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Electrical Excitation
of Nerve
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INTRODUCTION

The electrical excitability phenomenon of nerve, through which propa-
gated action potentials'can be initiated, is understandable and can be
used in many ways to restore function to people with neurological handi-
caps. However, for many practitioners, the phenomenon is more like a
mystery, involving the application of two electrodes to a region on or
within the body and connecting the electrodes to a source of electrical
energy and observing an evoked physiological response. In this chapter I
hope to remove some of the mystery that is associated with the phenome-
non and to make it more comprehendible. I will develop an analytical
model of the nerve membrane, use it to simulate the electrical excitation
process, and plot the calculated membrane response. Through the latter,
the rich variations of the phenomenon will become apparent.
Analytical models for the giant axon of the squid [2, 3], the amphib-
ian myelinated nerve [1, 6], and the mammalian myelinated nerve [10]
have been developed. In the material that follows, the focus will be on
the Hodgkin and Huxley model of the squid axon; it formed the basis of
the higher level models and it embodies the essence of the membrane
excitability phenomenon that is shared by the other models.

ANALYTICAL MODEL OF THE NERVE MEMBRANE

The electrical excitability phenomenon is a by-product of the action po-
tential propagation phenomenon, the mechanism by which information is
passed from one end of a nerve cell to the other end. Information, in the
form of action potentials, is carried along the nerve as a propagated
transient change in the resting transmembrane potential. The resting
transmembrane potential arises because of an ionic concentration differ-
ence between the inside and the outside of the cell body or axon. The
concentration of sodium ions [Na*] is higher outside the axon than inside,
and the concentration of potassium ions [K*] is higher inside than out-
side. The flow of ions across the membrane can be represented as an
electrical current that obeys Ohm’s law:
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Analytical Model of the Nerve Membrane 69

Tion = gion(vm — Eicn) (3.1)

where g, is the membrane conductance (relaﬁed to the ionic permeabil-
ity) and V', is the membrane potential. Ej,, is the equilibrium potential
for a particular ion and is given by the Nernst equation:

Ein = (RT/2zF)log, C,\C;) (3.2)

where R is the gas constant, T is the absolute temperature, z is the
valence of the ion, F is the Faraday constant, C, is the concentration of
the ion on the outside of the axon, and C; is the concentration of the ion on
the inside of the axon. Under resting conditions, the inward sedium eur-
rent is equal and opposite to the outward potassium current. Therefore,
there is no net current across the membrane:

_ Ine = —Ix (3.3)
Using Eq. (3.1), Eq. (3.3) can be written as
ENa(Vin — Eng) = —gx(V,, — Ex) (8.4)

This equation can be solved for V,,:

— (gNa\gK)(-ENa) + EK
(gna\gg) + 1

This expression shows that the membrane potential is regulated by the
relative ion conductances (permeability of the membrane to sodium and
potassium). If the sodium conductance is very small, the membrane po-
tential approaches E; (= —60 mV), as is the case at rest. If the sodium
conductance becomes large, the membrane potential approaches the so-
dium potential, By, (= +55 mV), as is the case during an action poten-
tial,

Vi

(3.5)

An electrical circuit model, used to describe the behavior of a nerve
membrane, is shown in Fig. 3.1. The membrane is modeled as a parallel
network composed of a capacitor and conductances that represent the
membrane permeability to sodium, potassium, and a class of ions that do
not exhibit a variable permeability. The chloride ion is included in the
latter group. The capacitor, C,,, accounts for the charge storage capacity
of the membrane.

The variable conductances gn, and gx, which control the membrane
potential, were found experimentally to be a function of time and trans-
membrane potential. For the squid axon, their behavior can be described
quantitatively by the following equations:

8Na = Bnam®h (3.6)

&x = gxnt (3.7)
where £y, and gx are the maximum conductances, and
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70 Chap. 3 Electrical Excitation of Nerve
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Figure 3.1 The capacitor C,, is the membrane capacitance (=1uF/em?). Eg
and Ey, are the driving potentials for the potassium and sodium currents and
are given by the Nernst potential. The membrane conductances, gx and gx,,
are variable, while g, the leakage conductance, is the constant. The trans-
membrane potential is V,,. The internal resistance of the axon is given by R,.

dmidt = an(l — m) - Bnm (3.8)

The expressions relating the parameters 4 and n to the parameters o and
B are similar in form to Eq. (3.8). The parameters %, m, and n are func-
tions of membrane potential and time. The equations are mathematical
constructs that describe the behavior of the sodium and potassium con-
ductances. They take on values between zero and one. The parameters «
and 8 may be viewed as rate constants for processes that regulate the
activation and inactivation of the ion channels that control the mem-
brane permeability. The parameters, @ and 8, are dependent only on the
membrane potential, V,,. For the sodium activation parameter, m

3 —0.1(V,, + 35)
m = expl(—V,. — 35)/10] — 1

Bm = 4 expl(—V,, — 60)/18] (3.10)

(3.9)

where V,, is the transmembrane potential in millivolts. Similar expres-
sions describe the behavior of @ and g for the 2 and n parameters. A
solution for Eq. (3.8) is

m(t) = Me — (M= — mylexp{—1/7,) (3.11)
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Reconstruction of the Actlon Potentlal V)
where My = aploy, + Bin) (3.12)

and Tm = ey + Bu) (3.13)

At the normal resting membrane potential and under resting conditions
M. and n. have values near zero, and k. has an approximate value of
0.6. As the membrane potential, as measured inside to outside, is made
more negative (hyperpolarized), m. and n. become even smaller while A..
becomes larger, approaching a value of one for: large values of hyperpolar-
ization. As the membrane potential is made more positive {depolariza-
tion), M. and n. become larger and h.. becomes smaller. Thus, m repre-
sents the tendency for the Na" conductance to increase when the
membrane is depolarized, and to decrease when hyperpolarized. The A
parameter expresses an opposing process that develops more slowly and
thus later in the action potential: hyperpolarization causes the Na* con-
ductance to increase, and depolarization causes it to decrease. The rate
constants 7, 7, and 7, also are dependent upon the membrane poten-
tial. 7,,1s an order of magnitude smaller than 7, and 7,. This means that
the m parameter will respond rapidly to changes in membrane potential
while A and n will be, comparatively, more sluggish. As will become
apparent later, this property will explain some of the electrical excitabil-
ity phenomenon and it may offer opportunities to manipulate membrane
excitability.

RECONSTRUCTION OF THE ACTION POTENTIAL

The numerical expressions that were presented in the previous section
can be utilized in the model shown in Fig. 3.1 to simulate the behavior of
a nerve membrane. In the simulation that follows, it will be assumed
that the transmembrane current density and potential are uniform along
the entire length of the axon under study. The arrangement is similar to
the physical experiment where the membrane is “space clamped” to elim-
inate current flowing along the axis of the axon. Under these conditions,
we can describe the membrane current for the model in Fig. 3.1 as the
sum of the branch currents:

Im = iu + Eiian. (314)
where
i, = C.ldV,/dit] (3.15)

and iy, is given by Eq. (3.1).

Under space clamped conditions, the membrane current is con-
trolled and I, can be replaced by I,, the stimulus current. Equation
{3.14) can be rewritten using Eqs. (8.1) and (3.15) to yield
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Figure 3.2 (Response to suprathreshold stimulation.) (A) The simulated
membrane potential resulting from (B}, a 100 s monophasic cathodic stimu-
lus. (C) The behavior of the parameters that control the membrane conduc-
tances. (D) The behavior of gy, and gx. (E)} The behavior of the iohic currents,
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Propertles of Electrically Activated Nerve 73

dVy/dt = (1/C), — 8nam®h(V,, — Eng)
= 8xn*(Vin — Eg) — 8.(V — Ef)] (3.16)

The behavior of the membrane potential, V,,(¢), in response to vari-
ous stimuli, I,, can be evaluated by solving Eq, (3.16).

Figure 3.2 shows the results of a simulation [7] for a depolarizing
stimulus of 100 nA/ecm? and 100 us in duration. (This is a suprathreshold
stimulus. Threshold excitation will be discussed below.) The transmem-
brane potential is shown in Fig. 83.2A. The rapid depolarization phase
begins about 1 ms after the stimulus, and the duration of the action
potential is about 3 ms. Figure 3.2C shows A(#), m(t), and n(#), the pa-
rameters that regulate the ionic conductances of the membrane. At the
peak of the action potential, m(¢) is very close to 1 and A(t) has decreased
only slightly. The m parameter follows closely the time course of the
membrane potential, while 4 and » lag. Thus, m(#) has almost fully
recovered to its initial value (the value at ¢ = 0) at the end of the action
potential, but k(¢) and n(t) do not recover to their initial values until
about 10 ms have elapsed. Since A(2) is less than its initial value for a
period of time after the action potential has terminated, the sodium con-
ductance (gy,;) will be lower than its resting value during that time.
Further, since n(¢) is higher than the resting value during this same
period, the potassium conductance (gx) will be abnormally high for a
period of time following the termination of the action potential. The
combination of the lowered sodium conductance and the elevated potas-
sium conductance will render the membrane less excitable; it will require
a greater stimulus to initiate an action potential during this transient
recovery period. This ia called the refractory period and is divided into
two parts, the absolute and the relative refractory period. The absolute
refractory period is the phase immediately following the action potential
when the membrane is not excitable even with very high stimulus ampli-
tudes, due to the near complete inactivation of the Na* conductance. The
relative refractory period follows the absolute refractory period; during
this time the membrane can again be depolarized but stimulus ampli-
tudes for action potential initiation are elevated above normal values.

PROPERTIES OF ELECTRICALLY ACTIVATED NERVE
Threshold Activation

The threshold for activation is most commonly defined as the mini-
mum stimulus amplitude (or duration) required to initiate an action po-
tential. This definition, associated with the “all or none” concept of the
action potential, may suggest that once the membrane reaches a certain
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74 Chap. 3  Electrical Excitation of Nerve

potential, a trigger mechanism is released and the action potential
results. This would suggest that at potentials below the “trigger level”
nothing happens. In practice, the “trigger level” is difficult to define
since the membrane does not behave exactly like an on—off switch with a
well-defined threshold value for the transmembrane potential. Figure
3.2A indicates that V,, actually decreases for a period of time, following
the increase induced by the stimulus, before the clear signs of the regen-
erative process take hold to give rise to the action potential. This means
that it may not be possible to predict if an action potential will be initi-
ated by observing the membrane potential shortly after the application of
the stimulus. The behavior of V,,.(¢) in Fig. 3.24, in response to what is
actually a “suprathreshold” stimulus, suggests an alternative definition
of threshold. The alternative definition considers competing processes to
be operating that are dependent upon the potential at that moment of
time and the history of the potential.

This definition of “threshold” takes into account an unstable equi-
librium state for the transmembrane current. In the first equilibrium
state, small transient changes in membrane potential produce a net
membrane current that will tend to force the membrane potential back to
the resting state. This is a locally stable state. In contrast, at the thresh-
old of excitation, where the net ionic currents are also in equilibrium, the
state of the membrane is unstable; any further increase in the inward
flow of positive charge will initiate a self-sustaining increase in Nat
current (that is, inducing more depolarization which causes more inward
current flow which in turn causes more depolarization, a positive regen-
erative process that proceeds until maximum depolarization is
achieved). On the other hand, if the membrane is in the unstable equilib-
rium state and the membrane potential was made more negative (hyper-
polarization), the membrane potential will return to the resting poten-
tial, the equilibrium state. It is possible for the membrane to “hang”
with the ionic currents in balance at the boundary betwean the stable and
unstable state for a long time between the application of the stimulus and
when the regenerative process takes hold to produce the action potential.

Figure 3.3 shows the behavior of the membrane potential V,, and
the conductance parameters h, m, and n for I, just above threshold
(50.229 pA/cm?) and just below threshold (50.228 wA/cm?). The pro-
longed onset of the action potential is evident, particularly when com-
pared to the time of onset when the stimulus is suprathreshold (Fig.
3.24).

Virtual Cathode and Anodic Break Response

The effect of an anodic stimulus pulse is to move the membrane
potential in the opposite direction as when a cathodic pulse is applied.
However, it is possible to generate an action potential using only anodic
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Figure 3.3 (Simulated membrane response near threshold.) (A} Curve {(a}
shows the membrane potential to a subthreshold (50,228 pd/em?) stimulus
pulse shown in (B). Curve (b} shows the threshold response to 50.229 uA/
em?®, (C) The behavior of the membrane parameters. The subthreshold re-
sponses are labeled a, with the parameter as a subseript. Threshold responses
are labeled &,

pulses. There are two mechanisms by which an anodic pulse can effect an
action potentizal; one is by a depolarizing current exiting the membrane,
and the other is by positive current entering the membrane.

The first mechanism is similar to that by which a cathodie stimulus
causes an action potential. It can be visualized by considering that when
positive current enters the membrane under the anode it must also exit
the membrane. At the exit point(s) the membrane is depolarized as it
would be beneath the cathode. The exit points are referred to as virtual
cathodes and they are usually distributed over several nodes or patches of
membrane as opposed to being localized to the immediate vicinity of the
electrode. The threshold for depolarization by this mechanism, as de-
fined by the electrode current, is higher than for cathodic excitation, since
the depolarizing current is more diffuse.

The second mechanism by which an anodic stimulus can effect an
action potential is a consequence of the different time constants govern-
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76 Chap. 3 Electrical Excitation of Nerve

ing the behavior of the membrane conductivity parameters k, m, and n.
The effect of an anodic pulse (a hyperpolarizing stimulus) is to cause m to
become smaller (approaching zero), & to become larger, and n to become
smaller. For an anodic pulse of approximately the same magnitude, the
membrane is transiently hyperpolarized. However, for a much larger
anodic stimulus, the relative rates of recovery of the membrane conduc-
tivity parameters become important. Recall that r,, is much smaller than
7r ahd 7,. This means that m can recover much sooner than either % or n
after the end of the anodic stimulus. When this occurs, the sodium con-
ductance is higher than at resting levels, the potassium conductance is
lower than resting value and there is a net flow of positive ions into the
axoplasm. The net flow of inward current causes the membrane to fur-
ther depolarize and the process can become regenerative to produce an
action potential. This response is termed the anodic break response.
Although it occurs after the end of a large anodic pulse, it is not a result of
the lagging edge of the pulse, as its name might suggest, but rather it
arises from an imbalance in Ix and Iy, brought about by the fact that 7., is
faster than both 7, and 7,.

The anodic break response is illustrated in Fig. 3.4. The curve la-
beled as @, in the upper panel, is the membrane potential in response to a
100 uA/em?, 100 ps, anodic stimulus (recall from Fig. 8.2 that the cath-
odic threshold is about 50 nA/ecm?). For a stimulus of this magnitude, the
membrane is hyperpolarized transiently and no action potential occurs;
the behavior of A, m, and . are shown in Fig. 3.4C. Increasing the magni-
tude of the stimulus to 200 pA/em? results in an action potential, the
membrane response, labeled as b, is shown in the upper panel of Fig.
3.4C. Approximately 9 ms after the stimulus an action potential occurs.
Notice in Fig. 3.4C that after 4 ms have elapsed, m has recovered to the
resting value, and 4 (labeled b;) is elevated above the resting value, and
n (labeled b,) is below resting value. Therefore, from Egs. (3.6) and (3.7),
8k 18 lower than at rest and gy, is higher than the normal resting value.
There is a net positive ion current into the axon. Since the outward
potassium current is suppressed, it cannot counter the inward sodium
current and the membrane continues to depolarize until eventually an
action potential occurs. Were 1, or 7, faster, the action potential might
not have occurred.

The anodic break response is not usually encountered in the imple-
mentation of most neural prostheses because the magnitude of the stimu-
lus required to cause the response is well above threshold values for
cathodic stimuli. However, collision block is an application where the
anodic break response is encountered and is a problem [12]. This neural
prosthesis causes unidirectionally propagating action potentials to be
effected by blocking, at an anode electrode, the propagation in one direc-
tion of a cathodically initiated action potential. The block can only be
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Properties of Electrically Activated Nerve 7
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Figure 3.4 (Anodic Break Response.) (A) The simulated membrane response
to an anodic stimulus of two amplitudes. The response labeled a corresponds
to a stimulus of 100 wA/cm?, 100 s in duration. Curve b is the response to 200
wAlem?, 100 us. {B) The stimulus pulses. (C) The behavior of the membrane
parameters (labeled as in Fig. 3.3).

f

effected by the application of ancodic stimuli that are much greater in
amplitude and duration than are required to initiate action potentials.
The anodic break response can be eliminated by terminating the stimu-
lus with an exponentially decaying edge rather than an abrupt change.
The slowly decaying edge of the anodic pulse presumably falls at a rate
that is gimilar to 7, which keeps m suppressed as 4 recovers.

Biphasic Pulses

Two closely spaced pulses can interact to alter the effect of a single
pulse applied to the nerve membrane. A common example of two closely
spaced pulses is the charge-balanced, biphasic pulse, consisting of a
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78 Chap. 3  Electrical Excitation of Nerve

closely spaced pair of pulses, each of equal charge but opposite polarity.
This is the stimulus waveform recommended for neural prostheses, in
order to avoid tissue damage. The concept behind the balanced-charge
biphasic pulse waveform is that the electrochemieal reactions occurring
during the first pulse are reversed by the following pulse of opposite
polarity. For the purposes of the discussion that follows, the cathodic
pulse will be assumed to be the pulse responsible for the nerve excitation
and the anodic pulse is the charge-balancing phase of the stimulus.

Biphasic pulses (cathodic phase first). For the most common form of
balanced-charge biphasgic stimulation, the cathodic pulse occurs first.
The discussion in the previous sections of this chapter suggests that the
anodic pulse will turn off the regenerative depolarization processes that
were initiated by the cathodic phase; the membrane response is illus-
trated in the simulation shown in Fig. 3.5.

The effect of three stimulus waveforms on the membrane potential
are shown in Fig. 3.5A. The stimulus wave forms are:

1. a monophasic cathodic stimulus applied at £ = 3 ms (unlabeled
curve)

2. a biphasic stimulus with the cathodic phase applied at ¢ = 3 ms
and the anodic phase applied 0.5 ms after the cathodic phase
(curve labeled a)

3. a biphasic stimulus with the anedic phase applied 0.75 ms after
the cathodic pulse (curve labeled &).

If the anodic pulse occurs within 0.5 ms after the cathodic pulse, the effect
is to turn off the regenerative processes that would have otherwise pro-
duced the action potential. However, if the anodic pulse is delayed by
0.75 ms after the cathodic pulse, the regenerative processes are suffi-
ciently well developed, and the anodic pulse cannot suppress but only
delay the development of the action potential. The suppressive effect of
the second anodic pulse was mentioned by Lilly [5] and later studied in a
nerve-muscle preparation (motor prosthesis) by van den Honert and Mor-
timer [11]. In the latter study, a delay of 100 us between the termination
of the cathodic pulse and the onset of the anodic pulse was recommended,
to avoid the suppressive effect of the anodic pulse.

The suppressive effect of the anodic pulse is manifested as an in-
creased threshold for biphasic stimulation, as compared to monophasic
stimulation. Therefore, in an application such as a motor prosthesis, the
muscle force-stimulus (recruitment) curve for the biphasic stimulus is
shifted to the right of the recruitment curve generated using a monopha-
sic stimulus. The shift is minimal when the delay between the two pulses
is 100 us or more.
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Properties of Electrically Activated Nerve 79
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Figure 3.5 (Response to biphasic stimulus, cathodic phase first.) (A) The re-
sponse of the membrane potential to three stimulus waveforms. The unla-
beled curve is response to a monophasic cathodic stimulue applied at ¢ = 3 ps.
Curve (2) is response to a cathodic phase applied at ¢t = 3 us and the anodic
phase applied 0.5 ms after the cathodic phase. Curve () is response when the
anodic phase is applied 0.75 ms after the cathodic pulse. (B) The three stimu-
lus waveforms. The shaded area shown on the ancdic phases of the stimuli
represents overlap of the two pulses. (C) The response of the membrane pa-
rameters, m, n, and h, to the three types of stimuli. Curves labeled a are the
response with the anodic pulse ¢, b with anodic pulse 5. Unlabled curves are
the response to the monophasic cathodic pulse alone.

Biphasic pulses (anodic phase first). It may be desirable to operate
some electrode materials with the anodic pulse preceding the cathodic
pulse (for example, Ta-Ta;O05 [8] and iridium oxide [9]). The discussion of
anodic break excitation suggests that if the cathodic phase follows the
anedic phase after a sufficient delay, the biphasic threshold value would
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80 Chap. 3 Electrical Excltation of Nerve

A

-804

0 2 4 6 8 10  TIME{ms)
uA B
100
so:|
0
-SDJ

" YIME (ms)

1.007
0.751

0.504

0.00 m

" TIME (ms)

Figure 3.6 (Response to biphasic stimulus, anodic phase first.) (A) The curve
labeled (a) is the membrane response to a subthreshold monophasic stimulus,
Curve (b) is the response to the biphagie stimulus shown in (B). The stimulus
is charge balanced but the first phase is of longer duration and lower ampli-
tude than the second, cathodic, phase. (C) The response of the membrane
parameters.

be lower than the monophasic threshold. This is illustrated in the simu-
lation shown in Fig. 3.6.

Two membrane voltage waveforms are shown in the upper panel of
Fig. 3.6. The curve labeled a is the response to a subthreshold monopha-
sic cathodic stimulus. The second waveform, labeled b, is the response to
the biphasic stimulus shown in the center panel. The biphasic stimulus
is charge-balanced, but the first phase is of longer duration and lower
amplitude than is the second (cathodic) phase. The combined effect of the
anodic pulse and the delay is to increase the sodium conductance and
decrease the potassium conductance at the time the cathodic phase is
applied. The apparent effect of the anodic first pulse is then to lower the
threshold of the nerve to the cathodic pulse. However, if the delay is not
interposed between the two phases, the biphasic threshold current will be
elevated relative to the monophasic cathodic stimulus.
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Properttes of Electrically Activated Nerve 81
Strength-Duration Relationship

The amplitude of the stimulus required to initiate an action poten-
tial is greater for pulses of shorter duration than for longer pulses. The
relationship between stimulus amplitude and the duration of the pulse
has been studied extensively. The experimentally derived data can be
fitted to a mathematical expression of the following form [4]

- Ir
~ 1 - exp[-PD/r]

Iy is the rheobase current, PD is the pulse duration, and r is a time
constant of the excited neuron or axon. A curve having this form is
graphed in Fig. 3.7. (Additional discussion of this relationship is pre-
sented in Chapters 7 and 11.) Equation 3.17 can provide assistance in
choosing a particular stimulus amplitude or pulse duration. If current is
to be minimized, then one should employ long duration pulses. However,
under some conditions, it may be desirable to minimize charge per
phase. The relationship between stimulus charge per phase and pulse
duration can be studied by converting Eq. (3.17) to charge: multiplying
the current by the pulse duration (for rectangular current stimuli) to
yield the following expression:

Ith

(817

Qu = (PD)IR
% = 1 = exp[—PD/r]

(3.18)

AMin

2x1

]
I
1
!
1
t

Y

¢  Pulse Duration

Figure 3.7 (Strength-Duration Curve.) The amplitude Iy of the stimulus re-
quired to initiate an action potential. The chronaxie, te, is defined as the pulse
duration at a stimulus amplitude that is twice the rhecbase current, Iy.
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Pulse Duration

Figure 3.8 (Charge-Duration Curve.} The amount of charge that must be
injected to initiate an action potential. Note that for very short pulse widths,
@ approaches an asymptote that has a constant value.

The expression given in Eq. (3.18) is plotted in Fig. 3.8. As PD becomes
very large, Qu approaches an asymptote that increases linearly with
pulse duration. At very short pulse widths, @, approaches an asymptote
that has a constant value (z/g). A pulse duration of 50 to 100 us is
appropriate for exciting the myelinated axons encountered in many
neuroprosthetic applications.

SUMMARY

The electrical excitability phenomenon of nerve can be characterized an-
alytically. The key to comprehending the phenomenon is to understand
the properties of the &, m, and n parameters that control the conductivity
of the membrane to the sodium and potassium ions. Through these time-
and voltage-dependent parameters, the membrane excitability and the
threshold stimulus current can be manipulated. This in turn offers the
investigator a degree of control over how and which neurons are excited.
Finally, to minimize the charge that must be injected in order to excite
axons, short duration pulses are recommended.
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