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ANIRODUCTION

The fundamental element of nervous system of a man
with which he can sense and trénsnit any disturbance is neuron.
These neurons have two parts wiz. axon which is a long process
‘and dendrite, which is terminal part of neuron. When a parti-
cular place of body is excited the information is carried to.
either direction with characteristics velocity, For example,
if a finger is suddenly exposed to thermal shock, the informa-
tion of the brain is again transmitted through the mesuron to
the finger muscles to remove the finger from the source of
heat. There is nothing inherrent in neurons which governs
the direction of information in it that 13, the same nauron

 works as sensory and motor neuron,

The information flow .' is essentially an electrical
phenomenon as has been avidenced by experimental facts and
few models are proposed to analyse this complex phenomenon.

The functional unit of nervous system is called neuron.
It consists of nerve cell body, small processes called dendrites,
and one large process called en axon, Outside of central
nervous system are many of the large axons are surrounded by
a thick, fatty myelin sheath. The sheath is interrupted some-
what perlodically at the node of Ranvier. Along the side of
sheath are satellite cell called schwan cells. Some axons are

more than a metre long.
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The thousand fibers are typlcally grouped together
to foram nerves. A bundle of nerve 13 called a trmnk. A trunk
includes a wide range of axon sizes. The largest fibers are
myelinatedj i.e., their insulation is relatively thick layer
of a fatty substance, meylin., Tho walls of unmyelinated fibers
algo consist of fatty substance molicules. In these fibers, for
the model purpose, a tube that filled with a weak solutionm,
mostly K* fons, and relatively large organic negative ions.
The fiber is surrounded by interstitial fluid of the body
essentially Na* Glf solution, Its concentration is about one
ion for 175 water molicules., Diameter of Fibers ranges between
0.3 to 1.3 Micron. The conduction speed for typical fibers 1is
173 106

‘diameters per second, indicating the apeed between
0.5 and 2.3 m/see. | o :

Neivous system 1is comﬁosed:of units called neurons
which tfanémit‘informétion in,fofm,bf electrical pulses from
one place within the organism to another. Studies of the
herves have shown that they consist of bundles of long processes
called axons or nerve fibers. The axon are each a part of an
individual neuron, Along the nerve fiber, the information is
coded and transmitted in the form of an "all-or-none* or "on-
off" glectrical pulse called action or spike potential,

During stimulation, the conductive become permeable
in additlon to potassium, to which membrane becomes most
permeable 1s gsodium ions, therefore during, depolarization
the sodium fon diffuses from high concentration area of sodium



outside the membrane to low concentration area of sodiun

inside the membrane. As long as the membrane remains depolari-
zed, the inward flow of sodium increases the number of positive

ions outside.,

Several theories have been offered to explain th§
rapid return of normal pexmeability short after dénolarization.
It has been suggested that sodium or calcium ions flowing
invard through the permeable membrane might react with.
constituents of the membrane to ions besides Pottasium but
at the game time physical changes in the membrans occurs to
make it impermeable to further flow of pogsitive ions. Once
membrane become impermeable to further inflow of positive
ions, the normal outward diffusion creates deficiency of
positive ions inside the mombrane and cauging thes membrane
to return to resting potential.
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Most models that have appeared during the last two
decades, or so have taken the form of electronic systema,‘
chemical systems, mathematical formations, or computer
sinwlation. Mathematical models have great utility in imited
domaina. biatnematicai models, have been developed to simulate
behaviour of asction potentials, but these models do not provide
an ingight into membrane mechanism. Models based on physical
and chemical assumptions about membrane proxaeét:i.es are very
| few. Ha'thematical models of network behaviour are extremely
well qualified, is particularly true for large - scale electri-
.cal-activit& Isuch as wave forn‘xat:!.on‘ snd propagation.

| _Coverage of this review 1s restricted to models of
fixed properties of membrane single units, aré relatively
small unitss ThéTe has been no attempt to include the models .
of information storage, 1.e., analogs of memory, conditioning,
or learning.

Only a few workers in this field have considered the
fundamental mol:lcular mechenism involved in the study of ‘
excitable membranes. Cole observed experimentally the steady-
state behaviour of nerve, and cbtained a negative steady state

registance in membrancs,

Goldman and Agin gave theoretical explanation for
steady state negative resistance. Goldman explanation based
on the polar mechanism, ghown in Fig. &
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The state II and state III are reversibly binding to
Ha* and K* 4ons and thus allowing Na and K conductance to
increase. These rate constants are assumed to be voltage
dependent, driving the reaction through the state II and |
state IIi upon depolarization and then, upon repolarization, |
back to state I. Goldman developed equations shown the
simil'arity of form between his calculation for Na‘ and K
~ conductance observed experimentelly. The reduction of potene
tial across the membrane changes the electric field in the
vicinity and reducing binding affinity. This would release
some of polar heads to move and thus open (¥ close) a physical
channel for the passage of ions. Goldman suggests the radical
changes .m calcium and sbsorbility by polar groups can change
the energy requirement for ion to enter the lipid. The
energy requirements of this hypothesis are as yet wunclear,

2.1 HAMEL & ZIMMERMAN'S MODRY,

They assumed a basic membrane model similar to bie
molecular leaflet model, this thegry has modified in two
respects. First, water-lipid partition energy is acting as
& barrier for trgnsport across the membrane interface. Socond,
a cenfigurational transition of the polar portion of molicules
and change in voltage across the polar portion, which is
function of voltage. It is this change in voltage across
polar portions of membrane which produces a negative resistance.
A achematic diagram of membrane of Hamel and Zimmerman's model
is givén in Fig.No, 9. | '
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Himel & Zimmerman gave an exprassion for current J
of univalent cation as

ser [- & 3]

Where
D = Diffusion constant oi' NPR
BE = eleotric field
K = Boltzman constant
e = electronic charge
T = absoiute charge

At I and II reglon interface

Where
Jm' = flux into NPR region
J éut = fiux from NPR to water region.

Hamel & Zimmerman used dipole theory to calculate
‘ pelar voltagez which is given by

p Gos @
Vpa W‘“g‘;‘f&‘i“S)
- Where

A = Area peor dipole in 32
K = glelectric consgtant

o 'jﬁ'ﬁ—
Cos © 1s the average angle of dipole makes with membrane
fiold,
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. N
S = ﬁ__'l*a
Where | | .
Ny = bound poles (those not free to rotate)

K, = free dipole
P = dipole monment

end Vp 1s the polar voltage.

Some of these data are assumed, and other taken from
experimental data, nwads eleven basic parameters. But this
dipole theory developed so far is not in a pesition to
uzpléin,behaviour of excitabls membrane under transient

condlition;

squid nerve, to meet the erxperimental results of voltage.
They pnédicted that membrane current could ba separated into
jonic currents with conductance parameters ﬁhich wera both
function of time and voltage.

| The proposed model shown in Fig.No. 10.), There
are three icnic component are in parallel and a membrane
dapacitanaa‘cm, in the aqn1Valent_circu1t. This experiment
suggests that gHa and g, arve function of time and uembrana,‘ ‘
voltage, but Bygr Ege Eyy Cy and g; may be taken as constants.
€Na and gg are the conductance of_aadium and potassium
respectively and are voltage gensitive. ex, is leakage
conductance of constant quantity.
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%*he influence of meubrane potential en permeability
can be summerised as first that depolarization cause a
trensient increase in Na conductance. Secondly, that these
changes are graded and that they can be reversed by ﬁdpolarix-
ing the membrane. -

There are tus types of currents, one is capacitive
current and other is ionic current, Thus

av »
T3 +%4
I = Total membrane current density (inward current positive).
I,= fonie current.
V = displagament of memb,rané- potential from its resting value,
Cy = membrane capacity per unit avea |
¢t = time |

The ionie cwent Iy 19 given as
xiﬁﬂa + Ig 51
The individual ionic c¢urrent are given by
#g; [ E; Bya )
Iy =gg (B - £p)
I, =¢. (B~-E_ )

Where Ex and By 1is equilibrium potentials for sodium and

pettassiun ions,

E 15 the potertial at which the 'leaksge ourrent!
five to chloride and ions is sere,
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HH used first order equations whose golutlions were
raised to powers. For pottassium currents they chose a hth
pover, aléhough 6th power fit better. The pottassium
conductance g was given by the Hodgk and Huxley as

8 = ;K_ nb

Where n 4is dimensionless variable which can vary from O to 1.

EK is constant with dimensions conductance/cma and
in turn 1s obtained from

%% = op(1-n)- Bin

Where of, and B, are ratio constants, which vary with-
voltage but mot with time and have dimension of [ Timg] ™

 The faster sodium transient was matched with a first
ordsr equation whose solution was cubed for the turning on-
part; while the declining phase was matched by first-order
decly with slover time constant.

The sodium conductance is

8Na = msh.ENa

'g% a'.vﬁn(1-m)-’8nm
B . x,(1-n)-Byh

Where iu; 1s a constant and o4 and B are function
of voltage but not of time.
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First point which emerges is that changes in
permeability appear to depend on membrane potential and not on
membrane current. At fixed depolarization of sodium current
follows a time course whose form is independent of current
through membrane. If N, concentration is such that Ex < E,
the N, current is onward. If E > By, the current changes
in sign but follows same time course, After this Fitzhugh
did work on digital computer to study the behaviour of HH modsl,

2.3 BRERNST RQUAIION 3
Empiricel mathematical model proposed by Hodgken and

Huxley, was not only capable of depen describing the currents
observed in a voltage clamp but also could predict the quanti-
ties of sodium gnd pottasium ions which moved across the
membrane during transient activity. BEg, By . and By refer to
the equilibrium potentials reéulting ‘from concentration
gradients., The Nernst equa.tion”f gives equilibrium
poi_;ential fdr the 'Various ions involved, where,

RT L LE] o

EK - ——

n
F 2y [ & ] 4n
[k Jous = Pottasium concentration in interstitial flutd
[K] 4n <= Pottasium Concentration in extracellur fluld

2z | » Valence of pottassium ions,

R = Universal gas constant equal to 8,2 foules per
mol~degree abs.

T - = gbsolute temperaturé. o
F = 96500 Coulombs per 1 m of monovalent ions,
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I

There are 6.023 x 1023 molecules in 1 m of any substanc
Monovalent ion has a charge of 1 electronic charge
= 1.6 x 10~  Coulomb

The charge on 1 M monovalent ion is (6,023 x 10°3 mono-
valent ions per 1 n) x (1.6 x 10~ coulomb per monovalent ion)
= 96500 Coulombs per 1 m of monovalent ion.

or gzsamav at 300°F

2.+ MODEL OF NEURONAL MEMBRANE BY IEWIS 3

| HH - model satisfactorily exp}.ainad the axon spike
potential, no coherent view of subthreshold phenomena existed.
lawis postulated that many of the subthreshold effects found
in gomatic and dendritic regions should ba explicable in terms
of the same fonic hypothesis used to explain suprathreshold
phenomena. This postulate was based on the assumption that
since the dendritic and somatic menbrane presumably ere
continuous with the axon membrane, the basic electrical
properties of all three should be similars

The model consists of geven parallel electronic
circuits., Four of them are designed to match the squid-axon
data of HeH model and thus corresporﬁs to equivalent circuit
Fig. 1l a. .+ The other three circuits represent synaptic
ocurrent patbways so that consequences of synaptic inputs
mey elso be studted, The entire configuration may be
considered to be composite of a patch of electricslly
~ excitable membrane contiguous with a patch of subsymaptic,
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(Chemical excitable) membrgne. It can equally well represent
a single homogeneous patch of membrane with continueus digtri-
bution of electrically excitsble and synsptically induced
conductance components. -

The synaptically controlled conduetances, however, |
operate differently. The presynaptic spikes produce emission
of a fixed quantity of simulated transmitter substance. The
resulting transmitter concentration is then allowed to decay
exponentially, corresponding to a diffusion process. Iwo
synaptic parameters are thus available for analog the quantum
of transmitter per presynaptic spike and the transmitter in-

activation rate.

Five out of six conductance shown in Pig. Jla.are
not constant; they undergo transient changds owing either to
‘changes in synaptic inputs (presynaptic spikes) or to changes
in transmembrane potential (Vy). The current through each
conductance 18 product of time-varying cdnductanee itgelf
and the voltage across it which is also time varying. Two
examples shown in Pig, il(b) one 1llustrates the operation of
simulated symaptic conductance, 'and other llustrates that for
a simulated electrically conductance, |

- In the case of synaptic conductance, a presynaptic
spike is transformed into a decaying exponentisl by means of
a RC filter, This exponential represents the transmitter.
concentration, or the time course of synaptic conductance. ,
The multiplier circult produces a current which is proportional

to the product of this conductance and net voltage (Vy-Vp)
across it.
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In the ¢ase of eélectrical excitable conductsnce
(Pig, 11 C- ) the input to electronie filter is the transmem-
brane potential (V) rather than presynaptic spike. The .
filter is congiderable more complicated than that of simple
passive RC synaptic filter; it is a non-linear, active filter
designed to provide the time - and voltage dependencies
required to match HH - data. Once multiplier takes the
product of conductance thus derived and the driving potential
to provide the required current. Several detalled circuit
roalization of this model are given by lewis.
2.5 SOLID STATE MODEIL -
| Guy Boy proposod a golid state model to satisfy the
voltage clamp data of squid axon obtained by Hodgkin and
Huxleoy. This model was baged on theory of pen junction of
a diode. The steady state value of diode current was similar
to pottagssiun eurrént; in its bahaviour'. They agssumed a
potentisl ddstribution in biologlesl membrans similar to
distribution in p - n - junction. PFrom the ratio of current
to voltage, they defined a voltage dopendent conductance for
- the dlode. The conductance was then used to fit the data for
pottassium steady - state conductances and the sodium maximum
conductances. They also agsumed that the conductances %o be
self-increasing with time, A first order non-linear equation
vas formed for pottassium and sodium conductances. To provide.
inactivation they used first order linear differential equation
vhich started with an initial value and decayed to a voltage
dependent steady-state. The product of two solutions gave the
transient sodium conductance. The curves were fitted to the



)

data using integrating computer programme, and least square
criteria to determine the value of parameters.
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3.1 JINIRODUCTION

The cell electrical membrane probably consists of
a few alternating layers of lipids and proteins. These layers
are long axes parallel and oriented perpendicular to membranae,
The protein layers are bonded to the lipids at their polar
ends. Water and water soluble substances can penetrate the
membrane in a region where a 1lipid 1s closly packed. Membrane
is perforated, containing small diameter (about 3 Angstroms)
vater filled pores. Ions could diffuse through these pores.
The membrane is about 100 times more permeable to K* ions,
than it is to N; ion. This difference may be due to the
pore digmeter of 3 Angstroms, and lles between the hydrated
dismeter of K* (2.2 Angstroms) and N} (3.4 Angstroms).

The boundry between the interacellular and inter
stitial fluid is considered to be a thin (50 to 100 Angstroms)
nonaquous layer, whiéh is called electrical membrane, because
its nature has been obtained from different electrical measure-
ments. The sodium and ion concentration is much higher in
the interstitial fluid than in the intracellular fluld.
Potassium ion concentration is much higher in intercellular
fluid. There exists an electrical potential difference between
the internal external solution, It is known as rest potential,
and 1s negative ingide the cell than to outside.
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To study the excitable membrane, the membraﬁe is
divided into two regions. One is ionic-region assoclated
with comter ion layer in interstitial fluid and other is
non-ionle region., Ions are trapped in hedbrane from inter-
stitial fluid, in the ionic region. These trapped ions toge=
ther with CIL adjacent to interstitial solution develop a
fisld or‘voitage is such that it opposes the entry of ioms
from interstitial fluid to membrane region,

3.2 ) |

If a membrasne 1s immersed in an electr01ytic‘
solution, on one side of this membrane is an excess of Sodium
iony while on other slde is an_éxoess of chlordide ion. These
membrane are so close to each other that elactrically,baiance
each other and satisfy the Law of Chemieal Composition, that |
there is one positive ion balancing one negative ion. Consee
quently the potential will exist at this gurface. If ¢n other
hand chloride ions and some chloride atoms pags through the
membrane to balance remaining Na fons, fThen the membrane
potentiax no longer exists.

It is obvious there is greater number of hydrogen
ion concentration on inside and oubside, the greater tendency
for positive hydrogen ions diffuse through membrane., Mathema-
tically the potentiél measured across the membrane immersed in
a electrolytic solution is given by

Concentration I
Concentraticn L1L

EMJF. = 60 x log (
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 where Concentration I is the Concentration of H'
ions inside the mambrane and concentration II is concentra-
tion of hydrogen ions outside the membrane.

The resting potentlal measured across living
membranes is in substantial agreement with value ealeul ated
from inside and outside the membrene. For calculation4work,
the Nernst equation can be sultagbly modified to express the

vollage across membrans, given by

. |
B=60/mn log (=t) nav
8 e,

Where n 41g the number of charges carried on the
ions of the salt, :nd a4y and a, arxe the effective concentra-
tion on opposite sides of membrane, |

Hbre-generally. when tvo such salt solutions with
activities (effoctive concentration) a, and a, about each
other, and if diffusion is restricted so that salt cannot

flow.

Euaﬁg In (-;12-) my

E=.21§010g ('EZ‘ ) ™y

Work is potentially available from the concentra-
tion ratios of both positive ard negative ions, so the factor

2 comegs from this fact.
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Ift salt can diffuse, a new factor, ¢_ the trans-

ference number anions, enters, so

- }
E=2t_ x60 ln <;§>

.u -
‘u ' ’ “ad

Where _4's are the mobilities or speeds, of the
ions in cmg per second when the voltage gradient is 1 V /em.
Substituting of the expression for t_ and rearrangenment,

gives

E=60 1n (1) — 60 <2 Ty (=21)

-] Ly +U - %,

~ The expression gives the potential if cations
end anions are not restricted in their motion. Wwhen both
move with same speed (Kcl in water, e.g.y) .= .4 (or t; u-t}
and second,term is drops out. If motion of one completely
restricted, these can no motion of the other 1f micro-
neutédlity is to be maintained, and potential is given by
first term only. In such a case charged protein ions plus
salt vater e.g. the values of a and s, are the activities
of the unrestricted ion.

If an electrode 1s placed in such a way ‘that it
has contact with interior of axon, a negative potential
relating to the medium surrounding the axon is detected, this
negative potential in normal axon i3 known as resting potentlal
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which ranges from-400 nV to -120 mV. Diggramically axon can
be represented by an insulator shaped in cylindrical cell,
The inner and outer faces of the cell are charged, the hollow/
shell is filled with one conductor medium and immersed in

another.

The extstance of charges across the extremely thin
membrane, indicate the ability of this thin membrane to withe
stand very high electrical potentidl. At the surface of many
biological cells including neuron, it appears that high field
stand of about 108
breaks at about 10

volts/metre occurs whereas the dry air

6 volts/metre.

3¢3 JONIC MODEL : L

This model of nerve is gimilar to Zimmerman's
model shownin Fig. No. !2.. It consist of fonic and non-
ionic regions., Region I is an_interstitial flood or extra-
cellur fluid., Region iI is non—ioniq region., Region III
is intracellular fluid., The liquid-membrasne Junction has
two layers. One is of counter ion of negative charged ions
in liquid Just adjacent develop gurface of membrane. The
few cations are trepped with membrans liquigd surface,,vwhis ,
structure at the outer junction develops a voltage across it,
which opposes the flow of iens from intarstitial fluid to
intercellular solution via membrane,

In rest condition the inner surface of membrane
negative w.r.t. outside, thus attracting all the positive
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ions, This rest potential does not allow to form icnic
region. The immer junction between menmbrane and intra-
cellular fluld has got a negligible width of ionic and
counter-ion-layer because of the polarity developed in the

region.

Assumption (1) N2I.R. portion of membrane is
free of charged groups. Ion density in N.I.R. region 1s
very suall. The electric field could be taken constant.
This assumption 41s not valid for transient condition because
large number of ions are present in N.I.R. region.

(1) The profile of electrostatic potential and ion
-concentration reach a steady level in a distance small
co@aﬁd ﬁo width of each lattice in mmbrané,in nmoving
from solution phage into solid membrane phages

(111) ‘Under steady-state condition 4iocn concentration
satisfy Maxwell Boltzman's distribution function

For cation [ (Ny ) ana K* ]

| o F(V-Tv,)
P (X) = Py P g2 J
V is the membrane voltage_

VP is built 1!1-!‘011:;5?% an% §or aniong
B =W em [~ |

RO = Np, 3P [y ( vR; k] )]
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Where an and HPoa are ions in the membrane and
solution. )

P(X) 1s the number of ions coming into membrane.,

(1w) A few cations while entering the membrane are lost
due to surface trapping, and in volume of membrene, ions are
lost dwe to forming a bond with anions or lattice of membrane.
The section surface and volum recombination are assumed to
be negligible.

(v) For mobile ions the continuity equation is valdd
across the membrane.

_, Name 4 audher hH«

The continuity equation (Dennis Transistor's) is

ugsed for planer geometry. Ion flow for planar geometry 1s
glven as

\

P . T -P _ .AAPE-"_‘(”—"‘DP% —
ot T
P = no.of ions crossing the membrane

Py = ion density in the membrane with injection of
iong in the membrane.

‘7; = life time of ions in membrane.

E = the electric field across the membrane assumed
to be constant,

Ap= Ion mobility in the membrane.
Dp = Diffusion constant df jon

X = Distance in membrane along the direction of
flow of ions, the width- of membrane is W.
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For steady-state 2.2 = 0

ot
Equation reduces to N
9P 8F o ---. @
L R e A F

The current due to ion flovw ;s combination of aiffusion
current and drift currents,

The equation 1is

e
The mobility and diffusion constants are related

‘Rr}
— e L &
4p. For Membrane
R = Universal congtant
. T = agbsolute temperature o .
P = 96500 coulomb per 1 M of monovalent ion.

From equation

E = *o'-coo(s)
The‘voltége across membrane width w 1s given by
- w | , .
vm ‘:‘: ‘-‘ /de - .ooooo(é)
A .
Substituting in equation (5) into (6) ‘ "VJ :

. -”'Ig'dx-_- .
" Ofc;u,bp B
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For small injection of ions across the membrane
which 1is a correct assumption under polarised condition,

equation reduces to
W
Vhla - gm X d/ﬂ n§ boooi(a)
' 0

It 13 assumed that abt x =Wy, P = Po

andatx:O,PnPo+Pm

Equation (8) "“be(__:'omes

e PPy,
Vma yx—}%‘—n&
pm'

P°+Pm
= %I’:tn P
FOD
Vo= & mn (4 -32-] eeen(®)
ll: F [ + Pm saseve

Po- consgtutes an injection current IP whareas
ions P,, constitutes iy, a leakage current.

Equation (9) become

Vi = %xlﬁ[‘l-r ;2

J WQ300(1°)

o0 |
Using equation (10) I~V characteristics's can be plotted
provided the built in voltage is also taken cave. The built

up voltage is subtracted from to get resultant potential.:
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To estimate built up voltage, a certain amount of
snergy 1s required by ions for moving from extracellular
fluld region of membrane. Built up-voltage is dus to
accumulation of ions in this region, which opposes the flow
of fons into N.I.R. region of membrane. The built up voltage
1g estimated from the equation |

FV o
Py = Py 0x ( —gpk ) | o (@3 1w

P, = No.,of ions stored in lonic region.

sz No.of ions already present in membrane region.

VP = buﬂ.t up voltage across icn:l.c region,
| 1
From diffusion equat.ion Pnoo = —%—% - (2324

Vp is estimated from Equation (3349

Va = m 111 ( } (3.3.3a)
B F. _ nco

Substituting for an
P

n
%x in l: )J
(Iol?)/qip
Knowing the values of V, md V, for 15 percent
of fons trapped in ionic region, a curve is plotted between

Vg and Vp  Figne: 1S

The ionic current due to diffusion is given by I

P. q '
I = R per unit area

W

as follows
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b 4
and V, = g: in E 14+ T§ )}

As the voltage builds up, built in voltage also
builds up across ionic region., This built-up voltage decreascs
the current flowing into membrane knowing xp, Vb, and Vg, a
V-I characteristiecs can be plotted:"a§gzis scen that membrane
voltage reaches near about 50 mV, The current start decreas-

ing thereby giving rise to negative resistance region.

A membrane potential 4is builte-up, as soon as
potassium fons start flowing through membrane to intracellular
fluld some of the lons cross the membrane, other are .used up
to built~in voltage Vp. The ionic current Ip = io_%_‘_’x

per unit area, diffuse through membrane due to concentration

gradient. Due to the ions flowing into intracellular flui%,

the membrane voltage is developed given by Vs gm»ln (1+ TE ) -
, . o

As membrane woltage builds up, built-in voltage algo builds
across ionic region. This built up voltage decreases the
current flowing into membrane. Knowing the value if I, the
‘curve between Vp & Vo It 1s seen from curve that after
membrane voltage reaches near about 50 mV, the current starts
decreasing thereby giving rise to negative resistance reglon,
In steady sﬁats condition the injection ions is assumed to be
small comparei to a transient state condition, Under small
injection of ions into membrane, it is agssumed that its
conductivity does not change. It is also assumed that when
ions enter the membrane, they diffuse due to their concentra-
tion gradlent., This diffusion of ions constitutes a current



membrane under steady states - R6)

STEADY STATE NEGATIVE RESISTANCE:
The built-in voltage is developed due tA fons 4n
ionic region., It increases as the no. of fons in ionie
region increases. Msmbrane voltage increases as more and
more potassium ions move into intracellular golution from
" outside of membrane, The polarity of built-in voltage is
such as it opposes the incoming ions to intraceliular
solution, This causes a deerease of invard eurrent. The
current start decreasing with increase of membrane voltage
at a particular stage, This region is ¢alled negative-
resistance region. The V~I characteristics pridicted by
Hamel and Zimmerman are algo plotted, FIGNo.I7
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ODUCTION s

During stimulation, the conductive become permeable
in adjition to potassium, to which membrane becomes most
permeable 1s godium ions, thersfore during, depolarization
the sodium ion diffuses from hilgh concentration area of sodium
outside the membrane to low conceniration area of sodium inside
the membrane. 4s long as the membrane remaing depolarized, the
Inward flow of sodium increases the number of positive ions
cutside.

Basle function of nervous system 1s to control the
,wholg body. The neuron signals are gsend in pulses is called
splkes. This equivalent to telephony channels at low frequency.
In neuron there are two types of signals.

1. Signal which run froa Body to C.N.S. is called
. Mfferent. | .4
2. Signal which run from G¢.8.3. to body is called

efferent,

- When axbn is stimulated the surface potential changes
in a charaeteristics fashion to an action potential oxr spike
potential.. Axon may bs stimglated by any wids wariety, l.e.
electrical pulse of various shapes, heat, cold, chemical changes,
and mech. pressure all leads to geme phenomena. If there is
ddelectric strength 100 mv/100° A = 10,0000 voltg/em which 1is
in comparison, the dielectric strength of oil is 100,000 volts/
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cm. It s turms out that the {iber signal is a 'spike' that

is aécompanied by the break down of membrane, infact regenerates
the signal. The fiber operates with a threshold of about -50
nV. When inside at any point become more positive than this
value the break down is troggered. The membrane becomes more
permesble to sodium ions foy soms 2 m sec.} as ions enters the
fibers the voltage lncreases to 430 mV. After 2 m Sec.interval
| there is snother 2 m Sec during which the wembraneg becomes a
relatively good insulator again. Because of disturbance is
% m Sec wide s¢ 1ts frequency is 250 H,. The =70 mV resting
potential as a d.¢. component which ig snperimpnsed on 100 nV
peak spike, known as action potential, Fic ne: S ‘

The membrane of polarization disappears on reversing
the polarity very quickly, thén’it give rige to serdes of
bumps. This spike travels in both the directlion zlong the
axon from the point of stimulation. For a very big stimlus
a local response occurs which is similar to smeller than the
splke potential ss the stimulus increased to certain thrushold
is'raached when the transmitted spike potential 1s generated.

| The spike potentlal is an 511 or None law response.

| E;ther there is transmltted spike_ia‘present its height and
1shape is indspendent of stimulus., The neuron acts in a similar
»ménner %0 flip flop circuit used in counters snd digital
»éércuits. S0 to say neuron is either ccndueting or non-
conducting state, nothing is transmitted in btetween.
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In Axon, one spike is transmitted at a time or another
one can not gtart. Some time g0 happens, number of sub-thres-
hold stimuli summed up to give a response at a particular time,

A ionic current start flowing when a step voltage 1s
applied through an ele¢trods to intracellular fluid of nexrve.
The applied input pulse must have an amplitude greater than
threshold value: Here two types of ilonic currents flow - The
invard current is known as godium ion currents and outward
sodium current 1s known as pottassium ion currents. The
gsodium current IN; start flowing first and after certain
time delay when ﬂi ions reac‘hea inside a current due to K¥
ions start flowing. ' As the valus of Iﬁa' inereages the value
of Ix also increases. Thus Iy is dependent on I,

N

The relations between xNa and Ip are their response
to a stei: are very much similar to base and collector current
of P« N - P transistor in common emitter configuration,
MS idea was first sgggested by wa.

‘Assuming, that before the step pulse is applied, the
charge existing along membrané is very small or essentially
gero, At t = 0 1let a step voltage AV 1s applied through
an electrode in axoplasm. This step voltage forces ions from
extracellular “aolution to enter into membrane toward interstial
fluid. Because of this P (0%) fons step to an appropriate
constant value under transient condition. So equation can

be reduced to



(30)

- 2 .
2P P = Pog

-T - D - '6'0000(‘4".1.1)
° P ° ? = qu

-

the boundary conditions are

- P (0*,t) = P(0*), which is constant and P(W, t) = 0
ag the inside of membrane is negative with respect to outside.
After t = O when all the translent are dled away a s%a&& state
condition P , (x) 18 reached which satisfies

22 Pgg P, |
DP K a :a e < ,-rvP | ré.’ooo'("l‘."'"o'a)

Where 7p 1s life time of injected fons in membrane.
Pyg (x) 43 an lon concentration at steady-state and is given by

| sinh | Ké]
PSS & ?(0*) : _ 00.-0(‘1*01“0'3)
| 8in h{ W/Lp] |
which becomes
Pog (0 = PO (1- &) ISR CREY
. LP >> w S oooco(""o"OS)

‘Where |
Lp = diffusion length for ions
W = membrane thiclkness

The total solution P (X, t) is made up of the steady
state and transient solution. Equation (%.1.2) 1s solved by
geparation of variable technique and transient solution which
is zero at boundaries



(31)
nnx
(,nSin L""""""""]O - 00000(“‘.106_) ‘

ag is arbitrary constant

Ta = b " 1'7)
v a osave o0
14( i?;_.l.h )
Then a general solution of equation (H.1.2) is
, o ®
' ‘ mmx

P(x4t) = (P(o%) (1- ﬁ ) e %ﬂ a, Sin (-~ )e‘t/,r‘
Usually :? >7 W 80 ‘m = “‘"“"‘é"" ceseelltet.8)

 Since Lg _=_Dp.x’7‘1,

The equation (4.1.8) is independent of 7p and is.
related more to sieady state transit time. This can roughly

from an expression of ion densgity
Jn q,PVu.‘-qup —'-51; :::q-Dp 7"’2"%“)'" vevee(ltala9)
Where ¥ = velocity don in membrane

VCX) = DP up ‘ 00.00(“010109

Integrating oquation (4.1.10) gives sodium fon transit
time as ' _

tr = 3 DP . ‘ . oo.oocn(h'o“o""‘)‘

Find solution of equation (4.1.11) is obtained by using
initial condition |

P(X,O) =0 for 0,< X <%



| (32)
This gives co-efficlent of ay in Fourier series of

~equation (4+.1.7), the solution is

- o0
P(x,t) = P(OY)(1=- 5)?25’(0"') 21 ..%&. ain ;m o -t/ Tn
m=

Using data of squid nerve, curves for P(x,t), % /é@ and

P(x,t) dx were plotted. These curves gd.v'eaafidea. about the

sodiwn iong in the membrane with time and distance for step

voltage excitation.

4,2 ELECTRIGAL R-C MODEL ¢

Now procseding to investigate the axon in R.C, cable. fis

let applied voltage v and 1 at any polnt are the function of
both ¢ and distance =x. TUsing capitel letters V & I as the
point i‘unction of both qu; S = Jw = Jonf and distance x
along cable. If R & C is distributed resistance and capaci-
tance over the line then

AV = «IR Ax or AA"E = «IR uotcco‘"0201)
Similarly current loss through shunt capacitance is C.
S0 ALl = «S V¢ Ax

%-i = *SVG ‘ ..»09(1"0202)

Eliminate I from both the equation

-’%—a—g = SRCV

X

So the general solution becomes

:



RC & x

./SBGX""O&Q-
Vaﬂ-'.e )
at x = 0 Yv=0

at x = 0 V= Vm
This equation becomes

stine- SRC =

&3

S0 01 80

62=vin

. oo.o(‘¥5203)

Novw question arises that what should be used for
input voltage V,,? Studying its action potential vhich has

2 m sec wide spike. So choosing Vy, as wnit impu which is
approx. equivalent to actual spik.e;
| Vin = 1 in Iaplace form
s0 | - R eene(he22)
gince /43 QCoaéré}f Hm;;eg-.
So IV(;%)‘ = e f.- x Cos [ nﬁ”

Magnitude 13 one at x = 0,» in agreement with unit impulse

and decrease as rapidly as a lncreases.

Taking Laplace inverse we get (from La.place !ables)

-x2 RC/t

v [

Q.u see 0".205)

We can check this answer by using definate integral
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Q0
F(8) = f £ (t) &8 g4t
6
@ 2
1 Xe . 2/m
= / m oSt = (g ) dta-—-—-e"/g
o]

This describes a wave shape whose width is proportional
to x2 end height is proportiohal to x¥, It turns out that

t:‘i%—‘! _and.

Where t, and v, are normslized time & voltage value

oV ta

Se. Vﬂa

1
ty /Tty
The normalized equation is convenient because it 1is
independent of distance. 80 wave shape is shown in Pig. /9

The area under the curve is unity, after different-
iate the equation (4:25) w.r.t. K = % that peak occurs

at time
l 22 RC or

which corresponds to ¢, = 0.6667;
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This means that x = 2 the width of the impulse-
rosponge is four times that at x = 1, whereas the hoight
become one fourth as great. It means as x . increases,
thore is rapid attentuation of high frequencies and peak
amplitudes. This Axon is useless as a transmitter of a pulse
if amplitude of prOpagat.:lng signal, F!G NO:19

‘*-3 BaLi.C. MODEL 1 o | .
The neuron section is thus assumed %o have uniform

series resistance and inductance and shunt capacitance. FiGNo:2°

_Once more considering the drop in voltage and current
over o length «f 2 at a distence 2  from the source of

excitaﬁion. there are

-3?2(314-1' %%)'éz vuoo-("i' 3-1)
"aI&'» ¢ 3 aZ oooc-(""o302)

Bt

Where B, L and C are parametfers per unit: length,

~ From (10-.3 1) and (1?.3.2)

. s
= RC %{ + IC Q‘,a—';% ...,.()4-.3 3)

There is no standard form of solution of (lf.3 3). Hence a .
substitution v=e -at ¥ is made in order to gimplify this.
"a® has been chosen as R/2L bacause the decrement factor of

a lumped B-L-C circuit is e B‘L t
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L R LY CT =

aay@“ 22y - R oe ;
= o -
D g o t2 ' h L
Putting 3° = -I.J—-, there 1s,
c
22 ¥ 1 o % ot

——-'5—?- 1 -—-§-§— -,"a':'t"'é"" ' ?Z_Y oonoo(‘*oSo“')
This ¥ may be defined as phase velocity.

Again (‘}.3.1») is not a standard equa,tion and the
independent variable 1s transformed to obtaln a differential
equation in terms of one variable oanly. ,Sevax;al transforma=~
tions sre tried and the one which gives the desired yesult
is shown below. | |

i

x4is put as x = a / ta 5
| ¥



€2

2Y dy ox
Thws g = §x ﬁ‘
3% L &y 92x R
= : ) ; coosofllte .
or =3 —&;T( -~ M Tl (%.3.5)
2% ey sx 2 ay 2°x R
Similarly‘, - = 2( D E ) + “"&"”x g‘t‘é"‘ oooo(hoBo

ot dx

. g o
Now %—g::;i(ta '—?'5) x...-;?—é--

= =g

3) (tg fd ""Xg“é" ) 00000(“‘03 7)
3 2 4z
5 (t3- J—) -zm —) x- =
a 5 I __&. g b) i
Y2
L S rea(3.8)
?2 2 R 32 3/2 eeves o )e
(¢ = ==3)
Y
$F mab P 5 7o
I T e (403.9)
2a_ a5y %
“- ot
52 (6% ~E5 0¥ .3 b2 - b-,gfﬂ' 2t
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2

. el
y 2
Y = oa : 000-0(‘1‘.3.10)

2 ‘

Putting the expreséions (h-.s.?) to m&m in (E.3.¥) and
simplifying, thare is,

e =

a2

+ - X e - =0 oees (e 011)
Tﬂ, x dx y » | 3

The above equation' is modified BesSei's function of order
zero and the solution is,

y=A IO (x) +B KO (x) y ....o(""¢3.12)

| Assuming a pulse function (rat‘her than an impulse
function) as exeitation, it may be noted that is not zewo vnfwmij?
even ab t=0,z=0. Hence B wn €4-3.12) yust be <zero
since &K, (x) "has logarithmic singtilarity at the origin.

Thus >

. .at N e
v=Ae I (a / .2 -

° " /¢t 7’%) corns(He3413)
Tais model is claimed 0 be superior than R = C model

because 1

1) the actual phenomenon i3 considered,

11) the realistic vave form may be considered.

If the input is a pulse of magnitudc Vm ani of guration T,
then the input msy be written as,

Excitation = Vypsu(t) ~u (t - 1)
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Considering the first gstep function, the solution is,

-at e
vehe” I°£a/(t2-§?:§)

Now waVypatt=0, z=0
HBonce A = Vyp asI (0) = 1
Thus for the first step function which is valid in the

reglon 0 <t < 7T, the_solution is.

v

i

’ a‘b e e .

vm I ( & /(ta ""'2"' ) ococo(""oBoﬂ")
In the range T < ¢ £ 0, the response of second step is
added., ‘

o .;1-, / 2
Bence V=V o™%% I (a/¢2, _:r%_é_)_e-a(t-m) I(a //(t 2)5 T 2

00'0100'"'3 15)

Considering the responge due to a sitep fuanction (1&.3 1) the
following points are obgerved -

(1) st a fixed vzlue of z, the two factors have opposing
effects with increase in time t because e -at
decreases with t,
and I, {(a / (t2 - 22 increases with t. However the

_ a? 2 | .
. e§

steady state value is zoro as Iy ( 5 ) for

/2ansg
S — o
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@o)

Thus
o" / t
St I ( a / ta‘_ﬂ__.)n Lt e"at % _!_a_-.
t =l /2" at

At a definite time t.‘, the signal decreases Viﬁh
increase in distance, because the modulus of I,
decreases with increase in z. When -f' = tq, the

magnitude is uwnity (Say). For volues of z larger
t han t1, the function Io is changed %o To

/ "5_ ‘ o
- %), end the: magnitude 13 ‘somewhat
dampea oscillatory with ma:d.mm amplitude unity at
Origin, Thus at very large distances, the signal

vanishes in the absence of regeneration.

Mo JONIC TRANSISIOR MODEL 3

When a step voltage (AV) (greater than threshold) is

applied, ionic current start flowing. First sodium current
starts {lowing intc the membrane from interstitial fluid end
after certain time the pottassium current starts flowing out

of membrane. Besides this there is also a current due to,

gome other ions present in golutions, such as clorine etc.

. This 1s dencted by 1L

S0 sum of currents is
I = IK‘.‘ ‘Q'IL 00...("’0“01)
e ' ' o7 4 39
THTRAL LIBRARY UNIVERSITY oF ROOPK ks
ROORKEE,
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a Yy 1 »
it = a“ (IK +* IN‘ + IL) -....(1».‘1-.2)

Assuming here both liqulid membrane jumctions are includ-
ed to form an ionic transistor. There are two Junctions
exists between external solution and membrane and second
Junction between intracellular fluld and membrane. The two
ionic solutions are gegarded as p-typ semi-conductor
materials and membrene as n-type semi«conductor. The ionic
transistor is taken, as equivalent to P=N-P semi-conductor
trahsistor_in_structure._.The potential inside the nerve is
negative v.r.t. outside under resnt condition, the inner
Junction is taken as reverse blased and outer. junction is
taken as forvarded blased. Thus nerve is taken in model
forma equivalent to P-N-P semi-conductor transistor equivalent
model, The ions in nerve axon are like holes in transistor,
theée ions follous same physical principles.

Anplification factor B can be defined in terus of
ionic current as the ratio of the change in K current to
change in sodium currents, while keeping inside potential
constant, |

BB ¢
b= %,
VWhen there is ng.lug, then P, reduces to mero., .Since

membrane is permeable to only XK' ions in steady-state, current
due to K* flow across the membrane, |

In absence of electric field, the expreasion for R, can

be obtained by solving ion flow continuity equations. In
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absenée of electric-field, diffusion current dominates ana
ions injected are also negligible., Under thegse conditions
parameters such as conductivity, mobility, diffusion constant
of iong, life time lons are independent of carrier injected.

The continuity equation i3 given by
: -~ P-P

-52 8 - ,T.P 0 + DP Vaﬁ , '0000‘00‘“0’4’03)

For steady state )

o P-P o
. For one dimensional case, solving for p(x) and substituting
following equations '

xn&v = - Q DP % / x = O _ eoeselleliolt)
Ig=-q DX gﬁ/m RO ¢ M 5

Ratio of Ix to Iy will give amplification factor f,

Various ionic currents flow are shown in Fig. 13 which

constitute of

Ip = Ny current due entering of N: dons from inter-
stitial fluid to membrane,

I, = Injected ions are stored in membrane and they do
change with time during transient operation. This

current constitutes a surface or volume recombina-
tion current.
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x& = An anion current from membrane region to
interstitisl fluid. Anions are negligibdble

‘compared to cations,

Field due to stored charged ionsis developed, under
high level of injection. This cause a change in the membrane

conductivity.
Im = IR * IEQ ' : go'footcf(ll'o’%o6)
3—% 4. P -gg-—azm R
- +* . eeces otte

Ip & IEe to be very small because the membrane
resistivity is 10® tones higher than flulds surrounding it.
The amplitude Ix produced is d:l.rectly. proportional té IP .
I, can be written as combination of surface end volume
current, |

-31;- a%ﬁn + %:-;;!B + 1??; ..._..(u.u;a)

Where SR & VR stands for surface and volume combination.
The surface and volume combination current for semi-conductor

transistor is given as

?)IPE _ w?? ’*.‘#” 2 creoe(lelt )

9—2&3:.—_—58 & —s-w—i ..o.o(h‘o""o‘O)

Olep g. . Gy .
aI? = "6:.;%'.—- | q.goo(ho"}oft“)
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I’} svthickness of membrane s
L° = diffusion length of Na ions in membrane a(Dpffp)*
Dp & p are their diffusion constant and life time.
o ® conductivity in interstitial solution.
0y = conductivity of membrane.

Ly = diffusion, length of anions in external solution,
8 = surface combination velocity.
A = Area of membrane Junction per unit length.
Ag = effective area for ion recombination at the
interface between the membrane and external solution.
Ip = Inward Na ion current.

Area agsumed for surfgce recombination of ions is
nearly the same as_ area over which fons are entering the
membrane. The surface recombination of lons take place along
the membrane surface.

The surface recombination current is given by
ISR +* q S ‘s Q : . ..Q“.(““X;h‘a.12)

Where
"~ q = charge of ion
S = surface recombination wvelocity

P = density of ions present near surface.

Most of current is due to dlffusion of lons through
membrane

Ixﬂ u, oo.co("";"'o13)
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1
golving Jp = - = - q Dp §rad P

Using equation (4.4,12) and (4oke14 )

d;ﬁﬂ 8 W
ip = A

The presence of field affects the surface and volilm
recombination. Th.‘x.é field is due to excaess of ion density
due »to high injection. At high currents the diffusion
constant of ilons through membrane increases and ion lost
due to surface and' volume recombination, are reduced. The
expressions of gurface recombination, and volume recombing-
tion in presence of field reduces to

_(a_?ﬂ. ..___‘B,_, ) ' 3
BP = DP g(z sesvse (4-4f 1é
Where | |

_ 1+P )

sv(Vz) = TTIA, | (oot

and _a%m ¥ ( ‘ 2 (1+2) L )
: | = . ' ees .q.1

o% _E; * ' (4-9-1%

W
Where Z = D -
E’

Substituting those values in the equation No.(lr.lt 7)
the expression for amplification factor, in the presence of
field is given by

B;-— = %g g(z)*[-(%%g a&(rg— )2J X (‘14-2) esess 4-418)
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This equation relates the nerve response to physical
quantitles of nerve axon.

F"N of squide-nsrve-axon is obtained by using followiné ‘data

W= 50110"185" ‘,a-.-.w"a cmzlvolt-ssecs Dp = 10'8‘ \cna/sec.

%:1_;:69— mhos ‘dga -%—a— ohms,

X
§ = 110”7 to = x 10® mm/cm.

- For various values of surface recombination velocity
end 8y a curve 1s plotted shown in Mg, nc 15

It is geen that if surface recombination increases,
fy decreases. S0 value of 8y or nerve response depends
upon how many outer ions reach the inner junction. The
transit. time crossing the membrane depends upon (a) The
number of cations (N,*) available in external solution
(b) There spéed_"cf tmm;ung {c) ddstance of travel
(1) field builteup in membrane due to concentration gradient
of density injected ions,

;Eque'.tion‘of B.(4-9:19 ) suggests that it is independent
of O the conductivity of inner golution. This 'f_aét was
observed experimentally by Cole, which differs fyom 'i;he -
earlier theories bgsed on ion concentration and potential.

Also it 1s clear from equation if the width W increases,
y the nerve capability to conduct decreases. Because of
increase in the surface and volume recombination increases.
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As the con&mtivity of external solution ( G ,) is
reduced {or reduction of NJ ), the action potential decrease
and further the capability of nerve to conduct is decreased,

this fact was observed by wei,

The I starts after a certain delay, while the Iy
starts immediately. It is taken as transit time for n:

through membrane. Once they »each inside, Iy starts. 8o
this model does not give any ldea about the delay in starting
of potagsium currents, because one dimensional theory is

asgsuneds

In this estimat;t.on the cylindrical geomstry of nerve,

surface recombingtion of ions at membrane, a life-time of

ions in membrane are included, The life time of charged
carriers is not same in membrane and in storage charged

| membrane., To study it, the sodium and potassium ions and a

step=-voltage appears at Junction between membrane and external

solution ag a forward bias. The continuity equation is aprlied

inder this fogward blased condition the carrier-injection into

membrana.

(P-R) - P- Pu + Dp \72('& _R) ---@919
ot Te |

Where P, is injection ion, density in mezbrane and P;ia

ion density in membrane at infinite time, Dp 1s diffusion
constant of injected Lons, and 7p is bulk life-time of ions
in membrane. Uains Laplace technique, the density of injected

ions in membrane is given. by



Q%A = /e'“(f;_ £,) dt | ag)

Equation ( ) 1s reduced to modified Holwolts
partial differontisl equation -
Vaq(b’,k)-xaq(x,g).o' e e e e, (4420
Yhors S _
a(t+8 7',}/2.3 o - @a4-2)
Lo=/p 7p | @a-4-22)

Tor finding distribution function ¢ ( v,k) following
sssumptions are wadey |

(1)  ion<density at internal sol. Boundry is Q
(11) don-density at injection side of membrano ~ solution
boundary is constant, Q, |

(111) At time ¢ = Oy thore is mo §) & K* lona.

(iv) ‘The surfaco vecozbination velocity is proportional to
the ion-density of ics free mambrane surface.

 (v)  Ion density in tnternal end external soluticn of
membrane is in equdlitpium,

(vi)  Assuming that lon flow through pores. The radid of

- pores st internal and oxternal membdrene surface may
be equal or large then other. |

(vil) Ions diffuse through pores dus to their concentration
gradieant at one side of mmbrano-

The Heluholtsz equadion feor cyugarioal co-ordinates,
and for & symmtry in @ direction { -3 = 0)
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2% 1 2w 2N, 2
o X 1 M ¥ a’a’ az k"u=0 svsee (.9.23)

By using method of geperation of wvariable,
uQJo(uar ) A Cosh z/;é;r+ssmnz/';3:‘§‘ -. (4°9 29)
To evaluate constant A & B
At 2=0 Y=Y, Q= Q
Z=w T =y Q=Q
The invard currént\is gifeﬁ by
IzéDQ ffq( ¥, k) dA --(9:9.29)

Where dA 1is the area of pore at outer-surface of membrane
in interstitial solution. Substituting for g (v ,k) and da,

equation ( 4.4.25 ) becomes

+BSin h 2/ 22 ] av vef...;(q-q.zs)
A Boundry condition are |

I=1Iys at Z=Oand ’b’%b’

Na ‘2"‘1‘?]"79(“7) B/“‘Ef—:—' av ;,...(-QQ'CT’)
Similarly at 2 = ww v= ¥4 and I.-.-.IK

v,
2
Ig = 2nq Dp frso(u? ) [A sinh W/ 22
o

B st WZLT [ LB a@ gy eeees
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For simplification take ¢ =4 = %, and Qg = Q,

1
Then By = -# we have
' 8

L AstahWAEST 4B Cosh W /AELE
r B :

seeese (4-ﬂ-28)

On substituting the values of Constants A & B in sbove equatior

Br “« 4 ‘Seess (4-4'29)

For KO#.%& Bl" ¢1§
esese (4‘4’3"

It means Ig will be greater than Iy, for ¥, pore
diameter at inner surface of membrane is greator than pore
diameter at outer-gsurface of menmbrane.

“.5 EVALUATION OF By &OF. LAY TIME OF  K'CURRENT
There 1s certain current I, in the membrane due to
surface and volume recombination of ion in membrane,

Ill = -E'*D‘g" INE.** € 'ﬁ‘)z IN& | looo-.(ho5o1)

Using equation (3.3 o) ’

bud

Iﬂ = INa {‘Z%“:E-ﬁ;;_-) + ‘& "i? ) ] ...‘.(1&.5.2)
4

-g;- - —:91;- 5[%-%) ,..;( —fg-)] -I%; ....(h.5.f-
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+ (g conee(lagilt)

-3 )
( 8 + frp
lo =1/ BH 3 2
RS
= ‘ "’o*o.oo(u.SCS)
By=__ w2 _ coere(t.5.6)

S*'-1** ka a‘LP S

I as a function of time is obtained by the use of
Laplace i.nversion Mtegral

' 1k (t) = Z _ :’331w ( QSt IK) %0000(‘*’0507)
- o o~St [a}* (S+—$5 )]
. all poles 8(s + _:‘]T_. )
L
-at»t(t‘OSOs)
Tp
Where ¥ = 38 7
14 —F

W
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The dominated poles are located at S = 0 and

S —%;—- , to find the delay, poles near imaginary axis

are considered. S0
, s A Y 7
‘ , - el ) o=t/
be (8) = D1y, [*5,-51* +( 1 71.).)3 J N
cevee(te5e9)

Substituting t = T, and ip (t) = 0, 1, (t) crosses
the time axis at time ¢t = Ty s and is negative during ¢t = 0

'mB . T, W«ZP;-T;-E—7 (k5.1o)

Tp is the delay time of starting of potassium current.
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5.1 INIRQDUCTION | |
~ Electronic models can simulate continuous -
variable - non-linear operation accurately and economically.
Providing real-time signals that may be observed while experi-
mental conditions are manipulated, they permit a rapid and
effective kind of observer-model interaction not achieved
by other techniques. There are considerable advantage to
direct observations or‘ weve forms, phase relationship,
modulation and time dependent interaction while stimuli and
model parsmeters are changed. 'Such advantage to few inter-
conneoted units. For large' networks, both observation and
manipulation of parameters bacome very difficult.

‘Analog computers h_a.v_e a_.dvantages similar to
those of electronic models, but iend to be slow and comber-
some, Both have the advantages over mathematical models
that they do not tend to compel oversimplifications.

The storage capabilities and growing speed of
digital computers carry great promise for flexible, realistic
modelling. The large-network simulation are handled more |
readily by digital computation than other technigues. It |
 seems 1ikely that high-speed digital computers will ultimately
provide one of the most satisfactory means for modelling of
complex nsural lysténs.
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5.2 ANAIOG SIMILATION OF NEURON 3
lewis gave a naw pproach to analog simulation

and study of neuron is preposed. This spproach is based on
recent physilological evidence which iniicates that the
individual nerve ¢ell is functionally much gore complex
than the classical view of synaptic yegion coupled directly
to 2 spike or impulse-generating region. “

The ultimate input to a synapse is an impulse.
or serieAs‘ of impulses which are originated in presynaptic
neuron. :l!hesa impulses are apparently transmitted inter-
cellularly, inducing s change in the potential across the
syna,ptic membrane of post synaptic neuron. Wwhile pre-
synaptic potentisl has duration of ¢ m sec, whereas’post-
aynaptic potential has duration of 4O m sec. or more. Thus
a single, sharp presynaptic spike induce a slowly varying,
long lasting post-synaptic potential , which often called
bullistic potentisl whereas formation of ballistic poten-
tial are not completely understood. In simulating the
ballistic response it assumes three parameters; the rise
time, full time or decay time, and maximum amplitude. The
requirement for independently-controllgble rise and fall
time implies the need for unilateral network. A simple .
RC Realigation of a ballistic network is shown in Fig.No. 2|.

The real functional power of many single neurons
1ies not in their ability to integrate many incoming splkes

/
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not only from one axon but from many, and thus respond te
group of series of spikes. It is known that a single neuron
responds differently to different input frequencies, and it
1s quite possidble that it can also differentiate between
various pulse patterns. Two mecheonism are thus important
in this respect are facilitation and antifacilitation. In
Fig. 22« the first impulse conditions the synapse in such

a way as to enhance or t‘aciliﬁato subsequent responses,
Fig/22.4 the first spike reduces or antifacilitates the
response, In Mg. 22, whereivthe second input spike is
very close to the first so that antifacilitation is greator,
The third spike occurs cqnsidérably lgter and its response
is therefore not g0 greatly ‘fé.‘cil:wated, but the response
amplitude is still ;reater tnan basic amplitude,

In network Pig. 23, the input pulse are simulta-
neously appllied to base and: co),lector eircuits of the
transistor. Prior to rirst.\‘pnisc the voltage at collector
is -vo" The first pulse thus elicits a positive going pulse ‘
of amplitude V, at the eoﬁéator. This is applied to the
output network and results /':l.n a bulllstic potential whose
amplitude is proportional to; o+ <The first pulse also
leaves a residuel voltage in the collector-bias network
vhich add to V. Depenuzn on the component values in this
network, the sdded bias /may develcrp rapidly (in a few micro-
seconds) or slowly (uﬁto humred millisecond); it cannot
however, decay more rapidly than it develops. For such
subgsequent input pulse, the{;‘i amplitude of positive pulse



(56)

appiied to the network 18 V, ¢ AV () where AV(t) is
residual-added collector - bias. The subsequent ballistic
potential are proportional te V, + AV(t). The rise and.
fall times for this ballistic potentlal are complebely
independent time constants of qoll.ae'tor and bias network,
he rise time of tho added blas is determined by R, and Coj
 the fall of time is determined by C4 and C, in series with
na.’ After first pulse the total collector bias Vg can be
approximated by

Vo = v.r'iﬁ (et ) (g“"" ) + v,

Where vin 15‘ amplitude of input pulse
q’anaaaand ‘7’2an,<c1 +ca) .
In Pig. :24 y in the absence of an input pulse,
the voltage at point 1, (v,,) 13 zoro. Dwms applied pulse, .
however, V,} may be expressed ' :
e T ot/
Vi { Vyn - out) K
Whare Vm is impud pulse amplitude, :',chis ,
residual voltage across Cq and 7/ s R,Cyq. Thus a positive
pulse at the inpud résults in a positive pulse at point (1)
of auplitude V., where V4 is proportional to V,, diminished
by antifacilitating voltage vc1. The time course of VO‘I

is thus the time course of antifacilitation and may be
written
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oy = ¥y (1= Y% ) &/

In the network 7 and 7, are varied independently
of each other, Emitter follower can be used to isolate the
final output from any moderate load. In complete soma ]
anglog the outputs from these networks will represent posi-
tive (in Ribitory) negative (excetatory) excursions in
the soma-membrane potential, and will be applied either
directly or through a loca-response locus to the sp:lke
initiator.

Many neurons exhibit after effect which can teke
eny of several forms. 4n inhibited neurons exhibited neuron,
for example, iipon cessation of inhibiting stimulus may begin
firing spontaneously, thus exhibiting a rebound or negative
after effects. It may then cease firing and go into a state
of subnormal, and in fact, it may oscillate back and forth
between supernormal and sub-normal states for several
ocycless Likewise, a neuron on cesséxtibn of prolonged
excitation may go through a period of depressed excitability..
While the origin of rebound phonomena is not well established,
it may be represented by rebound in either in the synaptic.
or the over all some potential. The networks sbowxi in Fig.
and fousy exhibit this type of behaviour and may be useful in
gimulating this type of synaptic or neural behaviour. Agaln
the outputs from these networks will represent excursions in

membrome.
goma=~potential.



| (58)
5.3 IONIC TRANSISTOR MODRL
An equivalent eircuit of transistor model 1s given
in Pig. a7t voltage step is applied. The behaviour of
ionic currents are studied by the method of Laplace trans-
form technique. Concept of membrane conductivity modulation
is used to caleulate the various parameters of ionlc transis-

tor.

Where ‘
| Ry = membrane resistance
cﬁ = membrane capacitance
Rp = Junction resistance between meinbram and
- external solution
Ry = Junction resistance batween internal solution

and membrane.

Since the external solution is usually at or referred
to as the ground potential, a neive has g0 ealled grounded
emitter configuration. A stimulating potehtial_ is applied
between external solution and axoplasm., Part of the pée
potential will appear across the outer junction, and the
rest across membrane. Due to this applied voltage, current
start flowing.

When applied step voltage is gi'e ater then the
voltage providing at reverse bias across the dilode Dy
shown in Fig. ( 27 ), the mombrane o.apacité,nce Cy discharges
through the dicde Dy with time constant equivalent tO
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¥ L f
Up (,_Q* ) Gu
Tp * St Y

Once capacitance Cy 1s discharged it starts gotting
charged up with time constant of ( R, + By) Cy. Durins,the
discharge period of Cy Sodium currents flows, and dni‘ing
‘the charging phase of Cpy sodlum current decreases while K*
current increase to saturation ,vélum Us_ing an equivalent
circuit of lonic transistor, and applying Laplace transform
technique, the axpressichs for sodium and.pottasium currents
are obtained.

~ Applying a laplace trensform for the step voltage
ex,citatidn’, .and writing loop equation for mesh one and two
in Fig. 28 , the expression for sodium and pottasium currents
can be obtained. It is seen that step voltage excitation is
applied between intracellular and extracellular solﬁtipn.
Mogst of this applied step voltage occurs across membrane
region, as the resistivity of these solutions are negligibié
compared to the membrane. The expression for time constant

is 5173!1 as
v Ty ¢ ¥

o T ¥ |
(2¥p+ Yg) [ 4. £ W l
| | ¥

wa( 'Kc + 'KQ) + '69

THa =

and similarly T = TK for the rise of pottassium currents by

adjusting different parameter as Ry R, and R, the different
shapes of the wave form can be obtained required for the action
potential. It is also satisfying the steady state conditions.



Many circuit centaining two energy atorage elements
have Deles seperated vwidely snougk se that the transisnt
respoase cant he approximated by tresting them as two isolates
single-ensrgy circuits, Of course there mist be eomtimuity
across the beundary betvesn two indiviiusl responss curve and
they must satiufy the original system,

n effceting the separation of the systam mwaponse
into two tise rapious, va shall bav: to dspend upon the physical
charasteristies of snergy storege elemnts for duss gs % the
peratisaible spproximatione, FIGNo: 2 a

Considering the apyliczbion of & witage step of heigh
Yy4e The output i» constrained in its tiue rate of zise primari~
iy by Cqe Frea the cireult that the NG1 charging current of
g to-gotiar with wiy ewoTent through By must aleo flow juat
alter the excitation is applied is eyawitially deterwined by
wicharged gate fmput capacity €g. Ihe sass eharge 1s acewiu-
leted in Gge Binee Cy > Ogy the voltage neross Cp will chamge
slightly vhile G5 charzes fully, s coupling cepaciter can
be asstoed to be short circulted during this antirve interwsl
and the equivalent circuit is reduced to one containing a
single~energy-storage ¢lemnt in Fig, 29 b.

The final steady-stats dutput mmd the oirculs 'm-
constant are found by taking thevnin  theores sguivalent wercss
Gge Then ere |
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)
'“ gu‘htmﬂ hm "1 | (5-'4'/)
1 (Re + R 1 By)

¢ weenel5 42
(\r' - M*Jmm
(Rg |l By 1Ry

We ar2 now in & positiom to write the squations
Sefining the iniilal portion of output response

'ﬁ“ - vﬂﬁ, ( t I Q*V’T' ) eneep (5- 2.3)

In four tias constanta, the cutput rise te 985 of the
stenly state velus of Vozq wod $aitial rise may e assumd
‘couplete,

During this whole intervel, Gy 4@ charging, ewn
though 46 23 doing 30 wry slovly. Tha relatively lerge
cuprent required  becsuss of the largc volue of Cp) will
 goutzel the oukput veltage snd swenp auy eontridution from
the Rischurge of Cge Wo arv Justified in ignorimg C4 nd
in yemoving it from the eircuit. If the initisl velus of
the output acroas Rg Wpom the suiden exvitation of the systes
is ncv csleulated we also Tind it %0 be Vg, .08 A8 Cp
dizcharges, the output delay tovard serec, vith nev tiwm
constant,

(Taﬂ ct’i ‘ .ﬂ*lﬂ " ‘D) XXX 1 (574)
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Thus equation defining final portisn of the response
may be written Wy inspectisn,

VQC’% '..1 .‘t,q:?- snnee (55

. The omly question remaining umawwered is
At wvhat time decay will take over from initisl sise? If we
compare equation ( 5-9-3 ) and { 595" ) we see that both the
capacity and résistance term of ~ are mich lerger than 7 .
Bince dacay time eonstant is 80 Very much longer, erroy
introdused by starting the decay any viere in the vicinigy
of sere vill bs negligidles |



I~

3

Spike potential can be obtalned by intercomnecting two
high pass and low pass networks, to melt the required experi-
mental results. The combination of one low-pass and one high
pass network is shown in Fg., 3! % We shall assume that ,
guccessive network do not interact i.e. do not load each other.
The transient response can be approximated by treating them as
two isolated single-ensrgy units. The response can be sepera-
ted into two ®egions, both the regions, both the region
depends upon the individual characteristics of energy atorage
olement, assuming that successive network do not interact.

~ In first energy~storage wnit, an excessively rapid rise
depends upofx the rate of charging of C. “capacitor. charges | to
the d.c. level of input with circult time constant, and output
shift accordingly. The solution of equation in gensral forin

Tﬁ%*ﬁV: 0 : ,....(5.5.1)

vy =v, T wvw (1-YR) L(5.5.2)

~ The step transient is reduced to a rising curve, V, =0
The final level V, is same as of the input V4., Hence equation

(545.8) becomes

v& (t) = V1 ( 1~ Q”t/% ) eev e 550503)0
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In gecond energy - storage' wmit, a series circuit
have output proportional to derivative across the resistor.
The major portion of the circuit voltage drop is developed
acrogss C, when the time constent are small, With a sufficient
small time constants an exact output wave shape is reasonably |
closey except at discontinuities, assuming g perfect. The
output has no de component after infinite tims V= O.

From equation no. (5.5.1).
v3(e) = v, o~%% - N REY)

Where Vo = va the output of fixfst low pass network:

V3'(t) = output of second high pass network
T = R, C, Time constant.

The equation (5.5.4) shows the characteristics of the
exponential decay with time constant R, C,. By changing the
“yalue of capacitor CyorR, , time constant can be_ varied.

If T, 4s high, than full will be sharp and with low value of
Toe longer delay takes place. In this circuit, valus of

capacitance C, 1s varied, to get different decaying chara~
cterigtic of the output wave form when step input is applied.

Battery V, 1s used to have steady-state conditions. Th
membrane resting potential for squid azon is 61 nV, ¥rog Axon
i3 86 nV and for Purkinjee fibre of mamlian is 90 wV.

Block diagram of nsuron is shown in Pig,No., 30
It consists of thershold unit and pulse generating unit.
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A step input iz applied to any of four input terminals. This
input 1s differentiasted with R = 22 K and C = .02 4 ¥F.. This
differentiéted wvave works as input to threshold unit, congisgt=
ing of iimiﬁins circuit, In this Diode D1 is connedted in
forward bias, and the threshold value for wave c¢an be adjusted
from the battery Vu connected, If the differentiater output
is sufficient or greater than Vi the diode will be in forward
bias, then this aifferentiated pulse can pass throwgh the
dioda,and‘capacitor of 10.« » to trigger the next wnit, By
varying the Battery voltage Vy & particular voltage level can
be set for 1hput-different1ated pulse, i.c. if 1gput is
greater thénﬁk voltage ?&, then this pulse trigger the

wits If input differentiated pulse amplitude is smaller
tﬁan the battery voltage Vﬁ, then the diode would not conduct.
The battery voliage Vy in the circuits works es threshold wmit,

| The differentiated pulse (Amplitude greater than
threshold value) triggers the mono~gtable multivibrator end
‘causing a delay of 0,69 RC and output is pulse. The Amplitude
of this pulse can @ varied by using the potentiometer. Thias
pulse output is fed to nesuron model , which converts this
pulse into spike potential, satisfying the stoady-state and

transient conditions.

Photographs attached, shows the output wave forms of
fabricated wnit at different time congtants. Por these wave
shape, scaling has been done to satisfy required condition.
The vertical division is 0.5 volt/div.
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CHAPTER = VI
RISCUSSION AND CONCLUSION

Neural modelling has proven valuable in neuro-
physioclogy. In review we have studied different models have
fulfilled one or more of these goals, contributing concrete
knowledge to neurophysiology. Neural models are playing an
important role in complementing direct neurophysiological
investigation while their accomplishments have been
substantial. |

Blectronic models have been proposed for nerve
membrane and ionic theory is uged to study the nerve fibar
membrane. The atudy of nerve using.elactronic‘models has
given much more insight mechanism and structure. Electronic
models can simulate continuous variable non-linear operation
accurately and economically. Providing real time signals
that may be observed while experimental condit;cns are mani-
pulated,vthey permit rapid and effective kind of observer-
model interaction which can not be achieved by other
techniques - |

The donic studies heip to understand the behaviour
of narve in excitable state.' The purpose of modelling was
to come to some conclusion that_hdw the nerves behave under
transient and steady state condition. _Iha proposed model
satisfying the steady state and transient state condition
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when it treggered with a pulse. In proposed model the

spike potential can be obtained of different wave shapes, the
rise end retarding time constant can be varied to get the
wave shape of with required Amplitude and time constant. This
models give the variation sodiun current flowing the
membrans but does not give :l.de'a. about the potassium

currents, In electronic modelling, it is restricted to the
models of fixed properties of membranes, single units and
relatively small networks. There has been no attempt to
include models of information storage, i.e. analog of memory,
 learning, delay time in starting of potassium current. This
delay time in starting a potassium current is obtained by
hsing ionic theory, ani continulty equation which is solved
with proper boundry conditions. It is in the order of

1000  sec. - | |

- To study the nerve, a charge-storage model for
characterizing the transient behaviour of nerve i1s taken.
_Gylindrical geometry of nerve, surface recombination of
ions at a membrane surface and life time lons are included.
The built-in voltage which is a cause of negative reslstance
in V-I. Characteristlcs of membrane is estimated for
different membrane wvoltage. A polsson(s equation is solved
to obtain the widths of ionic and counter ionic regions.
Various ionic current which flovw across the membrane are
ugsed to calculate the amplification factor.
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There are many questions that still remain
open such as generation of inhibitory impulse, interaction
of neurons, summation '-of information, the effect temp.,
hydrostati ¢ pregsure, using ionic theory etc, The
increasingly close liason of experimental and theoretical
neurophysiology made possible by medelling present intri-
guing challenge of future,
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APFENDIX 1

Helmohltz equation for c¢cylindrical co-ordinate
and having symmetry in @ direction

o2 Qu ?3% 2 - |
E—_ﬂs’a + -‘%’_ ‘B;;q»az -k =0 veeee(t)

Uaing method of geparation of variable
u=R(v) Z(z‘) | essee(2)

@R .,z o
Z (;“;;"2* %,%E,}*-E ("’&‘“‘é‘é’ "'K2Z)3O seese

L

A

Iet const == 1

a7

(<)
Y

2+ 1 B)=1(-8F . %) = constant

LY

ﬁ- ‘ 1 w A 2 0 | ooo;.'
Its solution is R a J, (UAr)

Where ‘T'o = Bessel 'fmction of zero order

and Z = ACoshZ f2 g2 +Bsmhz/';é—;—£§'

, ¢ 6emplote solution is

= Jo(4¥) [A Cosh &/ ;2 y2 +BSinh 2,2 g2 J
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: | N
( 7'b¢‘ a’b) 1‘1& + 'Ke( ’Tl& + 5‘) =0 00000(1)
4 j.ma ” - B"b *%i; 7@ IN& .00000(2)

.From loop (2)

Vot % Yo o = Yol1=0G,) dgo+ v (dy « I )

- Where

o]

°(n = current gain at gzero freq. _
¥, = time constant or cutt-off freq.

Rearranging equation no,(3) ,
¥y * L. §

v ' ' ¥
( ¥ . .
ﬁaz c(‘l O(b) -i»'zfe["i +';;£:—-2—7':}
The voltage'transformer of a step excitatlion is
Pay'/
Vm (8) = _.é_.E
or
THa(S? = £ 7. En/ (B e 3
w Y S+ )= '
o[ (1- S35 Jo vptre MW T )
VN 27(' + YO

' .....(6)
(2 Ypt+ %) AV, (8 +wy) |

= " = "
: 2'3’b 'b/c VN
s[ 2p( Tt )+ 7, %}{SW ———r-i—-)————-a N G PR } |
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B(s-t-wi()
8 (8 +4)

=

Where

(22z>"b4-’l>’)A1_T!!I

QTB(T%T) +X“o’

a .
on 2%y Ty My vy
A= -
: ‘”N 2 “b( "c# YQ}". TBT@

Teiing inverse of Ieplace transform -
Ina(t)nfwxa- E (A,-wn)e"“
I, ()= B/a Cae™)

Substituting for A & B and assualngofy = 1 we get

AV, ( 27, +T;) ' { . ‘ . ;t/"r}-

Iﬁa (t) = a,e ( 2.0,‘:;. .b,c) -ofvuo(s)
Where | 4 1
T = . - a‘v!Y e ,
i | 2 ’b’b( Tc-o- T.; * Te ‘o‘c
( e Xb + 7 )

Putting v =wy, = T )L'é” for rise of
sodium current

and T s | (Tl'a.

7 “a’b ( Tp+ 'G;) ¢
R& =

2 ¥, Vo &
(27 %) {1 = 2‘6,(321: + r%e- wew;l
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and similarly T = TK for rise of Pottassium current

Where

T, =
K [ 2 ¥y T, &
1..__.__19._3__55_.___-]
2 “Kb Tt Te *“’e'\“c

From equation No,(2)
P ~t/1y, |
e ) 2arp g TR - O Ha

Similarly for rise of pottassium current we have
Vo -t/
(27p +Yg)
The decay of sodium current is given by

; . AV,
ZA@("}Z%Q ft) decay = o % v x o ~¥/Tyg
b" e

— — — e
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