié becausé the Qlo'of thg rate of
rise of the action éotential is smaller than the'Qlo for the:rate of its
decay;.The increase of potential depends very mucb'bn the membpahe capaci; ‘. i
. tance. Its modification will affect strongly the iémperaturevdepcndence
of the amplitude of the ;ction potentials. A smaller éapacitance wil;
make Cﬁe'potentiai rise much faster and c§nsequéﬁ§1y i£ will disappear ' gy
at avﬁigﬁéf temper;turé. dﬁ course modifica;i§ﬁ in the Qlo's for the | : f
rate précéés or thé-stéady staté'émplitudeslwill also change this.fem- : e
peraturé”depcndencé, but it is interesting to note that qnly‘a.small' _ O
decrease of the capacitance'is‘sufficient to do ip..-We‘tried'a capaci- 
tance pf'0.5 Hf/cmz; the results in Figure 9 show a shift of 8.

We also tried a capacitance of 1.5 pf/cm2 and we fdhnd.tﬁat it gave

_results extremely close to those given by the experimental data.
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We do not .hiave any average value of the capacitance.in the experiments of"
Hodgkin:and Kath(1949) but values found by Curtis. and Cole (1938) are
scen to bg between 0.6 and 1;6 p.f/cm2 with an average of 1.1 uf/cmz.

As mentipned by Hodgkin and Katz, their results are scattered because

of the. conditions of the fibers and those with the highest ‘amplitude
‘are more representative of the real situation. Our result with 1.0 uf/cm2

comes close to the one given by fresh fibers} On’figure 9b, we show the

speed of propagation against temperature; the decrease in the capacitance
o 2 ' . ; .
from 1.0 to 0.5 uf /em™ has resulted in very large increase in the speed

of propagation.
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- IV -

GENERAL PROPERTIES OF AXONS

~There is a éertain number of experimental features of thc‘nctioh
,poﬁgntiél which Shoﬁld be verified by tﬁe model axon:'threshold, refractory
period, .accommodation, iﬁpedancé change, net ionic fiuxes, strength--
duration characteristic and repetitive firing. Hodgkin and Huxley (1952d)
used theif-ﬁheory to verify'tﬁe first six propérties'and Cole et al;(1955)
'.'theglaét‘CWO. All caiculafions yielded ;esults in accordance with experi-
‘ments. Since we have the séme theorgticai'results for the conductances,
and sincé we used the sahe cable equation,‘we shopld verify all these pro-

perties without difficulty,

A. Threshold Potential

- f'Tﬁe threshold of firing can be obtained from this model. If the
potentiél is increased to 6.7 mv, there is no firing, but if it isviﬁcrea-
-sed to 6.8 mv, a;spike of full amplitude is obtéiqed, A threshold of- 8.5
*is gbout "the one obﬁained'eXperimEntélly by'Hddgkin and Huxley (1952d,

- Fig. 21). When a 12 mv potential is aﬁpliéd, there is a rapid capacitive '
surge foll§wed by a decrease of potential to either 8 or 8.5 mv. If it
‘decféases'to 8 mv, there is no firing, but if'it_decreases to 8.5 mv,

firing occurs. It is then assumed that the threshold'is_S.S mv. We did

not include provision for an-ihiti;l capacitive surée in our model. There

is only a small initial decrease in potential 50 thaﬁ thevinitial potential

is the oné that produces tﬁe spike. At a temperature of.18°C, the tﬂreshold

of firing is higher; wé obtain a spike with 7.7 mv; but not with 7.6 mv;

There 1s no reliable experimental determination of the threshold at 18°C

in Hodgkin and Huxley (1952) bﬁt that value is in the normal range

-

usually observed.
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ﬁagiwara and»Tasaki (1958) mentioned that:thresheld of firing
QaS“always-between 10~15 mv for a temperature‘df 21-220C.‘ Tﬁey considered
as threshbld-the max Lmum syﬁaptie potential'aﬁplitUde for‘which there. was
no firiné..fWe caﬁ obtain similar synaptic.potentiaie;by using'avcurrent :
stiﬁﬁlus,in the epaee clamped equations. 'For_a curtent:stimulusvofES.Sl
uAIsz we bbtatn a’maXimﬁm subthreshold potential pﬁill mv at 22°C.l'
If we<use,e}potentia1’stimulus,‘we find tﬁat 8.1mv is the mgxihum.i¢itia1w
.potential.stimelus_before firing, and the spethreshold potential incteases
to 10 mv.t'These_results show that our value of thetthresheld péteetiai is

welllwithin the range of experimental thresholds.

B. Current Stimulus

‘:iIf'we Stiﬁulatevwith“a constant\curreht_density we also have a
threshold. ‘At 6°C a step of 2.4 uAjcm is'producing a Spike-but 2.3 HA/,cm2
does not as shown on Fig. 10. For 18 C, a step of 6 7 pA/cm will produce
a spikeﬁ ‘These threshold values of a current stimulatlon give us the rheo-
base current .of the strength dutation’turve.b It was found by Hagiwara and
Omura'(i958) to be about 9 1.1.Afcm2 for teﬁperature around iSOC. They also
give their experimental strength duration curve'taken from a space clamped
axon. We_have calculated it for iBOC and{it’is_plotted en relative time”
and eu:rent scale as ustal, The telative scale.curQe does not ‘change with
temperatﬁre or differeht-rheobase currents. As seen on Fig. 11, the -
egreementvbetween theory and experiments is ver& good. The theoretical
and expetimental values of the constants are given in Table 3 below.
O is the rheobase current. At short tlmes, the strength duration curve

can be approximated by It = Qo' This is the empirical equation to deter-

mine the threshold amplitude of stimulating current. necessary when this
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A

current is kept for a time t. Q. is the area under ‘the current pulse and

0]

/it islconstant. With the ratio of Q1 = Tos we have what is called the

- time ‘constant of the strength-duration characteriStic; The constants- are

-.not the sameibeqause the threshold for firing is highef in Hagiwara. and

~Omufa'suagon.than in our model axon obtained from the Hodgkin and Huxley. .

data. ; f _ v : o
Table 3
Current - Charge: _.Timé
IO _ 'Q0= o T L
‘?Model , ' 6.7 A/cm2 8.5 nCoul . "1.25 msec
Q;Experimentalf ..9_ A/cmz' 18 .nCouL. 2 msec -

C. Ac;bmﬁodétion

.VAccdmmodétion is a property éf the-axbnvthatfmakeé'itvunfespone
sive to aisiéwly increasing current stimulus tha£:reécﬁes an amplitude
fbeydndfthréshold. Hagiwara aﬁd dmura (1968) tésted'ghevaccommoaatioh
'propefty"of the space ciémped'squid‘wi£h.a 11neé¥1§ increésing stimulus;,
They fduhd that the aétionrpdtentiai disappearedeﬁén‘Ehe;slope‘was lower
than a 1imjt~valuef As wgll asze can evaluate“it from these.ploté,,it
seems>£hatba.rété'of 1.6 WA/msec is low énough.td prévenf‘fbexfirihgvbut
3.0 pA/msec gives a spike. We tried our'modgl axon'with a linear_incréase

of current stimulation, using the space clamped equations and we found
that a:rétébof 2.0 pA/msec was not producing,a'spike;_but_2.5 wA/msec
was giviﬁg a spike (Fig. 12). This 1s in close agreement with'the'

experiments.
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D. Time Dependence of Currents

‘The time course of the currents and the conductance during an
action’potential are shown in Fig. 13 and 13b. The total change of con-
ductance is seen to be similar to the data of que'ahd'Cu:tis (1939) and

. the results&bvaodgkin:and Huxley (1952d); our I,

and I, currents are:
Na K o

quité,thejSamé as those shown in Hodgkin and Huxley'(i952d). From tﬁe
CUrreni chfves weAcah obtain the net flux of Na and.K ionsvdgging én
ac;ion poﬂgnﬁial'by integrating unqer each gurve; _For Na énd K we obtajn
a value 3{6 pﬁr‘nol/‘cm2 at a teﬁpgréturg'of LS.SOC. Tﬁﬁt is quite close to
the expe?iﬁenﬁal results of Keynes and Lewis (1951) who obtaingd<3.5 p

mol/cmzAféf Na and 3.0 p mol/cm2 for K at 22°C.

E. Reffactory Period

.fhe refracto%y period i;va wgilvkhown property'of1the action
potential;“'lf we stimulafe the axon at any timé dqring'its course it will
not fire~again before it has feached aBout the middle of the positive phase.
As shown b& Hodgkin and Huxley,(1952d); this is due to the delaje& rise and
fail bf‘tﬁe potassium,coﬁdugtanée énd of the godium»inaativation. When they
“have partially returned to their resting value tﬂeré will bé.a spike of;
reduced ampiitude."This ig-tﬁe'relétiye refractory pefiod, thle the -
absolute refractory period is wﬂen tﬁévaxon does ndt fire‘atrall, This

model also shows the two refractory periods. Figure 14 gives the results-

of stimulation at different times during the space clamped action potential;

they compare well with the Hodgkin and Huxley (1952d) data.
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F. Repetitive firing

vCore-et al. (1955) demonstrated theorétfdally}that an.axoh will
firewrepeetedlyvunder a constant current stimulatiﬁm. They found that a
7:spacp;ciampcd axon under a constaﬁt.cufrght will fire only once if the
 intehsity,is less than 7.5 pA/cmz; 1t will produce a finite train of
gpikés for'stimulating_currenc.between 7.7 and 8.0 pA/cm2, indefinite
trains from_8.lvto 100 uA/cm2 and‘beyond that only one spike fﬁllowed'by
.oscillations. Their fréquency of firing was 200/sec for 8.1 uA/cmZ and
‘increased .to 350/secvfor 50 uA/cm2. We have tescgd.this model-fof repe-
titive firing and we found similar»resulté. Repétiﬁive spikés starts with
a currént of‘1O pA/cﬁz'and have a frequency of QOO/sec. At 50 pA/cm2 the
frequency feéchestOO/éec. The amplitude cphtihuouély.decreases as phe
freaugncf:iucreases because the K cénducfance and the Na inactiQation dé
not havg:tiﬁe to return to their resting values. vThe large constant
current.keE§s the K conductance.and tﬁe Né'inactivét§on‘at 1arge ambli?
tudes. When the current.becomés to. large, only tﬁéﬁfirét spike will be
Prodyced‘becéuée the inactivation and the K conductéhce are maintened gtl
their maximum. Figure 15 gives a few examples of these results and Fig.16
gives a plot of frequehqy against the stimulatihg'cgrrentbamplitudef
| .Hagiwafa and'Omurav(1958) made experimeﬁts-witﬁ a constant
cufrent sﬁimglation‘on_é space claﬁﬁed squid axon.. They foUnd a fre-
quency éf about‘ZOO[sec for a minimum current intensity that produce
‘repetitive firing and for about three times that current they have a -
frequency of about 350/$ec.4 In our model a current stimulus three timeé
the minimum give; a frequency of 330/sec and the initial frequency is
200/scc. .Tﬁevcorrespondance between these theéry énd experiments is .
quite femarkable. But there remains.an iﬁportaﬁt.problem. . The experi-
mental repetitive firing of Hagiwara and Omura is never ﬁore than a small

: ' P
finite train of three or four impulses. Weé cannot explain these results
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Figure 15 - Repetitive firing with a constant current stimulation.
Space-clamped axon.
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with our theoretical model neither does the H-H model predict such behaviour.
.We can introduce a modification in this model to explain such facts. 1t seems
that the after effects of the action potential can produce these finite trains

of impulses.

G; 'Aftgr Effects
| The only after'effecf present in thé‘tﬁeoretical‘axon is the.rapid~

ly disappearing low amplitude oscillation following the sbike. Amoﬁg the
experiméntally‘observed after effects is the negative‘after potential and
tﬁe-deprease in positive overShqocAof the spfkc during repetitive responses.
:Frankcnﬂaéus¢r>and Hodgkin (1956) investigated thcsc‘phcnoména and conclu-
.deq>that_£hey were'caused.by the accummulation of K ioné near the outside
surface of the.axon, thereby modifying the vélﬁe of VK and the resting
potential.

The space for this‘diffusionAprdcess around the axon was calcu-
latgd tp»bé_around 3002 thick. They derived:én equation whicﬂ gives the .
time vériation of the potassium concentration in that space. That function

will modify the value of V., and of the resting potential. It will also

K .

modify the potassium conductances which depend on concentration. The
results of Frankenhaeuser and Hodgkin (1956) can be applied to the situa-
tion of repetitive firing and explain the cessation of the firing with a
constant current step. In this aadel, aﬁ inc;ease in the external k+
concentration CKO cén increase thé'value éf ﬁhe potassium c0ndgctahce of
the membrane 8y About ékﬂd of K ions are 1iberated per impulsc and di¥ fuse
away quite slowly, with a,time constant bgtween 35-100 msec. When the
spike; occur every, five milliscconds,“almost,all the.K ions liberateg will

remain near the membrane. Four spikes in 20 msec libcrate 8 mM, and if the



* . _
time constant for diffusion is 50 msec, about 5 mN‘will be present near
the membrane after the last spike.

‘Frankenhaeuser and Hodgkin (1956) have. assumed that the concen-
tration GRO near the_membrane was reduced following an expotential time
dependance, after each spike.

-t/7

k0 = ko0® -t Cxop

CKOWA is the normal potassium concentration when the axon is at rest.

(\J O . ] .

T is the diffusion time constant, and CKOO the accumulation of outside K+

ions, released during each action potential. CKOO depends on the amount

of ions, SKOO liberated per cm” of membrane and on the thickness A of the
int 1ich the ions are accumulated. ¢ =8 A. S, is calcu~

space %ngo which are accumulate K00 KOO/ koo 1s calcu

lated from the potassium current for each spike. CKO is'continuously'.
introduced in the ﬁotassium conductance during repetitive firing. We have
tried many values of )\ from 502 to 3003 and many values for T from 30 to
90 msec.. Calculations were made using st;mulus amplitudés from 10 to

70 pA/cm?.' We found thaﬁ the relatively long time constants T did not

influence the repetitive firing so we used the median value of 60 msec.

. : o .
~With a space thickness X of 50A we did not have any repetitive

firing. Only the first spike was obtained for a11 the stimulus amplltudes{

For a space ‘thickness of 15OA we had only one spike at 10 uA/cm , two
spikes at 20 uA/cm , three spikes for 30 and 40 pA/cm and two spikes for
50-70 uA/cm followed by a third one of very 10w amplltudc The results
are shown in Fig. 17.. For larger space thicknesses we obtain longer trains
of impulses. It seems that the most interesting results are with the-space
thicknesses of 50 and 1504, because they give results in good agreement
with the experiments of Hagiwara and Omura (1958).

It seems reasonable to suppose that this accumulation of K ions

is responsible for the finite train of impulses obtained when'a constant

&
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current isfépplied on a'spa;e clamped axon. But direct cxpcriménts‘shoUXd
be made to find out if it is really the cause by measuring cxternal potas-
siﬁm concgﬁtrations dufing aqd:after a ?ebctipivcvfiring préduccd by a
cbnstanc éugrunt on a space-ciamped éxon. | ..

~This high freqﬁency'of»firing that is abserved for avéonstant
stimulus makes it hard to apﬁly the model for the sensory nerve cells
which usgally respondeith a mﬁch 1ower‘frequencysto a cbgstant stimulus,
In the optic nerve of the squid, the'frequency.éf firing recorded is 25/sec
for a minimal light intensity., It incfeases to 75/$et when the intensity
§f 1ight_i§ increased by a factor of 104. These fréqueﬁcies'are much lower
than the smallest frequency observed for a space clamped squid axon.
Here again we could use the Frankenhaeuser and Hodgkin space tofexplain
this difference. "Let us use‘a'space thickness.of 50A.,  The K ions accu-
ﬁulated aréund thergxon aftef an impulse, and“ﬁelay the fifing of the next
impulse by a time long enough f&r.tﬁe K ions té diffuse away. For a
25/§ec'frgquency, there is 40 msec 5étween'im§dLses, which is' about the
time constant of.the diffusion process of the Kvioﬁs, Hagiwara and Omura
(1958) found that most of their axons fired>on1yvoﬁce when stimulated with
" a constant current. If the K dif fusion process is involved as we suppose,
it shéuld‘be possibié ﬁo observe another impulse aBout.4O msec later. ”
We can conclude ﬁhét the actual model of the nervc.celi can probébly be
applied.to sensory cells. It shouldvbe_ﬁoésible to solve mdst of the
questions of firing frequency and disappearance of firing by a proper
knowledgeAdf after effects. It is also nécessary_to know'forrsﬁre if the
constant étimu1us on the sensory receptor is t;anéformed into a constant

current on the axon.

|




H. Stability of the Action Potential

An additional property of the model thaf‘we want to demonstrate E
is its stabilicy with respect to random varintiqns of the paramcters. The
value . of tﬁé parameters we obtained fdr this modeifﬁannot be expected to be
very accurate and aiso not to be the same fof allxaxoﬁs. These pé;amcters
Qere determined mostly from the data on axon 17.froﬁ Hodgkin and Huxley (1952d);
if the médel gives'a good representation of che»éé;ion potqntials in many
nerve cells; a reasonable variation of the parameters should not modify iﬁ
appreciably;: We calculated two space clamped.aptién'potehtials, one for
20 mv and ;he other for 90 mv initial depolarfzation after having introduced
a £ 10% randovaariation in all the éaraméters. " The action potentials were
"very little differeh; ffom the nb?mal one. The threshold is slighcly'modi-
fied. Siﬁc¢ in the living ce11 there are ;ontinﬁous fluctuations we can
e*pect cﬁaﬁgés to o;cuf.in‘the paraﬁegers and conséquently a certain range
of variétidﬂ of the éé;ionvpotential, thfeshoid, and»oﬁher propér;ies of

the axon. The model can easily tolerate such variations.

I. Synaptic Potentials

The ionic mechanism and the condgctaﬁcé modgl have been devéloped'
to eiplain the yariétions.of.pdtential iﬁ the axons of nerve cells following
‘a pertd?baéion of the équilibt%ﬁm Condition.‘ The detailed precise experi-
ments have been'mQStly concentréted on the axons of large nerve cells and
very few were made on the cell bod? and synaptic regions of the nérve cells,
using the.voltage clamp method. There does not seem to'be any ‘doubt that
the change of poténtial observed in the synaptic regions of the nerve cells
is caused_by ionic flows of sodium, potasﬁium and chloride, down their

electrochemical gradient. Most of the experiments on synapses were made
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on ﬁusclc'end~plate. Takeuchi and Takeuchi (1@60) made‘a series of“experif
ments where they clamped the ena plate at Qariousvpotentialgland'recorded&
tﬁe end platg curreﬁt, EPC; When the sodium or potassium concentration were
modified in the external mediu@, the equilibfium pqtential f§r the EPC was
modified but not when the chloride ions concentrétiqﬁ was cﬂanged. There

. A
is no direct Comparabié'eQidence for the Synapses of nerve cells, but-
ihtroduction of monovalent énion and cations in the medium have shown that
the ioﬁic concentrations have similar effects as for the end-plate pdtential.
. Although changes in the post-syﬁéptic potentials are certainly related to
ipnic curreh;s, the conductances of Ehebpost-synaptic membranes are almost
unknown.

It should be pbssible to use a conductivity méchénish for the soma
and the dendrites that is similar to the one developed»fér the axon, Bécause
the cell membrane should not be t§odiffefent'ffom the soma to the axon.
There is aﬁ.important difference between the post.s§naptic'responses and
the axonal résponses to‘a current stimulation: in the axon there is an
all-or-none response, in the soma and dendrites the Fespoﬂses'are conti-
nuously graded in amplitudé and are propagated»ih the dendrites and the soma
at decfeasing amplitude. Lewis (1965) has suggéstea mahy possible ai;erna-
tions of the ﬁodgkin and prley axon to p;oduce';he»observeq respohses of
the soma and dendrites: changes in the'amplitudes‘bf the éoﬁductances 6r
in‘tﬁeir réte constants, or an increase in the membrane capacitance. The
same arguments holdé for this model. For examéle an increase in the mem-
brane capacitance from 1 to 4 Qf/cm2 gives the relation between a current
stimulus and the amplitude of the response shown on Fig. 18; it also eli-
minated the propagated action potentiél._ Lewls (1§65)~had made the same

modification in the H~H model and obtained similar results.

So
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potential dependance on R

i

‘We can also ‘show an example with a change in the rate constants.

We have for the conductances the following differential equations:

) (R

dg/de = (g - 8¢ 1 &+ Ry
‘ .—._- ) y ‘ ..' ' o -
deyaldt = (8ya0 = Bya) (Riya Bna ™t Rowa)
| dh/dt = -Rh (h_- h)
1 .
‘W¢ recall that RZNA and Rh had to maﬁe potenthl dependant in

order to have an all or none effect in the model '‘axon. If we remove this
and we obtain the relation between the
2N A Rpr we | |

ampiitudé;offthe responses and the current stimulus shown on Fig. 18.

The result is similar to the one obtained by changing ché'mem-

_ brane capacitance. We see that éimple changes in the axon model can

account:for‘that pfopérty of ‘the dendrite and somé‘membranes.

- Tﬁe dendrites and the soma also have aﬁéther.well known property:
they dé not have a reffactory periodx. Excitatory.and inhibitory effects
add up or substract when two stimulations are cio§é1y following each other.
Additivity is demonstrated by either of the two dendritic models, as seen
in Fig. 19 but only for a small amplitude of thef;timulus. When. the
membrané pdtentialvincreases enough to produce ébcomplete inactivation of
the sodium.ﬁonauctance, then‘ﬁhere will be a réfractqu period. That will
occur when the membrane is depolarized by more than 20 mv. Dendritic depo-
larizatiohé rarely.increase to that level siqcé the axon will fire with
much lower dentritiﬁ depolarizations.,

.'1tris also possible to use the dentritic quel to introduce the
effect of the transmittér substance on the post;éynaptic.mcmbrnne.

Lewis (1965) as introduced transmitter Substance'cffects_in the H-H model

and he has explained many of. the observed prdperties of the synapes, like
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facillications, anti-facillitation and no-facil[i;afion,' 1t is very inte-
resting.to:see that the axon model can be easily made to explain these
expefi@encal facts. Here ace'thc pcssible'effeccs cnat the transmitter
V,SUbstance can have on the post;synantic:membrane. it could modify somon
parameters ef the already existing membrane.conductance or produce new
conducting channels in parallel with the no;mal ones. For example if the
transmitterfsnbstance decreases the Ca'concentration'near tne surface or
»increaiﬁs'tnee§uilibrium'conscant for the ion protein reaction, it nculd'
.shift the conductance cucves toward hyperpolar121ng potentlals and produce -
an increase of the conductances at thevrest1no potentla}. Ic cpuldlalso
increase the value of the_maximum'conductancé gm.'bThe cransmitter subs-
tance can produce its ohn'channel, by nroducing“another‘voltage aependent
‘conductance. If.the transmicter'ptoduced conductivity is different from:
“the nonmaliconductance, it should be possible to separate the two and
analyse the conductance produced‘by the transmltter substance.
A detalledvinvestigation with and withont';ranSmitter substance,

using the voltage clamp method has to be made in order to determine the

condyctance induced by the transmitter substance. Hagiwara and Tasaki (1958)

have»ﬁade experimenCS'on the squid giant synapse, to'shew.that it was a
chemical_synapse but they do noc.provide a detailed investigation of the
conductancevchange prbduced by che transmitter.‘vlt is necessary thac the
ionic cuf;ents are separated so that eachbconduccance can be determfnee.

| More experiments are needed in the field of synaptic potentxals
so that this 1mportant portion of the nerve cell might become as well known
as the properties of the axons. 1In large cells the voltage clamp mechod
appears to be an excellent way to 1nvestigate the synaptic function. We

have shown only a few examples of the possible transformations ef'the axon

100
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model to obtain a dentritic model. Only detailed experiments will deter-
mine which are the needed modifications in the axon model to obtain a full

description of the conductivity behavior of the synapses.
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EFFECTS OF INORGANIC TON CONCENTRATIONS

A. Calcium and Magnesium

'

h It has been known for a long time that'reducing the Ca concen-

tration on the outside of the membrane has very 1mportant effects on the

action potentlal First the membrane fires repetitively and for very low
concentratioﬁ, and Ca free solution it does not flre ;t all. Ffankenhaeuser
and Hodgkln (1957) did a serles of voltage clamp experiments to detefmlne
the effect of rediced and increased Ca in the external solution. They
found that thc steadyvstate K conductance and the amplltude of activation
and inactivation of the Na conductance were glven by the same curve as
in the normal Ca solution except that there is g potentlal shift in the
hyperpolarizing direction for reduced Ca and in fhe opposite direction
for 1ncreased Ca. The amount of the shift was,foqnd to be between 10-15 mv \
for.a five fold change of contentratidn; >Théy'a1$oﬁfound a similar sﬁift

in the time dependence of.the condUctanées. Tﬁis shift of the steady

state 6? time dependant conductance éurves means_tﬁat we can supérpoée
the experimental results for different calcium concentration simply by
making a horizontal translation of the coordinates ‘axes. Huxley (1959)
1ntroduced‘a AV in the a's and B's of the H- H model to show that the H- H
model was ~compatible with such experlmental f1nd1ngs. The AV was calcu-
lated frpm the ratio of a new calcium concentration to thetnormal calcium
concentration, using an exponential of AV. 1In this model, we introduce

the effect of calcium by supposing that it reacts competitively with the
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protein substrate:

“z
yCat S SCa
Y
C
; &S.____ = K
c’c 1 (5-1)
, Q s
c .
Cas  _ K :
c Yo Ca (5-2)
Ca S
€51~ Cos * Ceas™ s (3-3)
Replacing:Cé in (5-2) taken from (5-3) we have
v ‘ , .
Cs T K1 CQ (Cgp - CQs - Cas)
Replacing'CCaS, using (5-2)
' c z y
as = %1 Cq Cs1 7 Cgs  Kea S5
Using (5-1)
TR . Cst
‘ CQS = oy -1 -z (3-4)
-1 4+ (1+ KCaCCa)hl' CQ-
This rev;sed_calqula;ign qf CQS wéll be used fo?,CNaSO anq CKS@
. = Ckst
KSe y 1% (5-5)
. c ‘K K
LA U+ Keen Cea ) ¥ & '
C _ vCNaST
NaSO - YNa -1 -ZNa . (5-6)
Sl Ke G Ky, ‘.

Na
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We can do a similar calculation for the inactivation nrocess.- Calcium is
assumed to bind the inactivator and thereby reduce ;hé availability of the

inactivator.

Yy, Ca + Ab AO Cayh (5-7a)

z‘-ho A oz, A +SNa . SA Na

Na - h . Na.

_ - C
) cNaS“ == . NaSOZh
L+ Ky Cy | - |
o . Th,%ho L (5-7)
v-(l'+ Kaca CCa ) '

We can see that equationv(S-&) for C is not much different from equation

Qs .
2-8) £ C'v - The f ctor K-l has been replaced b"K-1 (1 +K.C Y )
(2- _on Qs. a < a plac ] y Ky calCa 2°
When KCach becomes smaller than oné, there will not be any more effect

caused by the reduction of calcium. Gilbert and Ehrenstein (1968) made
experiments with low outside calcium concentrations and found no measu-
reable effects.on the potassium conductance when CCa was reduced from

ImM to 0.1 mM. This supports‘our theory and pefmits us to evaluate

Yy
Cca) can be

Ko, ~ 1-0- When C._ 1s 10 m¥ or higher the factor (1 + K.

Ca

reduced_to_KCaCCz'. With this approximation we can introduce the effect

' S - o e : -1
of calcium concentration changes by multiplying the factor K in
equation'(2-8) by the ratio of the new to the nbrmal calcium concentra-
tion (C. /C )y, where C is the calcium concentration for the usual
Ca” Can v Can
or normal external medium. We will have

1 YNa

.KK' '(cca/c )K ‘ KNa'l.(cC /c. )

Can a .Can

B : h Zho
KA (CCan/CCa) ‘

N S S
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InsEead of gsing.equation (5-4), to introduce the effect of
calcium, the'fbllowing'equation can be used:

C
ST

(5-8)

) - IR I
L+ K0 _(CCa/CCan) CQ e

The calcium ratio can be transformed into an exponential and introduced

! .
into ez(sw.# ED)/RT and give

CST

Cos = - | | (5-9)
o “lo -2 Z(E + Ej + FAV)/pp

1+ KO CQ o

E§uations'(5;8) and (5-9) are equivalent if

C y
Ca = e

- C

ZF@V/ RT
' (5-10)
Can
AV represents the voltage shift in the steady state conductarce curves
that has been observed by Frankenhaeuser and Hodgkin (1957). For any.
changes dfvthe calcium concentration in the outside medium an equivalent AV
can be calculated from (5-10) for the potassium cdnductance and the -activa=-

tion and inactivation of the sodium conductance.

FZ_ AV = . (5-11
' Ca Can ' ’ '
e ‘)yna _ ,eFZﬁ AvN'/RT | (5-12)
Ca’ Can a a
’ “YnZho thAvh/RT ‘ | (5-13)
(c./c..) = e .
Ca Can

For a few calcium concentration ratios C -a/CCan thére is an experimental AV

C

available. For example a AV = 10 mv was found by Frankenhaeuser and

Hodgkin (1957) to corréspond to a 5 fold change in ouﬁsidé CCa" The AV
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was the same for the potassium conductance and the activation of the sodium

‘conductance. Introducing CCa/C' =5, AVK = 10 mv and AV’Na = 10 mv into

Can

A4

equatieﬁs (5-11) and (5-12) a value for YK = 1 and YNa = 2 is foﬁnd.
A family of . and 8Na0 curves are shown in Fig. 2la and 21b for different

CCa/CCan' The values of YKvand Y _means that only one Ca ion reacts with

. the potassium channel and two Ca ions with the sodlum channel. We have

found that thete are four K ions in the potaSsium channel and eight Na ions
in the sodium channel,

Having from (2-10b),

z, = z_ +
K “ko T i
Z = Zz 2
Na} Nao + ”Nai
we can assume that 2z, =12 . =2 /2 and 2z =2, . = 2Na/Z.

Ko Ki K Nao Nai

Because the competition for the channel will be between the outside Ca ions
and the outside Na ions or the out51de K ions, there should be one Ca ion

in the place of two Na or two K ions. And this 1s‘exact1y*what is found

'2yK =z and. 2y 2~ ZNag® This justifies the_assumptiqn that

Ko Nao

Ko ~ ki 2™ Zyag = Zyai®

There 1s also a AV£~1n Frankenhaeuser and Hodgkin (1957), its value

is not too accurately evaluated. We took AVh = 10 mv for a5 to;g change

'in C. . This gives Yy = 0.5. It means, refering to. (5-7a), that two atoms

~Ca

or molecules of the 1nactivator react with one Ca 1on. This supports the
hypothesis that the C1 ion could be the inactivator.
An important test for these values of yK, yNa an yh is the action

potentials that are obtained,Hodgkin and Keynes i Huxley (1959) show that

repetitive firing occurs when the Ca concentration is reduced to a quarter



110

§f its no;ma1 value: the frequgncy was one spike‘every_7 msec. It was stiil
firing repetitiyéiy atch.:a/CCan == O.l! Wben they gemovod Ca completely, the
firing started to increase in frequency and decreasc in amplitude until it
complctely:disappca#ed. We can conclude‘that tﬁe repetitive firingvshould
still bg present for CCa/?Can.ldwer than 0.1. A; shown of Fig. 22, ali

these features are presenﬁ in this model and the choice of values méde for

Y,

e Yk and yNa were those which came closest to these experimental results.

- The minimum frequency obtained when no initial stimulus is given
is one spite per 5 msec and Qith a small initial stimulus wé have one spike
ﬁe: 7 msec.‘ The treatmgn: fof_Ca»ions is applicable to tﬁe Mg ipns which
were shown by frankenhaeuser andiﬂodgkin (1957) to have effects similar to
those of the‘Ca ions. A concentration of 50 mﬁ Ca could replace the 11 m

Ca and 55'md Mg present in sea water.

B. Sodium

Iﬁ‘their'experiments'on the squid axon, Hodgkin and Huxley redu-
ced the.outside concentration of Na ions by replééidg themvwiﬁh chdline to
show that the negative inward current was caused by'thé Na concentration
gradient; There are a few records of their resdlfs, one for 30% and one
for 10%.§f the usual external Na'cqncentrgtion.h They deVéloped a flux
equation to calculate the rétio of the currént.l in the ﬁormél solution to
the current I' in the modifiedvsolutibn; they called this the indgpendence
principle eéuation ahd it has beeh'used by many éuthors to explain the
effect of modified concentrations of different ioés on the currents, But
this method-qﬁ/handling the effects of ghe concénﬁration'of the ions is
inconsigﬁgnt ;ith the equation developed for the ionic currents Qith the

usual external medium. Even if the ionic medium is modified, the equation

'
»1
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Figure 22 - Repetitive firing with reduced external calcium

Space-clamped axon., Temp = 18° ¢. -
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1=g (Vﬁ +.VC)'shou1d still be applicable. When the concentrations are

chaﬁged the ratio of two currents 1 and I' is

J - .
g (\m -i.VC) A
g' (Vﬁf'VC')

1
.

In some casés, it is possible that g = g!'. But in this model, we expect
that-g'$.g', because the concentrations of ions appear inlﬁhe formula for
the conductances (2-17). 1In equation (2-30) for gNao where CNa Na =

z oz
Nai Nao 2 = z ' : { i
= + 2 that g C 11
CNai CNao and Na  Nai Nao "¢ see a ‘chano¥ng Nao wi

=z = z_ [2 we can calculate an equi-
Nao Nai Na T S 4

change .. Assuming again z
g *gNao g ag

valent voltage 'shift in the conductance in the same manner as we did for
the changes in calcium concentration. Taking the ratio of the new to the

eFZNaAV/RI

. . 2 :
usualNa concentration (CN /C ) NaO = we can calculate

_ ac’ Naon
the valqe,df AV for any value of CNao' The theoretical curves have the
Same shépé-asvthose for the changes in calcium concentration chown on Fig.2la.
For example when:CNaO/CNaon = Q.l a shift of 2§ mv;is caiculatedf The data
from Hodgkin and Huxley (19523) cannot be comﬁared.well with our curves
because'iﬁ theif 10% Na'experiment, the values of:che current at 16w
appiied‘potentials are not suffiéently accurate .and for the‘302 Na expe-
riment thgy aré not givgn for applied potentials sméilc: than 40.mv. For -
large values of the applied pqtential, the conductance becomes constént;
The regiﬁn of the curve wﬁere the shifﬁ will be seeﬁ is in the range of
small cﬁnductance, and very accur;te measuremént:havé'tb'be made because
the current ‘is quite small. |

Variations in the inside Na codcentration will also producé shifts

in the conductance curve. Again experiments with high Na concentrations

inside the axon are not numberous and not accurate enough. Chandler and

K
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Meves (1963) report an I-V curve for the amplitude of the transient current

"with high internal Na, but we cannot read their plot accurately enough at

10w_applied potential to calculate good conductance curves. But from these

few results it seems possible that we could have ZNai  %Nao 4. Experiments
. ’ N¢ N30,

1

on the same axon should be performed with various inside and outside_NiT

concentration.

C. Potassium.

 :The effects of modifying the potasSipm iqh éonCentration on the
ionic’cUrrgnts‘hés been iﬁvestigaﬁéd‘much mére‘in_;he.pAEEfew years than
the efféct of changing the concentration of'thélébdium ions. Experiments
have beéﬁ miade on the squid axon by Moore (1959) who increased the external
potassium‘concéntration to 400 mM; ' the restiﬁg potential becomes close to
zero. |

With>the axon in Voltagé-clamp, the steady state current I is

measured for different membrane potentials, Vﬁ and a plot of I'ys Vm is
obtaiﬁéd; It was rather unexpected to find in that plot a.région of the
curvesvwith a negatiye slope. As the potential Vﬁ is inéreased, the current
increases and then starts to decrease as Vﬁ keeps increasing. The current”
reaches a minimﬁm as Vﬁ bécomes larger and then goes on increasing again.
Ehrenstéin and Gilbert'(1966) found similar résglts. Lecar et al (1967)
have prdposed an expianation for such results. The I-Vm plot can be sepé-
rated in two pérts: a iinear and a non-linear portion. The linear current
can be a leakage current. With the non-linear portion, a conductance
g = I/Vﬁ is.calcuiated'and g is pldtted against Vm. The plot gévm is very
similér to the onc obtained fof gK-Vm when the outside medium is the usual
low potassium concentration, except that the curve is thftgd by a AV to

the left.



 Th£s finding is qﬁite ig accordance with the ﬁrpperties of the
conductances developed in this model. We have prédicted that in the case'
of the sodium ion a ehange in its concentration is supposed to produce a
bshift in the sodium conductances. The same thing;is'truu for.tho Changc
in the p§tassium ion conceﬁﬁrétion. In equatlon (2- 21) there is a factor
which depcnds on the concgntration of potassium ions

K ke HZK'
- . Ko i
. ko Cki

It was shown in’section A of this chapter that one could have Zko = zKi =
2 /2= 2. Again the ratio of modlfled to usual pota551um ion concentratlon

+ .
c, /C ,, where C  is the usual K concentratlon can be introduced into
Ko "Kno’- Kno

the experimental function of V%, to'give a potential‘shift'gv.

. F /T
2h0 2, AV/ g1
C : :
Xo = e
CKno
For examplg'a ratio of
Ko _ 440
CKno 10

will give a AV = 47 mv.‘ The observed AV in Lecar et al (1967)<is Between
25-30 ﬁv. ‘The difference between the calculated and the observed AV can
be - explalned. The ‘value of chi_ 2 could be wrong. 1If we take ZK

AV = 24 mv, which is very‘close'to the experimental AV. There is no
direct ev1dénce for the shift of the potassium conductance produced by the
decrease in. K+ concentration inside: Chandler et al (1965) reports expc;
rlmentslu51ng 300 mM and 24 mM KC1 inside. They give the I-Vﬁ curve for
the steady state currents, but no correctioﬁ fop the leakage and sodium

currents is provided and we cannot measure accufately enough: the data for

low currents: so we cannot determine the gy - V curve to find_the value of




) . g .
There is also another even better explanation for the difference

in the obscrved and the calculated AV when Zko =-2. The observed AV's for
.changes in outside potassium concentrations are only given for two extreme

. . . : + . . )
of very low and very high external K concentration. If the AV's for inter-

’

. _*7 - R . e - )
mediate 'K coucentration were given, it would be easier to test the theory.

* At outside concentration as low as 10 mM, it is well . known that the K ions

éould be in higher conceﬁtfaﬁion near ﬁhe membraAe surface tﬁan in the
bulk éolution. Hodgkin'aﬁd Huxley (1952b) had found a difference of about
10 mv between tﬁe calculated and the observed'poﬁassium concentration po-
tenti31 VCK; They propoged that it‘could be due to a local increase in’
Kﬁ concgntfation in theAextérnal medium, . Later on.Frankeﬁhaeuser and
Hodgkin'(1956) found_evidenceAfor such a Iocal.increase. The diffe;ence

.- 4 .
between the bulk and surface K concentrations will appear much more when

the bulk concentration is very low. When the bulk concentration is kept
a at zero, the theoretical VCK should be infinite. It is impossible to

. L ’+ . . - : . . . . .
have a zero K concentration near the membrane because of the continuous

: + : o
diffusion of K from the inside. When the concentration in the external

medium are larger than 50 mM, tﬁe.surface concentrations are much closer
to bulk concentration and the calculated VCK and AV should be much more

reliable.

_‘The experimeﬁts‘of Ehreﬁs:ein andﬁGilbert (1966) and Lecar et al
(1967) haVé shown thgt‘tﬁe-lfvg curve in.high:oupside K+vconcentration had
a similaf shape on éither side Qf the origin. Taking only the non-linear
tharacteristicvqf the Ier plot and plottiﬁg g-V&,.éne fines téﬁf the
conducﬁaﬁce g hés a maximum and decreages for either large inside positivc
or large‘inside negative membrane potentials. .These results can be accoun-

ted for by»this model. The dipole barrier E_ ‘which depends on_Vﬁ will

D

become higher as Vﬁris increased. It does not matter if the membrane is

11>
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Figure 23 - Steady state potassium conductance for various potassium

concentrations - Temp = 6°¢C.
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charged ppéiﬂiye inside and negative outside or vicéAVers;,'we will always
have a 1é;éf of gipoles on egch’side,of the memBrane.whiéh will geduce'the
diffusi@n?§f ions.” As mentioned in Chapt. II Se;tiop D, the dipoles barrier
ED is notfﬁecessafily the same on‘each side of the membréne. Thié will bring
the résuitlﬁhat thg-maximum value of g is not exactly at Vﬁ = 0. There is a

family of curves for gk Vs Vﬁ, shown on Fig. 23, for various CKo/CKno' They

were made, assuming that the conductance had its maximum at Vﬁ = 0. They

are obtained by using ‘the absolute value of Vm in equations (2-21). Using

X ) i - 1 ' . - ' - . !
the 8y curve onAﬁlgqfe 23 for a CKO/CKno = 0.0, the pot3551un current, I

K;

is calculated; using ché\experimental linear currents IL in Lecar et al (1967)

.and aqdiﬁg iK +,IL’ g.tota} I-Vm plot is_obtainedi és shownvin Fig. 24. 
There iS a1éréatASimiléfity betweeﬂ ;hese theoretiéal_curVes énd‘the“obser-b
veq I-Vﬁ éurves; .Tﬁé.on}y important difﬁerence isrthat-tho obseerd*IK
does not'sgem to be perfectly stetriq with reépe;tbwith the origin. The

actual theoretical I, has been calculated for thc'case where the conduc-

- K .
tance 8y is perfectly symetric with the origin; this is not necessarily

a valid assumption.

D. Chloriﬂg

. We meﬁtionea befqrevtbe-possibilityréf Cl ions beiﬁg theiinat-
tivator of the Na conductance. Tﬁe results. of Chandler and Meves (19@5)
showed a shift- of ZO mv in the inactivation'éurve for a 6 fold decrease
in the iﬁside Cl ion concentraﬁioﬁ.. Using thé same method as befofe,

a voltage shift AV in the theoretical inactivation curve can be obtained

z. Fz.-hAV/ RT

hi
Cous = e

CCﬂin

-Intro#uc1ngAthe experimental values of AV =‘20lmv aﬁdeCEi/Ccﬁin =1/6




. "‘:z

(39

we calculdte 'a value for z . = 1.8. This quite in accordance with the

| i
assumption_tbat.

2 =z = p=o2,

hi ho ":Z"*

Unfortunately there are no experiments that show the effects of varying
exterﬁai Cl ion concentrations oﬁ inac;ivation. Adelman and Taylof (1964)
repfacéd Nacl by sucrose in the external medium aﬁd they found a decreasec
in éteady_state current curve %ith potential. Thgy interpreted that as
a cﬁangetin‘the potassiQm current. Even if such a correction is made

there still remains a difference between the normal and low Cl solution

curves. 1t.could be accounted for~partially if the sodium current is

‘increased because of reduced inactivation. But more direct experiments are

needed on,tﬁis point. This model would predict a shift of 20 mv in the
inactivation curve for a6 fold reduction in outside Cl ions concentra-
tion. Complete removal of Cl on both sides of the membrane should provide

evidence for or against Cl ions being the inactivator.

E. Drugs and Othef Compounds

| ':We in;todpce the effects of drugs in this sectionvbecause we
bglieve.moét df1£héir e£fe¢tS can be explaihed in the same way as the
effécts oﬁ:ibhig'gonceﬁtrations;b A_Qide variéty_of éomponents have been
uSed.ﬁé ﬁodify:tﬁe action pétentiél and the.I-V.cufves in voltage clamp.
MoSt'ofg;ﬁem havé Eeeﬁ{shown't§‘moaify eitﬁer tﬁe potassium conductance

or the sodium conductance or the inactivation, or any combination of

‘these three précesses. Tﬁey could mddify the sodium "on'" and the sodium

"off" conductances and not -the potassium conductance, or only the sodium

"on! and the potassium conducténces; or only the potassium and the sodium

Hof £ céndu;tandesf .Alsd,théy COuidhinflucncé them all. It is realized

119



that thé'acéioh of each'drug should be studied separately in.detail.
It is possible that some of the.drugs can7éompetc~wi;ﬁ ions for the
protein substrate: in that case theirvaction will be similar with that
of calcium. .Thoir action can be introduced in the conductance equation
(2-17) with the factor (1 % KD.CDyD ).in the gamc way as the calcium

effect was introduced earlier in equétion (5-4). We would have

: m
&7 (E +FV)/RT'(1+1\ (1+1< cyD)c"Z)
(L4 e 0 m ) D Q
CD = concentration of drug
Yp, = number of molecules of the drug in the complex
K=~ = ‘equilibrium constant for the reaction with the membrane

substrate.

. In the case of inactivétibn, the drugs might prevent inactiva-.
tion by:binding the inactivator. That will shift:the inactivation curve.
Also they'coula aét‘on the NaS cémplex: if they inaétivate‘the comﬁlex,A
the competition is cQope;ative, if not,:the compétition is inhibitory..

In both cases there.will be a.shift in one direétion or the othgr.‘

bf course the drugs will influence the time dependence of the
conductance becausg they modify the steady state amplxtudes wthh are
pért of the time constants, excepc for 1nact1vat10n. They could also
have.some direct_effect on the rate conétanés éf the chemical reaction.

vThe transmitter.substance can be congsidered as a drug havmn
an increasinn éffect on the conductances. It cou1d~shift the conduc-
tance up&ard and leftward and caﬁ also change the rate coﬁstants.  Its
action.cdpld be to increase the'equilibrium constants §f the reactiqn..

. Recent experiments by Blaustein (1968) have shown that the

120
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effect of barbiturates and tropine esters 1is a shift of the Na conduc-

tance curves horizontally to the right by about 10.wmv, and also a vertical

. down shift for Na and K conductances. The author mentioned that the effect

was similér to the one produced by calcium. Also Narahashi and Haas (1968)
have shownvthat DDT shifts the Na conductance curve by about 10 mv. We can
mention again the experiments with TTX and TEA which selectively block the
Na and K éﬁannels respectively. Their action is the same as the other
drugs: . they shift the conductance curve to the right. We know that the
conductance curves are beli shaped. A shift to the right réduces also

the maximum, which will become zero when the shift is la;ge anough. In
most cases, the drugs should produce a right and_d0wn shift. The effects
of ﬁhe drugs in this model still needs more dévelopment and closer compa-

rison with the experimental results.,
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CONCLUSION

e

A. Summary

The ‘purpose of this work is to explain in terms of physical

— A

principles the behavior of nerve cells.  The most detailed and reliable
experiments’ made on nerve cells to elgcidate their mecﬂanish are those made
with the v§£tage clamp method. The functioning of nerve cells caﬁ be ex-
ﬁlaineq:in.cerms of ionic>currents across theit membrane;‘ A model is being
developed to exp}aiﬁ the measuréd ionic currents.
l. The basic hypothesis of this'moael is that there'ére conducting channels
in the membrane. Tﬁere is a chemical reattidn3betweeﬁ some membrane
kdmpénents ana several ions. Vacancy formation and diffusion in the
ionic complex results in conduction. The fﬁndamental equation for the

membrane conductance is given by equation (2-17)

&

B (E_+ FV )/RT " -1 -z z(E + FV )/RT
m (s} m

o 4
(1 + e , ) (1v+ K, CQ e )

This pért of the model can be called the tconducting channel® (C-C) :

hypothesis.

. 2. A second hypothesis is introduced to describe experimentally obser-

ved dynamics of the conductances. It is assumed that the reaction. g
between ions and membrane substrates is an autocatalytic reactionm.
The general result that describes the time dependance of the con- : ;

ductances is given by equations (3-4) , ‘ ) ' :

dg/dt = (g, - &) (Rg + Rz)'
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The complete model can be called the ""autocatalytic-conducting-channel"

:

(A-C-C) model. -

Such ‘a model 1is uséd_to be compared with the ecxperimental data of
Hodgkin and Huxley (1952). The unknown constants are determined by curve
fitting. Using the cable equation, stationary and propagating action

potentials are generated.

The model accounts for various properties of axons like threshold,
refractory period, accommodation, impedance changc,Mstrength-duration‘
characteristic, repetitive firing and hyperpolarization. It is also

shown that the model for the axon can be used with some modifications

for the dendrites and soma of nerve cells.

Many.recent éxperimen;sAﬁavé been performed on squid axons, changing
the external and internal medium of the axons. The observed effects
produced by_changiﬁg calcium, sodium, potassium and chloride ions have
been explained satisfactorily by the C-C model. Even séme quantitative

aspects of the effect of drugs on the axon can be appfoximated.

In the course of the development of the A-C-C model, we have suggested

the need for some crucial experiments to demonstrate move fully the

adequacy of the model. 'ObVionly the most important test would be to

identify directly the presence of specific ion binding membrane com-

ponents. By using an irreversible and specific inhibitor of one of

the channels, it might be possible to chemically separate and'thereby

identify from the membrane the inhibitor substrate components. Using
the isolated'component it should be possible to determine its static and
dynamic properties. There has been many experiments recently on allos-

teric properties of enzymes and conformational changes of proteins.



The'hyﬂotheses of the A-C-C model can be considered a pafticuiar case
of conflguratlon change in proteins and resecarch along thls line w111
certalnly yield very interesting results.

The demonstration that there is a potential dependent barrier

~on each surface of the membrane is also very important for the C-C

AR

modél;‘its existence shoﬁld.be démonstrated'experimentally.- More
e%perlmcnts uging only a single type of ion on both SldL of<che
axonal membrdng are also needed, to show if the conductance équacions
are Correct, apprbximately.correét, or incdrréct.

More exéeriments on dendrites and soma of largé cells with the
voltaEQ clamp methods should be made to deterane che mgmb;ane con=
duc;ancés of these important parts of nerve ceils, and see ifvche
axoﬁ_ﬁbdel can-be appliea to them.

?here are phyéicél.and‘chemiCal méthbdg,that.ébuld help in-
solviﬁg'the problem of liQing membranes. The ﬁse of artlflClal mem-
branes isvgetting more widespread and will undoubtedly yield further
interesting reSults.' There is also valuable research to be done on

. L
thg phy51ca1 ionic conduct1v1ty properties of pure organic, crystals
the propertles of liquid crystals, and the properties of solutes in

high concentration, Work In these fields will yield fundamental

results for all areas of cell blology

Discussion

We have tried to keep the equations as simple asvpossible; and. -

with the least number of parameters. 1In the normal physiological state

of the axon model when all ionic concentrations are normal, the number of

parameters might even be less than in the H-H model. - We have fitted the

i
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stcady state amplitudes of the conductances with only three free parameters

for By and five for 8Na® Next the parameters in the kinetics cquation were

fitted Qith the sﬁéadyAstate pirameters fixed. Thcre'ﬁre two puramutch
for the potqséium conauctanc;-time curves and three for the sodium conduc-
tance-time curves, for pdtentiais larger than 18 mv. For lower potentials,
three more parameters are needed for the configurétioﬁél protein ch?nge.

. {
Although the total number of parameters Is not small, it must be remembered
that they.are not all free altogécher. They are adjusted a few at a time
on different exéerimental results.
| When variations of ionic concentrations are intrpduccd, tﬁen the
lumpedfparameters are split and that increases the ;otal number of para~
meters. It ﬁust be re#liéed that all the numerous experimental details
available cannot be explaiﬁed_with a very simple model. If we only want
to reproduée the sﬁape of the action potential, it can be done with simple
mathematics and very few'paraﬁeters, but not to explain all the detailed
experimental results on nerve cells. It is already quite surprising that
SO many features of nerve cells can be reproduced ffom a model which was
derived only from the voltage clamp data. For example it was rafher a happy

surprise to us when it was found that the kinetic equations (3-11) and

(3-13) coﬁld explain without any modification (not even the value of the

 parameters) the ekperimental observations of Cole and Moore (1960) on

the hyperpolarization of the 5qu£d,axon in volﬁégé clamp. There is still
much data .available 6n akoﬁg (squids and others) that we have not yet
tried té explain with the A-C-C model; it will béidone_later. vWe have
chosen only oﬁe.type of celiothe squid axon - to develop a qﬁantitative
model. It is quite possible that in.other types of nerve cells, some

differences in the mechanism of conductance will become apparcent. However
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it is hoped that the basic assumptions of the A-C-C model may explain a

wide range of membrane phenomena.

o

-The most severe criticism against membrane models is that the

t

hypotheses tery often cannot be demonstrated. Any membrane model will come

under such a criticism because the membrane is such a thin structure that !

measurenients on it are limited. The development of different modcls,
based oﬁ differont'hypotheses will be uscfull because it will be poésible _ o
‘to choose which one describes the nerve membrane most accurately. Thp
model that'ﬁas the widest and most accurate rangejoﬁ applications stands
better chances‘of Eeing correct. We must not.EOrget that the purposc. of

a model is to put togetﬁér as many ekperimental results as bossible and
deScribé.them.with as few hypotheses as possible} A modgl permits us to
predict what experimentai resuits will be obtained given_tho initial con-
ditions, and ‘hopefully point the way'tévérucial experiments that canqverify
or rejéct‘the model. The physical sciences have_made tremendous progress
in a shorg time because of their extensive use of quantitative models;

in physics, theory and experiments are continously progressing together. |

The biological sciences will have to use a similar procedure if they are !
to improve our knowledge of life.

Our purpose was to develop a model that could give quantitative

~agreement. with experimental data. Since our knowledge of the behavior of

membranes, their physico-chemical properties and their kinetics, is in-

complete;'arbitraryvassumptions had to be made. The model is not a com-
pletely detailed molecular picture without arbitrary parameters; it is not

either a totally empirical model without molecular considerations. 1t

stands in betwcen these two extremes, hoping to be a fruitful step toward

a more satisfactory molecular model.
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LIST OF SYMBOLS

distance between ions sites

‘inactivator of sodium channel

axon radius
concentration

membrane capacitance per unit of membrane surface .
total concentration of S
concentration of ionic complex.

membrane thickness
free energy change
potential shift of steady state equations

membrane surface dipole potential

membrane surface dipole potential at v =0

- activation energy for chemical reactions

o .
Ep + Ey

membrane interface energy change

Faraday's constant
membrane conductance per unit of membrane surface

steady-state value of g

inactivation factor

subscript for inside of axon

total membrane current density

‘rheobase current

resistive current dénsity
current stimulus

equilibrium constant
space constant
mobility

subscript for outside of axon



‘ general 'symbol for an ion

axoplasm resistance per unit length

.gas .constant - L B .

concentration or Nernst potential
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vibration frequency of atoms in a lattice
electrochemical potentiali

electrical potential

constant quantity for threshold , : - ‘!

temperature factor - ' ;
axoplasm resistivity

= rate constants
membrane resistance per unit of membrane surface
membrane molecules

speed of propagation of action potehtial -

QO{IO

absolute temperature

membrane potential : I S S - S

o

distance perpendiculer to the membrane surface
ion dissociated from the membrane molecules RN

number of ions reacting with one S

"valence



LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, "person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.




B .vuv..! —_—C)

 TECHNICAL INFORMATION DIVISION
LAWRENCE RADIATION LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720

T . <N





