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Local Signaling: Passive E ectrical

Properties of the Neuron

Input Resistance Determines the Magnitude of Passive
Changes in Membrane Potential

Membrane Capacitance Prolongs the Time Course
of Electrical Signals

Membrane and Axoplasmic Resistance Affect the Efficiency
of Signal Conduction

Large Axons Are More Easily Excited Than Small Axons
by Extracellular Current Stimuli

Passive Membrane Properties and Axon Diameter Affect
the Velocity of Action Potential Propagation

An Overall View

HILE ALL CELLS OF THE body have a membrane

potential, only neurons (and muscle cells)

generate electrical signals that can be con-
ducted rapidly over long distances. In the last chapter
we saw how these electrical signals are generated by the
flux of ions across the cell membrane through special-
ized ion channels, and how to calculate the expected
membrane potential for any set of ionic concentration
gradients and membrane permeabilities using the
Goldman equation.

This description does not, however, provide any in-
formation about changes in the membrane potential in
response to a stimulus, since the Goldman equation ap-
plies only to the steady state when the voltage does not
change. During signaling, when the neuron generates
action potentials, synaptic potentials, or sensory genera-
tor potentials in response to a stimulus, the membrane
voltage changes constantly. What determines the rate

of change in potential? Will a brief synaptic current al-
ways produce a similar potential change, regardless of
the size of the postsynaptic cell? What determines

_whether a stimulus will or will not produce an action
potentia?

Here we consider how a neuron’s passive electrical
properties and geometry, which are relatively constant,
affect the cell’s electrical signaling. In the next chapter
we shall consider how the properties of the ion channels
that generate the active ionic currents also help deter-
mine changes in membrane potential.

Neurons have three passive electrical properties
that are important to electrical signaling: the resting
membrane resistance, the membrane capacitance, and
the intracellular axial resistance along axons and
dendrites. Because these elements provide the return
pathway to complete the electrical circuit when active
currents flow into or out of the cell, they determine the
time course and amplitude of the synaptic potential
change generated by the synaptic current. They also de-
termine whether a synaptic potential generated in a
dendrite will result in a suprathreshold depolarization
at the trigger zone on the axon hillock. Still further, the
passive properties influence the speed at which an ac-
tion potential is conducted.

Input Resistance Determines the Magnitude
of Passive Changes in Membrane Potential

The difference between the effects of passive and active
properties of neurons can be demonstrated by injecting
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Figure 8-1 Current-voltage relationships. By passing sub-
threshold, graded, inward and outward current pulses into a
cell, one can determine the relationship between current in-
jected into the cell and the resulting changes in membrane po-
tential, V.

A. Increases in outward or inward current puises (A,) produce
proportional and symmetrical changes in V,, (A;). Note that the
potential changes more slowly than the step current pulses.

current pulses into the cell body (see Box 7-1). Injecting
a negative charge through an electrode increases the
charge separation across the membrane, making the
membrane potential more negative, or hyperpolarized.
The larger the negative current, the greater is the hyper-
polarization. In most neurons there is a linear relation
between the size of the negative current and the steady-
state hyperpolarization (Figure 8-1). The relation be-
tween current and voltage defines a resistance, Ry, the
neuron’s input resistance.

Likewise, when a positive charge is injected into the
cell, producing depolarization, the neuron behaves as a
simple resistor, but only over a limited voltage range. A
large enough positive current will produce a depolar-
ization that exceeds threshold, at which point the neu-
ron generates an action potential. When this happens
the neuron no longer behaves as a simple resistor be-
cause of the special properties of its voltage-gated chan-
nels considered in Chapter 9. Still, much of a neuron’s
behavior in the hyperpolarizing and subthreshold de-
polarizing range of voltages can be explained by simple
equivalent circuits made up of resistors, capacitors, and
batteries.

The input resistance of the cell determines how
much the cell will depolarize in response to a steady
current. The magnitude of the depolarization, AV, is
given by Ohm's law:

AV = X Ry,

-— |nward
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B. An /-V curve is obtained by plotting the steady state voltage

against the injected current. The slope of the -V curve defines

the input resistance of the neuron. The LV curve shown here is
linear; V., changes by 10 mV for every 1 nA change in current,

yielding a resistance of 10 mV/1 nA, or 10 X 10° Q) (10 MQY).

Thus, of two neurons receiving identical synaptic cur-
rent inputs, the cell with the higher input resistance
will show a greater change in membrane voltage. For
an idealized spherical neuron with no processes, the
input resistance depends on both the density of the
resting ion channels in the membrane (that is, the num-
ber of channels per unit area of membrane) and the
size of the cell. The larger the neuron, the greater will
be its membrane surface area and the lower the input
resistance, since there will be more resting channels to
conduct ions.

To compare the membrane properties of neurons of
differing sizes, electrophysiologists often use the resis-
tance of a unit area of membrane, the specific membrane
resistance, R,,, measured in units of Q-cm?. The specific
membrane resistance depends only on the density of the
resting ion channels (the number of channels per square
centimeter) and their conductance.

To obtain the total input resistance of the cell we di-
vide the specific membrane resistance by the membrane
area of the cell because the greater the area of a cell, the
lower its resistance. For the spherical neuron we obtain

Rin = Rm/4'rra2,

where a is the radius of the neuron. Thus, for a spherical
cell the input resistance is inversely proportional to the
square of the radius. For a real neuron with extensive
dendrites and axons, the input resistance also depends
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on the membrane resistance of its processes as well as
on the intracellular cytoplasmic resistance between the
cell body and those processes (discussed below).

Membrane Capacitance Prolongs the Time
Course of Electrical Signals

In Figure 8-1 the magnitude of the steady state changes
in the cell’s voltage in response to subthreshold current
resembles the behavior of a simple resistor, but the time
course of the changes does not. A true resistor responds
to a step change in current with a similar step change in
voltage, but the cell in Figure 8-1 shows a voltage re-
sponse that rises and decays more slowly than the step
change in current. This property of the membrane is due
to its capacitance.

To understand how the capacitance slows down the
voltage response we need to recall that the voltage
across a capacitor is proportional to the charge stored on
the capacitor:

V=Q/C

where () is the charge in coulombs and C is the capaci-
tance in farads. To alter the voltage, charge must either
be added or removed from the capacitor:

AV = AQ/C.

The change in charge (AQ) is the result of the flow of
current across the capacitor (). Since current is the flow
of charge per unit time (I. = AQ/Af), we can calculate
the change in voltage across a capacitor as a function of
current and the time that the current flows (At):

AV =1.-At/C. {8-1)

The magnitude of the change in voltage across a capaci-
tor in response to a current pulse depends on the dura-
tion of the current, as time is required to deposit and re-
move charge on the plates of the capacitor.

Capacitance is directly proportional to the area of
the plates of the capacitor. The larger the area of a ca-
pacitor, the more charge it will store for a given poten-
tial difference. The value of the capacitance also de-
pends on the insulation medium and the distance
between the two plates of the capacitor. Since all biolog-
ical membranes are composed of lipid bilayers with
similar insulating properties that provide a similar sep-
aration between the two plates (4 nm), the specific ca-
pacitance per unit area of all biological membranes, C,,,,
has the same value, approximately 1 pF/cm? of mem-
brane. The total input capacitance of a spherical cell, C;,,

is therefore given by the capacitance per unit area multi-
plied by the area of the cell:

Cin = Cou(dwa?).

Because capacitance increases with the size of the cell,
more charge, and therefore current, is required to pro-
duce the same change in membrane potential in a larger
neuron than in a smaller one.

According to Equation 8-1 the voltage across a ca- |
pacitor continues to increase with time as long as a cur-
rent pulse is applied. But in neurons the voltage levels off
after some time (Figure 8-1) because the membrane of a
neuron acts as a resistor (owing to its ion-conducting
channels) and a capacitor (owing to the phospholipid bi-
layer) in parallel. ._

In the equivalent circuit developed in Chapter 7 to :
model current flow in the neuron, we placed the resis- .
tance and capacitance in parallel, since current crossing
the membrane can flow either through ion channels (the P
resistive pathway) or across the capacitor (Figure 8-2). '
The resistive current carried by ions flowing across the
membrane through ion channels—for example, Na*
ions moving through Na* channels from outside to in-
side the cell—is called the ionic membrane current. The
current carried by ions that change the net charge stored
on the membrane is called the capacitive membrane cur-
rent. An outward capacitive current, for example, adds
positive charges to the inside of the membrane and re-
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Figure 8-2 A simplified electrical equivalent circuit is used
to examine the effects of membrane capacitance (C;,) on
the rate of change of membrane potential in response to
current flow. All resting ion channels are lumped into a single
element (R,,). Batteries representing the electromotive forces
generated by ion diffusion are not included because they affect
only the absolute value of membrane potential, not the rate of
change. This equivalent circuit represents the experimental
setup shown in Box 7-1 (Figure 7-2C), in which pairs of elec-
trodes are connected to the current generator and the mem-
brane potential monitor.

:
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moves an equal number of positive charges from the
outside of the membrane. The total current crossing the
membrane, I, is given by the sum of the ionic current
(I,) and the capacitive current:

Im = Ii + IC' (8'2)

The capacitance of the membrane has the effect of
reducing the rate at which the membrane potential
changes in response to a current pulse. If the membrane
had only resistive properties, a step pulse of outward
current passed across it would change the membrane
potential instantaneously. On the other hand, if the
membrane had only capacitive properties, the mem-
brane potential would change linearly with time in re-
sponse to the same step pulse of current. Because the
membrane has both capacitive and resistive properties
in parallel, the actual change in membrane potential
combines features of the two pure responses. The initial
slope of the relation between V,, and time reflects a
purely capacitive element, whereas the final slope and
amplitude reflect a purely resistive element (Figure 8-3).

It is now easy to explain why a step change in cur-
rent produces the slowly rising voltage waveform seen
in Figure 8-3. Since the resistance and capacitance of the
membrane are in paralle], the voltage across each ele-
ment must always be the same and equal to the mem-
brane potential. Assume that the membrane potential
starts off at 0 mV and that at time ¢ = 0 a depolarizing
current step is applied from a current generator with
magnitude I,,. Initially the voltage across the resistor
and capacitor are both equal to 0 mV. Since the ionic
current through the resistor is given by Ohm’s law (I; =
V/R;y), initially no current will flow through the resistor
(since V starts off at 0 mV) and all the current will flow
through the capacitor (ie, I. = I.,,). As a result of the large
initial capacitive current, the potential across the capaci-
tor, and hence the membrane potential, will rapidly be-
come more positive.

As V, increases, the voltage difference across the
membrane begins to drive current across the membrane
resistance. As the voltage across the membrane becomes
more positive, more current flows through the resistor
and less flows across the capacitor, since I. plus I, is con-
stant (and equal to ). As a result, the membrane po-
tential begins to rise more slowly. Eventually, the mem-
brane potential reaches a value where all the membrane
current flows through the resistor (; = I,,). From Ohm's
law this voltage is given by V,,, = I,,-R;,. At this point
the capacitative current is zero and, following Equation
8-1, the membrane potential no longer changes. Once
the step of current is turned off, the total membrane cur-
rent I, equals zero, so that the positive ionic current
flowing through the resistor must flow back into the cell

Figure 8-3 The rate of change in the membrane potential is
slowed by the membrane capacitance. The response of the
membrane potential {AV,,) to a step current pulse is shown in
the upper plot. The actual shape of the response {red line c)
combines the properties of a purely resistive element (dashed
line a) and a purely capacitive element (dashed line b). The
lower plot shows the total membrane current (/,,) and its fonic
(#) and capacitive (I.) components (/,, =  + I} in relation to the
current pulse. The time taken to reach 63% of the final voltage
defines the membrane time constant, 7. The time constants of
different neurons typically range from 20 to 50 ms.

as an equal and opposite capacitive current, ie, I; = — I..
With no applied current, the charge on the capacitor dis-
sipates by flowing in a loop around the circuit through
the resistive pathway, and the membrane potential re-
turns to zero.

The rising phase of the potential change can be de-
scribed by the following equation:

AV = IRin(1 — 7'/, (8-3)

where ¢, which has a value of around 2.72, is the base of
the system of natural logarithms, and 7 is the membrane
time constant, the product of the input resistance and ca-
pacitance of the membrane (R;,C;,). The time constant
can be measured experimentally (Figure 8-3). It is the
time it takes the membrane potential to rise to (1 — 1/¢),
about 63% of its steady state value. We shall return to
the time constant when we consider the temporal sum-
mation of synaptic inputs in a cell in Chapter 12.

Membrane and Axoplasmic Resistance Affect
the Efficiency of Signal Conduction

So far we have considered the effects of the passive
properties of neurons on signaling only within the cell
body. Because the neuron’s soma can be approximated
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Membrane

Figure 8-4 A neuronal process can be repre-
sented by an electrical equivalent circuit. The
process is divided into unit lengths. Each unit
length of the process is a circuit with its own
membrane resistance () and capacitance (c).
All the circuits are connected by resistors (r,),
which represent the axial resistance of seg- Membrane
ments of cytoplasm, and a short circuit, which

represents the extracellular fluid.

Cytoplasm

as a simple sphere, the effect of distance on the propaga-
tion of a signal does not matter. However, in electrical
signaling along dendrites, axons, and muscle fibers, a
subthreshold voltage signal decreases in amplitude
with distance from its site of initiation. To understand
how this attenuation occurs we will again have need of
an equivalent circuit, one that shows how the geometry
of a neuron influences the distribution of current flow.

Synaptic potentials that originate in dendrites are
conducted along the dendrite toward the cell body and
the trigger zone. The cytoplasmic core of a dendrite of-
fers significant resistance to the longitudinal flow of cur-
rent, because it has a relatively small cross-sectional
area, and ions flowing down the dendrite collide with
other molecules. The greater the length of the cytoplas-
mic core, the greater the resistance, since the ions
experience more collisions the further they travel. Con-
versely, the larger the diameter of the cytoplasmic core,
the lower will be the resistance in a given length, since
the number of charge carriers at any cross section of
dendrite increases with the diameter of the core.

To represent the incremental increase in resistance
along the length of the dendritic core, the dendrite can
be divided into unit lengths, each of which is a circuit
with its own measurable membrane resistance and ca-
pacitance as well as an axial resistance within the cyto-
plasmic core. Because of its large volume, the extracellu-
lar fluid has only negligible resistance and therefore can
be ignored. The equivalent circuit for this simplified
model is shown in Figure 8-4.

If current is injected into the dendrite at one point,
how will the membrane potential change with distance
along the dendrite? For simplicity, consider the variation
of membrane potential with distance after a constant-
amplitude current pulse has been on for some time (¢ >>>
7). Under these conditions the membrane potential will
have reached a steady value, so capacitive current will be
zero. When I. = 0, all of the membrane current is ionic (I,
= I)). The variation of the potential with distance thus de-
pends solely on the relative values of the membrane resis-

tance, o, (units of {-cm), and the axial resistance, r, (units
of (1/cm), per unit length of dendrite.

The injected current flows out through several par-
allel pathways across successive membrane cylinders
along the length of the process (Figure 8-5). Each of
these current pathways is made up of two resistive com-
ponents in series: the total axial resistance, r,, and the
membrane resistance, 7, of the unit membrane cylin-
der. For each outflow pathway the total axial resistance
is the resistance between the site of current injection and
the site of the outflow pathway. Since resistors in series
are added, r, = r,x, where x is the distance along the
dendrite from the site of current injection. The mem-
brane resistance, r,,, has the same value at each outflow
pathway along the cell process.

More current flows across a membrane cylinder
near the site of injection than at more distant regions be-
cause current always tends to follow the path of least re-
sistance, and the total axial resistance, r,, increases with
distance from the site of injection (Figure 8-5). Because
Vin = Im’m, the change in membrane potential produced
by the current across a membrane cylinder at position x,
AV ,(x), becomes smaller with distance down the den-
drite away from the current electrode. This decay with
distance is exponential (Figure 8-5) and expressed by

AV(x) = AVpe */?,

where \ is the membrane length constant, x is the dis-
tance from the site of current injection, and AV, is the
change in membrane potential produced by the current
flow at the site of injection (x = 0). The length constant A
is defined as the distance along the dendrite to the site
where AV, has decayed to 1/¢, or 37% of its initial
value (Figure 8-5), and it is determined as follows:

A= V(rg/ra).

The better the insulation of the membrane (that is, the
greater r,,) and the better the conducting properties of
the inner core (the lower r,), the greater the length con-
stant of the dendrite. That is, current is able to spread
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farther along the inner conductive core of the dendrite
before leaking across the membrane.

To consider how neuronal geometry affects signal-
ing, it will be helpful first to consider how the diameter
of a process affects r,, and r, . Both r., and 7, are mea-
sures of resistance that apply to a 1 cm segment of an in-
dividual neuronal process with a certain radius a. The
axial resistance of a neuronal process depends on the in-
trinsic resistive properties of the cytoplasm, expressed
as the specific resistance, p, of a 1 cm’ cube of cytoplasm
(in units of -cm), and the cross-sectional area of the
process, which determines the total volume in a unit
length of the process and hence the number of charge
carriers. Thus, 7, is given by

12 = p/ma’, (8-4)

and r, has the required units of /cm. The diameter of
the process also affects r,, since the total number of
channels in a unit length of membrane is directly pro-
portional to both the channel density (number of chan-
nels per unit area) and the membrane area. Since r, is
inversely related to the total number of channels in a
unit length of membrane and the area in a unit length of
cylinder depends on the circumference, r,, is given by

Ym = Rp/2ma, (8-5)

where Ry, is the specific resistance of a unit area of mem-
brane (units of -cm?) and r,, has the units of Q-cm.

Neuronal processes vary greatly in diameter, from
as much as 1 mm for the giant axon of the squid down to
1 pm for fine dendritic branches in the mammalian
brain. These variations in diameter control the efficiency
of neuronal signaling because the diameter determines
the length constant. For processes with similar intrinsic
properties (that is with similar values of R, and p), the
larger the diameter of the process (dendrite or axon), the
longer the length constant, because 7,,/7, is directly re-
lated to the radius (Equations 8-4 and 8-5). Thus, the
length constant is expressed in terms of the intrinsic
(size invariant) properties R, and p as follows:

Ry a
p 2

That is, the length constant is proportional to the square
root of the radius (or diameter) of a process. Thus,
thicker axons and dendrites will have longer length con-
stants than do narrower processes and hence will trans-
mit electrotonic signals for greater distances. Typical
values for neuronal length constants range from 0.1 to
1.0 mm.

The length constant is a measure of the efficiency of
the passive spread of voltage changes along the neuron,
or electrotonic conduction. The efficiency of electrotonic

Figure 8-5 The voltage response in a passive neuronal
process decays with distance due to electronic conduction.
Current injected into a neuronal process by a microelectrode
follows the path of least resistance to the return electrode in
the extracellular fluid (A). The thickness of the arrows repre-
sents membrane current density at any point along the
process. Under these conditions the change in V,,, decays ex-
ponentially with distance from the site of current injection (B).
The distance at which AV, has decayed to 37% of its value at
the point of current injection defines the length constant, A.

conduction has two important effects on neuronal func-
tion. First, it influences spatial summation, the process by
which synaptic potentials generated in different regions
of the neuron are added together at the trigger zone, the
decision-making component of the neuron (see Chapter
12).

Second, electrotonic conduction is a factor in the
propagation of the action potential. Once the membrane
at any point along an axon has been depolarized be-
yond threshold, an action potential is generated in that
region in response to the opening of voltage-gated Na*
channels (see Chapter 9). This local depolarization
spreads electrotonically down the axon, causing the ad-
jacent region of the membrane to reach the threshold for
generating an action potential (Figure 8-6). Thus the de-
polarization spreads along the length of the axon by
“local-circuit” current flow resulting from the potential
difference between active and inactive regions of the
axon membrane. In cells with longer length constants
the local-circuit current has a greater spread and there-
fore the action potential propagates more rapidly.



146  PartIl / Cell and Molecular Biology of the Neuron

Figure 8-6 Passive conduction of depolarization
along the axon contributes to propagation of
the action potential.

A. The waveform of an action potential propagat-

ing from right to left. The difference in potential

along the length of the axon creates a local-circuit
current flow that causes the depolarization to

spread passively from the active region (2) to the
inactive region ahead of the action potential (1), as
well as to the area behind the action potential (3).
However, because there is also an increase in gg B
in the wake of the action potential (see Chapter 9),

+50 mv
the buildup of positive charge along the inner side
of the membrane in area 3 is more than balanced
by the local efflux of K*, allowing this region of Vin omv|
membrane to repolarize.
B. A short time !ater the voltage waveform and the
current distributions have shifted down the axon

and the process is repeated.

Large Axons Are More Easily Excited Than
Small Axons by Extracellular Current Stimuli

In examination of a neurological patient for diseases of
peripheral nerves the nerve often is stimulated by pass-
ing current between a pair of extracellular electrodes
placed over the nerve, and the population of resulting
action potentials (the compound action potential) is
recorded farther along the nerve by a second pair of
voltage-recording electrodes. In this situation the total
number of axons that generate action potentials varies
with the amplitude of the current pulse.

To drive a cell to threshold, the current must pass
through the cell membrane. In the vicinity of the positive
electrode, current flows across the membrane into the
axon. It then flows along the axoplasmic core, eventually
flowing out through more distant regions of axonal mem-

.
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brane to the second (negative) electrode in the extracellu-
lar fluid. For any given axon, most of the stimulating cur-
rent bypasses the fiber, moving instead through other ax-
ons or through the low-resistance pathway provided by
the extracellular fluid. The axons into which current can
enter most easily are the most excitable.

In general, axons with the largest diameter have the
lowest threshold for extracellular current. The larger the
diameter of the axon, the lower the axial resistance to
the flow of longitudinal current because of the greater
number of intracellular charge carriers (ions) per unit
length of the axon. Therefore a greater fraction of total
current enters the larger axon, so it is depolarized more
efficiently than a smaller axon. For these reasons, larger
axons are recruited at low values of current; smaller-
diameter axons are recruited only at relatively greater
current strengths.
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Figure 8-7 Axial resistance and membrane capacitance
limit the rate of spread of depolarization during the action
potential.

A. The electrical equivalent circuit represents two adjacent seg-
ments of the resting membrane of an axon connected by a
segment of axoplasm (r,).

Passive Membrane Properties and Axon
Diameter Affect the Velocity of Action
Potential Propagation

The passive spread of depolarization during conduction
of the action potential is not instantaneous. In fact, the
electrotonic conduction is a rate-limiting factor in the
propagation of the action potential. We can understand
this limitation by considering a simplified equivalent
circuit of two adjacent membrane segments connected
by a segment of axoplasm (Figure 8-7). As described
above, an action potential generated in one segment of
membrane supplies depolarizing current to the adjacent
membrane, causing it to depolarize gradually toward
threshold. According to Ohm’s law, the larger the axo-
plasmic resistance, the smaller the current flow around
the loop (I = V/R) and the longer it takes to change the
charge on the membrane of the adjacent segment.
Recall that since AV = AQ/C, the membrane poten-
tial changes slowly if the current is small because AQ
changes slowly. Similarly, the larger the membrane
capacitance, the more charge must be deposited on the
membrane to change the potential across the mem-
brane, so the current must flow for a longer time to pro-
duce a given depolarization. Therefore, the time it takes
for depolarization to spread along the axon is deter-
mined by both the axial resistance, r,, and the capaci-
tance per unit length of the axon c¢,, (units F/cm). The
rate of passive spread varies inversely with the product
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B. An action potential is spreading from the membrane seg-
ment on the left to the segment on the right. Purple lines indi-
cate pathways of current flow.

racm- If this product is reduced, the rate of passive
spread increases and the action potential propagates
faster.

Rapid propagation of the action potential is func-
tionally important, and two distinct mechanisms have
evolved to increase it. One adaptive strategy is to in-
crease conduction velocity by increasing the diameter of
the axon core. Because r, decreases in proportion to the
square of axon diameter, while c,, increases in direct
proportion to diameter, the net effect of an increase in
diameter is a decrease in 7,cy,. This adaptation has been
carried to an extreme in the giant axon of the squid,
which can reach a diameter of 1 mm. No larger axons
have evolved, presumably because of the opposing
need to keep neuronal size small so that many cells can
be packed into a limited space.

A second mechanism for increasing conduction ve-
locity is myelination of the axon, the wrapping of glial
cell membranes around an axon (see Chapter 4). This
process is functionally equivalent to increasing the thick-
ness of the axonal membrane by as much as 100 times.
Because the capacitance of a parallel-plate capacitor such
as the membrane is inversely proportional to the thick-
ness of the insulation material, myelination decreases ¢,
and thus r,¢. Myelination results in a proportionately
much greater decrease in 7,c,, than does the same in-
crease in the diameter of the axon core. For this reason,
conduction in myelinated axons is typically faster than
in nonmyelinated axons of the same diameter.



148  PartII / Cell and Molecular Biology of the Neuron

In a neuron with a myelinated axon the action po-
tential is triggered at the nonmyelinated segment of
membrane at the axon hillock. The inward current that
flows through this region of membrane is then available
to discharge the capacitance of the myelinated axon
ahead of it. Even though the thickness of myelin makes
the capacitance of the axon quite small, the amount of
current flowing down the core of the axon from the trig-
ger zone is not enough to discharge the capacitance
along the entire length of the myelinated axon.

To prevent the action potential from dying out, the
myelin sheath is interrupted every 1-2 mm by bare
patches of axon membrane about 2 pm in length, the
nodes of Ranvier (see Chapter 4). Although the area of
membrane at each node is quite small, the nodal mem-
brane is rich in voltage-gated Na™ channels and thus
can generate an intense depolarizing inward Na™ cur-
rent in response to the passive spread of depolarization
down the axon. These regularly distributed nodes thus
boost the amplitude of the action potential periodically,
preventing it from dying out.

The action potential, which spreads quite rapidly
along the internode because of the low capacitance of
the myelin sheath, slows down as it crosses the high-
capacitance region of each bare node. Consequently, as
the action potential moves down the axon it jumps
quickly from node to node (Figure 8-8A). For this rea-
son, the action potential in a myelinated axon is said to
move by saltatory conduction (from the Latin saltare, to
jump). Because ionic membrane current flows only at
the nodes in myelinated fibers, saltatory conduction is
also favorable from a metabolic standpoint. Less energy
must be expended by the Na*-K* pump in restoring the
Na™ and K" concentration gradients, which tend to run
down as a result of action-potential activity.

Various diseases of the nervous system, such as
multiple sclerosis and Guillain-Barre syndrome, cause
demyelination (see Box 4-1). Because the lack of myelin
slows down the conduction of the action potential, these
diseases can have devastating effects on behavior
(Chapter 35). As an action potential goes from a my-
elinated region to a bare stretch of axon, it encounters a
region of relatively high ¢, and low r,,,. The inward cur-
rent generated at the node just before the demyelinated
segment may be too small to provide the capacitive cur-
rent required to depolarize the demyelinated membrane
to threshold. In addition, this local-circuit current does
not spread as far as it normally would because it is flow-
ing into a segment of axon that, because of its low r,,,
has a short length constant (Figure 8-8B). These two fac-
tors can combine to slow, and in some cases actually
block, the conduction of action potentials.
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Figure 8-8 Action potentials in mye nated nerves are re
generated at the nodes of Ranvier.

“A. In the axon capacitive and ionic me -

(membrane current per unit area of m mbrane)
higher at the nodes of Ranvier than in he i
The density of membrane current at a,
represented by the thickness of the a ron au
higher capacitance of the axon memb ane at the u
nodes, the action potential slows dow f

_node and thus appears to skip rapidly ror

B. In regions of the axon that have lo¢ 1 myelin, the spreat
of the action potential is slowed dow! or blocked. The local-cir
cuit currents must charge a larger men! pacitar 1
because of the low r,;, they do not sgea

An Overall View

Two competing needs determin¢ the functional design
of neurons. First, to maximize tte computing power of
the nervous system, neurons must b small so that large
numbers of them can fit into thebrain and spinal cord
Second, to maximize the abilityo the animal to respond
to changes in its environment, reurons must conduct
signals rapidly. These two desizn objectives are con
strained by the materials from wiich neurons are made.

Because the nerve cell memtrane is very thin and is
surrounded by a conducting medium, it has a very high
‘capacitance, which slows down ‘he cor ulm tion of volt
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age signals. In addition, the currents that change the
charge on the membrane capacitance must flow through
a relatively poor conductor—a thin column of cyto-
plasm. The ion channels that give rise to the resting
potential also degrade the signaling function of the neu-
ron. They make the cell leaky and, together with the
high membrane capacitance, they limit the distance that
a signal can travel passively.

As we shall see in the next chapter, neurons use
voltage-gated channels to compensate for these physical
constraints when generating all-or-none action poten-
tials, which are continually regenerated and conducted
without attenuation. For pathways in which rapid sig-
naling is particularly important, the conduction velocity
of the action potential is enhanced either by myelination
or by an increase in axon diameter, or by both.

John Koester
Steven A. Siegelbaum
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