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Abstract

Amongst the important phenomena in neurophysiology, nerve pulse genera-
tion and propagation is fundamental. Scientists have studied this phenomena
using mathematical models based on experimental observations on the phy-
siological processes in the nerve cell. Widely used models include: the Hodg-
kin-Huxley (H-H) model, which is based entirely on the electrical activity of
the nerve cell; and the Heimburg and Jackson (H-J), model based on the
thermodynamic activity of the nerve cell. These classes of models do not, in-
dividually, give a complete picture of the processes that lead to nerve pulse
generation and propagation. Recently, a hybrid model proposed by Mengnjo,
Dikandé and Ngwa (M-D-N), takes into consideration both the electrical
and thermodynamic activities of the nerve cell. In their work, the first three
bound states of the model are analytically computed and they showed great
resemblance to some of the experimentally observed pulse profiles. With
these bound states, the M-D-N model reduces to an initial value problem of a
linear parabolic partial differential equation with variable coefficients. In this
work we consider the resulting initial value problem and, using the theory of
function spaces, propose and prove conditions under which such equations
will admit unique solutions. We then verify that the resulting initial value
problem from the M-D-N model satisfies these conditions and so has a
unique solution. Given that the derived initial value problem is complex and
there are no known analytic techniques that can be deployed to obtain its so-
lution, we designed a numerical experiment to estimate the solutions. The
simulations revealed that the unique solution is a stable pulse that propagates
in the x-¢ plane with constant velocity and maintains the shape of the initial
profile.
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1. Introduction

The mechanisms and properties for Nerve pulse generation and propagation form
one of the most investigated physiological activities in Neuroscience [1]-[11]. The
modelling of this process is historically related to the analysis of action potentials
(pulse like voltage waves that carry information along a nerve fiber) whose mea-
surements by electrophysiological techniques have well documented references.
The Hodgkin-Huxley model [1] was one of the earliest mathematical models
that described and captured the propagation of an asymmetric pulse in the nerve
fiber. Hodgkin and Huxley showed how measurements of the conductive para-
meters of a nerve fiber can be used to directly calculate both the shape and ve-
locity of an action potential on a Squid’s giant axon. According to their model,
the nerve pulse is a self-regenerative wave associated with the electrochemical
activity of the nerve cell and due to the flow of Sodium and Potassium ions
through the protein pores on the nerve membrane. It is now well established that
during the generation and transmission of the nerve impulse, the leading edge of
the depolarization region triggers adjacent membranes to depolarize causing a
self-propagation of the excitation, related to the transmembrane potential, down
the nerve fiber [1] [12] [13]. As suggested by Hodgkin-Huxley, a convenient
way to describe the nerve impulse propagation is to think of the nerve fiber as
an electrical transmission line. Thus, in its most conventional formulation, the
Hodgkin-Huxley electrical model assumes currents in intracellular and extracel-
lular fluids to be ohmic so that the net transmembrane current is the sum of io-
nic (due to the flow of Sodium and potassium ions) and capacitive currents (due
to the charge stored on the membrane capacitor). The conservation law for cur-
rent flow across the membrane was modelled by the equation [1]:
ov. o
"o b ox’

-F(V), (1)

where Vis the transmembrane voltage (action potential), C,, the membrane ca-
pacitance, D the diffusion coefficient and Fis a contribution of ion currents.
Besides the well-established electrical activity of the nerve membrane, there
are experimental evidences [14]-[19] of existing mechanical forces acting on the
membrane [21] that are also contributing to the nerve impulse generation [20].
To this last point, it is assumed that the fluids surrounding the nerve cytoplasm
induce a sound-like wave when crossing the membrane (Osmotic flow across li-
pid membranes) and the feedback process governing this flow is represented by
a nonlinear dependence of the sound on the net density difference of fluids
across the membrane [7]. To describe the formation of density pulses associated
with mechanical constraints acting on the nerve membrane, there have been
proposals to include nonlinearity in the membrane compressibility together with
dispersive effects related to the ladder structure of the nerve fiber [20]. In this
respect a nonlinear mathematical model including dispersions was proposed by
Heimburg and Jackson [7], and later on extended by several authors (see e.g. ref.

[11]). The underlying equation, considering a one-dimensional density pulse
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propagating along a biomembrane of a cylindrical shape, has been modelled by
(7] [11]:
Qwéi[(npu)a—”}hy—fa )
ot Ox Ox ox
where u is the density difference between fluids across the membrane, ¢, is the
speed of sound in the homogeneous regime (ie. in the absence of pressure
waves), i and p are constants [20] (hereafter we shall set p=-1 for simplicity,
[11]).

Given the evident simultaneous contributions of both electrical and mechani-
cal activities of the nerve in the generation of the action potential, a better de-
scription of the generic mechanism of the action potential requires a full account
of these two activities.

In [22], a mathematical model which combines the two nonlinear partial
differential equations, namely the one describing the spatio-temporal evolu-
tion of the density pulse across the membrane, and the H-H cable equation
with a feedback from ion flows across the nerve membrane represented by a
density-dependent membrane capacitance was proposed. Properties such as
the steady-state regime of the model were considered and exact soliton solu-
tions determined.

In the current paper we consider the non-steady state regime of the model
proposed in [22] from a more analytic and mathematical stand point. We estab-
lish an appropriate mathematical framework to handle such complex equations
and, formulate and prove conditions under which such an initial value problem
will admit a unique solution. We then use the results from the framework to ve-
rify that the modified model in the non steady state will have a unique solution.
Finally, a numerical experiment is designed to estimate the solutions in the non
steady state regime and check the stability of these solutions as they propagate in

the x-tplane.

2. The Model

In [22], Mengnjo, Dikandé and Ngwa formulated a model of the nerve impulse
taking into account the mechanosensory processes of the nerve cell. In their
formulation, the influence of mechanotransduction processes on the generic
mechanism of the action potential is investigated analytically by translating to
a mathematical model that consists of two coupled nonlinear partial differen-
tial equations. The coupling equations are: the Korteweg de Vries equation
governing the spatio-temporal evolution of the density difference between
intracellular and extracellular fluids across the nerve membrane, and a mod-
ified Hodgkin-Huxley cable equation for the transmembrane voltage with a
diode-type membrane capacitance. The membrane capacitance is assumed to
vary with the difference in density of ion carrying intracellular and extracellu-
lar fluids thus ensuring an electromechanical feedback mechanism and conse-
quently an effective coupling of the two nonlinear equations. The equations in
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[22] are:
2
C, (x,t)aa—lt/zDaaxlz/—Ku(x,t)V, xe[O,L], t>0, (3)
ou ou Ou
HM_eut Y sefo,r 4
o e o teloT] @)
u(x,0)=u,(x). (5)

With the help of the exact one-soliton solution, u(x,t)=sech’(x—4t), of the
density difference equation, Equation (4), the cable equation, Equation (3), be-

comes

oV 2D *V  4esech’ (x—4r)
ot l+tanh(x—4¢) ox* 1+ tanh(x—4¢)

V=0, (6)

where Vis the transmembrane voltage. Taking u, (x) =sech’x, the first three
bound states of the model (3)-(5) are [22]:

V,(x)=tanhx, D=2¢, (7)
Vz(x)zé(3tanh2x—l), D =6e, (8)
I@(x):%(Stanhzx—3)tanhx, D=12¢. (9)

Here, we address the issue of propagation of these bound states by solving, nu-
merically, the spatio-temporal Equation (6). To attempt such a numerical experi-
ment, we have to ensure that the equation is mathematically well-posed (Ze. the so-
lution exists, is unique and depends continuously on the initial data V,,i=1,2,3).
We remark that the nerve impulse lasts for a finite time 7"and the length, Z, of
the axon is also finite. Consequently the time and the space domains will be con-

sidered as bounded intervals.

3. Mathematical Analysis of the Model

In this section, we state and prove conditions under which an initial value prob-

lem of the form

oV oV .
E:f(x,t)§+g(x,t)l/ in (0,L)x[0,7] (10)
V(x,O):VO(x), xe[O,L],tzO (11)

with homogenous boundary conditions ¥ (0,7)=V(L,/)=0 will have a unique
solution. Non-homogeneous boundary conditions can be reduced to homogen-

ous ones by homogenization depending on their smoothness.

3.1. Sobolev Spaces of Solutions

We now introduce some of the function spaces that form the basis of the ma-
thematical framework for the analysis of an initial value problem of the form
(10-11) [23].
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1) Given an interval 7 and the Hilbert space X, ct (1 X ) will denote the
space of bounded 4-continuously differentiable functions of the form

tu (~,t) € X equipped with the norm

o” u(t)" .

For example the space ct ([O,T],L2 (O,L)) is the space of bounded conti-
nuous functions of the form ¢~ u(-,t) el’ (O,L) with the norm

L
= sup |

E[O T ‘a‘<k

= sup

tel ‘a‘<k

1

6au(x,t)|2 dx}g.

2) The space H' (O,L) will denote the space of measurable functions uz such

that ueL’(0,L) and %ELZ(O,L) with the norm

L[| dul’ 2 %
il = 0[] b [

3)The space Hé(O,L)z{ueHl(O,L):u(L)zu(O)=O} equipped with the

norm |||| H(0,0)" It is also the closure of the space D(0,L) of infinitely conti-

nuously differentiable functions with compact support in (O,L) .
4) The space H - (O,L) is the dual space of Hé (O,L) in the sense of distri-
butions.
5) The space L’ ((O,T),H(]) (O,L)) is the completion of C((O,T),H(;(O,L))
with respect to the norm
1
2 2
dx]dtj .

"u"L2 0,T) HOOL [I [I |u |
1
Ou

6) The space Hl((O,T),Hfl(O,L)) with the norm
. , 2 2
"u"Hl((O,T),H’l(O,L))z _[0 "u"H*](o,L)+ EH’I(O,L) dr ),
ju(v)
ul, . = sup
[ VEH&(O,L)[MVHH%OWL)

7) The space D((O,T ). H, (Q)) of infinitely continuously differentiable func-
tions from (O,T) to H, (Q) which have a compact support on (O,T).

—,)

where

3.2. Existence and Uniqueness of Solutions

Let us consider the operator A(7)(-) defined by

2

AW (xt) = £ (x, I)ZXV(x )+ g (i) (x).

The system (10-11) becomes
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ov

E:A(t)V in (0,L)x[0,7] (12)
V(x0)=74(x) a3y
V(0,6)=V(L.t)=0. (14)

Lemma 1. Define

a(t,u,v) = —(A(t),u,v) = —J.OL A(t)uvdx
on Rx Hé (O,L) X H(l) (O,L) . Then a(t,u v) satisfies the coercivity condition
a(t.v.0)2 C 00 = Ca Mgy (15)

where C,,C, are positive constants.

Proof. Let v(-t)e Hy(0,L). Since T<oo and L<oo we see that fand g
are positive and bounded (as continuous functions on bounded domains). Then
there exists M, >0,M, >0 suchthat M, < f(x,/)<M, and
M, <g(x,t)<M, forany (x,t)e[0,L]x[0,T]. We have that

(tvv I fxt jx—v g(xt)vdx (16)
&)
2M,| | ——=v-v |dx 17)
Ol dx
tdvd >
ZMZ( Oéa”_v dx—(v(L,t)—v(O,t))j (1)
v| dx. (19)

From the Poincare inequality,
Li—
Jo " dx=Clvl

where C'is a positive constant. Consequently

a(t,9)2 C M0y = G

12(0,L)

where C,=M,C* and C,=M,. O

To continue our way to the existence and uniqueness, we need to establish a
relation between the space of solutions and the space of continuous functions.

Lemma 2. Suppose ve L’ ((O,T),Hé (O,L)) NH' ((O,T),H’1 (O,L)) , then
veC([0,7].°(0,L)).

Proof

Let ve I’ ((0,7),Hy(0,L)) N H'((0,7),H " (0,L)), £, €R then

{1 S 132 g

=S (s ar)as (20)
:%L’ (iis(” "L2 0,L ) 1)
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1 x
(0 e

LZ(O,L)j' (22)
Consequently
0
R

So if we choose ¢ in such a way that “
"v ” in [0,T], we have

2
is the mean value of

G
O P 0 I I |, s

1
< F.[()T"v(.’t)"iz(oi)

L
" "L2 07) 12(0,L) +2"V"11 (0.7),57Y(0,L) " ”L2 or) o, L))

Then

"v"C([O,T],LZ(O L ,rel[l?);]" L2 0,L)
" "L2 (07).2%(0.1) + 2"v”H‘ 0.7).17(0.L)) ||v||L2((0,T).H(1)(O,L))
< 00,
Hence
veC([0,7].°(0,L)).

We can now prove the existence and uniqueness of solutions of problem
(10-11).
Theorem 1. Assume that the function

fer ((O,T),Hfl(Q)) and V, e*(0,L)
are given. Then (10-11) has a unique solution
ver((0.7),Hy(0,L))nH'((0,T),H'(0.L)).

Proof.

Set V =ue™ where C, is the constant defined in inequality (15). Then

and the Equation (10) becomes

82
—=f(x )8x +(g(x t)—Cz)u.
Hence, the system (10-11) is equivalent to
62
—=f(x )ax +(g(x,t)—C2)u (23)
u(x,O):uO (x):VO(x) (24)
(0,£)=u(L,t)=0 (25)
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We will show that (23-25) has a unique solution and conclude the existence

and uniqueness of the solutions of (10—1 1). Let us set
b t,u, v .[ f xt (g(x,t)—Cz)uvdx.

Then from the proof of Lemma 1, g(x t) <C, andso

—J. udx>0

Consequently, from the coercivity condition (15), Poincare inequality and in-

tegration by parts,

b(tuu I fxta—udx>C|| (26)

"i]l(O,L) ’

Proof of uniqueness
Let ube a solution of (23-25) then we have

'[La—uudx —b t,u u)

and

0
R N

Consequently, using (26)

1
5" ||L20L +C|| ( " Y(o,z) ” 0"H (0.L)

and

1
"u”iz((O,T),HI(O,L)) < %"%"21 0L) = C”u0 ”

2(0,L)
since. H'(0,L) is compactly embeddedin L*(0,L). Therefore,
letizory00.) = ol

Soif u, and u, are two solutions of (23) then

<0

"ul —U ”LZ(((),T),Hé(O,L))

then u, =u,.

Proof of existence

H, (0 L) is separable and so has a countable dense subset {¢ } _y - From the
Gram-Schmidt orthogonalization process we can assume that the {¢,} are li-
nearly independent such that
Span{g, :neN}=H(0,L).
Let I, be the orthogonal projection from L*(0,L) on to
Span{¢,1<i<n}

and let

0, (1) =2 ()4,()
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be the solution of

LOu,

=—b(t,u,.¢),i=1-n (27)
u,(0,0) =T1,u,.

The system (27) is a system of linear ODEs for the coefficients ¢, () and so
has a unique solution as a consequence of Picard-Lindelof Theorem [23].

Using a similar proof as in Lemma 1 one has

u, ( = 2J b(t,u,,u,)ds

n "T)”iZ(OT) | L20T

and

(28)

nll2((o.r).5(0.2) C"HﬂuO”LZ 0r) = C"uo "L2 0.7)

since (by the linearity and continuity of IT , H"u()”Lz(O,T) S"u()"LZ(O,T))' Then
{u,} is bounded in r ((O,T ). H, (O,L)) and consequently has a subsequence
still denoted {un }n that converges weakly in L’ ((O,T),Hé (O,L)) to a limit u.
Let g€ D((O,T),H(l) (Q)) be of the form

#(1)= fﬂ ()¢, (29)

for some N eN where ﬁieD((O T),]R).For n> N, one has
L0u,

(t,u",qﬁ)
SO
) o, =~ b(t.u,.4)dt
Taking the limit one has
X (ILa—u¢dxjdt ~["b(t.u.p)dr. (30)

Since the functions ¢ are dense in D((O,T),H(') (O,L)), (30) holds in the

sense of distributions. This implies
0 o
G_Ltl = f(x,t)#+ (g(x,t) —cz)u.
From (30) we can also see that % el’ ((O,T),H’1 (O,L)) . Hence

ueHl((O,T),H’I(O,L)) and uEC((O,T),L2 (O,L)) from Lemma 1.

Let us now prove that u(~,0):u0. Let ¢€H1((O,T),H(1) (O,L)) such that
#(T)=0. Functions of the form (29) are dense in H'((0,T),Hy(0,L)). So if
¢ has the form (29) and n2= N, one has in (27) (using integration by parts

over t)

- UOL u, L jdt+J' 0)¢(0)dx =] b(t.u,.¢)d

Taking the limit, one has
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‘IOTUOL”('J)%('J)MJM + L)Lu(-,o)qﬁ(-,o)dx = —forb(t,u,¢)dz. (31)

Multiplying (23) by ¢ and taking the integral over (0,7) yields
7( oL o¢
) Uou(.,t)a( ()dx jde w0 ()8(-0) = [ b(ug)di.  (32)

Equations (31) and (32) imply that u, = u(O) O
Remark. Considering the model (6), we observe that the function

£ (x.1) =1+tani+4t) e ((0.7),H7'(0,L))

and each of the bound states
V,e’(0,L),i=1,2,3.
Hence, by Theorem 1, the initial value problem (6) has a unique solution

ver((0.7),Hy(0,L))~H'((0,T),H7(0,L)).

4. Numerical Experiments

This section investigates numerically the behavior of the model (6) using the
bound states V,,i=1,2,3 in (7-9) as the initial states of the system, the two
points boundary value problem is

ov 2D o’V 4esech’ (x - ) .
5_1+tanh(x—4t) ox*  1+tanh(x— ) =0, in(0.L)x[0.7] 42
V(x,0)=V,(x), (34)
V(0.0) =V (0—41), V(Lt)=V,(L—4) (35)

The smoothness of the domain and the data allow us to use the Forward and
Backward Euler Finite difference methods.

The Finite Difference Method (FDM) aims at approximating straight for-
wardly the value of the solution of a given problem at a chosen set of discrete
points of the domain. Suppose [O,L] is partitionned into N_ subintervals
(%1% )s k=1---,N, oflength h=L/N  with 0=x,<x <--<x, =L and
similarly [0,7] is partitionned into N, subintervals (tj_l,t_,.) , j=L1---,N, of
length 7=T/N, with 0=, <t <---<t, =T. Thus [0, L]x[O,T] is approx-
imated by the set of points G = {(xk, ) 0< < k<N_,0<j<N,

(xk, ) (kh, jz).

4.1. The Forward Euler Finite Difference Method

2D 4esech® (x —4t)

Setti t)=———"  and HN=——————2 V(x.,t )=V,
etting f (x.1) 1+ tanh (x —4¢) and g(x1) 1+ tanh (x — 4¢) <xk t") ¥
using the difference quotients
Vix,t,+7)=Vix,t, i
a—V(x t.)z (xk ! T) (xk ’)+(’)(r)=u+(’)(r) and
ot / T T
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v V(xk —h,t‘/.)—ZV(xk,tj)+V(xk +h,tj)

2 3 +0O(h
ox , i _ h , Problem (33-35) can be
= Vi, - 2V2kj +Vl n O(hz)
h

approximated by the discrete Problem
/! —h—f(xk, 7a +(1 2h f(xet;)+rg(x.t, )JV’

+hi2f(xk,tj)1/,j+],j21,13k<Nx (36)
VY=V, (5,) k=0,-.N,
Vi =V, (0—4t,), Vi =V,(L-4t,),j=0,-.N,.

The convergence and accuracy of the method require its stability and consis-
tency. The stability is proved in the subsequent lemmas.

Lemma 3. Let Uand V'be arbitrarily discrete functions defined on G. Define
[U]|= max |U Xt | I U <y +|u| for any ¢=jz, j=0,---,N,

k=0,--,N,
then

ot <,

Proof The proofls done by 1nduct10n on/ For j= 0 |U|| <.[ ||V|| ds + ||U||

4 . Let us show that
(/+1 (]+1
(.[0 ) - .[]r

1
zj“ 14
JjT

by induction Hypothesis

> IIU [

Hence by induction, for any ¢=jz, j=0,---,N,, U||t < ;

Define the operator

LrhW=%(W(x,t+r)—(1—21f(x,t)+z’g(x,t))W(x,t)

—Af (X)W (x+ht) = Af (x.0)W (x—hit))
where A :iz

The first Equation (33) can be written in the form L/ =0 in G It follows
using the existence and uniqueness of the solution that L, is invertible.
Knowing that the fuctions fand g are smooth and bounded, we assume the fol-

lowing conditions for stability.

f(x,1)=0 forany0<x<L,0<¢<T (37)
1—2/1f(x,t)+rg(x,l)20 (38)

The step size 7 is suffciently small so that

rg(x,t):O. (39)
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Based on Assumptions (37-39), the following Lemma holds.

Lemma 4. Suppose that Assumptions (37-39) hold and consider the operator
A, =(L,,.1d) where Idis the identity operator from C'(G) to C'(G). There
exist C>0 such that "A;h' |S C.

Proof.Let Vbein C'(G), using the definition of L, one has

V(x4 7)| =[eL,V + (1=221 (x,0) + g (x,0))V (x,1)
+ AL (xt)V (x+ht)+ Af (x.0)V (x=ht)
< Z'|LThV| + (1 —Z/If(x,t) + z’g(x,t))|V(x,t)
+ Af ()| (x4 ht)| + Af (x| (x=hot)|

<7||L, V| +(1-22 v
=7l ” +( f(x,t)+ z’g(x,t))" " from Assumptions (37-38)
()l
<t LThV"t + (1 + z’g(x,t))"V"t
~ r||LThV||t + V||' from Assumption (39)
Hence |[V|™ <z|L,V| +|V| andwe can apply Lemma 3 to see that
Il < [z ds+ [
<L v+’
< max{l,T}( Ly +||V||°)
<Cl4,V|, C=max{1,T}

Hence "A;h1 ||sC.

Lemma 4 shows that the sequence {Al;h1 }T‘h is uniformly bounded, conse-
quently the FDM is stable. It remains to show that the FDM is consistent. We
can see from the Taylor’s formula that for any function V twice differentiable

with respect to xand differentiable with respect to ¢

Gl4 oV
LThV—(E—f(x,t)y—g(x,t)Vj =O(T+h2).

We have the following convergence theorem.
Theorem 2. Let V be the solution of (33-35) and W be the solution of (36).
Then ||W—V||T —0 as h—0 and 7—0.

Proof, From Lemma 3 one has

|-y <t|L, (W -v)| +|w-v|

<T|L, (W -V)| sinceW =V atr=0

<T|L, W -L,V| sinceW=Vatr=0

T
2

ov oV
ad | I
[ ot f(x,t) ox?

<

—g(x,t)Vj -L,V

SC(r+h2).

The Forward Euler FDM is consistent of order 1 and stable with the stability
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conditions (37 - 39). The stability and consistency imply the convergence of the
FDM with an accuracy O(z’ + hz) .

4.2. The Backward Euler Finite Difference Method

2D

1+ tanh (x —4¢)
using the difference quotients
ov V(xk,tj+z')—V(xk,tj)
E(xk’t‘/)z . +0(7)
v V(xk —ht; + z’)— 2V(xk,tj + r) + V(xk +ht, + 2')

~ +
o’ "

VBV o)

h

(33-35) can be approximated by the discrete Problem

4esech’ (x —41)

Setting f(x,t): :m,

and g(x,7) V(xk,t.)sz",

J

Vj+1 _Vj
—_k "k 4

O d
. (7) an

hz

, problem

vl :_hizf(xkytm)ij-ﬁl +(1+2hizf(xk’tj+])_Tg(xk7tj+l )]Vkﬁl

_hizf(xk,tj+l)ij;:1,j21,1§k<NX (40)
Ve =V (%), k=0.-N,
Vi =v,(0-4t,), 7 =V,(L-4t;),j=0.N,

As in the previous subsection, it will be shown that the Backward Euler FDM
is stable and consistent then convergent. Define the operator

L.w =%(W(x,t)—(1+2/1f(x,t+r)—rg(x,t))W(x,t+z’)

+lf(x,t+r)W(x—h,t+r)+/1f(x,t+r)W(x+h,t+r))
where A= hiz . We suppose the following assumptions:

f(x,1)>0 forany0<x<L,0<¢<T (41)
The step size 7 is suffciently small so that
rg(x,t)~0 (42)
Based on these assumptions one uses the expression of L,/ to obtain
W (x.t) = 2L, |2 (14 241 ()W (3.2 + 2)| = Af ()W (x = Dot + 7))
—/If(x,t)|W(x+h,t+r)|
> (14241 (x.t))|W (xt +7)| =241 (x.t)|W

1+

+7

then (1 + 2/1f(x,t))|W(x,t + z')| < 2ﬂf(x,t)||W

Setting M, = max| S (x,t)| , it follows that

+w-zL, | .

[+T +7

(1+2aM,)|w
"W [+7

<2AM,|W

+|w —zL, 7| and then

<|w-cL, 7| <|w| +<|L, 7| . Hence
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Wl <) +e L | < ez
S L s 1 I G
<|w| " +2c|L | <
<|w| + jz|L | = +e|Lv| ife=je

<max {1,7} (W] + || ) <]

4.0

where C=max{1,T} and 4, =(L,,Id). It can be concluded that "A;hl”’ <C

and that the sequence {Arh} is uniformly bounded. Consequently the FDM is

k
stable. One can still use the Thaylor formula to show that the method is consistent
of order (’)(z’ +h ) . The following theorem show the convergence.

Theorem 3. Let V be the solution of (33-35) and W be the solution of (40).
Then ||W—V||T —0 as h—>0 and 70.
Proof.

Ww-v| <r|Lw-Ly| +w-v|

<T|L, W -L,V| sinceW=Vatr=0
T
oV oV
<T (E—f(x,t)y—g(x,t)V)—LmV

SC(r+h2).

The Backward Euler FDM is consistent of order 1 ((9<r+h2)) and con-

verges under the conditions (41-42).

4.3. Example 1

This example investigates numerically the behavior of the model (6) using the
bound states V,,i=1,2,3 in (33-35) as the initial states of the system for
£=10"". The stability conditions (37-42) are respected by the respective FDM
used.

Table 1 and Table 2 present the error estimates for the Forward and the
backward Euler FDM using the maximum error of two successive approximated
solutions 7 and ¥, of two successive refinements (7;,/,) and (z,,,,%,,)

using the formula

The consistency order « is computed using the formula

3 zlog{W o ||}_

Ti _ Y/ T+l
e -wr

i i+1
The following figures are obtained for a space mesh spacing #=2" and a
2
time mesh spacing 7 = to respect the stability condition. Results in Figures

e

= max = >

Xpol j G

Ti
5T = E

i __ /i
Vh[ V”M

Vit (3ot ) = Vit (30,

1-3 depicted below showing that the bound states do actually propagate in the
x-tplane.
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4.4. Example 2

We consider the same problem (33-35) with ¢ varying in the set

{5 x107,5%x107,5x 10_5} using a backward Euler Finite difference method, the
following figures are obtained for a space mesh spacing #=2"° and a time
mesh spacing 7=/ . Results in Figures 5-7 depicted below are still showing
that the bound states do actually propagate in the x-¢ plane. Figure 4 shows the

behaviour of the approximated solutions at #=1/2.
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<
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Figure 1. Sketches of the first bound mode for the action potential, in the steady state and its evolution in the x-¢plane.
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Figure 2. Sketches of the second bound mode for the action potential, in the steady state and its evolution in the x-#plane.
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Table 1. Error estimates of the Forward Euler FDM.

h, 27! 272 273 2™ 27
T, 273 27 27 27 27!
Vi =vm 0.244918662404 0.124353001772  0.0624187467475  0.0311224397851
Order 0.98 0.99 1.00 1.00

Table 2. Error estimates of the Backward Euler FDM.

h, 27! 272 273 2™ 27
T, 27! 27 27 2™ 27
Vi =vom 0.330649286079 0.181722118493  0.0930201459313  0.0467835276761
Order 0.86 0.97 0.99 1.00
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Figure 3. Sketches of the third bound mode for the action potential, in the steady state and its evolution in the x-#plane.
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5. Conclusions

We have considered the hybrid model for nerve pulse generation and propaga-
tion proposed by Mengnjo, Dikandé and Ngwa. This model consists of a system
of coupled partial differential equations. By considering the steady states of the
system, we formulated an initial value problem that governs the evolution of the
action potential. This is a linear parabolic equation with variable coefficients and
an initial profile. To analyse the system, we formulated and proved, in general,
the conditions under which such an initial value problem will have a unique so-
lution and verified that the initial value problem governing the evolution of the
action potential satisfies these conditions and hence has a unique solution. Due
to the complex nature of the equation (variable coefficients in both independent
variables), there are no known analytical techniques that can be used to solve the
equation. Because of this difficulty we designed a numerical experiment to si-
mulate the approximate solutions and thus gain insight in to their long term be-
haviour. The numerical experiments reveal that the solutions are bounded pulses
propagating in the x-¢ plane with constant velocity and shape similar to that of
the initial profile. We interpret this to mean that the initial profile which is a
steady state solution to the MDN model evolves by translation without attenua-
tion. This observation falls in line with what should be expected of a healthy
nerve cell: Generate a pulse and propagate it without distortion.

In our model, we have combined both electrical and mechanical processes to
generate the nerve pulse. We have demonstrated analytically that the propaga-
tion mechanism of the action potential is actually an interplay between the elec-
trical and thermodynamic processes of the nerve cell. Considering the fact that
the thermodynamic processes can be perturbed by both internal and external
factors, we can subject our model to such factors and observe its behaviour. This
opens up possible applications in the modelling of pathologies of nervous path-
ways. This could lead to a breakthrough in understanding some nervous disord-
ers and more effective treatments designed. We thus see a major application of

our work in the field of medicine.
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