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Abstract

Neuronal function relies on electrical signaling which, in turn, depends greatly on the
morphology of neurons. Local changes in the diameter of neurites caused by deformations
such as tumors or enlarged cerebral aneurysms may significantly affect electrical conduc-
tion. Morphologically accurate models are typically constructed by representing neurons
as branched cables, where a system of coupled cable equations represents small neuronal
segments as cylinders. Two extensions of the linear cable equation that allow the radius to
change continuously in space are constructed here by assuming that the radius of a neuronal
segment changes to form a section of a cone or a hyperbolic volume. The cable equation
on a cone has an analytical solution involving modified Bessel functions. A more realistic
representation of radial deformation is realized by writing the radius as a hyperbolic func-
tion of distance along the neurite. The steady state version of the hyperbolic equation is an
adapted form of Ince’s equation. The cable equation with a hyperbolic radius has an ana-
lytical solution only in special conditions, and its numerical solutions can be qualitatively
compared to the steady state solutions of the cable equation on a series of cylinders. Unlike
the cases for the cylindrical and frustum shapes, the steady state solution of the equation
on the hyperbolic cable describes a decay followed by an amplification of voltage along the
cable. This counter-intuitive result suggests that non-uniformities in the diameter of neu-
rites have local amplifying effects that may have a non-negligible impact on the propagation
of signals in neurons. This research shows how different geometrical representations used
to derive cable equations have varying impacts on the calculation of solutions.



1 Introduction

Neurons depend on electrical and chemical signals to transmit information. Abrupt
changes in neuronal morphology caused by abnormal growth of neighboring structures
might alter its ability to function properly. For example, these structural changes may
cause excitations and/or delays in signal transmission that could potentially impact com-
munication at the network level.

The structure and branching of a dendritic tree can strongly influence how synaptic
inputs merge to communicate with nearby neurons [6]. Many of the current morpho-
logically accurate models of neurons are constructed by coupling cable equations that
represent small neuronal segments as cylinders. The resulting branched cable resembles
the original morphology of a neuron, which is used to study the propagation of electrical
signals in space and time.

Linear cable equations are typically derived by assuming the membrane acts as an
electrical circuit in which resistance and capacitance are arranged in a parallel circuit.
The cable equation on a cylinder is derived assuming that charge is conserved using
Kirchoft’s law and that current flow across the membrane is described by electrical drift
(Ohm’s law) [10]. The resulting equation is coupled with other equations that represent
adjacent portions of a neuron, forming a series of volumetric shapes with varying radii
that together may represent whole neurons.

A more geometrically realistic way to model the shape of the neuronal membrane
would be to consider radii that are continuous functions of space. The models presented
here implement two forms of deformation by assuming different functional forms of the
radius in a neuronal segment, respectively, a linear and a hyperbolic function of the
distance along a neurite. The cable equation is modified first to incorporate a linear
function of the radius, producing a frustum-shaped section of neurite. For the steady-
state solution of the frustum, this modification yields a differential equation resembling
Lommel’s equation and consists of solutions with modified Bessel functions. In the other
case, radius is considered to be a hyperbolic function of space, resulting in a steady-state
cable equation which takes a form similar to Ince’s equation. Comparison of the original
cable equation with the modified cable equations that consider space-dependent radii
offers insight into voltage propagation through a damaged dendrite.

Modeling possible dendrite deformations as a result of abnormalities is the main in-
terest of this research. This paper proposes three model representations of dendritic
branch geometry and investigates the resulting voltage propagation. Studying the effects
of a forced dendritic compression indicated that voltage propagation is dependent on the
physical properties of dendrites.

2 Methodology

2.1 Mathematical Model

There are several assumptions that must be made prior to investigating the behavior of
the voltage and current as they pass through the dendrite. The first assumption is that



any finite part of the dendrite can be represented as a passive, uniform cable with uniform
material and electrical properties.
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Figure 1: (a) Schematic for the dendrite as a cable. Current comes in from the left, and travels
a distamce z+ Az, losing current through the membrane as it travels, but adhering to Kirchoff’s
current Law. (b) A cross-section of a dendritic cable showing the separation between inner and
outer parts of the cell.

As shown in Figure 1 (a) current i; (A) flows through the horizontal axis of the cable and
meets a resistance r; (£2/cm), calculated by

R;
N
()
where R; (€cm) is the specific resistance of the inside of the cable and d (um) is the cable
diameter.
The dendrite membrane separates the inner and outer parts of the cable as shown
in Figure 1 (b). The membrane is composed of two regions: sections of resistance and

sections of capacitance. Due to the existence of membrane resistance, r,, (£2/cm), and
membrane capacitance, ¢, (F/cm), the membrane can be treated as an RC circuit. Here,

Ty =

rm = — and ¢, = C,,md
md
where R,, (2 cm?) and C,, (F/cm?) are the specific resistance and specific capacitance of
the membrane, respectively. The capacitance of the membrane causes part of the axial
current to flow toward the membrane and out of the dendrite. This membrane current, ,,,
“leaks” through the membrane and meets resistance r,, as it leaves the dendrite. Currents
1; and 1, are related through Kirchoft’s law of conservation of current,

bpet = 1 1 U



The membrane current has a conductive property resulting from r,, and the membrane
capacitance. Considering these properties in conjunction with Ohm’s law, ,, can be
written as

ov Vv
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where V' (mV) is the voltage propagated through the cable. Equation (1) and the afore-
mentioned assumptions allow for the derivation of the cable equation,!
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where \2 = TT—T is the length constant in centimeters, and 7 = r,,¢,, = R,,,C,, is the time
constant in seconds [10]. General steady state solutions for a cable of finite length (when

9~ = 0) are of the form,
cosh(L — X)) + By sinh(L — X)
V(X) =W 3
(X)=Vs cosh(L) 4+ By sinh(L) ’ 3)
where X = { and L = § are dimensionless coefficients, and By, is a constant taken to

be a ratio of input conductances [3]. This equation can be modified to describe infinite,
semi-infinite, or sealed cables. For the cylindrical segment of dendrite studied in this

research, a finite cable is considered. A numerical solution for the finite cable is discussed
in the Appendices A, B, and C.

2.2 Cable Equation for a Dendrite of Varying Radius®

This section involves spatially dependent radii. Consequently, the cable equation discussed
in the previous section is modified so that the radius of the dendrite, 7, is now a function
of z.

'For derivation of the cable equation, see section A in Appendix.
2This section is adapted from FElectric Current Flow in Excitable Cells by JBB Jack, et. al.
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Figure 2: (a) This diagram shows the modified cylinder to allow for changing radius. (b) A
cross-section of the cylinder with a change in surface area, dA.

From Figure 2 (b), ds (cm) is the change in arc length and dz (cm) is the distance between
centers of successive cross-sections of the frustum, Figure 2 (a). The surface area along
the cross-section is given by

dA = 2mrds, (4)

where dA is in units of square centimeters and r is in units of centimeters. The leakage
of the interior current over a particular cross-section is given by

(5)

where I,, (A/cm?) is the membrane current density® and i, is the axial current. From
Figure 2 (b), a right triangle with sides ds, dr, and dx is extracted, and applying the
Pythagorean theorem, yields,

dz? + dr? = ds?

which is equivalent to

dr\> ds\? ds dr\?
* (dx) (dm) dx * (da;) (6)
Taking the derivative of Equation (4) with respect to x yields an equation for the change
in area over the spatial change,
dA ds

% = 27'(7“%. (7)

3The membrane current density is used rather than the membrane current, 4,,, since our system no
longer has a uniform radius and is thus no longer a homogeneous system [8].




Taking the derivative of Equation (6) with respect to x and rearranging the terms yields.

dA 01,
e 8
dx oz (8)

where the partial derivative of i; is due to the fact that i; is a spatial and time dependent
function. After applying the assumptions from the original cable equation concerning
leakage through the membrane and substituting, %4 in Equation (7) into Equation (8),
the following series of equations are derived,

ds 821
I, (QWE) = - (9)
Vv oV
I, = — +Cp, 10
TRIY (10)
, w2 OV

The derivative of Equation (11) with respect to x gives

Oi; 2w oVidr w9’V (12)
or R, Oxdx R; Ox?
Substituting the preceding equation for % into Equation (9),
ds 2mroVdr wr?d*V ds 1 0Vdr r 0%V
L, 2mr— = —_— IL,—=——— —_—. 13
" Wrdx R; Ox dx + R, 0x2 = dr R; Oz dx + 2R; 0x? (13)
Applying Equation (10) to Equation (13) yields,
1% oV ds 1 0V dr r 0*V
. EAM P g 14
(Rm + Cm ot ) dx R; 0z dx * 2R; 0x2 (14)
Equation (14) is multiplied by R,, leading to
oV \ ds R, 0Vdr rR,,0%V
mitm =7, | 77 — a3 .2 1
<V+CR at)dx R; 8xdm+2Ri Ox? (15)
oV \ ds R, 0V dr rR,,0*V
- ) = = - — 16
:><V+78t>d:v R; 8xdx+2Ri Ox? (16)

The left-hand side of Equation (16) becomes the time dependent component of the original
cable equation multiplied by a rate of change in arc length along the frustum, g—;; the
right-hand side of Equation (16) represents the voltage’s dependency on space. Thus,
the modified cable equation is obtained, allowing different functions for the radius to
be inserted and the results of voltage propagation to be examined through a deformed
dendrite.



2.3 Using Lommel’s Equation for Conical Cable Equation

In this section, the case of a linearly changing radius is investigated, that is, a slice of the
frustum is isolated as shown below.
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Figure 3: A cross-section of the frustum.

From the diagram, the equation of the line connecting the points (0, 7¢) and (L, 1) is

" —To
L v

r = 19+ r(0) =ro, 7(L) =11, (17)

and therefore the slope of the equation satisfies

dr_rl—ro
dv L

(18)

which is then substituted into equation (6) to obtain

ds 14 (=T ’ (19)
de L ’
which is a constant.

The original cable equation is used to find an expression for %27‘2/ with respect to the linear
radius. The derivative of the voltage with respect to x is

oV 7"1—7“08_‘/

- - . 20
Ox L Or (20)
Using Equation (20), and assuming voltage is a well-behaved function implies that
82‘/ _ T —To 2 82‘/ (21>
0x? L or?

Combining Equations (20) and (21) gives

oV dr\* R, [r1—1o\°0V 1R, [r1—710\> 0V
<V+TW) H(%) _Ri< L >W+2Ri( L ) gz (22
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By setting %—‘t/ = 0 and multiplying the above equation by T%n ( > , rearrangement
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of terms yields

422z =0 23
dr? + rdr rR, (rrro)Q ’ (23)
L
which is a special form of a Lommel’s equation,
17 1 - 2 ! 2 - 2 2
Vi v [(675”‘1)2 + %} Vo= 0 (24)
with solution
V(€) = u, (87) (25)
Equation (23) is a special case of Lommel’s Equation (24) where,
1 1 SR, 1+ (2)]
— —_ —— —_ — — 2 _ — v
f = T o= 27 7y 27 v ila 6 Rm (%)2 .

Lommel’s equation has solutions with modified Bessel functions since § has imaginary
parts. The linearly independent solutions are

1 8r Ry /1 + (L)
" = (26)

—1T
NG N

) 8rR;\ /1 + (n0)2
V= =k - (27)

NG R, (Hr0)2 ’

L

where I; and K, are modified Bessel functions. The general solution of Equation (23) is
therefore

V = CVi+ YV, (28)

Coefficients of the general solution are determined by the boundary conditions, which are
discussed in the following section.



2.4 Boundary Conditions for Linearly Defined Radius

For the case of a cone, the conical steady state solution is given by

PV AV 2R L+ ()

rog o = R (%)2 V, (29)
with radius:
ro= r(x),
r(z) = T0+rlzrox, 0<z<L.

A steady state solution in the form of modified Bessel functions is

(30)

B O (L — X) + BrSi(L — X)
Vie) = Y ( (L) + BLSi (D) ) ’

with the boundary conditions:

V) = V, BLV(L)+Z—Z(L):O.

This is obtained by applying initial conditions:
Sy =0, S(0)=1, C(0)=1, C0)=0.
C7 and S; are composed of V;, V5, and constants involving modified Bessel functions:

2L7‘g/2

) v

(Kl(ﬁ\/ﬁ)h(ﬁ\ﬁ”) — ]1(5\/%)-’(1(5\/;)) ) (31)

Cula) = (VTR + 2 By 215
+ (OVTely(By/7s) = 21(By/Fs) = 21(By/Fo) | KL (BVE),  (82)

where

08 =

8RZ (1_|_('r1zr0)2)1/4
Rm 1”127"
Thus, the final steady state equation is obtained,

2V _dv 32



These boundary conditions yield a steady state solution, allowing for analysis of voltage
propagation through a sealed frustum.

2.5 Hyperbolic Functions

An alternate formulation of how the aneurysm or tumor constricts the dendrite employs
a hyperbolic function to represent how the radius depends on x:

r(z) = acosh ( )+b, (34)

where a (cm) represents the shape of the abnormality and b represents how much the
dendrite is compressed in units of centimeters. In order to find an expression for b, the

two known points r(0) = a + d and r(a) = £ are used:

r(a) = acosh(1)+b
d
>
r(0) = acosh(0)+b
= a+b.

Thus,
b=r(0)—a.

Substituting this value of b into r(a) leads to

r(a) = g = acosh(l)+r(0)—a = = a(cosh(1) — 1) 4+ r(0)

which can be solved for (0) to obtain b,
d d
r(0) = 3~ a(cosh(l)—1) = b= 5~ acosh(1). (35)

Since a cosh (f) > 1 and the shift in hyperbolic cosine cannot be greater than the
radius itself, it is clear that —1 < b < g — 1.

After taking the derivative of r in Equation (34) with respect to x and substituting it
into Equation (6) gives the following results,

=4/1+ smh A [ cosh? (f) = @ = cosh (f) .
a dx a

Applying Equation (15) yields,

oV z R OV Rn OV
(V+CmRm§> cosh (5> - & smh( ) o P an e (36)

10



For the steady state solution of the hyperbolic, the following is obtained,

V(e (3) = g (2o () G+ (oo (3) +) )

= V2 (o (£)) = 2inh (£) V4 (qcosh () ) 22

5
m a a/ dx a dx

(1+ acosh (£)) D5+ 25 (£) 9 = 2 (com (2)) v = 0

a
= (14 oo (£)) To - Femn (£) - 2 (o (D)) = 0. a7

where b # 0. Here, the equation takes a form similar to that of Ince’s equation, which is
(1 + agcos(2s))y” + bosin(2s)y’ + (co + dg cos(2s))y = 0, (38)

where ag, by, cg, and dy are arbitrary constants. Ince’s equation is used to study the
existence of periodic solutions, in several applications in mathematical physics To study
the modified cable equation with a hyperbolic radius, Equation (38) is taken to have
imaginary arguments, since (3 is complex, and becomes

(1 4 ag cosh(2s))y” + by sinh(2s)y’ + (co + dg cosh(2s))y = 0. (39)

The presented modified form of Ince’s equation is not known to have been studied prior to
this research. To study a space-dependent radius, a change of variables is used to rewrite
Equation (39) as,

(1 + ag cosh (%)) y" + bg sinh <§> Y+ (co + dy cosh (2)) y = 0. (40)

To put Equation (37) in the form of Equation (40), coefficients of Equation (40) are
defined as

a
w = ¢
0 b
)
by = =
0 b
Co — 0
2R,
dy = VR

Equation (40) will be studied numerically and compared with the numerical solutions of
the other equations for the deformed dendrite.

11



3 Results: Steady State Solutions

In order to investigate the voltage propagation through a series of dendritic segments, the
cylinder, hyperbolic, and frustum shapes are combined as shown in Figure 4.

Deformed dendrite
(hyperbolic)
L. -
T L. -
v
Normal dendrite Tapering Dendrite
(cylinder) (frustum)

Figure 4: Series of different dendrite radius types

Each shape is first studied individually before the system is examined as a whole.
Recall the steady state solution for the cylindrical cable given Equation (3). For the
purposes of this project, only one specific set of parameters is considered: R; = 50 cm,
R,, = 10° Qcm?, Vy = =50 mV, d = 5 um, By, = 0.5, and [ = 20 um. In all graphs, the
vertical axis is shifted such that the membrane resting potential of -65 mV is represented
at y = 0. Thus, 15 mV on the vertical axis is actually -50 mV. Figure 5 displays the
voltage through a cylinder.

12
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Figure 5: Steady State Voltage for Cylinder with Respect to Space: Vp = 15 mV, d = 5 um,
Br, = 0.5, and [ = 20 pum.

Though the change in voltage seems to be linear in Figure 5, it is important to note
that the solution involves functions of L and X, where L = [/X and X = x/\ - two small,
dimensionless numbers. The graph appears linear because it is a small segment of the
hyperbolic curve that results from the solution for a finite cylindrical cable. The shown
decay in voltage is expected due to the fact that voltages typically tend toward resting
membrane potential. Note that the voltage drop is in the scale of microvolts.

For convenience in combining the segments, the next case considered is a radius that
is a hyperbolic function of z; the initial voltage and initial % are taken to be the same
as the final voltage of the cylindrical case: Vj &~ 14.9994 and % ~ —2.9999 - 1075 %
The initial diameter, R;, and R, are also taken to be the same values given for a uniform
radius, and a = 1um. Because there are no known analytical solutions for the modified
Ince’s equation, the results for this case rest almost entirely on numerical solutions of the
system.
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Figure 6: Steady state voltage for hyperbolic with respect to space: d = bum, Vy = 14.9994
o~ —29999-107° =, and a = 1.

As shown in Figure 6, the voltage first decreases as a result of the 1n1t1al V. and then
increases in an exponential manner. The reason for this apparent amphﬁcatlon in voltage,
though quite small, is unclear and calls for further study.

To verify that the result for the hyperbolic radius is mathematically sound, consider
the case where b = 0. In this instance, the modified cable equation strays from Ince’s
equation and can be written as:

v =0

(0+ acosh (£)) T2 4 2aimn (£) - 25 (o (£
= (oo (3)) 2o () G = T (o ()

dx? dr R,

d?V sinh (f) B 2R cosh (f)
da? + 2acosh (f dVde = R,,, cosh (2) o (2)”
= =+~ tanh (E)dde = 4V

This equation can be compared to

d*y dy 2
w—i—?)\tanh(/\x)% = uy,

14



which has the known solution:

_ Cysinh (px) 4 Cs cosh ()
B cosh (A\x) ’

where = /(u3 +A?) and C; and Cy are arbitrary constants. Letting A = % and

Lo = fg;, the solution to the hyperbolic case when b = 0 is

(1 sinh (f <%—Jf§>2 + 1) + (5 cosh (f <§%_}2>2 + 1)

cosh (f)

Comparison between the analytical and numerical solutions when b = 0 is shows that the
numerical solution qualitatively agrees with the analytical solution.
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Figure 7: Left: Analytical Solution. Right: Numerical Solution. Comparing these two graphs

shows that the two solutions take the same qualitative form. Differences in scale and slope are
most likely due to the arbitrary constants and derivatives chosen.

The last situation considered is the case for a radius that is a linear function of x.
Again, the parameters are the same as previously defined for the cylinder aside from the
initial voltage. This initial voltage for the frustum is the final voltage of the hyperbolic
case and thus, V) ~ 14.9995 mV. Using the general solution for a finite cylinder, setting
By, = 0 in equation (3) gives the solution

Ci(L — X)

for the function C} given in Section 2.4. In this case, the values of L and X are simply
taken to be x and [. From the numerics used to reach this solution involving Bessel
functions, Figure 8 shows that voltage decreases in a seemingly exponential manner as
the radius of the frustum decreases.

This voltage drop is relatively large in comparison to the voltage changes of the other
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two cases, but it is still a drop of less than 0.1 mV. Not only does voltage usually decrease
along a uniform dendrite, but the initial value conditions for this problem also allow for
decreasing voltage in frustums of both increasing and decreasing diameters. Thus, this
graphical result seems reasonable.
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Figure 8: Steady State Voltage for Cone with Respect to Space: Vp &~ 14.9995 mV, ro = 2.5um,
r1 = 0.5pum, and [ = 20 pm.

The results for the three cases discussed above allow for the investigation of a system
in which the cylinder, hyperbolic radius, and frustum are combined in series. This is
due to the fact that the voltage and‘fi—‘tf are assumed to be maintained at each junction.
Because this condition is met for the circumstance presented throughout the section,
the parameters previously stated are applicable. Thus, the structural situation shown
in Figure 4 is considered: the system containing a uniform radius, a radius that is a
hyperbolic function of x, and a radius that is a linear function of x.
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Figure 9: Each respective plot represents the voltage behavior in each of the three regions as
shown in Figure 4 (Note: The horizontal axis is not set to the same scale for each graph)

By arranging the graphs in the shape of a possible dendrite deformation, the voltage
propagation throughout the dendrite segment as a whole becomes more clear (see Figure
5). The solution for a cylinder of the same length as the combined segments is presented
for the sake of comparison between a non-deformed dendrite and one of varying diameters.
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Figure 10: Steady state of a cylinder without deformation.

3.1 Discussion

In studying the changes in voltage throughout neurites, the overall decrease in voltage
over x were expected. The results for the cylinder were consistent with biological and
mathematical findings. Though the drop in voltage from the cone was expected, the
rate of decrease was higher than predicted and requires further investigation. In the case
of the hyperbolic radius, the solutions were inconsistent with widely accepted biological
models using series of cylinders. Typically, as spatially-dependent diameter decreases
and increases in a manner similar to the hyperbolic curve, the voltage drops toward the
membrane resting potential. As seen in Figure (6), the use of a radius that is a hyperbolic
function of x does not accurately produce this same result of decreasing voltage. Though
Figure 7 shows that the numerical method used is in fact mathematically correct, the
biological aspects are not realistic. Thus, the hyperbolic radius offers an interesting
mathematical approach to modelling dendritic deformation but does not appear to have
any biological relevance.

4 Conclusions and Future Work

Structures exerting abnormal pressure on neurons, such as a tumor or aneurysm, in-
fluence dendritic morphology of a single nerve cell. Cerebral aneurysms are present in

18



almost 5% of Americans, and more than 600,000 Americans have been diagnosed with
brain tumors [1]. Results from this research could have applications in determining how
aneurysms or tumors could affect voltage propagation, which could lead to greater insight
into neuronal function in adverse environments. It can be inferred through examining
change in voltage as consequence

In this project, the neuronal model considered three cases where the radius behaved
differently, either held constant or was spatially dependent. Assuming a formation al-
ready exists, the cable equation was modified to represent two additional geometric forms
of deformation. Although, the model presented offers insight into dendritic deformation
and how it could affect voltage propagation, limitations prevent a comprehensive under-
standing of neuronal function in adverse conditions.

One way to improve the model would be to consider the presence of ion channels
along the dendritic membrane and see how the transfer of potassium, sodium, calcium,
and chloride is affected by the impeding growth. These ions contribute to the regulation
of voltage, and examining them may result in a deeper understanding of biological impli-
cations. Since the model focused on a single dendritic branch, another possible expansion
could include the entire dendritic tree. This would allow for generalizations about how the
entire neuron functions in the presence of abnormal growths. Though only one hyperbolic
function was used in this model, other hyperbolic functions may be explored in future
work especially since they may not be in the form of a modified Ince’s equation. Due to
the time constraints of this summer project, we only considered one set of parameters.
In the future, changing these parameters to account for variation in size or shape of the
anomaly would give greater insight into how growths in the brain affect neuronal function.
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Appendix

A Derivation of the Cable Equation

Im , Tm

X

1
X+AX

Starting with Ohm’s law, consider a change in potential as the current [;, moves from
x to x + Az, where

Vilx + Az) — Vi(z) = —i;(z)r; Az, (41)

for a specific time, since Vj is in terms of space and time. The right-hand side is negative
because as the current moves form the left to right sides of the cable, there is some leakage
through the membrane that cause the axial current to be less than it was coming in. Then
divide by Az and take the limit of both sides. Since r; is only dependent on the diameter

of the cable (r; = %), it can be considered a constant.
™

ov;
or

A relationship between the interior current and the current that is being leaked through
the membrane is made since there is a drop in the interior current over space as the
membrane current increases. Therefore,

A
Zm - A(L"
. 01;

Since there exists a relationship between the membrane current and the current through
the neurite. Equation (2) is used to find a relationship between the voltage and the
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membrane current through the second derivative with respect to x.

ov.o_ O

022 oz’

0?V 01;

a2~ g

0?V _

) = Tilm,

1 0%V
= . 44
r; 02 fm (44)

Then it is stated that V = V; — V, — E, and also the extracellular voltage, V., is not
dependent on x or ¢t. Further, it is also said that the battery, F,, is independent of
x and t. Thus, V; is changed to V' in equation (4). So far, only the voltage of the
intracellular region was considered and now the inner and outer voltages are combined
into one equation. Then 7, (Ifr:;), the actual membrane resistance, is multiplied and the

right-hand side is the membrane voltage, V,,.

rm OV,
r; 02

= tmTm-

One assumption is that the membrane acts as a capacitor that holds charge, and this
relationship between charge, voltage and capacitance is used to find an expression for 7,,
in terms of the capacitance, ¢,, (constant = C,,7d),

Q:Cm‘/a
0Q _ v
o "o’

(45)

and also in terms of the current that actually comes across the membrane from the
intercellular current. This is done by applying Kirchoff’s current law.
ov Vv

Z‘m - Cm_+ )
ot ry

By multiplying r,, to the previous equation the following is obtained,

Tmim = CnTm +‘/7

ot
(46)

then the value c¢,,r,, is the time constant 7,which reduces to the material properties of
the membrane, and is therefore independent of the diameter.

T = TyCm = %Cmﬂ'd =R,,C,,.
wd
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Afterwards, substituting i,, from equation (4) yields the cable equation.

Tmlm = Taa—‘t/ +V,
T 02V oV
mZ 7 LV
r; Or2 "ot T
0%V oV
P = 14V 47
ox? T ot * (47)

The term A = , /™= is defined as the length constant, which depends on the diameter of
the cylinder.

B Units Table

Notation | Definition Units
1 Intracellular current A
I Membrane current A
I, Membrane current density C%
T Intracellular resistance -
T Membrane resistance Q-cm
R; Specific intracellular resistance Q-cm
R, Specific intracellular resistance Q- cm?
Cm Membrane capacitance %
Cm Specific membrane capacitance chn -
T Time constant s
A Length constant cm
dA Change in area of the cross-section | cm?
ds Change in arc length cm
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