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Action Potential of the Motorneuron

Abstract: The excitability of various regions of the spinal motorneuron can be specified by solving the partial differential equation of a
nerve fiber whose diameter and membrane properties vary with distance. For our model geometrical factors for the myelinated axon,
initial segment and cell body were derived from anatomical measurements, the dendritic tree was represented by its equivalent cylinder,
and the current-voltage relations of the membrane were described by a modification of the Hodgkin-Huxley model that fits voltage-
clamp data from the motorneuron. In order to compute spike waveforms that match experimental observations, 1) the dendritic
membrane must be inexcitable, 2) the voltage threshold of the initial segment of the axon must be ten millivolts lower than that of the
cell body, and 3) the density of sodium conductance in the initial segment must be ten times greater than in a typical unmyelinated axon.

Introduction

The spinal motorneuron of the cat holds a preeminent
place in our knowledge of neuronal function. Because it
is a relatively large neuron its electrical activity can be
reliably measured by a micropipette electrode inserted
into its cell body. Since it is also the final output device of
a mammalian central nervous system, this electrical ac-
tivity can be correlated with the reflex behavior of the
spinal cord. Moreover, several different pathways for
activating the motorneuron can be manipulated by the
experimenter; for example, excitatory and inhibitory
synapses can be activated separately by electrical stimu-
lation of appropriate nerves. Particularly in the work of
J. C. Eccles [1,2] and his many collaborators, all these
features of the motorneuron have been exploited to give
us so detailed a description of its electrical behavior that
it is the prototype for interpreting other electrophysio-
logical observations.

More recently, W. Rall [3-6] has extensively de-
veloped the mathematical analysis of current flow in
branching dendritic trees. An especially important re-
sult from that analysis is the demonstration of a class of
branching trees equivalent to a uniform cylinder. Ana-
tomical and electrophysiological evidence agree that the
motorneuron conforms well to that class. Application of
the equivalent cylinder theory has given a qualitative
interpretation of the small-signal (subthreshold) equiva-
lent circuit of the motorneuron and has made it possible
to use the shape of a postsynaptic potential to estimate
how far out on the dendritic tree that synapse is located.
In this paper we use this theory to formulate a mathemat-
ical model that describes the initiation of the action
potential that propagates down the motor nerve.
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The main structural features of the motorneuron are
diagrammed in Fig. 1 and we will briefly describe their
function. The soma, or cell body, which contains the
nucleus and most of the cell’s machinery for synthesis of
macromolecules, is located in the gray matter of the
spinal cord. Typically about seven large dendrites leave
the soma and branch profusely along their millimeter
length. The function of these dendritic trees is to greatly
enlarge the surface area on which other neurons can
make synaptic connections. When an action potential
invades the very small presynaptic terminal, it triggers
the release of “packets” of a chemical transmitter. The
transmitter acts on the adjacent motorneuron membrane
to cause a brief pulse of current to flow into the neuron if
the synapse is excitatory, or it causes current to leak out
of the neuron if the synapse is inhibitory. The voltage
changes resulting from the synaptic currents are distrib-
uted over the cell according to the cable properties of
the dendritic trees. If there is sufficient depolarization
(positive deviation of the internal potential from its rest-
ing value) to exceed threshold, an action potential is
elicited in the motorneuron. This millisecond-long pulse
propagates along the axon (nerve fiber) in a manner
analogous to a modern submarine cable in which widely
separated amplifiers restore signal energy lost from the
intervening passive cable. In the case of the vertebrate
myelinated axon, the amplifiers are the nodes of Ranvier,
at which points the excitable membrane of the axon is
exposed to extracellular salt solution. Elsewhere, the
axon behaves as a passive cable because the core con-
ductor is insulated by a thick coating of fatty material,
the myelin.
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Figure 1 Schematic drawing of a spinal motorneuron, showing
a small fraction of all synaptic endings, and a representation of
its electrical characteristics by a nonuniform cable.

A key point in Eccles’ interpretation of motorneuron
excitability is that the spike action potential starts in the
unmyelinated initial segment of the axon, and this spike
will propagate whether or not the somadendritic mem-
brane fires a spike. The prior firing of the initial segment
spike causes a characteristic inflection on the rising phase
of the motorneuron spike (Fig. 2). Although this inflec-
tion is more prominent when the spike is elicited by elec-
trical stimulation of the motor axon [antidromic activa-
tion, Fig. 2(a)], itis also observed during synaptic excita-
tion {Fig. 2(b)] when the soma-dendritic membrane is
more depolarized than the initial segment [7]. To account
for this, Eccles postulated that the voltage threshold of
the initial segment membrane must be about 10 mV
lower than that of the soma-dendritic membrane. The
relative unimportance of the soma spike is illustrated by
the fact that during its period of relative refractoriness,
which lasts several milliseconds, the initial segment can
generate a propagated spike that is recorded by the micro-
electrode as a spike less than 50 mV in amplitude. The
experiment that most clearly identified the sites of spike
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generation [Fig. 2(c)] involved stepwise blocking of the
components of the antidromic spike by hyperpolarizing
the neuron with current applied through the microelec-
trode [8]. A hyperpolarization of 15 mV blocked in-
vasion of the soma when the 50-mV spike from the initial
segment failed to reach the soma threshold; a further
5- to 10-mV hyperpolarization blocked excitation of the
initial segment, leaving only the 5-mV deflection gen-
erated by the spike of the first node of Ranvier.

The possibility of quantitatively testing this interpreta-
tion existed in principle since the results of voltage-
clamp experiments by Araki and Terzuolo [9] in 1962,
which give specifications for the excitability of the soma-
dendritic membrane. In this paper we use their voltage-
clamp data with Rall’s equivalent cylinder approximation
for the cable properties of the dendrites to make a quan-
titative model of the motorneuron.

Formulation of the model

% Cable theory for an axon

For most purposes the distribution of membrane potential
along a thin cylindrical axon can be described accurately
by the one-dimensional cable equation

OV Wy, (1
2R, dx ot

in which the local value of the radial membrane current
density I, is given by the divergence of the longitudinal
current (left-hand term), where V is the potential dif-
ference across the membrane measured as the departure
from its resting value, x is the distance along the fiber, a is
fiber radius and R, is the specific resistance of the axon’s
cytoplasm. But 7/, must also depend on the local mem-
brane properties; in particular it is the sum of the dis-
placement current through the membrane capacitance
C. and the current carried by the movement of ions
through the membrane /,.

If the membrane is inexcitable, as in myelinated re-
gions, or if the potential changes are so small that the
ionic permeability remains constant, then ;= V/R,
where R, is the resistance of a unit area of membrane. In
this case, Eq. (1) describes a passive cable, and if the
membrane properties and the radius are uniform along
the fiber, it can be solved analytically for many boundary
conditions of interest. Convenient parameters for describ-
ing the behavior of a passive cable are its characteristic
length A, where

A’ =a Rn/2R; (2)
and the membrane time constant 7, where
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For our purposes it is also convenient to have the equa-
tion for the characteristic impedance looking into the end
of a long fiber, namely

Z = {R,R[27°a* (1 + iwr) ] }2. (4)

If the membrane is excitable, and the functional de-
pendence of the ionic current upon membrane potential
and time has been determined empirically, as was done
by Hodgkin and Huxley [10] for the squid giant axon,
then Eq. (1) can be solved numerically for excitation and
propagation of the nerve impulse [11].

s Equivalent cylinder representation of soma and den-
drites

Our problem of modeling the motorneuron is greatly
simplified by the fact that its branching dendritic tree con-
forms well to that class of theoretical trees that are equiv-
alent to a uniform cylinder [3]. For this class we assume
that R,,, R; and C,, are constant, and that at each branch
point the radii of the two daughter branches a, and a, are
such that the parent branch (of radius a,) is loaded by its
characteristic impedance; that is, 1113/2 + 1123/2 = aog/z,
which follows immediately from Eq. (4).

To apply the equivalent cylinder theory to electro-
physiological measurements, Rall showed [5] that pas-
sive decay of the membrane potential from an initially
nonuniform distribution can be expressed as the sum of
exponential decays. In this infinite sum the slowest time
constant is 7, and the values of the other faster time
constants depend only on the length of cylinder relative
to its characteristic length A. For motorneurons, it was
found that only the first two terms were required to ac-
curately describe the observed transients yielding repre-
sentative values of 7, = 6 ms and the length of the equiva-
lent cylinder of about 1.5\ [12]. These same values were
found applicable to both large and small motorneurons
[13]. Barrett and Crill [14] and Lux, Schubert, and
Kreutzberg [15] have used modern cell-staining tech-
niques to re-examine the anatomy of dendritic branching;
although they found that dendrites actually taper between
branch points, this detail would not be expected to cause
a serious departure from the equivalent cylinder model.
In order to fix the dimensions of our equivalent cylinder
we have taken the empirical values of fiber length
L = 1.5A and membrane time constant 7, = 6 ms; we
assumed C,, =1 p,F/cmZ, which is typical of a single
thickness of cell membrane and fixes R, = 6000 Qcm’;
and we assumed the reasonable value of R; = 100 Qcm,
which value is representative of various vertebrate tis-
sues. We have chosen to simulate a large motorneuron
having an input resistance of 1 M. The input resistance
of a cylindrical fiber of length L, sealed at both ends, is
given by
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Figure 2 Representative electrical responses recorded by a
microelectrode inserted into the soma of a motorneuron. (a) ex-
citation by an antidromic impulse (electrical stimulation of
motor axon); and (b) synaptic excitation (Coombs, Curtis, and
Eccles [7], 1957; courtesy of the Journal of Physiology). Lower
traces in (a) and (b) are derivatives of the upper recordings. IS
marks the beginning of the initial-segment component of the
spike and SD marks the beginning of the soma-dendritic com-
ponent. (c) Blockage of the antidromic impulse by hyperpolari-
zation of the soma (to the value of resting potential as labeled on
trace) by current applied through second barrel of the electrode
(Coombs, Eccles, and Fatt, 1955 [8], courtesy of Journal of
Physiology). Bach record consists of several superimposed
oscilloscope traces, and at critical voltage levels the record
shows both super- and subthreshold responses.

AR,
Rinput = coth (L/}\)
ma

With the values assumed above, the input resistance is
satisfied by a fiber of 30 um radius, hence A = 3 mm.

221

MOTORNEURON POTENTIAL




222

peak

<

B

‘E: —0.5~

2

@

=]

Il

5

£

g

< (a)

g

s =10 i |
0 50 100 150
Voltage (mV)

1.0

(b)

Soma membrane current (pA)

Time (msec)

Figure 3 (a) Current-voltage relations of the soma calculated with a modification of the Hodgkin-Huxley equations to fit voltage-
clamp measurements on a motorneuron; (b) sample records of current vs time calculated from model.

e Current-voltage relations of excitable membrane
Because the dramatic changes in ionic permeability of
excitable membranes are functionally dependent on mem-
brane potential and time, direct quantitative measure-
ment of these parameters can be made only under condi-
tions for which the membrane potential is the controlled
variable; i.e., voltage-clamp experiments [16,17]. In the
ideal voltage-clamp the membrane potential must be
uniform over the area from which the membrane current
is measured. In the experiments of Araki and Terzuolo
[9], where current had to be injected through another
microelectrode, we must expect that the membrane po-
tential of only the soma and basal regions of the dendrites
would be under reasonable control. The greater part of
the dendrites and the initial segment would not be con-
trolled because of the longitudinal resistance in their
cable-like structure [ 18]. That the presence of the second
current-carrying electrode did not damage the cells was
indicated by the fact that the motorneuron action poten-
tial had normal values for its amplitude and rate of rise.
In the experiment where the membrane potential was
clamped to the resting potential and the motor axon was
stimulated, antidromic excitation of the initial segment
caused a triangular pulse of current about 0.15 pA in
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amplitude and 1 ms in duration to flow into the cell soma.
Because the voltage-clamp effectively short circuited the
soma membrane, this pulse must represent the maximum
stimulus that the initial segment could feed into the elec-
trical load of the soma and dendrites. When the soma po-
tential was commanded to follow stepwise depolariza-
tions, measured current records contained this same
triangular pulse if the depolarization exceeded about
15 mV, showing that such depolarizations excited the
initial segment spike. The larger transient currents gen-
erated by the soma-dendritic membrane were observed
during depolarizations greater than about 25 mV. Above
this threshold the membrane currents had the sequence
of changes typical of the squid axon membrane [17] and
of the nodes of Ranvier in vertebrate nerve [32].

To describe the excitability of the motorneuron mem-
brane mathematically we have adjusted parameters of the
Hodgkin and Huxley model [10] of the squid axon mem-
brane to fit the current-voltage relations [9] measured by
Araki and Terzuolo. In this model, depolarization causes
a transient increase in permeability to sodium ions fol-
lowed by a delayed increase in permeability to potassium
ions. The contribution of each ion species to the ionic
current depends on the electrochemical potential dif-
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Table 1 Parameter values for the model motorneuron with inexcitable dentrites.

Constants in Hodgkin-Huxley equations

0.4 (25 — V)

0.4 (V—55)
= = Vi, =
%= exp [(25 — P)/5]— 1 Bn=exp [(V—55)15]— 1 va= S my
= _ = 4 I
a, =0.28 exp [ (10 — V)/20] B, = exp [(@0 = V)/i0] ¥ 1 Vg =—=5.0mV
_ 0.20 20— V) - _ -
a, = oxp [(20— 17101 =1 B, =0.25 exp [(10 — V)/80] V., =0mV
Nonuniform cable and membrane constants in different regions
Dendritic equiva- Initial
lent cylinder Soma segment Myelin Node
radius (um) 30 30 S 8 10
length (um) 4500 300 100 400 75
Bxa (mmho/cmz) 0 70 600 0 600
8k (mmho/cmf) 0 17.5 100 0 100
.. (mmho/cm®) 0.167 0.167 1 0.05 3
C, (uFfem®) 1 1 1 0.05 1
segments 30 6 S S 1

ference for that ion across the membrane and the perme-
ability of the membrane measured as an ohmic conduc-
tance;i.e.,

Li=gna(V—Vya) +gx(V—Vi) +g.(V—V). (6)

Excitability of the membrane results from the sodium
conductance change since the inward sodium current
regenerates the depolarization. The delayed increase in
potassium conductance acts to restore the potential to
the resting state. The constant “leakage” conductance
g, is taken to be the conductance of the resting membrane
of the equivalent cylinder (1/R;,) and V, is taken as the
resting potential (};, = 0). The dependence of gy, and
gx on time and membrane potential are given an empirical
description in terms of the dimensionless variables that
describe the activation (m) and the slower inactivation
(h) of gxas

gNangam3h (7)
and the slower activation (n) of gx
8x = gKn47 (8 )

where gy, and gy are constants, and the subsidiary vari-
ables each follow a first-order rate equation of the form

dmldt = a,, (1 —m) — B,m, 9)

in which the forward («) and backward (8) rate con-
stants are monotonic functions of the membrane poten-
tial. The rate constants for the motorneuron were modi-
fied from the squid model. Like the vertebrate nodes
[18] the m process is somewhat faster, while / and n are
slower than the squid model at room temperature
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(Table 1). Having adjusted the m rate constants to give a
threshold at about V' = 35 mV, we selected a value of gy,
to give a peak inward current of about 0.7 uA [Fig.3(a)].
Araki and Terzuolo [9] measured 0.5 uA on a somewhat
smaller cell of 1.2 MQ input resistance. The value of gk
was chosen to fit the observation that the slope of the
steady-state current-voltage relation /_ is about 10 times
greater than that of the resting state /. Sample records of
current vs time calculated from our model are shown in
Fig. 3(b), and these match well the time scale of the
motorneuron currents.

If we were to take this model for the soma-dendritic
membrane and apply it to the lumped equivalent circuit
(a 0.025-uF capacitor shunted by a 1-M{} resistor) used
by Eccles’ group, we calculate a small weak action po-
tential whose rate of rise in less than 100 V/s and which
requires a stimulus considerably larger than the maximum
current generated by the initial segment. This difficulty
should not be taken to imply any deficiency in the voltage-
clamp data because, as we see shortly, it is resolved by
using the more realistic representation of the electrical
characteristics of the soma and dendrites given by an
equivalent cylinder. '

e Computational methods

Simulation of the motorneuron excitation requires solu-
tion of the nonlinear partial differential equation (1) in
which the radius of the fiber and several membrane pa-
rameters vary with distance along the fiber. To derive a
finite difference approximation to this equation we divide
the fiber into numerous short, uniform segments of length
8x. The membrane current density [, in the jth segment
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Figure 4 Comparison of a motorneuron model with inexcit-
able dendrites (a) and with uniformly excitable soma and den-
drites (b) for a) antidromic excitation, b) threshold synaptic
potential, ¢) superthreshold (X 1.25) synaptic potential and
d) subthreshold synaptic potential. Lower curves are first de-
rivatives of upper.

is given by the difference between the longitudinal cur-
rent leaving the right-hand edge of the segment and that
entering from the left divided by the area of that segment:
Iy = (IlonsL T Ilong._l )/(27'raj6xj). (10)
i J+3 i-3

The consistent finite difference equation for the longi-
tudinal current is the difference between the membrane
potentials of adjacent segments divided by the longitu-
dinal resistance between the mid-points of the segments,
which is clearly the sum of half the resistance of each
segment; i.e.,

R, 8x;,, &%) (11)

Ilongj+% = (Vj+1 - I/])/<E;]il_2+ . ajz
The boundary condition at the right-hand end of the fiber
is zero longitudinal current, which condition corresponds
to a sealed end; and at the left-hand end the longitudinal
current is a specified function of time corresponding to a
stimulus injected through a microelectrode penetrating
the otherwise sealed end.
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Except for the more complicated difference equations
and different boundary conditions, the numerical pro-
cedures were essentially the same as those we have pre-
viously described [11].

Results

o Excitability of the soma and dendrites

In a voltage-clamp of the motorneuron we do not know
precisely which membrane carries the observed current.
To the extent that the cell body approximates spherical
symmetry, we can expect the potential across the soma
membrane to be adequately controlled by current sup-
plied by the servo arrangement. However, in principle,
the voltage along the dendrites cannot be controlled since
cable theory says that the current which flows into the
dendrite must be proportional to the longitudinal voltage
gradient. A recent theoretical study by Kootsey and
Johnson [18] has shown the limitations inherent in
clamping one point of an excitable cable. To model the
motorneuron we must therefore consider two cases for
the distribution of excitability over the equivalent cylin-
der. In one case we assume that only the soma is excit-
able, and in the other case we assume that the soma-
dendritic membrane is uniformly excitable.

Our task of determining the density of ionic conduc-
tance was simplified by considering only the equivalent
cylinder, which is stimulated at the soma end by a pulse
of current equivalent to that generated by antidromic
excitation of the initial segment. Even if the membrane
is entirely passive, i.e., gyo = 0 everywhere, a pulse of
current 0.15 pA by 0.5 ms displaces the soma potential
about 50 mV, which value is well above the threshold ex-
pected from the empirical current-voltage relations.

If only the soma were excitable then the voltage-
clamp experiment would measure all the available sodium
conductance. Anatomical studies estimate the soma con-
tains from 5 to 10 percent of the total soma-dendritic
membrane. If we take all measured ionic conductance
and spread it uniformly over the first sixteenth of the
equivalent cylinder, then gy, is 70 mmbho/cm” and we cal-
culate an action potential whose amplitude and rate of
rise agree with typical experimental values [curve a of
Fig. 4(a)]. We have used these parameter values to rep-
resent the case of inexcitable dendrites.

In the case of uniform membrane we found that a dens-
ity of sodium conductance greater than gy, = 35 mmho/
cm’ was required to support uniform impulse propaga-
tion. Furthermore, a density of at least gy, = 50 mmho/
cm’ was required to give a soma action potential with an
adequate rate of rise [curve a of Fig. 4(b)].

We simulated a voltage-clamp applied to the end of a
20 pum-diameter excitable dendrite and found that for
&na = 50 mmho/cm’® the maximum current flowing into
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the soma was about 0.08 pA. If we make a realistic neu-
ron model with a 100 um-diameter spherical soma and
five such large dendrites, then the maximum inward cur-
rent would not exceed what was observed by Araki and
Terzuolo. Therefore, excitability of the dendrites cannot
be excluded on the basis of the voltage-clamp data; but
we will return to this question after building more of the
model.

& Initial segment has a high density of sodium conduc-
tance

To represent the motor axon in our model we added four
more regions along the cable corresponding to the un-
myelinated initial segment, the first myelin-covered seg-
ment, the first node of Ranvier, and some additional
length of axon on which a stimulus was applied to simu-
late antidromic activation of the neuron. We fixed the
dimensions of the initial segment to 10 um in diameter
by 100 um in length as values that would probably be
measured on the largest motorneurons. We have not
found any systematic studies of axonal geometry, but
Eccles [1] uses dimensions of 8 um X 80 um for the
initial segment of his “standard” motorneuron which is
somewhat smaller than our simulation, and Lux, et al.
{15] show a micrograph in which the axon begins as a
uniform cylinder of about 10 um diameter. We represent
the excitability of the initial segment membrane by the
same equations as those for the soma except that the
empirical functions for all the rate constants are shifted
by 10 mV in order to reduce the threshold.

The adjacent myelin-covered region is assumed to have
a core 16 um in diameter and 400 um long. The thick my-
elin layer is represented by passive membrane with a ca-
pacitance of 0.05 wF/cm’” and leakage resistance of 20 kQ-
em’. The first node of Ranvier is represented by a short
segment of excitable membrane with a high density of
ionic conductance [32]. We did not set up a realistic
model of the myelinated axon because only the first node
gives any electrical signal that can be measured in the
motorneuron soma. Instead, we simply added a short
length of unmyelinated axon to separate the antidromic
stimulus from the region of interest.

In Fig. 5 we examine the density of ionic conductance
required for the antidromic action potential to invade the
soma. We find that the minimum density of sodium con-
ductance is greater than 400 mmho/cm® with the value of
600 mmho/cm” (Fig. 5, curve c) giving the best agree-
ment with typical observations [Fig. 2(a)].

~ Soma membrane has an intrinsically higher threshold
Because the soma and dendritic membranes are densely
covered by synaptic contacts much of that membrane
might be occupied by post-synaptic receptor molecules;
hence it would be less excitable. Eccles argued that the
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Figure 5 Computed responses of the motorneuron model when
the density of sodium conductance in the initial segment was
varied from (a) 1000, (b) 800, (c) 600, (d) 500, and (e)
400 mmhofcm’). The density of potassium conductance was
1/6 that of sodium. Lower curves are first derivatives of upper.

presumed lower density of sodium conductance alone
could not explain the higher soma threshold because the
initial segment fires a spike before the soma, even when
the cell is excited by dendritic depolarization [Fig. 2(b)].

Our computations (Fig. 5) have established that the
average density of sodium conductance of the soma is in
fact very much lower than that of the initial segment. The
computations in Fig. 6 establish the validity of Eccles’
argument. Here we vary the shift of the membrane po-
tential dependence of the rate constants of the soma while
holding all other membrane parameters constant. The
stimulus is a step of current applied to the soma. There is
no inflection signaling prior to the firing of the initial
segment spike if there is no shift. The 10-mV shift (Fig.
5, curve c¢) used previously best fits typical observa-
tions {19].

» Dendrites are inexcitable

Having fixed reasonable values for the parameters of the
initial segment we can reexamine the question of dendritic
excitability by computing responses to synaptic depo-
larization of the dendrites. Excitatory synaptic action
was simulated by applying a 0.5 msec long pulse of
current to the equivalent cylinder at a distance of 0.4 A
from the soma. We chose this distance because it is the
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Figure 6 Computed responses of the motorneuron model
when the threshold difference between the soma and axon was
varied by shifting the rate constants (@ and g8) in the Hodgkin-
Huxley equations of the soma by (a) 10 mV, (b) 5 mV, (c)
0mV, (d) —5 mV. Curve (c) is the standard value such that the
axon has a threshold 10 mV less than the soma. Lower curves
are first derivatives of upper.

average value determined for the population of excita-
tory synapses activated by a stretch reflex [20]. The
computed waveform of a subthreshold synaptic poten-
tial is shown by curve d of Fig. 4(a). For the case of
inexcitable (passive) dendrites in Fig. 4(a) and of ex-
citable dendrites in Fig. 4(b), we compare computed
waveforms for antidromic excitation (curves a), a thres-
hold synaptic potential (b), and a larger synaptic po-
tential (c) about 25 percent above threshold. If the den-
drites are excitable, normal spike initiation at the injtial
segment occurs for a threshold synaptic potential. But
for a slightly larger synaptic potential, the spike is initi-
ated in the dendrites. When this happens the rate of rise
of the soma spike markedly increases to greater than
600 V/sec and the derivative loses the inflection char-
acteristic of the initial segment spike. Normal motor-
neurons do not behave in this manner, but show only the
small changes in spike waveform [Fig. 2(a)] similar to
those computed for our model motorneuron with inex-
citable dendrites [Fig. 4(a)].

On the other hand, the dendrites of a motorneuron in
the abnormal chromatolytic state (see Discussion) are
excitable, and such motorneurons commonly show wave-
forms like those in Fig. 4(b) {21].

F. A. DODGE AND J. W. COOLEY

100

50—

AN
\

=
i t=2 £
=}

Voltage, V (mV)
7 m

=50 |

Time (msec)

Figure 7 Computation of blockage of antidromic invasion of
the motormeuron model by hyperpolarization of the soma by
(b)9, (c) 13.5, (d) 18, (e) 17, and (f) 36 mV above the rest-
ing potential (a).

~ Hyperpolarization block

In Fig. 7 we injected various steady hyperpolarizing cur-
rents at the soma end of the equivalent cylinder in order
to block invasion of the antidromic action potential. The
model and experiment [Fig. 2(c)] agree that a 15 mV
hyperpolarization is sufficient to block excitation of the
soma. However, the model requires substantially greater
hyperpolarization of the initial segment. This small dis-
crepancy could be corrected either by shortening the
initial segment or by increasing the resistance between
the initial segment and the first node of Ranvier.

~ Spatial variations of the membrane current density

Our model can also be used to determine electrical quanti-
ties that cannot be measured directly by experiment. For
example, a map of the membrane current density is useful
for interpretation of the minute voltage gradients mea-
sured outside active neurons [22,31]. In Fig. 8 we il-
lustrate the distribution of membrane current during
antidromic excitation. In these regions of passive mem-
brane, the dendrites and the myelin, we see only a small
predominately outward membrane current, practically
all of which is capacitive displacement current. The
severe electrical load of the soma and dendrites demands
that the initial segment generate relatively large inward
current. Qur computations show that there is a high
density of inward current along all the initial segment,
but it is greatest immediately adjacent to the soma where
it approaches —5 mA/cm’. In its time-course the phase of
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inward current generated in the initial segment is prac-
tically over before the peak of inward current generated
by the subsequent excitation of the soma occurs. Its
lower magnitude of current density reflects the lower
density of sodium conductance in soma membrane.

Discussion

From the electrophysiological observations we infer that
an important feature in design of the motorneuron is the
convergence of all synaptic influences onto a common
point, the initial segment, where the decision to fire a
spike is made. Our simulations show that this design is
achieved by controlling the spatial distribution of mem-
brane excitability. We find that the spatial gradients in the
density of sodium conductance must indeed be very
steep, from near zero in the dendrites, to the minimally
excitable density in the soma, to a density ten times
greater in the adjacent initial segment. This high density
is required to ensure excitation of the axon in spite of the
electrical load of the soma and dendrites. The initial
segment density deduced from our model is about the
same as the experimentally determined density in a node
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of Ranvier [32]. Furthermore, there is strong, indirect
evidence that under the mechanical stress associated
with voltage-clamp experiments on a node of Ranvier, the
myelin wrapping sometimes lifts away from the axon,
revealing the reason that there is no measurable ionic
conductance in the axon membrane adjacent to the node
[23]. Thus, there is experimental as well as theoretical
evidence for a markedly nonuniform distribution of
sodium conductance over the neuronal membrane.

The fact that the sodium conductance has a higher
voltage threshold in the soma does not imply that these
sodium sites differ from those of the axon. Simply be-
cause they are more disperse in the soma membrane,
they are likely to feel a different local charge density that
affects their threshold according to the accepted mecha-
nism for the action of divalent ions on nerve [24].

We can suggest a plausible mechanism to explain how
this distribution is developed and maintained. There is
accumulating evidence (reviewed by Hille [25]) that
each specific ionic conductance arises from discrete
macromolecular sites which gate a pore that is more or
less selective for a particular ion. In a study of the effects
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of denervation on amphibian slow muscle fibers, Miledi,
Stefani, and Steinbach [26] found that this normally
passive cell became excitable within a few days after
nerve section, and that excitability was lost within two
months after re-innervation of the cell by the correct
nerve fiber. Presumably, denervation of this cell some-
times turns on its biosynthesis of sodium conductance
sites in a manner analogous to denervation hypersensi-
tivity in skeletal muscle [27]. If re-innervation of the
slow muscle were to stop synthesis promptly, these re-
sults suggest that a sodium conductance site has a finite
lifetime of about a month or so. We can thus imagine that
sodium conductance sites are continually being produced
in the motorneuron cell body, where they could be im-
mediately caught up in the axoplasmic flow of macro-
molecules (reviewed by Weiss [28]), whence they are
available to replace any worn out sites in the axon mem-
brane. New sites may be inserted into the initial seg-
ment and nodal membrane simply because only these
membranes have a strong electric field. Alternatively,
R. Llinas suggests (personal communication) that the
close apposition of glial membrane to the neuronal mem-
brane might inhibit insertion of sodium conductance
sites. This could explain not only the absence of sites
under the myelin, but also the intricate patterns of den-
dritic excitability observed in some neurons of the brain
(see e.g., Llinas and Nicholson [29]).

The remarkable changes in dendritic excitability as-
sociated with chromatolysis [21] are also explained by
the speculations above. The chromatolytic condition re-
sults from an enormous increase in the biochemical ma-
chinery for synthesis of macromolecules when the cell
must regenerate a severed axon. This synthetic activity
would presumably cause a higher concentration of
sodium sites in the cell body. The density of sodium con-
ductance in the soma membrane increases greatly during
chromatolysis as shown by the fact that the antidromic
action potential has a much faster rate of rise, although
there is no measurable change in the input impedance of
the cell [30]. Some sodium conductance sites are also
inserted in the dendritic membrane. We cannot offer in-
formation about the uniformity of the dendritic excit-
ability, but the existence of small, all-or-none action
potentials superimposed on synaptic potentials in chroma-
tolysed neurons indicates that although sodium sites get
out to the remote branches of the dendritic tree, the aver-
age density remains sufficiently low that blockage of ac-
tion potential occurs at some point close to the soma.

By using the equivalent cylinder approximation we
have been able to estimate values for membrane parame-
ters averaged over gross structural features. We have
found a markedly nonuniform distribution and have sug-
gested the implications of this fact with respect to the
biology of neural development. We look forward to re-

F. A. DODGE AND J. W. COOLEY

solving some more questions on the electrophysiology of
dendrites by formulating and solving a more realistic
model of their tree-like structure.
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