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9 	a electric field across membrane 
P 	a No. of tons crossing the membrane 
Poo  a Ions density in membrane at infinite time 
Pn 	a number ions stored. in ionic region 
PnO 	number of ions already present in membrane, in 

absence of built-in voltage. 
P6 	= number of anions in counter ion layer. 

life time of. ions in membrane 

DP 	= Diffusion constant of ions in membrane 

Yn  = membrane voltage 
B 	* Universal gas constant 
V 	= bui].t+in voltage across Ionic region 
Zp 	a ionic current due to diffusion of ions. 
Ia  0 leakage current 
3+ 	charge current density 
Lp a diffusion length of ion in membrane 

a Current density due to ions moving into membrane 
:o 	= the outward current due to moors. 

Cm v membrane conductivity 
P(O") 	Ions injected due to step voltage 
P03(X)= is an ion concentration at steady state 

& = Reverse and forward amplification factor .respe,et Rely. 

lm = the current due to stored ions in membrane during 
transient state. 	 i 

= anion current from membrane region to interstitial f 
fluid. 



Kb = diffusion length of NO ions. 

~b 	conductivity of membrane 

TO 	conductivity of interstitial solution 
€r,k)a density of injected ions In membrane 

s Pore diameter at outer surface of membrane 
VZ a Pore diameter at inner surface of membrane 
,,(,~P = ions nobility' in membrane*. 
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The fundamental element of nervous system, of a man 

with which he can ,sense and transmit any disturbance is neuron. 
These neurons have two parts via. 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 exaaple, 

it a finger is suddenly exposed to thermal shock, the informa-
tion of the brain is again transmitted through the neuron 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 is, the same neuron 

works as sensory and motor neuron. 

The information flow . is essentially an electrical, 
phenomenon as has been evidenced 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 ca led dendrites, 

and one large process called an 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 periodically 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 typically grouped together 
to form nerves . A bundle of nerve is called a trunk. A trunk 

includes a wide range of axon sizes. The largest fibers are 

myelinated; i.e., their insulation is relatively thick layer 

of a fatty substance, seylin. 	The walls of unm a .inated fibers 

also consist of fatty substance molicules. In these fibers, for 

the model purpose, a tube that filled with a weak solution, 

mostly K Ions i  and relatively large organic negative ions. 
The fiber is surrounded by interstitial fluid of the body 

essentially Na+  01 solution. Its concentration is about one 

ion for 175 water. molico3.es. Diameter of Fibers ranges between 
0.3 to 1.3 Micron. The conduction speed for typical, fibers is 

1.73 x 106 diameters per second'  indicating the Speed between 

0.5 and . 2.3 msec. 

Nervous system is composed of units called neurons 
which transmit information in form, of electrical pulses from 

one . place within . the organism to another. Studies of the 
nerves 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. song the nerve fiber, the information is 
coded and transmitted in the form of an "all-or-none" or "on-
off" electrical pulse called action or spike potential. 

During stimulation, the conductive become permeable 
in addition to potassium„ to which membrane  becomes most 
permeable is sodium ions, therefore during, depolarization 
the sodium ion diffuses from high concentration area of sodium 
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outside the membrane to low concentration area of sodium 
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 the 
rapid return of normal permeability short after depolarization. 
It has been suggested that sodium or calcium ions flowing 
inward through the permeable membrane might react with 

constituents of the membrane to ions besides Fottasium but. 

at the same time physical changes in the membrane occurs to 
make it impermeable to further flow of positive . ions. Once 
membrane become impermeable to further inflow of positive 
ions, the normal outward diffusion creates deficiency of 
positive ions inside the membrane and causing the 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 systems, 
chemical systems, mathematical formations, or computer 
.simulation. Mathematical models have great utility in Umit.ed 
domains. 	Mathematical models y have been developed to simulate 
behaviour of action potentials, but these models do not provide 
an insight into membrane mechanism. Models based on physical 
and chemical assumptions about membrane properties are very 
few. Mathematical models of network behaviour are extremely 
well qualified, is particularly true for large .- scale electri-
cal-activity such as wave formation and propagation. 

.Coverage of this review is restricted to models of 
fixed properties of membrane single uruitss  ark► .relatively 
small its v Th Te has been no attempt to. include the models . 
of information storage, i.e., analogs of memory, conditioning, 
or learning. 

Only a few workers in this field have considered the 
fundamental molicular .mechanism involved In the study of 
excitable membranes. Cole observed experimentally the steady-
state behaviour of nerve f  and obtained a negative steady state 
resistance in membranes. 

Goldman and ,Agin gave theoretical explanation for 
steady state negative resistance. Goldman explanation based 
on the polar mechanism, shown In Fig. 8 
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The state xI and state III are reversibly binding to 
1C ions 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 
s ,miiarity of form between his calculation for 	and K 
conductance observed experimentally. The reduction of poten-
tia]. 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 (oY close) a physical 
channel for the passage of Ions. Goldman suggests the radical 
changes in calcium and absorb lity by polar groups can change 
the energy requirement for Ion to enter the lipid. The 
energy requirements of this hypothesis are as yet unclear. 

They assumed a basic membrane model si, .ar to big 
molecular leaflet model, this theory has modified in two 
respects. First, water-lipid partition energy is acting as 
a barrier for transport across the membrane interface. Second, 
a configurational 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 schematic diagram of membrane of Hanel and Zisterman' a model 
is given in Pigjo. 9. 
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Simel & Zimmerman gave an expression for current J 
of univalent cation as 

=D 	+ iiI 
Where 

D = Diffusion constant of NPR 
F . w electric Field 
K a Boltzman constant 

• = electronic charge 
T c absolute charge 

At I a u U region interface 

''`n  - 'out 

Where 
= flux into NPR region 

i'ax Foot 
 

from NPR to water region. 

motel & Amerman used dipole theory to calculate 
polar voltage which is given by 

P Com 

Where 
A = Area per dote .n 
K = &.electric constant 

0 	c 

Cos 4 is the average angle of dipole makes with membrane 
field. 
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Ml a 
Where 

N1  = bound poles (those not free to rotate) 
1 2  = free dipole 
P a dipole moment 

and VP  is the polar voltage. 

Some of these data are assumed, and other taken from 
experiment . data, needs eleven basic parameters. But this 
dipole theorg developed so far is not In a position to 
uzp' ain behaviour of excitable n .nbrane under transient 
condition 

Rocdgkin and Huxley proposed a mathematical model for 
squid nerve,, to,  meet the experimental results of voltage. 
They predicted that membrane cu nt could be separated into 
Ionic currents lith conductance parameters which were both 
function of time and voltage. 

The proposed model shown in Pig.No. 10.` . There 
are three ionic component are in parallel and a membrane 
Capacitance Cm  inthe equivalent circuit. This experiment 

suggests that gN'a and gc  are function of time and membrane 

voltage # but L1 , TK, Rip, Cm  and 3j  may be taken as constants. 

gka 

 
and g are the conductance of sodium and potassium 

respectively and are voltage sensitive. gL  is leakage 

conductance of constant quantity. 
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The influence of bran* potential on peraaability 
can be summarized as first that depolarization cause a 
transient Increase in Na conductance. Second, that those 
des axe graded and that they can be ro versed by repolaris. 
ing the nentbran. 

There are two types of currents, one is capacitive  
current and other is tonic current* Thus 

dv 

I : Ibtalmenibrano current. density (inward current positive). 
w ionic current. 

T a displacement of membrane. potential front its resting value . 
Ca  = member capacity per wit area 
e :ram 

The ionic current Xj is given as 

The individual 1,onic current are given by 

Xg  

Where 8 and %ra  is equ libriun potentials for Sodium and 
pettasslum long. 

3 is the potential at Vhcb the 'Leakage current' 
;#gat to chloride and Tars is sere. 
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RU used first order equations whose solutions were 
raised to powers. For pottassium currents they chose a 4th 
power s  al4hough 6th power fit better. The pottassium 
conductance g was given by the Hodgk and Huxley as 

9K n4 

Where n is dlmnsionless Variable which can vary from 0 to 1. 

g]K  is constant with dimensions conductance/cm2  and-
In turn is obtained from 

Where on  snd An  are ratio constants,)  which vary with.. 
voltage but not with time and have dimension of . [Time] 

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

The sodium conductance is 

z a (1ah)- 8N b 

Where su  is a constant and oc and /3 are function 
of voltage but not of time. 



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 

follove a time course whose form is independent of current 

through membrane • It Ra concentration is such that ENa< B, 

the N* current is onward. If E> Fla the current changes 

in sign but follows saw time course. After this Fitzhugh 
did work on digital computer to study the behaviour of HH model, 

Empirical, mathematical model proposed by # dgken and 
Huxley, was not only capable of &epee describing the currents 
observed In a voltage clamp but also could predict the quanti-
ties of sodium and pottasium ions which moved across the 
membrane during transient activity. B, % t and R, refer to 
the equilibrium potentials resulting from concentration 
gradients. The Nernst equation 	gives equilibrium 

potential for the various ions involved# where, 

R 	NOW-_-- In tx7 out 
F ZK 	~ ] 

rKjout = Pottasium concentration in interstitial fluid 

EK J in = Pottasium Concentration in extracetlur fluid 

2Z 	* Valence of pottassium ions. 

R 	a Universal . gas constant equal to 8.2 joules per 
dols-degree abs. 

T 	= absolute temperature. 

F 	= 96504 Coulombs per I m of monovalent ions. 



i 

i 

There are 6.023 x 1023  molecules In iii of any substanc 

'anovalent ion has a charge of I electronic charge 

2t 

 

1.6 x 10"19  Coulomb 

The charge on 1 M monovalent ion is (6.023 x 1023  mono. 

valent ions per 1 in) x (1.6 x 1 o*19  Coulomb per monovalent ion) 

96500 Coulombs per I in of monovalent ion. 

or 	F , 25mV  at 300°F 

2.t  M k1F 1 EUR0NA ,, 1EPM& BY IE11a i 

model satisfactorily explained the axon spike 
potential$ no coherent view of subthreshold phenomena existed. 
Lewis postulated that many of the subthreshold effects found 
in somatic and dendritic regions should be explicable in terms 
of the same ionic hypothesis used to explain suprathxeshold 
phenomena. This postulate was based on the assumption that 
since the dendritic and somatic me-nbran presumably are 
continuous with the axon membrane, the basic electrical 
properties of all three should be similar. 

The model" consists of seven parallel electric 
circuits. ebur of them are designed to match the squid-axon 
data of H-i model and thus corresponds to equivalent circuit 
Fig# 11 a. !, The other three circuits represent synaptic 
current pathways so that consequences of synaptic inputs 
may also be studied. The entire configuration may be 
considered to be composite of a patch of electrically 
excitable membrane contiguous with a patch of subsvnaptio, 
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(Chemical excitable) mem'tr ne . It can equally well represent 
a single homogeneous patch of membrane with continuous distri- 
bution of electrically excitable and synaptically induced 
conductance components. 

The synaptically controlled conductances, however, 
operate differently. The presynaptic spites 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. Two. 
synaptic parameters are thus available for analog the . quantum 
of transmitter per 	synaptic spike and the transmitter in- 
activation rate. 

Five Out of six conductance shown in Jig. 1.1 4.are 
not constant; they undergo transient changes owing either to 

changes in synaptic inputs (presynaptic spikes) or to changes 
In transmembrane potential, (~', ). The current through each 
conductance is product of time-varying conductance itself 
and the voltage across it which is. also time varying.. Two. 
examples shown in Jig, 31(b) ane , illustrates the operation of 
simulated synaptic conductance# and other illustrates that for 
a simulated electrically conductance. 

In the Case of synaptic conductances a presynaptic 
spike is transformed into a decaying exponential by means of 
a RC filter. This exponential represents the transmitter, 
concentration, or the time course of synaptic conductance. 

The multiplier circuit produces a current which is proportional 
to the product of this conductance and not voltage 
across it. 

0 
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In the case of electrical excitable conductance 
(gig, 11 c•) the input to electronic filter is the trenemem-
brane potential (V,) rather than presynaptic spike. The 
filter is considerable 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 E - data. Once multiplier takes the 
product of conductance thus derived and the driving potential 
to provide the required current.. Severj detailed circuit 
realization of this model are given by Lewis. 

Our Roy proposed a solid state model to satisfy the 
voltage clamp data of squid axon obtained by Hodgkin and 
Thaa .ey. This model was based on theory of p.n junction of .  
a diode. The steady state value of diode + urxent was øndlar 
to pottassium current in its behaviour. They assumed a 
potential distribution in biological membrane similar to 
distribution in p - n - junction. Prom the ratio of current 
to voltage, they defined .€ voltage dependent conductance for . 
the diode. The conductance . was than used to fit the data for 
pottassium steady - state conductances and the sodium maximum 
conductances. They also assumed that the conductances to be. 
self-increasing with time.» .A first order non-linear equation. 
was formed for pottassivaa and sodium conductances. To provide. 
inactivation they used first order linear differentia .. equation 
which 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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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 membrane. 
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 lipid is olosly packed. Membrane 
is perforated, containing small diameter (about 3 Angstroms)  
watery 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 di meter of 3 AngstrOma, and lies between the hydrated 
diameter of K (2.2 Angstroms) and N (3.+ 1ngstroms). 

The bow between the interacellular and .inter-. 
etitial fluid is considered to be a thin (0 to 100 Angstroms) 
nonaquous layer,, which 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 fluid. 
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 potentials 
and is negative inside the cell than to outside. 
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To study the excitable membrane the membrane is 
divided Into two regions. One is Ionic-region associated 
with counter Ion layer in interstitial fluid and other is 
non-ionic region. Ions are trapped in membrane from inter-
stitial. fluid, in the ionic region. These trapped ions toge- 
ther with CIL adjacent to Interstitial solution develop a 
field or voltage is such that it opposes the entry of ions 

from. interstitial fluid to membrane region. 

If a membrane Is Immersed in an electrolytic lytic 
solution, on one side of this membrane is an excess of Sodium 
ion#  while on other side Is ari excess of chloride ion. These 
membrane are so close to each other Oat electrically balance 
each other and satisfy the Law of Chemical. Composition, that 
the:tr''e. is one positive ion balancing one nogative ion. Conse-
quently the potential will exist at this surface. If en other 
hand chloride ions and some chloride atoms pass through the 
membrane to _ balance remaining Na ions. Then the membrane 
potential , no longer exists. 

It is obvious there is greater number of hydrogen 
ion concentration on inside and outside,, the greater tendency 
for positive hydrogen Ions ditfuae through membrane. Mathenta- 
tically the potential measured across the membrane immersed in 
a electrolytic solution is given by 

Concentration I 
3X*F* 	60 x log Concentr tion , 
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Where Concentration I is the Concentration of S'k' 

ions inside the, membrane and concentration II is concentra-

tion of hydrogen ions outside the membrane. 

The rest:ing potential measured across Living 

r*eibranes is ir. substantial agreement with value calculated 

from inside and outside the membrane. For calculation work, 

the Nernst equation can be suitably Codified to express the 

,voltage across membrane $ given by 

B =60/n log C) mY a2 
Where . n is the number of charges carried on the 

ions of the .s alt, -.Ad a, and a2  are the a ffectiVe concentra-
tion on opposite sides of membrane.* 

}axe generally,, when two such salt solutions with 

activities. (effective concentration) a, and a. about each 

other, and if diffusion is restricted so that salt cannot 

flow. 

2 x 60 109 ( 	) mV 

Work is Potentially available from the aoncentra-
fiion ratios of both positive a,cd negative Ions, so the factor 

2 comes from this fact. 



32 salt can diffuse, a new factor, t~ the trans. 
fe rence number anions, enters, so 

E a 2 t~ z60 In ("~ ) *2 

Here t„ c 

Where At' s are the mobilities or speeds, of the 
ions in ems per second when the voltage gradient is 1 y /cm. 

Substituting of the expression for t,, and rearrangement $ 
gives 

a 9 =60 in ( 	) -- 60 	log 
 

The expression gives the potential if cations 

and anions are not restricted in their motion. when both 

move with same speed (gel in. water, . e.g. #) .2= .0 (or t_ 
and second. term is drops out. 	If motion of one completely 
restricted.,, theta can no motion of the other if micro-s 
neutrality is to be maintained, and potential is given by 

first term only. fli such a case charged protein ions _ plus 
salt water e.g. the values of a,1 and aZ are the activities 
of the unrestricted Ion. 

If an electrode is 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 is known as resting potential 
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which ranges from-400 mV to -124 mY. Diagranically 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 ezistance of charges across the extremely thin 
membrane r indicate the ability of this thin membrane to with- 
stand very high electrical potential. At the surface of many 
biological cells including neuron, it appears that high field 
stand of about 108 volts/metre occurs Whereas the day, air 
breaks at about 106 volts/metre. 

3~3c 1D1. 	 0- . _ ...... 	. 	. .. 	_ . . 

This model of nerve is similar to Z era's 
model showain. Big. No. 12 • . It consist of ionic and non-
ionic regions. Region I is an interstitial flood or extra- 
cellur fluid. Region II is non-ionic region. Region .III 
La intracellular fluid. The liquid-membrane junction has 
two layers. One is of counter ion of negative charged 1..0110 

in liquid just adjacent develop surface of membrane.. The 
few cations axe trapped with membrane liquid surface.. This 
structure at the outer junction develops a voltage across It# 
which opposes the flow of ions from interstitia, fluid to 
intercellular solution via membrane. 

In rest condition the inner *urface of aembrafle 
negative w.r.t. outside$ thus attracting all the positive 



ions. This rest potential does not allow to form ionic 
region. The inner junction between membrane and int -
cellular fluid has got a negligible width of ionic and 
counter-ion-layer because of the polarity developed in the 
region. 

Assumption (1) Nfl.R. portion of membrane Is 
tree of charged groups. 	Ion density In N.I.R. region is 
very small. 	Tie electric tiela could be taken constant. 
This assumption is not valid for transient condition because 

large number of ions are present In N.I.R. region. 

(ii) 	The profile of electrostatic potential and ion 
concentration reach a steady level in a distance small 
compared to width t each lattice in membrane in movies 
from. solution phaaa into solid membrane phased.' 

(ifi) 	tinder stem-state condition ion concentration 
satisfy Maxwell. Boltzman's distribution function 

For cation [N: )  and K J 
'(Y-V ) 

P (X) P exrL- 	RT 

V is the nnembr to voltage 
Vp is built in-vol tag (Y and for anions 

w 

SI(X)NPC* en 	RT 

F(V-VP )~ 
N(X) = NPoo exp L 	RT 

0 
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Where P 	and I 	are ions in the membrane and 
solution.  

P (x) is the number of ions coming into membrane. 

(ii) 	A few cations while entering the membrane are lost 
due to surface trapping, and 1* volume of membrane, ions are 
lost due to forming a bond with anions or lattice of membrane. 
The section surface and volume recombination are assumed to 

be negligible. 

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

' Nymc of a.1A~r 	f hf~c 

The continuity equation (Dennis `TransistorV8) is 
used for planer geometry. Ion flow for planar geometry is 
given as 1. 

E 	P) 4  
ax 	 axe 

P = no.of Ions. crossing the membrane 	. 
Fes, 	ion density in the membrane with injection of 

ions In the membrane. 
~s We time of ions in membrane. 

F = the electric field across the membrane assumed 
to be constant. 

.-up = Ion mobility in the membrane. 

Dp a Diffusion constant d$ Ion 
X * Distance in membrane along the direction of 

flow of ions, the width' of membrane is We 
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~.... For stead`-state 	a t = t3 

Equation reduces to 
~_p~ 	'P ~. 	adz =0 - - - (p.) 

P 

The current due to ion flow is combination of diffusion 
current and drift currentso 

The equation is 

Xp * q 2 P •q , 	 - - 	(3) 

The mobility and diffusion constants are related 

- - - - - 	~4 
AF . 	F 	For ibmbraue 

R = Universal. constant 
T a absolute temperature 
P * 96500 coulomb per I M of monovalent ion. 

From equation  
IF +q,x 

CA4xF 

The voltage across membrane width w is given by 

Vm = -  
0 

Substituting in equation (5) Into (6) 

it 	____ 	
qDp 	f g, 

o 



(2.3) 

For small injection of ions across the membrane 
which is a correct assumption under polarised condition, 
equation reduces to 

~i 

)( f 
4 

It is assumed that at x = W, P = PW 

anti atx=O* P =P0 +P 

Equation (8) becomes 

Po-P00 

Vffi= F 
►gyp, 

V 	in 11+ 
O 

Fo constttutes an injection current Ip whereas 
ions Foo constitutes :©, a leakage current. 

Equation (9) become 

~ = F li 
 L  tX~ 

Using equation (10) I-V characteristics is can be plotted .. 
provided the built in voltage is also taken care. The built 

up voltage is subtracted from to get resultant potential. 
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To estimate built up voltage y a certain amount of 

energy is required by ions for moving from extracellular 
fluid region of membrane. Built up-voltage is due to 
accumulation of ions in this region, which opposes the flow 
of ions into N.T.R. region of membrane. The built up voltage 
is estimated from the equation 

Pn = Pn00 exp ( R ) 	- - - - (.3.• 

Pn = Hoof ions stored in ionic region. 

No ions Pew already present in membrane region. 

VP built up voltage across ionic region. 

From diffusion equation P 1100 = 	
p 	

- 	(ry' 32 .)  
~ P 

Vp is estimated from Equation (.p*) 

Substituting for Pn 
Pn 

VP P 	in [ 
q MIp )/q p 

Knowing the values of 'gym rn*, Vp for 15 percent . 
of ions trapped in ionic region, a cure is plotted between 

and Vp FG No: t'5. 

The ionic current due to diffusion is given by Ip 

as follows 
P q 

ZP` W per unit area 
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I 

and ~'a = 	In 't + f o )]. 
0 

As the voltage builds up# built in voltage also 
builds up across ionic region. This built-up voltage decreases 

the current flowing Into membrane knowing I,, gip, and V,, a 
FIC N :lz 

V- I characteristics can be plotted. It is seen that membrane 
voltage reaches near about 50 mV. The current start decrea#. 

ing thereby giving rise to negative resistance region. 

A membrane potential is built-ups, as soon as 
potassium ions start flowing through membrane to intracellular 
fluid some of the ions cross the membrane, other are -used up 
to built-in voltage V. The ionic current 	= 

per unit area$ diffuse through membrane due to concentration 
gradient. Duo to the ions flowing into intracellular fluid, 
the membrane voltage is developed given by V e F In (1+ 	) - 

0 

As membrane voltage builds up $ built-in voltage also builds 
across ionic region. This built up voltage decreases the rn 

current flowing into membrane. lowing the value if ~p the 
curve between Vp & V. It is seen from curve that after 
membrane Voltage reaches near about 50 isV# the current starts 
decreasing thereby giving rise to negative resistance region. 
In steady state condition the injection Tons is assumed to be 
small compared to a transient state condition. Under small 
injection of ions into membrane, it is assumed that its 

conductivity does not change. it is also assumed that when 
ions enter the membrane, they diffuse due to their concentra-
tion gradient. This diffusion of ions constitutes a current 



membrane under steady state. 	 G26) 

STEADT..; JA1 N GATIV SIQT4NCE: 
The built-in voltage is developed due td ions in 

ionic region. It increases as the no. of ions, in Ionic 
region increases. Membrane voltage increases as more and 
more potassium ions move into intracellular solution fro ti 
outside of membrane. The polarity of built-in voltage is 
such as it opposes the Incoming ions to intracellular 
solution. This causes a decrease of inward current. The 
current start decreasing with increase of membrane voltage 
at a particular stage. This region is called negative-
resistance region. The T.I characteristics pridicted by 
Hamel and Zimmerman are also plotted. FiG+4O. 17. 
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During stimulations  the conductive become permeable 
in addition to potassium#  to which membrane becomes most 
permeable is sodium ions, therefore during, depolarization 
the sodium ion diffuses from high concentration area of sodium 
outside the mambrane to low concentration area of sodium inside 
the membrane. As long as the membrane remains depolarized, the 
inward flow of sodium increases the number of positive ions 
outside 

Basic function of nervous system is to control the 
,whole body. The neuron signals are send in pulses is called 
spikes . This equivalent to telephony channels at low frequency. 
Zn neuron there are two types of signals. 

1. Signal which run froni Body to C .N .3 . is called 
Afferent. 

2. Signal which run from C.N.S . to body is called 
efferent. 

When axon is stimulated the surface potential changes 
In a characteris tics fashion to an action potential or. spike 
potential. Axon may be stimulated by any wide . variety, i.e. 
electrical . pulse of various shapes$  heat, cold#  chemical .changes, 
and mach. pressure all, leads to same phenomena. if there is. 
dielectric strength 100 *V/100 A = 10!0000 volts/am which is 
in comp .son, the dielectric strength of oil is 1009000 volts/ 



cm. It is turns out that the fiber signal is a 'spike' that 
is accompanied by the break down of membrane s  intact regenerates 
the signal. The fiber operates with a threshold of about -50 
mV. When inside at any point become more positive than this 
value the break down is treggered. The membrane becomes more 
permeable to sodium ions for some 2 m sec.; as ions enters the 
fibers the voltage increases to +30 mV. After 2 m Sec.intervai 
there is mother 2 m Sec during which the membrane becomes a 
relatively good insulator again. Because of r sturbaice i$ 
)r m See wide so its frequency is 250  Iii. The -70 mV resting 
potential as a d.c. component which is superimposed on 100 stv 
peak spike, known as action potential •  

The membrane of polarization disappears on reversing 
the polarity Very quickly}  then it give rise to series of 
bumps. This spike travels in both the direction along the 
axon from the point of stimulation. For a very big stimulus 
a local response occurs which is similar to smeller than the 
spike potential as the stimulus increased to certain thrushold 
Is reached when the transmitted spike potential is generated. 

The spike potential is an all or None law response. 
Either there is transmitted spike is present its height and 
shape is independent of stimulus. The neuron acts in a similar 
manner to flip flop circuit used in counters and digital 
cthrcuita. So to. say neuron Is either conducting or non-
conducting state, nothing is transmmitted in between. 
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In Axon, one spike is transmitted at a time or another 
one can not start. Some time so happens, number of sub-three-
hold stimuli summed up to give a response at a particular time,. 

A ionic current start flowing when a step voltage is 
applied through an electrode to intracellular fluid of nerve. 
The applied input pulse must have an amplitude greater than 
threshold value here two types of manic currents flow - The 
inward current is known as sodium Ion currents and outward 
sodium current Is known as pottassium ion currents. The 
sodium current . start flowing first and after certain 

time delay when N ions reaches inside a current due to K 
ions start flowing. As the value of I; increases the value 
of i also increases. Thus 1K  is dependent on I. 

The relations between INa  and I are their response 
to a step are very much similar to base and collector current 
of P - N - P transistor in common emitter configuration. 
This idea was first suggested by W. 

DISTRIBUTIOIt OF. + CC'TD CHARS 
Assuming, that before the step pulse is applied, the 

charge existing along membrane is very small or essentially 
zero. At t = 0 let a step Voltage A V is applied through 
an electrode in axoplasm. This step voltage forces ions from 
extracellular solution to enter into membrane toward interstial 
fluid. Because of this P (0k) ions step to an appropriate 
constant value under transient condition. So equation can 
be reduced to 
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at 	D 
2 

the boundary conditions are 

P (©+,,t) r- P(©+), which is constant and P(W, t) = 0 
as the inside of membrane is negative with respect to .outside. 

After t s 0 when all the transient are died away a steady state 
condition P (x) is reached which satisfies 

a~F 
a 

Where `7~p is life time of injected ions In membrane. 
Pss (x) is an ion concentration at steady-state and is given by 

P.3$ (X) 	P(O+) ( I - 	) 

P05 = P(0+) 

which becomes 

S.nh t 
wrr 

Sin hCII ,I 

..... (T.1 .t) 

,L,>7 W 	 ..... Qh.1.5) 

Where 
L, a diffusion; length for ions 
W * membrane thickness 

The total solution P (x, t) is made up of the steady 
state. and transient, solution. Equation ..i.2) is solved by 
separation of variable technique and transient solution which 
is zero at boundaries 



.i 

(31) 
sin 	-le 	 ••••.t4•I•6) 

am  is arbitrary constant 

	

...... 	...... 	 ..••.(4.197) 

Then a general solution of equation (1s•1.2) is 

(P(0) E1-. 	# - 	am  Sin ( 	 )e t/ i 

'Usuall 	>> W so m tom' 	 •.•..+4.1.8) r, 	 ()' DP. 

Since Lp = D x 'r, 

The equation (+.i .8) is independent of TP  and is, 

related mom, to steady state transit time. This can roughly 
from an expression of ion density 

+T 	Y ' q Dp a 	] , ?c' , : .. .. 	.....(k.1.9)  

Where i = velocity ion in mezubrane 

Entegrating equation Q+.1.10) gives sodium ion transit 

time as 

tr 
Dp 

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

P(x,0) = 0 
	

for 0,<X 	W 
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This gives co-efficient of am in Fourier series of 

equation (t.1.7), the solution is 
Co 

P(x,t) rz P(O') (l- A) 2P(0) 	JL Sin 
i 

Using data of squid nerve, curves for P(x,t), 	 and 

P(xf t) da were plottet. These curves g&ves idea about the 
sodic i loris in the membrane with time and distance for step 
voltage excitation. 

4.2i ` "`It AL RWC  
Now proceeding to investigate the axon in R.0 . cable. ~'G? 

Let applied voltage v and i at any point are the function of 
both t and distance x. Using capital letters V &:I  as the 
point function of both treq. S = 3w = 32&ifand distance x 
along cable. It R & C is distributed resistance and capaci- 
tance over the line then 

LSVw .IR4xor 	a~4-1R 

Similarly current loss through shunt capacitance is C. 
So 0l = •S VC AX 

0 
	 ..,.,t4#a.~z) 

F~liminate I from both the equation 

- a ►3RCV 

So the general solution becomes 



/ C .z + C e 	 jt" RC x 	 (33) 

at x = oo 	 'V a 0 	 so G1 = 0 

atz*0 	 VaQin 	 ~`'2=Vin 

This equation becomes 

V a 1T e• 3RD t x 	 ..o*.O+.2.3) 

Not question arises . that 	t should be used for 
input voltage V1? Studying its action potential w 4ch has 
2 r sec wide spika. So choosing V1n as unit impu which is 
approxi a quiva .e nt to actual spike. 

'So 

I in Laplace form 

~» SRC x 
 

so 	= e 	 .....X4.2. +) 

Since 	= Cos* 	+,j sin . 

So 	"q' w) 	= e' wItC z Cas [ r,/4 

Magnitude is one at x a 0, in agreement with unit impulse 
and decrease as rapidly as a increases. 

Taking Laplace inverse we get (from Laplace Tables) 

 24 
~ 

f~f wY 	
-+t 	iii.... ~~t • 2.5) 

~ 	
RC/ 

We can check, this answer by using definate integral. 

d 



GO 
.i FSS 	(t) er8t 	dt 

V 

(4)  

2 
dt rC 97  

This describes a wave shape whose width is proportlona1 
to x2  and height Is proportiolial to . It turns out that 

• Where t. and ern  are normalized time & voltage value 

Se ''n 	 0 l/tfl 

The norma ized equation is convenient because it is 
independent of distance. So wave shape is shown in Pig. 19 

The area under the curve . is unity, # after different.- 
late the equation (1.2.5) w.r.t. K = 	that peak occurs 

at time 

tp  = 	 or 

which corresponds to to  = 0.6667. 
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This means that x = 2 the width of the impulse 
response is four times that at x = 1, whereas the height 
become one fourth as great. It means as x increases, 
there is rapid attentuation of high frequencies and peak 
amplitudes . This Axon is useless as a transmitter of a pulse 
if amplitude of propagating signal.. FI*.  NO: 19 

-• 3  4 Cis I)pEL  ! 
The neuron section 3s .thus assumed..'I o have uniform 

series resistance and. inductance and shunt capacitance. Fro ) O Z0 

Once more considering the drop in voltage and current 
over a length ct Z at a distance Z from the source of 
excitations, there are 

- 6 v= (EL + L 	) a 	x.... (4.3.1) at  

ax= C 	V 4  at 

Where a,, L and C are parameters per unit length. 

prom (4,3.1) and (x.3.2.) 

Re +LO  

There is no standard form of oolution of (4.3.3). Hence a 
substitution v = e t y is made in order to simplify this. 

0a" has been chosen as E/2L because the decrement factor of 

a lumped Ro*L-C circuit Is e " 2 t 
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2I t 

fri] 
t 

a3ca a a 2 	2 	~ 

Substituting these in equation (4-3-3)9 there is, 

putting -32 = -~-i--, there is 
Lo 

This 	aay be de fined as phase velocity. 

Again (~.3.t) is not a standard equation and the 
independent variable is transformed to . obtain a differential 
equation in terms of one variable only. Several transf©zma-
tions are tried and the one which gives the desired result 
is shown below. 

x is put as x = a / - 	 L 
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 3x 
Thus a * 	- . - 

ader 	2) 	2 	dv a 2 _ or a 	d - t - ) +  

ss ~Rr. 	a 	 2 t at){ a---- . 	....c.. 

2 
Now 	* a. j (t 	)- 	« 

a 

	

;2 (t2 	 ...s.Q4.3.7) 
Qi 

4 - ~~~ •t' - 	• 72" 

to 

3/2 
(t2 

$ (t2 

~I IY~WA~ II~~I~ IY~~I M~ ~M~ilYi 	 (f 	
) 

Ct 	_4 } 	.. 

(t2 - 7)* - t, tt2 - -- 	'' 2t tea  ? 
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m 	a3/2 	
• +x ... ( .3.10) 

(t - 

Putting the expressions (.3.x) to (i.3.1A) in (.3.4) and 
simplifying, there iso 

a d~ 	I 	d 	
. 

.f.~... (4.3.1 i ) 

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

A 10 (x) +B KO (x) 	 .....(4.3.~t2) 

Assuming a pulse . function (.rather than an impulse. 
function) as ©xcitationf it may be noted that is not..a 	irn f i nt 
every at t - o, z = °• .µence. B vr+ eq ~. .0 4 .. ►2) Ynust be 

v
ev-o 

since 	(x) has logarithmic singularity at the origin. 
Thus, 

/ f 	.....(+•3.13) 

This model is claimed to be superior than B -► C model 
because : 

1) the actual phenor :on .s considered. 
ii) the realistic wave form may be considered. 

If the input is a pul o of magnitude V and of duration To 
then the input may be written as, 

Excitation = Vin = u (t) - u ( t -- T) 
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Considering the first stop function, the solution is, 

v = A eat IQ ~ a 
 15 

Now v=Vin att=O, z'=0 

Hence A=V 	as 10 (0) = 1 

Thus for the first step function which, is valid in the 

region  0 r, t T,  the solution is, 

v = v 	e-at IQ { 
a 	 ~r 

In the range T < t 4 ©, the response of second step is 

added. 

Hence V=V a"at 	(a 2 	~, ~ht t-~ ) 	T) Z 
l 	) e 	IO{ e. j {t ~) Z 

Considering the response due to a Step function (k.3.114) the 
following points are observed :- 

U) 	At a fins d vlue of z, the two factors have opposing 
effects with increase in tin t because 

decreases with t, 

a ld Io (a (t2 "") increases with t. However the 

steady state value is caro as Xo f 	e 	for -~-  
fn~ 

$ --P- CO 
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Thus 

at a t a.~-/t2 .4.)L  t 	a' 
	2 a 

M 

(iii At a definite time t1 p the signal decreases 4th 
increase in distance, because the modulus of .10 
decreases with increase in z. When 	= t1, the 

magnitude is unity (Say). For values of z .arger 
than tit the function I is changed to To 

and the• maknitude -.ia '- somewhat 
damped., oscillatory with mazi flnim amplitude unity at 
Origin, Thus at very large distances, the signal 
vanishes in the absence of regeneration. 

When . a step voltage (AV) (greater than threshold) is 
applied• ionic current start flowing.. First sodium current 
starts flowing into the 	brane from Interstitial fluid and 
after certain time the pottassium current starts flowing out 
of membrane.. ,Besides .this there Is also a current due to 
some other .ions present in solutions, such as clorine etc. 
This is denoted by IL 

So sum of currents is 

I ss X,K+Ita +Iy 	 .....(1+.4.9) 
t 7 u 3 

IMAC L/ARy UNNFPSITY orROop , 
ROORKEE. 
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d qm 	I 
d 	= '- (tic + 'Na  + ILS 	 • 10 • •  

rigsun,flg here both liquid membrane ,junctions are includ-
ed to form an ionic transistor. There are two junctions 
exists between external, solution and a e abrane and second 
junction between intracellular fluid and membrane. The two 
Ionic solutions are legarded as p-tVp semi-conductor 
materials materials and membrane as n-type semi-conductor. The ionic 
transistor is taken, as _ equivalent to P. NSP semi-conductor 
transistor. in structure.. he potentia. inside the nerve. is 
negative u.r.t. outside . under resnt condition, the ixner 
junction is taken as reverse biased. and outer. junction is 
taken as forwarded biased. Thus nervi is taken in mode . 
form equivalent to P- .-P semi-conductor transistor equivalent 
model, The ions in nerve axon are like holes in transistor, 
these ions follows same physical principles. 

Anplification factor O can be defined in terms of 
ionic current as. t e ratio of the change in a current to 
change . in sodium currents, while keeping inside potential, 
constant. 

• When there is nn. 'Na'  then QR  reduces to, zero, _Since 
membrane is permeable, to only ICF  ions in steady-state, current 

due to K+  flow across the membrane 

In absence of electric field, the expression for A., can 

be obtained by solving ion flow continuity equations. hi 



absence of electric-field, diffusion current dominates and 
ions injected are also negligible. Under these conditions 
parameters such as conductivity, mobility, diffusion constant 
of ions, life time ions are independent of carrier injected. 

The continuity equation is given by 

,~ _ " ry,' 	~. +D C7 a p 	..... t4.~t.3 
P 

For steady state 
P-P D c7%. 	 0 

r' 

For one dimensional case# solving for p(x) and substituting 
following equations 

XNS =D 

= - / .... . 
()+.If 4) 

Ratio of xx to i will give amplification factor g~ 

Various ionic currents flow are shown in Pig. 13 which 
constitute of 

xp = N+ current due entering of 	ions from inter- 
stitial fluid to membrane. 

In = 3h3ected ions are stored in membrane and they do 

change with time during transient, operation. This 
current constitutes a surface or volume reeontbina-
tion current. 
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An anion current from membrane region to 
interstitial fluid. Anions are negligible 
compared to cations. 

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

conductivity'. 

a 	 a 	aISO 
01P 	N 	o1P 	P  

a 	to be very small because the membrane 
resistivity is 108  tones higher than fluids surrounding its 
The amplitude XK Produced is directly proportional td I p  
IR  can be written as combination of surface and volume 
current. 

Where SR & VR stands for surface and volume combination. 
The surface and volume combination current for semi-conductor 
transistor is given as 
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W a thickness of membrane 

Lb diffusion length of Na ions in membrane 
Dp & p are their diffusion constant and life time. 
conductivity In interstitial solution. 

c,~ = conductivity of membrane. 

I,e = diffusion, length of anions in external solution. 
$ * surface combination velocity. 

A = Area of membrane Junction per unit length. 
As effective area for ion recombination at the 

interface between the membrane and external solution. 
a 1 award Na ion current. 

Area assumed for surface recombination of Ions is 
nearly the same as area over which ions are entering the 

membrane . The surface recombination of ions take place along 
the membrane surface. 

The surface recombination current is given by 

fiR+qg AS 	 .... .X 4'.12) 

Where 

q s charge of Ion 
S = surface recombination velocity 
P = density of Ions present neap' surface. 

Most of current is due to diffusion of ions through 
membrane 

W 

N 
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Iol~ring : , = A 	= - cj Dp brad P 

Using equation 44.4.12) and Q+.).14 ) 

A 

The presence of field affects the surface and voles* 
recombination. This field is due to excess of ion density 
due to high injection. At high currants the diffusion 
constant of ions through membrane increases and ion lost 
due to surface and volute recombination# are reduced. Tha 

expressions of surface recombination, and volume recombina_ 
tion in presence of field reduces to 

F 	P 
Where 

g C z)  : 	D 	
-... 

IpWiU 
Where 	Z s 	D 

Substituting these values in the equation No • (4.tr.7) 
the expression for amplification factor, in the presence of 
field is given by 

)21 x (liZ) 	..... 	q,s~ 
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This equation relates the nerve response to physical 
quantities of nerve axon. 

( N of squid nerve-axon is obtained by using following data 

W= 5Ox10 8&0 .0=~lym8 omg/volt-sec 	D , i4"8 ea2lsee. 

1.tFX10 

S a 1z10 	to = z 'ii~"6 mm/am. 

For various Values of surface recombination velocity 
and 3N a curve is plotted shown in Fig. ria is. 

It is seen that if surface recombination increases, 
O N decreases. So value of 8 p or nerve response depends 

upon know many outer ions reach the inner 1unction. The  
transit time crossing the membram depends upon (a) The 
number of cations (N) available in externa, solution 
(b) There speed of travelling Cc) distance of travel .. 
Ed) field built-up in membrane due to concentration gradient 

of density injected ions. 

Equation of s , ( 9 ' 9 • ~ e) suggests that it is independent 
of o% the conductivity of inner solution. This fact was 
observed experimentally by Cole, which differs from the 
earlier theories bled on ion concentration and potential. 

Also it is clear from equation if the width W increases, 
u the nerve capability to conduct decreases,. 'Because of 

Increase in the surface and volume recombination increases. 
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As the conductivity of external solution ( ~) is 
reduced (or reduction of N ), the action potential decrease 

and further the capability of nerve to conduct is decreased, 
this fact was observed by Wei 

The ZZ starts after a certain delay, whale the 	& 
starts immediately. It is taken as transit time for N 

through membrane. Once they reach inside, ly starts. So 

this model does not give any idea about the delay in. starting 
of potassium currents # because one dimensional theory Is 
assumed, 

In this estimation the cylindrical geometry of nerve, 

surface recombination 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 as a forward bias. The continuity equation is .applied 
under. thisforward biased condition the carrier-injection into 
membrane. 

a c 	--. 'DP 	2(P. - pa) -- . 
 erp 

Where Po is injection . ion, density in membrane and P is 
ion density in membrane at infinite tii, Dp Is diffusion 
constant of injected ions, and er is bulk life-time of ions 

in membri. Using Laplace technique, the density of injected 

ions in membrane is given, by 



00 

0 

Equation ( 	) is r duc.4 to * difi Es]a ata 
partial ditteronttal equation - 

Q2 q C r, IZ ) ". A2 q (T,k) a 0 	-- - - - . 	(4.4•.20) 

Where 
a ( 	+ $'T)J/ 	 (4•42i 

(9.22) 

t►r finding distribution fw we .on q (v ,,k) following 
ass 	ons are ma 

(1) 	ton.density ett internal a ol. bo=U7 1s Q 
(i1) Ion -densLt7 at Injection 04e of nacibraix solution 

boundary to constant., Q0 
(iii) AttietaO5 thereisnoN dk K ' ions. 
(i) The surfaoo recombination va ocit is proportional to 

th ion -density of bran frog crane surface. 
density in internal and external solution of 

brave is in Qquit .' i'z. 
(VI) Mu1dng that ion flow through pores Th3 radii Of 

pares at internal l and external 	 br surface neV 
be equal or large than other. 

(vii) Zons diffuse through pores due to their concentration 
gradient at one .side of me~abrane, 

The 8eWwltz equation for cylindrical coordinate, 
and for a s try in 0 direction 	9 a 0 
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YY
~. ' 

By .using method of seperation of variable, 

u a J (u b ) A COSh Zug 	+ B Sin h Z/ 	-- 

O 

	(q • q • ~~ a 	 u .~i~ 

T eyaluate constant A & B 

At 	Z = 0  

Z W 	 Q=Qi. 

The inward current \. is given by 

I = q Do ff q, ( a', k) && 	 - - C9.9•ss~ 

Where dA is the area of pore at outer-surface of membrane . 
in interstitial solution. substituting. for q (Y ,k) and &A, 
equation ( a•4•2S ) becomes 

	

I = q D$ ff ) 0(u  Y) - 	(A Cosh Zf+I 
o o 

	

,+B Sin h 	2 aJ 	dl 	°:.... (moi .1.  c) 

A Boundry condition are 

I = IN& at Z •= Q and 	= 

INu = 2 U q a 	r;,(ur) B / K2~ dLY 	(1'~i~ 

Similarly at Z = tr, c w rr= i and I = ¼ 

Ips a 2 u q Dp J 0 uT [ A Sinh t 

+B Sixth W/ 2 2 J''U2+ 	der ... . 



Br 
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For simplification take Y = t'i =x Y. and Qi t ► 

Then B, = 	we have. 

A sin h /j24ç 	+B Cosh 'vi 
Br 	.0._. rn Mn.n 	

..... (9.4•KA) 

On substituting the values of Constants A & B in above equation 

"r y I 

For  
...,. (4•9.3•) 

Xt means 1y vill be greater thank 1 4 for -di pore 
diameter at inner surface of membrane is greater than pore 
diameter at outer-sl=faOO of membrane. 

There is certain current T. in the membrane clue to 
surface and volume recombination of Ion in membrane. 

1R 	 kMa 	r 	)2 	Ma 	
~i • • iTi. 

Using equation (3.3, ), 

.r ...l' }. 

	

 'Na 	.. J 	 a.~. 	 . a 	J. 
+ '' 	 ~ 	.... i 	.2 ) 

P 

N 4- 
t(s~ -)  
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Since 

4S+ p~ 
W + ---~- 

?►x Squid IN t G P Rearranging equation (3.3.1 7)  

(s+ 	~ 

S+ 	t 	2I, s 

IK as a function of time is obtained by the use of 
Laplace inversiof 'integral 

k(t) 	2 

all poles 

all poles 

si 	( ebb Z) 	...•ttf• 7> 

St [2 'r' 	(3+ 	31 
residue 

 

7j 
Where  

1+ 
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The dominated poles are located at $ = 0 and 

S 	- r to frond the delay , poles near iaaginal7 ads 
are considered. So 

4 (t) 	Na L 'r 	 rF 

Substituting t = TO and. i~ (t) = 00. ik (t) crosses 
the time a,f.s at time t = T'D , and is negative during t = 0 
tot=TD 

• 	
T iL 7j 1 

TD is the delay time of starting of potassium current. 
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Electronic models can simulate continuous 
variable - non-linear operation accurately and economically. 
Providing real-time signals that may be observed while expei'F 
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 of wave forms ! phase relationship, 
modulation and time dependent interaction while stiaull and 

model parameters are changed. Such advantage to few inter-
connected units. For large networks, both observation and 
manipulation of parameters become very difficult. 

Analog computers have-advantages similar to 
those of electronic models# but tend 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 techniques. It 
seems likely that high-speed digital computers will ultimately 
provide one of the most satisfactory means for modelling of 
complex neural prysteaus. 
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Lewis gave a new approach to analog simulation 
and study of neuron is proposed. This approach is based on 
recent physiological evidence which indicates that the 
individual nerve cell is functionally much #orf complex 
than the classical view of synaptic region coupled directly 
to a spike or impulseegenerating region. 

The ?pirate input to a synapse is an impulse 
or series of impulses which are originated in presynaptic 
neuron. These impulses are apparently transmitted inter- 
cellulariy', inducing a change in the potential across the 
synaptic membrane of post synaptic neuron.. While ,pre' 
synaptic potential has duration of i in see*  whereas post-
synaptic . pofiential has duration of 40 in see. or more. Thus 
a singles  sharp presynaptic spike inducee a slowly varying, 
long lasting post-synaptic potential , v i.ch often called 
b*Uistic potential whereas formation of ballistic poten-
tial. are not completely understood. In simulating the 
ballistic. response it assumes . three parameters; the rise. 
time, f *11. time or decay time, and ma imurs amplitude. The 
requirement for independently-controll4ble rise and fall 
time implies the need for unilateral. network. . A simple 
RSC Realization of a ballistic network is shown in Pig.No. 21. 

The real functional power ofmany single _neurons 
lies not in their ability to integrate many incoming spikes 



not only from one axon but from many# and thus respond to 

group of series of spikes. It is known that a single neuron 
responds differently to different input frequencies*  and it 
is quite possible that it can also differentiate between 
various pulse patterns. Two mechanism are thus important 
in this respect are facilitation and antifacilitation. In 
Fig. 2t 4. the first Impulse conditions the synapse in such 
a way as to enhance or facilitate subsequent responses. 
Fig,. b , the first spike. reduces or antifacilitates the 

	4 

response. fli Fig. 2.2 , where the . second input spike . is 
very close to the first so that antifacilitation is .greator« 
The third spike occurs considerably later and its ,response 
is.  therefore not so greatly facilitated, but the response 
amplitude is still greater than basic amplitude-. 

In network Fig. 23 ,, the input pulse are aimulta-
neously applied to base and collector circuits of the 
transistor. Prior to first, pulse the 'voltage at collector 

The first pulse thus. elicits a positive going pulse 
of amplitude Yo  at the co ;e ctor. This is applied to the 
output network and results n a buUistic potential whose 
amplitude is proportional to Vo. The first pulse also 
leaves a residual voltage ' the collector-bias network 
which add to Vo. Depend g on the component values in this 
network,. the added bias/may develop rapidly (in a few .micro-
seconds) or slowly (u;  to humored millisecond); it cannot 
however,#  decay more rapidly than it develops. For such. 
subsequent input pulse, the; amplitude of positive pulse 
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applied to the network Is V + A V (t) where AV(t) is 
residua.-added• collector - , bias • The subsequent ballistic 
potential are proportional to Vo, + is V(t) . The rise and 
fail tines for this ballistic potential are completely 
independent time constants of collector and bias network. 
The Vise time of 'the added bias is determined by R2  and 02; 
the fall of 'time is . det,ex'ndned . 'bye' CI  and 02  in series with 

After first pulse the total collector bias VC  can be 
approximate ct by 

' c 	( e t 	)e 	r2 + Vo  

Where Yin  . is amplitude of but pulse 
' R2  02  a 	` = 	(C1 + C2) 

iii Fig. '- , in the absence of an input pulse, 
the voltage at po .nt 1 s (V1) is : zero. Duziug applied pulse!  
however#  Vt may be expressed 

'1 ' din " rout) est/7 

Where V is input pulse amplitude, is . . 
residual voltage across C, and `); = C1. Thus a positive 
pulse at the input r+ suits in a positive pulse at point (I. ) 
of amplitude V1, where Vi is prgportional to V diminished 
by antifaciUtatirg voltage V . The time course of V01 
is thus the time course of entif`acilitation , and may be 
written 



V1 ( 1 • e"t̀ 'r ) S"tl72 

Where 	`1'1 =A2. 01 and ` 2 =R1 C1 

In the network ,̀ and 7 are varied independently 
of each other. 3aitter follower can be used to isolate the 
final  output from any moderate load. . In complete soma 
analog the outputs from these networks will represent posi-
tive (in Ribitory) negative.(eacetatory) excursions in 

the soma-membrane potential, and. will be applied either 
directly or through a boa-response locus to the spike 
initiator. 

Many neurons ambit after effect which can take. 
any of several Forms . An inhibited neurons exhibited neuron, 
for example$ upon 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. Lu tact# it may oscillate back and forth 
between supernormal and sub-normal states for several 

cycles: Likewise, a neuron on cessation of prolonged 

excitation may go through a period of depressed excitability.. 
While the origin of rebound phenomena Is not well established, 
it may be represented by rebound. in either in the synaptic. 

or the over all some potential. The networks shown in Fig. .3 
and RGNa.~ exhibit this type of behaviour and may be useful in 
simulating this type of synaptic or neural. behaviour. Again. 
the outputs from these networks will represent excursions in 

W4 brave. 
soma-~patential. 
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5.3 I©IC_ ANS iORI&L _ 
An equivalent circuit of transistor model is given 

in Fig. 2'~~A voltage atop is applied. The behaviour of 
ionic currents are studied by the method of Laplace trans-
form technique. Concept of membrane conduct .vity modulation, 
is used to calculate the various parameters of ionic transiaw 
tor. 

Where 
RB = membrane resistance 
CM a membrane capacitance 

= :unction resistance between membrane and 

external solution 

RC = Junction resistance between internal solution 

and membrane,. 

Since the external solution is usually at or referred 
to. as the ground potential $ a nerve has so called grounded 
emitter configuration. A stimulating potential. is applied 
between external, solution and axoplasm. Part of the pie 
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 greater then. the 
voltage providing at ae erse bias across the diode Di 

shown in Ztg. (.27 ), the membrane capacitance Cm discharges 

through the diode D, with time constant equivalent to 
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Ice 	M 

Once capacitance C is discharged it starts getting 
charged up with time constant of ( Re + Rb) CM. During ,the 
discharge period of CM Sodium, currents flows, and during 
the charging phase of CM, sodium current decreases while K4 
current increase to saturation value. Using an equivalent 
circuit of ionic transistor, and applying Laplace transform 
technique, the expressions for sodium and .pottasium currents 
are obtained. 

Applying a Laplace transform for the step .voltage 
excitation, . and writing loop equation for mesh one and two . . 
in 'ig. 28 ,the expression for sodium and pottasium currents 
can be obtained. It is seen that step voltage excitation is 

applied between intracellular and extracellular solution. 

) st of this applied step voltage occurs across membrane 

regions as the resistivity of these solutions are negligible 
compared to the membrane. The expression for time constant 

is given as 

 C 
ar 	 b gyp ° 

(2 W b+ 'fie) 	.. 	.._.... _._._~...~...~...,.... 
2b 'dc + -CO) + V 

and similarly T = TZ for the rise of pottassium currents b7, 
adjusting different parameter as %# Rb and it the different 
shapes of the wave form can be obtained required for the actio n 
potential. It is also satisfying the steady state conditions. 
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Spike potential can be obtained by interconnecting two 
high pass and low pass networks# to melt the required eaperi-
*ntal results. The combination of one low-pass and one high 
pass network is sho n in Fig. 31 4 We shall assume that 
successive rietwork do not interact i.e. do not load each other`. 
The transient response can be approximated by treating them as 
two isolated single-energy its. The. response can be . sepera-
ted into two regions, both the regions, both the region 

depends . upon the individual characteristics of energy storage 
element, assuming that successive network do not interact • 

1 first energy-storage Wit, an exce*sively rapid .rise 

depen4s upon the rate of charging of 	 Capacitor, charges to . 
the d.c. level of input with circuit time constant,, and output 

shift accordingly. The solution of equation in general form 

0.0..(5.5.1) 

.A...J~Ji~/' V (t) = V0 c*t /T + voo ( 1 •' est/ `J 

The step ,transient is reduced to. _a rising curve] 90 = Q 
• The final. level V is same as of the input V. . Hance equation 
(.(.1$)   becomes 

V(t) =V1 ( I .. a"t/' I ) 	
..*.. 15.593)• 
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Zn second energy - storage unit, a series circuit 
have output proportional to derivative across the resistor. 
The major portion of the circuit voltage drop is developed 
across C, when the time constant are small. With a sufficient 
small time constants an exact output wave shape is reasonably 
close # except at discontirinities, assuring a perfect.. The 
output has no do component after infinite tine 'P~ 0. 

From equation no. (.5.1). 

'3t 	_* V'2 e`t /''z ..... t.'. 

Where 	' o 'V2 the output of first low pass network: 

v3(t) = output of second high pass network 
~T2 * R C2 	constant. 

The equation (.5.t) shows the characteristics of the 
exponential decay with time constant R2 C. By changing 'Lei 
value of capacitor C2 or A. z 0 time constant. can be. varied. 

Is high, than full will be sharp and with low 'slue of 
?2, longer delay takes place.. I. this circuit, value of ._ 

capacitance +C2 is varied# to get_ different decaying chara-
cteristic of the output wave form when step Input is applied. 

Battery Vm is used to have steady-state conditions. Th 

membrane resting potential for squid anon is 61 mcg, grog Axon 
is 86 mV and for Pur1djee fibre of mamli . is .90 AV. 

Block diagram of neuron is shown In Pig. No. 30 
It consists of tbsrshold unit and pulse generating unit. 
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A step input is applied to any of four input terminals. This 

input is differentiated with B a 22 K and C = .02 AL = This 

differentiated wave works as input to threshold unit, consist-
ing of limiting circuit. In this Diode D,~ is connedted in 
forward bias,, and the threshold. value for wave can be adjusted 
from the batter r " corrected. If the differentiater output 
is sufficient or greater than ' T' the diode' will be in forward 
bias* then this differentiated pulse can pass trough the 
diode. and capacitor of 10 .a- t to tri er the next unit. By. 
varying the Battery voltage VT a particular voltage level can 
be set for Input differentiated pulse,' i.e . if input is 
greater than 't voltage T, then this. pulse trigger the 
unit. Z input differentiated pulse amplitude is smaller 
than the battery voltage Vp then the d .ode would not conduct. 
The batter ' voltage VT in the circuits work as threshold unit. 

The differentiated pulse (Amplitude greater than 
threshold value) triggers the nonowstable multi vibrator and 
causing a delay of 0.69 RC and output is pulse. The Amplitude 

of this puffs a can be varied br using, the potentiometer. This 
pulse output is fed to neuron model , which converts thi. 
pulse Into spike potential, satisfying the steady-state and 
transient conditions  tions. 

Photographs attached$ shows the output wave forms of 
fabricated unit at different time constants. For these wave 
shape, scaling has been done to satisfy required condition. 
The vertical division is 0.5 volt/div. 
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Neural modelling has proven valuable in neuro-
physiology. 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. 

Electronic models have been proposed For nerve 
membrane and ionic theory is used to study the nerve fiber 
membrane. The study of nerve using electronic models has 
given much more insight mechanism an4 structure. Electronic 
models can simulate continuous variable non-linear operation 
accurately arid economically. Providing real time signals.. _ 
that may be observed while experimental conditions are .mani-
pulate d b  they permit rapid and effective kind of observe x'-
model interaction which can not be achieved by other 
technicuel` 

The ionic studies help to understand the behaviour 

of nerve in excitable state. The purpose of modelling was 
to come to some conclusion that how the nerves behave. under 

transient and steady state condition. The proposed model 
satisfying the steady state and transient state condition 
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when it treggered with a pulse. lh proposed model the 
spike potential can be obtained of different wave shapes#  the 
rise and retarding time constant can be varied to get the 
wave shape of with required Amplitude and time constant. This 
models give the variation sodium current flowing the 
membrane , but does not give idea 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 
using ionic theory$  and continuity equation which is solved 
with proper bou dry conditions. It is in the order of 
1000 see. 

To study the nerve# a charge»storage model for 
characterizing the transient behaviour of nerve is taken. 
Cylindrical geometry of nerve, surface recombination of 
ions at a membrane surface and life time ions are included. 
The built-in voltage which is a cause of negative resistance 
in V-I. Characteristics of membrane is estimated for 
different membrane voltage. A poisson(s equations solved 
to obtain the widths of ionic and counter ionic regions.. 
Various ionic current which flow across the membrane are 
used to calculate the amplification factor. 



There are many questions that still remain 
open such as generation of inhibitory impulse, interaction 
of neurons, summation of information, the effect temp., 

hydrostats o pressure#  using ionic theory eta, 

increasingly close liason of experimental and theoretical 
neurophysiology made possible by modelling present intri-
guing challenge of future. 
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Uelaohltz equation for cylindrical co-ordinate 
and having symmetry in 0 direction 

a2  cru 41 M 	2 
Z 

'Using method o ' separation of Variable 

U Rf -r Z( 2-) 	 .....(2} 

dt .2Z. 
Z  r-7 +  +R  ' K2 Z) = 0 .w.. 

	

) 	+ e22Z) Constant 

Let const = 

iL 	+ 	+ 'At '= 0 	 • *www `3 d ~ 2 r dY 

Its solution Is R a Jo (L4'-). 

Where 	'o = Bessel function of zero order 

and 	Z=ACoshZ +I2 + B$iniZ/2 2  + 

sexplete solution is 

= ZO (."Y ) CA Cosh 7, 2♦ 2 + B Sin h  
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rr~ — 	rwrni ni+,Yra ~..3G+r.w,w.t 	
• A 1 ~I .( 

1Na 	 ~q` 	+ ry 	a 

From loop (2) 

fir;# °fib Yo i = ?so (1- 	) 'Na+ Te (iNa' ¼a) 

Where 

C(b ' s + WN. 

°In = current gain at zero freq. 
wa = time constant or Cott-Off freq. 

Rearranging equation no. (3) 

=oo(1 °3+We i + 	2 Na 	 ~e 	b 

The voltage transformer of a step excitation is 

v1 (s)= 6 

or 

ts?  

Ic (1. 	) + T( i 
+ 

.....(6) 

= 	 _ 2 ,fib 211 	WN S 2°'t -ro ~'e~ 	~', 3 (s wp,- 2 rr--- ",c+ lee + V-e 
' c 
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B(S+  ) 

8 (8+A) 

2 ?fib( ;+;) + XO 110 

and 	 216b 1 cçvfl 

Varig iiaverso of r?place transform 

a (t) = $/A 	( A e t ) 

substituting for A & 1.3 and assuming o4 '1 we get 

(t) = Q 2 'b+* )ct 

Where 	 I 

- 	2fbY °'1'T -- 

t! c + 	e a 

Putting w = vita 	ww ~b ~~---- for rise of 
sodium current 

afl7 a 'TNa 

Yb ( 'fib+ -re) 0 

(2 b+e) f1 2 ~sb. 2sQ+ Te ~e c 
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and s_maarlY T = TK for rise of Pottassium current 

Where 

	

C "' 2 ..~ 	~t t  zr 	+ zs -Ir b e e 	~ c 

?ron equation No. (Z)  

	

l2 z1,+zt~ 	AT 
baa (t) (2 *Cb + T* 	Ye 2 orb+ ~s?L - $ /TNa] 

Simi .arly for rise of pottassiuz current we have 

[1 
b C 

The decay of sodiuru current is given by 

	

L O9 L+ ft) decay 	 e 	k 
2 '*b+ e~ 
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