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ABSTRACT The derivation of the equations for an electrical model of nerve cells is presented. The model consists of an
equivalent cylinder, a lumped somatic impedance, and a variable shunt at the soma. This shunt was introduced to take
into account the fast voltage decays observed following the injections of current pulses in some motoneurons and
hippocampal granule cells that could not be explained by existing models. The shunt can be interpreted either by
penetration damage with the electrode or by a lower membrane specific resistance at the soma than in the dendrites. A
solution of the model equations is presented that allows the estimation of the electrotonic length L, the membrane time
constant 7., the dendritic dominance ratio p, and the shunt parameter ¢, based only on the measurement of the first two

coefficients and time constants in the multiexponential voltage response to injected current pulses.

INTRODUCTION

The Rall cable model of neurons has been widely used to
determine the electrical properties of nerve cells. In this
model, the dendritic tree is replaced by an equivalent
cylinder and the soma by a lumped impedance. The
assumptions underlying the derivation of the equations
have been reviewed by Rall (1977). Although these equa-
tions have been shown to account for the voltage decays
from current pulses injected through intracellular elec-
trodes, some evidence suggests that this model does not
accurately explain the fast potential decays observed in
some neurons. lansek and Redman (1973) and Durand et
al. (1983) reported that only 30% of motoneurons and 40%
of hippocampal granule cells could accurately be fitted by
this cable model. The faster than expected experimental
transients suggested the presence of a shunt located at the

neurons was introduced to provide a better fit of the
experimental data. It is not possible, however, to distin-
guish between a shunt caused by penetration damage and a
decreased somatic resistance. Therefore, a new parameter,
¢, is introduced to account for a lower somatic time
constant, 7,, compared with the membrane time constant
Tm and it is defined by ¢ = 7,/7,, (Durand and Kunov,
1982). The solution of the cable partial differential equa-
tion with new boundary conditions is outlined below, and
the equations for either a shunt caused by electrode
penetration or by a decreased somatic resistance are
derived. The inverse problem of finding the model parame-
ters, given the time constants and coefficients of the
voltage decay, is also solved.

GLOSSARY

soma, perhaps caused by electrode penetration damage or R,  membrane specific resistance (2 - cm?)
. » . . . 2

a decreased somatic resistance. The effect of a low resis- Cn  membrane specific capacitance (uF/cm’)
tance at the soma is to decrease the somatic time constant R, axoplasmic specific resistance (@ - cm)

d lerate the potential d b ed i Tm membrane time constant = R,,C,, (s)
and accelerate po 1 €Cay as observed expernimen- D diameter of the equivalent cable (cm)
tally. The presence of electrode damage at the soma caused A space constant = (R, - D/4 - R))"* (cm)
by penetration has been suspected for a long time, but 2 length of the equivalent cable (cm)
there is no easy way to measure it. Similarly, a somatic L electrotonic length = 1/
membrane resistance lower than the dendritic membrane R, resistanceof thesoma (@)

. id also be ible f ic sh Rp input resistance of the dendritic equivalent cable (?)
resnstgnce could also be responsible for a somatic shunt, Ry input resistance of the cell (2)
both in motoneurons and in granule cells where many o dendritic dominance ratio = R,/Rq
inhibitory inputs synapse at the soma. Recently (Fleshman V' potential across the membrane (the resting potential is
et al., 1983), a linearly increasing membrane resistance assumed to be equal to zero) (V)
model (low membrane resistance at the soma) for moto- ’: 1‘;::';:; along the cable (cm)

Tos T1s T2 equalizing time constants

- Co, Gy, G, coefficients of the several exponential in the voltage
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B; coefficients of infinite series solutions

TS time constant of the somatic membrane (s)
I current injected at the soma (A)
€ somatic shunt parameter = 7,/7,,.

RESULTS

The model consists of a single cable of electrotonic length L
with two known boundary conditions (see Fig. 1). The
equation describing the electrical behavior of such a system
is known as the cable equation (Rall, 1959, 1969, 1977):

4 14

Pt lY (1)
V is the potential along the cable and is a function of
distance X and time T. X and T are the normalized space
and time variables defined by:

X =x/X\ 2)
T=t/ry, 3)

where A and 7, are the space and membrane time
constants, respectively.

The mathematical treatment of core conductors has
been applied to neurons by many researchers (Hodgkin
and Rushton, 1946; Davis and Lorente de No, 1947; Rall,
1959, 1969, 1977). A detailed review of the assumptions
and derivation of the cable equation was published by Rall
in 1977. The steady state and transient solutions for the
equation with the new boundary conditions will be derived
below.

At the sealed end or open termination (X = L), the
voltage follows the following equation, since no current can
leave the cable (Rall, 1969):

M -0 4
8XX-L_ . ()

At the somatic end (X = 0), when the input current has
been turned off, we have:

Is = —1Iy. (5)

5 is the current flowing in the soma and Iy, is the current
flowing into the dendritic tree. The current I can be
expressed by the sum of the current in the resistance (/)

‘ R; : specific axoplasmic resistance
Ri. Rm. Cm. 2.8 L.p J Rm : specific membrane resistance
BRmCm=Tm Cm : specific membrane capacitance
o A : space constant
Rg Cs RsCs =7s 2 : physical length
€=Tg/Tm Rs : somatic resistance

Rp : cable input resistance
Cs : somatic capitance
m : membrane time constant

Lumped Equivalent | : injected current

somatic dendritic L : /X electrotonic length
impedance cable P : Rs/Rp
FIGURE 1 The shunt model: a somatic shunt due to either electrode or

injury or decreased somatic resistance is introduced with parameter ¢ =
7,/Tm. € is always <1 and e = 1 corresponds to the case of the Rall model.
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and in the capacitance (Ic) (see Fig. 1):

Is =1, I V+C v (6)
s=1Ig + C—Rs s a1
1 7, oV 1 ;124
eVt 2. ———V , 7
R T aT R aT M

withe =7,/7.

The current I, can be calculated by applying Ohm’s law
for a core conductor. The longitudinal current, I, is given
by the expression

=-. -, ®)

where r; is the axoplasmic resistance per unit length.
Therefore, at X = 0, we have

1 av
I=——-|—] . 9
b )\ri (aX),\'-o ( )

Combining Egs. 6, 7, and 9, we obtain:

1% M, . d
- = !, € —
oX X=0 Rs T X-0

tanh L v
| V+e— , (10
o ( é’T),\’-o (10)

where p is defined as the dendritic to somatic conductance
ratio (Rall, 1969), and is equal to R,/Ar; - coth L (Rall,
1977). By the separation of variables method, it can be
shown that a particular solution of the differential Eq. 1
is:

V(X,T) = [Bicosa(L — X) + B, sina(L — X)]e 9+ (11)

where « is the separation constant.

Applying the boundary conditions of Egs. 4 and 10, we
now obtain B, = 0 and the following transcendental
equation:

1 —e(l +a?)

o

L.cotalL- =pLcoth L =k, (12)

where k is a constant. This equation has an infinite number
of solutions a, plotted in Fig. 2. The general solution to the
cable equation for the voltage response following the
injection of a step current pulse of amplitude 7/ at X = 0
beginning at 7 = 0 is an infinite sum of exponentials
obtained from Eq. 11, where B, = 0 (Rall, 1977):

(X, T) = V(X,=) — 2 Bicosa(L — X) e U+DT (13)

The function V(X, =) is the steady state voltage distribu-
tion in the cable following the injection of a current pulse at
X = 0 and is given by Eq. 4.18 in Rall (1977) since the
somatic boundary conditions in this problem do not effect
V(X, =).

At T = 0, (X, T) = 0, and therefore we obtain the
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FIGURE 2 A graphical solution of the transcendental boundary equa-
tion is given, [1 — (1 + o®)]/a? = k tan (aL)/(aL). There is an infinite
number of solutions a, given by the intersection of the solid line (left side
of the above equation) and the dashed line (right side). Because the
function [1 — «(1 + a®)]/a is monotonous, only one such set of solutions
satisfies the boundary equation and therefore the «, gives a unique
solution for the model.

following equation:

cosh(L — X)

(X, ») = IRy -
( ) N cosh L

=) Bicosa (L - X). (14)
This is a generalized Fourier series and the coefficients B;
are called the Fourier coefficients with respect to the set of
functions X, = cos a,(L — X). These coefficients are easily
determined if the set of functions X; is orthogonal. How-
ever, it can be shown (Durand, 1982) that this set of
functions is not orthogonal and therefore the usual method
cannot be employed. An alternative solution is provided by
the modified orthogonality relation of Churchill (1942):

_ BIV(X, ), X,]

B = "B X (15)

where

B(fig) = [ /- gdX + bof OO + bif (L)gL),
and b, and b, are defined by the boundary equations

dx, d’X,
aO(Xn)x-O + (H)x-o + bo (7/Y—2)x-0 = Oa

dx, d*x,
ai(X,)x-0 + (dX)x-O + by ( ax )x-O =0.

Using the above method, the equation for the voltage
decay ¥{(z) following a step current pulse injected at X = 0
is derived in Appendix I and is given as:

V(t) = IRy — ZCie"/", (16)
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where 7; = equalizing time constants obtained from Eq.
13:

TfTm=1+0of (17

and q; are solutions of the following transcendental equa-
tion derived from Eq. 12:

a,LB;cota; L-pLcoth L (18)
Bi=1[1 -l +ad)l/a (19)

and
G=IRv 5y zi(i: l+) T(i;:L)Z/k (20)

with
k = pL coth L. @n

The particular case of ¢ = 1: If eis set to 1 in Egs. 18, 19,
and 20, these equations should reduce to the case of a
model with a uniform time constant derived by Rall
(1977). If € = 1, then 8; = —1, and C; is equal to (Eqgs. 4.21
and 4.22 in Rall [1977]):

+1) 27/
k+1 1+ @D+ k)

C=IRy-

Voltage Response to a Short Current Pulse

The voltage decay following a short current pulse of width
W injected at X = O is given by:

V(1) = Cye™" (22)

with the coefficients C; obtained from the long pulse
coefficients C; by the equations derived in Durand et al.
(1983):

Ci=C (1 —e"m). (23)
Therefore,

(1—e™-20p+1) - 7/1m
Bi + 2¢ + k + (aIB|L)2/k

Ci-IRy - 24

Numerical Example

To illustrate the effects of the somatic shunt, the time
constant and coefficients resulting from a short pulse
current injection into a theoretical cell were calculated.
The parameters chosen for the cell were: 7, = 10 ms; L = 1;
Pns = 55 Rys = 100 MQ; I = 2 nA, W = 0.5 ms; G = 100;
€=1,0.9,0.8,0.5,0.1,0.05. Eq. 24 was modified to include
the gain G of the recording system by multiplying the
coefficient IRy by G.

The subscript NS refers to parameters with no shunt
(¢ = 1). The solutions «, and «, Eq. 19 were first
determined by an iteration procedure in which a starting
value o was increased until a solution was found. The time
constants and coefficients were then evaluated with Eqgs.
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17, 19, and 20. The results corresponding to a cell with the
parameters mentioned above are tabulated in Table I.
Note that the equalizing time constant 7, which corre-
sponds to the uniform exponential decay of the voltage
along the dendritic tree, always remains between 7, and 7,
and drops as expected with increasing shunt amplitudes
(decreasing values of €). The effect of decreasing values of ¢
is also to lower the input resistance Ry and the coefficient
of the first exponential G, although C, and 7, are much less
affected. A 76% decrease in input resistance causes only a
33% decrease in 7, and a 19% decrease in C,. p is also
drastically decreased and, as suggested by Rall (1977), a
shunt at the soma could explain the variability in the
measurement of p reported in the literature. Assuming that
the shunt is caused by penetration damage, the resting
potential, E, is calculated to determine how it is affected by
decreasing the value of .

Alternative Interpretations of the
Somatic Shunt

As mentioned above, a lower somatic time constant can
have several interpretations. Two of these interpretations
are explored and illustrated by numerical examples below.

Electrode Penetration Damage. If a resistor
R, (SH stands for shunt) is placed in parallel with the
somatic resistor R, (see Fig. 3), then the somatic time
constant 7, = [(Rsy + R;/(Rsuy + R,)] - Cs will be lower
than the time constant 7, = R,C, = R,C,. This type of
shunt corresponds to a possible electrode injury at the
impalement site. In this case, it is easy to show (Durand,
1982) that the input resistance of the cell (Rys) and the
resting potential (Ens) before impalement can be obtained
from the measured values of Ry and E multiplied by (p +
1}/(p + ¢€). The effects of the somatic shunt parameter, ¢,

TABLE I

THEORETICAL CALCULATIONS OF COEFFICIENTS
AND TIME CONSTANTS IN A CELL WITH
ELECTROTONIC LENGTH OF L = 1, AND AFTER
INJECTION OF A CURRENT OF 0.5 ms IN
DURATION AND 2 nA IN AMPLITUDE ASSUMING
A GAIN OF 100 FOR SEVERAL VALUES OF ¢

€ 1 0.9 0.8 0.5 01 005
% 0000 0.129 0.181 0357 0928 1.162
o 2745 2750 2756 2787 3109  3.446
7o (mS) 10.000 10.000 10.000 10.000 10.000 10.000
7o (m$) 10.000 9.856 9.683 8.871 5373  4.255
75 (ms) 10000 9.000 8.000 S.000 1.000 0.500
7, (ms) 1171 1.168 1163 1.140 0937 0.776
P 5000 4500 4000 2.500 0.500 0.25

k 6.565 5908 5252 5282 0.656 0.328
Go (V) 0773 0767 0.758 0714 0.385  0.199
G, (V) 1021 1123 1124 1130 1.093  0.900
Ry(MQ) 100.000 98.182 96.000 85714 40.000 24.000
E (mV) 80.000 78.545 76.800 68.571 32.00 19.20
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on the measured resting potential, E, are tabulated in
Table 1. Also, in this case, the membrane somatic specific
resistance R, is equal to the dendritic specific resistance
R,; and can be calculated by:

Rms=Rmd=Rm=Rs'S=RN'S'(p+l)/és (25)

where S is the somatic surface area.

Decreased Somatic Specific Resistance. A
decrease in the somatic time constant can also be inter-
preted by a low value of the membrane specific resistance
R, compared with the membrane specific resistance of the
dendrites R, (It is assumed that the specific membrane
capacitance C; is the same for both the soma and the
dendrites.) In this case, it can easily be shown (Durand,
1982) that:

Ru=Rs-S=Ry-(p+1)-8 (26)
and

Rmd = Rms/e' (27)

Numerical Example. 1f we choose a neuron
with the parameters Ry = 85.71 MQ, p=2.5,¢=0.5,E =
60 mV, S = 500 um?, 7., = 10 ms, it can be calculated that
in the case of electrode penetration shunt: Ryg = 100.00
MQ, Eys = 70 mV, R, = 3,000 Q-cm?, C, = 3.3
uF/cm?

In the case of decreased somatic specific resistance from
Egs. 30 and 31, the following parameters can be calcu-
lated: Ry = 85.7 MQ, E = 60 mV, R, = 1,500 Q - cm?,
C, = 3.3 uF/em? and R,y = 3,000 @ . cm® The
coefficients and time constants of the voltage decay follow-
ing the injection of the same current pulse would be
identical in both cases. However, this example shows how
different the interpretations of the results can be on the
measurement of the specific parameters. A neuron impaled
with an electrode causing injury to the membrane and a
drop in the resting potential of only 10 mV is electrically
equivalent to a neuron with a somatic specific resistance
two times smaller than the dendritic specific resistance.
The two neurons would have the same measured input
resistance and time constants as calculated above.

Testing of the Shunt Model

Electrical cables of the type described above can be
modeled by analog compartmental models of the type
shown in Fig. 3. Each compartment represents the lumped
impedance of a given region of the membrane surface. R;
represents the axoplasmic or the longitudinal resistance per
unit length and R, and C, represent the membrane
resistance and capacitance per unit length. In Fig. 3, 20
compartments model a neuron with an electrotonic length
L =1 and a time constant of 11 ms. The value of p = 4.5
was chosen to match the average granule cell as reported in
Durand et al. (1983). The model was tested with several
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FIGURE 3 Analog compartmental model of an electric cable. 20 compartments, each made up of a resistor R; for the axoplasmic resistance
and R,,, C,, for the membrane parameters model a neuron of electrotonic length: L = 20 YR,/R,, = 1. The resistor Rs and Cs model the soma
and a shunt resistor Rgy is introduced in parallel with R for varying e. The resistors were 1% tolerance and the capacitors chosen to give values
of 7, = RyCoo = 11 ms. R, = 825Q; R, = 332k R, = 100 kQ; C,, = 0.033 uF; Cs = 0.110 pF; L = 1.0; Rys = 18.2k; 7, = 11 ms; pns = 4.5;

¢ = variable.

shunt resistors, giving several values for e 1, 0.9, 0.8, 0.5,
0.1, and 0.05. A 0.5-ms, 1.5-mA current pulse was injected
at the soma with a constant current generator. The result-
ing voltage decay was analyzed by a multiexponential
decay analysis computer program based on the “peeling”
method (Rall, 1969; Durand et al., 1983). The results for
Co» 70, C), and 7, are tabulated in Table II section B. These
results are compared in the same table with the theoretical
time constants and coefficients calculated from the equa-
tions of the model (see Table II section A). A theoretical
decay was also calculated from these values, once replaced
in Eq. 23, and both the theoretical and experimental
voltage decays were plotted in Fig. 4 for ¢ = 0.5. Note the
good degree of agreement between the theoretical voltage
decay and the voltage decay from the analog model, both in
Fig. 4 and Table I, where the relative error is <1.5% for G,
and 7, and <6.6% for C, and 7,. A greater error is expected
for the higher-order parameters (n = 1) compared with
lower-order parameters (n = 0) because of the peeling
analysis method. It is clear, however, that the modeling
equations account for the fast voltage transient caused by a

TABLE I1

COEFFICIENTS AND TIME CONSTANTS FOR A
CELL WITH L = 1, pns = 45, AND 7,, = 11 ms

(o To C, T
A.
1 0.965 11.000 1.393 1.317
0.9 0.956 10.820 1.395 1.312
0.8 0.945 10.620 1.398 1.307
0.5 0.885 9.661 1.410 1.279
0.1 0.455 5.727 1.378 1.033
0.05 0.226 4.552 1.123 0.845
B.
1 0.954 11.050 1.394 1.296
0.9 0.950 10.860 1.450 1.300
0.8 0.936 10.700 1.470 1.289
0.5 0.868 9.800 1.440 1.292
0.1 0.437 5.870 1.362 1.040
0.05 0.227 4.585 1.123 0.811

The theoretical values are tabulated in A for varying values of ¢ while the
experimentally measured coefficients and time constants from an analog
compartmental model are tabulated in B.
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somatic shunt. The inverse problem still remains to be
solved. Is it possible to determine the modeling parameters
L, p, ¢, and 7, from the knowledge of C,, r;, C}, and 7,?

Shunt Model: Solution of Equations

As noted in previous studies (Durand et al., 1983), only G,
C,, 15, and 7, can be measured with good accuracy using
multiexponential decay analysis programs. Therefore,
from the above derivation, the system of Egs. 17-20 for i =
0,1 and Eq. 21 must be solved. It can easily be shown by
substitution that this system of nine equations with nine
unknowns, ay, o1, 30, 81, L, p, Ty k, and ¢, can be reduced to
a system of two independent equations, using Eq. 20 for i =
0 and i = 1 with two independent variables, L and 7. Once
7o and 7, are measured, p and e can then be calculated as
follows:

_cot (aol)

= Jd -0+
P ag coth L ( o)

a tan (L) — aytan (agl) )
(1 + ad)ey tan (o, L) — (1 + a})ag tan (doL)|’

(28)

o, tan (eqL) — aytan (e,L)
(1 + o]y tana, L — (1 + a)ag tan oL

¢ (29)
Therefore, it is possible to determine the model parameters
from the knowledge of 7, C;, 7,, and C,, when the input
resistance Ry of the cell and the amplitude of the injected
current are known (Eq. 20). A computer program based on
an iteration procedure has been designed to solve this
system of equations by minimizing the square of the error,
SE, between the experimentally measured values of the
coefficients ECy, EC,, and the theoretical values TC, and
TC,: SE = (C, — EC,)* + (TC, — EC,)*. However, the
input resistance, the gain of the amplifier, and the current
are not always accurately known and it is shown below that
it is possible to solve the above system of equations based
on the knowledge of C,, 74, C}, and 7, alone.

From Eq. 16 we obtain the following relation, since at
T =0,V =0:IR\ = Z,C. If only the coefficients C; and C,
have been estimated with a reasonable degree of accuracy,
we have:

IRy = Cy + C, + RES, (30)
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4 Volts

30 40 ms

FIGURE 4 Test of the shunt model equations with an analog compartmental model with the following parameters. L = 1, p = 2.5, 7,, = 11
ms, and e = 0.5. The voltage decay following a 0.5-ms, 1.5-mA current pulse injected in the somatic region (solid line, experimental) is fitted to
the equation of the voltage decay calculated from the shunt model equations (dotted line, theoretical).

where RES is the residue equal to C, + C; + C,
(higher-order terms are assumed negligible). If we now
define R; by C, = IRy - R, in Eq. 20, we then have:

RES = IRy - (R, + Ry + R, (€1))

and from Eq. 30 we obtain and equation for the product
IRy:

G+ C

IRy = ,
N1 —(R,+ R, + R,

(32)

where C, and C, are known and R,, R;, and R, can be
calculated from R; = C;/IRy. These equations then allow
the estimation of the model parameters L, p, ¢, and 7,
based only on the measured values of the coefficients and
time constant independently of the current injected and the
input resistance of the cell.

DISCUSSION

The equations for the voltage decay following the injection
of a current pulse in an equivalent cable with a variable
shunt at the somatic end and a high-impedance termina-
tion at the other were derived. The introduction of this
shunt was suggested by the results of experiments in
motoneurons and hippocampal cells (Iansek and Redman,
1973; Durand et al., 1983). This shunt model can account
for the fast potential decays observed in those neurons,
which could not be modeled by the Rall model with a
uniform resistance and capacitance specific values (Rall,
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1969). The equations provide a method for measuring the
shunt at the soma caused by electrode penetration damage
or by a lower somatic specific resistance from the knowl-
edge of the time constants and coefficients of the voltage
decay. More importantly, however, the introduction of the
additional parameter ¢ makes it possible to increase dra-
matically the proportion of neurons for which a model
could be identified. This proportion increased from 40 to
95% in a recent study of the effect of chronic alcoholism on
membrane time constant of granule cells (Durand and
Carlen, 1984).

Although the model allows the measurement of the
magnitude of this somatic shunt, it is not possible to
determine whether the shunt is caused by electrode pene-
tration damage or by a low somatic membrane resistance.
It may be possible, however, to estimate the relative
contribution of these parameters by measuring the shunt
during the after-hyperpolarization potential (AHP). This
potential can be attributed to a calcium-mediated potas-
sium conductance increase (Hotson and Prince, 1980;
Alger and Nicoll, 1980; Gustaffson and Wigstrom, 1981;
Thalman and Ayala, 1982) and can be blocked by remov-
ing calcium from the extracellular space, injecting EGTA
into the cell, or even by blocking the potassium conduc-
tance. Therefore, the contribution of the potassium con-
ductance to the somatic shunt could be assessed by measur-
ing e before and after blocking the potassium conductance.
Similarly, the contribution of other ions such as chloride
could be determined using pharmacological agents.

BIOPHYSICAL JOURNAL VOLUME 46 1984



A somatic shunt, not previously measured with analyti-
cal solutions, could explain the variability observed in the
estimation of the passive parameters of nerve cells, and
particularly the membrane specific resistance and capaci-
tance (Brown et al.,, 1981; Turner and Schwartzkroin,
1980; Lux and Pollen, 1966; Cole, 1968; Durand et al.,
1983). Taking the somatic shunt into account when model-
ing can give higher specific membrane resistance and lower
membrane capacitance values. For example, the coeffi-
cients and time constants C, = 0.714 V, 7, = 8.87 ms, C, =
1.13 V, 7, = 1.14 ms calculated for a cell with L = 1, ¢
0.5, p =25, 7, = 10 ms, S = 500 um? give, with the
constant membrane specific resistance Rall model, R, =
1,430 Q.cm® and C,, = 6.6 uF/cm®. However, taking the
shunt as an additional parameter in the modeling, the
following results are obtained: R,y = 3,000Q - cm? R, =
1,500 Q - cm?, and C,, = 3.0 uF/cm? It is clear, in this
example, how the introduction of this shunt parameter
could explain the higher values for C, published in the
literature.

However, the somatic shunt, although introduced in the
model for better fitting of the experimental data, could also
be an important functional parameter. As noted in Table I,
the localized decrease of the membrane resistance at the
soma lowers the time constant of the equalized decay phase
7o of the whole neuron, including the dendrites. Therefore,
a simple somatic shunt can significantly alter the electrical
response of distal dendrites (Carlen and Durand, 1981),
and thereby affect and perhaps control dendritic neuronal
integration. Decreasing the somatic membrane resistance
would lower the time constant, thereby decreasing tempo-
ral summation of excitatory postsynaptic potential (EPSP)
in the dendrites. Inhibitory potentials, such as the inhibi-
tory postsynaptic potential (IPSP) and the AHP in the
hippocampus, also cause increased conductance at the
soma, and their function is thought to move the membrane
potential away from threshold, but it could also be to alter
neuronal integration in the dendrites significantly. Another
effect of the somatic shunt is to modify the transfer
function of the dendrites. This transfer function of DC
potentials in dendrites to soma can be expressed by (Ap-
pendix II):

[}

Tps = 1/cosh L - {1 + (tanh L)*/pys - €], (33)

where pys is the dendritic dominance ratio of the cell with
no shunt. Fig. 5, based on Eq. 33 shows how the transfer
function is affected by increasing shunt amplitudes
(smaller €). The transfer of DC potentials from the den-
drites to soma is greatly attenuated by increasing the
somatic shunt. Therefore, by increasing the membrane
conductance at the soma, the cell can not only control the
time constant of the membrane in the dendrites but also
the amplitudes of potentials reaching the soma. Although
many conductance changes at the soma have been mea-
sured, their effect on synaptic integration has been little
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FIGURE 5 Plot of the dendritic to somatic transfer function, Tps of DC
potentials vs. the electrotonic distance of current injection for several
values of ¢. Note how the transfer function of potential from distal
location is markedly decreased by somatic shunts.

studied and could represent an important neuronal func-
tion.

In conclusion, the somatic shunt, introduced to develop a
better electrical neuronal model, could have significant
functional importance as a neuronal mechanism for con-
trolling neuronal integration. This somatic shunt can be
measured using the equations derived for the solution of
the cable equation with the modified boundary conditions.

APPENDIX A

Derivation of the Coefficients

From the boundary Eqs. 4 and 10, it can be shown that the coefficients
of the modified orthogonality relation (Eq. 15) are: @, = b, = 0 and
by = € - (tanh L/p). Since

cosh (L — X)

VX, ) = IR - cosh L

and X, = cos a,, - (L — X), we then obtain

IRy L
Gosh L, cosh (L — X) - cos [an(L ~ X)] dX
etanh L
+ - coshe, - IRy (A1)
B -
" tanh L :
St cos? [a(L — 0] dX + S22 cosi(a, L)
()
By integration, the numerator N of Eq. A1 is equal to:
IR
N= 1 +Z'2I . cos (a,L)
tanh L
. [tanh L+ aptan (@) + —=(1 + a?)|. (A2)
Using Eq. 12, NV simplifies to:
IRy L
“1x " - cos (a,L) - Z(p + 1). (A3)

The integral of the denominator D of Eq. A2 can easily be evaluated
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and, therefore:

1

D= 3" cos? (a,L)

t L L
. ( an a, (Ad)

2¢ tanh L
a, t ot (o,L) )

Using Eq. 12 as above and simple trigonometric equations, D can be
expressed by:

i L
D=5-cosz(a,,L) i
I—e(l + L
[—‘(—fi)wu 2+ k+—-[1— el +a,2,)]2].(A5)
ol ask

The coefficient B, is then obtained from B, = N/D:

1 IRy 20p + 1)

B = . . 5 (A
" cos(a,l) 14+ al B, + 2+ k+ (a,L8,)/k (A6)
where
1 — ¢l + a?
[ % (A7)

From Eqgs. 13 and 14, the voltage at X = 0 (recording site) is given by:
V(0,T) = IRy — Y_ B, cos (a,L)e "**97.  (A8)

Using Eqs. A6 and A8, the voltage V(¢) at X = O following a step
current pulse injected at X = O is:

V(t) = IR\ — ZC,,C"'/’" (A9)
with
To = Tm/(1 +aﬁ) (A10)
and
2 1
C, - IRy - (0 + D 7a/Tm (A11)

B + 26 + k + (a,LB,)/k

where «, solutions of the transcendental Eq. 12 and 8, is given by Eq.
AT.

APPENDIX B

Transmission Coefficient
A useful solution of Eq. 1 is:
1 4 .
— = cosh X + B, sinh X. (B1)
Vo
Applying the boundary conditions:

X=-L Vv-V

v Ar;
X=0 — =— .V
ax],_o R 7
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the voltage along the cable can be determined by:

cosh X + (A\r;/R,) sinh X
cosh L + (A\r;/R,) sinh X

(B2)

L

Therefore, the transmission coefficient Tpg from dendrite to soma,
defined by Vy/V,, is:

Tps = 1/cosh L - [1 + (Ar;/R;)sinh L/cosh L]. (B3)
Since p = R,/Ar; coth L and p = epys,

Tps = 1/cosh L[1 + (tanh L)*/epys]. (B4)
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