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Propagated Signaling: The Action Potential

The Diversity of Voltage-Gated Channel Types Is 
Generated by Several Genetic Mechanisms

An Overall View

Nerve cells are able to carry electrical 
signals over long distances because the long-
distance signal, the action potential, is con-

tinually regenerated and thus does not attenuate as it 
moves down the axon. In Chapter 6 we saw how an 
action potential arises from sequential changes in the 
membrane’s permeability to Na+ and K+ ions. We also 
considered how the membrane’s passive properties 
influence the speed at which action potentials are con-
ducted. In this chapter we focus on the voltage-gated 
ion channels that are critical for generating and propa-
gating action potentials and consider how these chan-
nels are responsible for many important features of a 
neuron’s electrical excitability.

Action potentials have four properties important 
for neuronal signaling. First, they have a threshold for 
initiation. As we saw in Chapter 6, in many nerve cells 
the membrane behaves as a simple resistor in response 
to small hyperpolarizing or depolarizing current steps. 
The membrane voltage changes in a graded manner 
as a function of the size of the current step according 
to Ohm’s law, ΔV = ΔI · R (in terms of conductance, 
ΔV = ΔI/G). However, as the size of the depolarizing 
current increases, eventually a threshold voltage is 
reached, typically at around −50 mV, at which point 
an action potential is generated (see Figure 6–2C). 
Second, the action potential is an all-or-none event. 
The size and shape of an action potential initiated by 

The Action Potential Is Generated by the Flow of Ions 
Through Voltage-Gated Channels

Sodium and Potassium Currents Through  
Voltage-Gated Channels Are Recorded with the  
Voltage Clamp

Voltage-Gated Sodium and Potassium Conductances 
Are Calculated from Their Currents

The Action Potential Can Be Reconstructed from the 
Properties of Sodium and Potassium Channels

Variations in the Properties of Voltage-Gated  
Ion Channels Expand the Signaling Capabilities of Neurons

The Nervous System Expresses a Rich Variety of  
Voltage-Gated Ion Channels

Gating of Voltage-Sensitive Ion Channels  
Can Be Influenced by Various Cytoplasmic  
Factors

Excitability Properties Vary Between Regions of the 
Neuron

Excitability Properties Vary Between Types  
of Neurons

The Mechanisms of Voltage-Gating and Ion Permeation  
Have Been Inferred from Electrophysiological  
Measurements

Voltage-Gated Sodium Channels Open and Close in 
Response to Redistribution of Charges Within the 
Channel

Voltage-Gated Sodium Channels Select for Sodium on 
the Basis of Size, Charge, and Energy of Hydration of 
the Ion

Voltage-Gated Potassium, Sodium, and Calcium  
Channels Stem from a Common Ancestor and Have  
Similar Structures

X-Ray Crystallographic Analysis of Voltage-Gated 
Channel Structures Provides Insight into Voltage-Gating



Chapter 7 / Propagated Signaling: The Action Potential  149

the action potential. They proposed that depolarization 
of the cell above threshold causes a brief increase in 
the cell membrane’s permeability to Na+, during which 
Na+ permeability overwhelms the dominant K+ perme-
ability of the resting cell membrane, thereby driving 
the membrane potential towards ENa. Their data also 
suggested that the falling phase of the action potential 
was caused by a later increase in K+ permeability.

Sodium and Potassium Currents Through  
Voltage-Gated Channels Are Recorded with the  
Voltage Clamp

This insight of Hodgkin and Katz raised a further ques-
tion. What mechanism is responsible for regulating the 
changes in the Na+ and K+ permeabilities of the mem-
brane? Hodgkin and Andrew Huxley reasoned that 
the Na+ and K+ permeabilities were regulated directly 
by the membrane voltage. To test this hypothesis they 
systematically varied the membrane potential in the 
squid giant axon and measured the resulting changes 
in the conductance of voltage-gated Na+ and K+ chan-
nels. To do this they made use of a new apparatus, the 
voltage clamp, developed by Kenneth Cole.

Prior to the availability of the voltage-clamp  
technique, attempts to measure Na+ and K+ conductance 
as a function of membrane potential had been limited 
by the strong interdependence of the membrane poten-
tial and the gating of Na+ and K+ channels. For exam-
ple, if the membrane is depolarized sufficiently to open 
some of the voltage-gated Na+ channels, the influx of 
Na+ through these channels causes further depolariza-
tion. The additional depolarization causes still more 

a large depolarizing current is the same as that of an 
action potential evoked by a current that just surpasses 
the threshold.1 Third, the action potential is conducted 
without decrement. It has a self-regenerative feature 
that keeps the amplitude constant, even when it is con-
ducted over great distances. Fourth, the action poten-
tial is followed by a refractory period. For a brief time 
after an action potential is generated, the neuron’s abil-
ity to fire a second action potential is suppressed. The 
refractory period limits the frequency at which a nerve 
can fire action potentials, and thus limits the informa-
tion-carrying capacity of the axon.

These four properties of the action potential— 
initiation threshold, all-or-none nature, conduction 
without decrement, and refractory period—are unu-
sual for biological processes, which typically respond 
in a graded fashion to changes in the environment. 
Biologists were puzzled by these properties for almost  
100 years after the action potential was first measured 
in the mid 1800s. Finally, in the late 1940s and early 
1950s studies of the membrane properties of the giant 
axon of the squid by Alan Hodgkin, Andrew Huxley, 
and Bernard Katz provided the first quantitative insight 
into the mechanisms underlying the action potential.

The Action Potential Is Generated by the Flow 
of Ions Through Voltage-Gated Channels

An important early insight into how action potentials 
are generated came from an experiment performed 
by Kenneth Cole and Howard Curtis. While record-
ing from the giant axon of the squid they found that 
ion conductance across the membrane increases dra-
matically during the action potential (Figure 7–1). 
This discovery provided the first evidence that the 
action potential results from changes in the flux of ions 
through channels in the membrane. It also raised two 
central questions: Which ions are responsible for the 
action potential, and how is the conductance of the 
membrane regulated?

A key insight into this problem was provided by 
Alan Hodgkin and Bernard Katz, who found that the 
amplitude of the action potential is reduced when 
the external Na+ concentration is lowered, indicating 
that Na+ influx is responsible for the rising phase of 

Action potential

Membrane conductance

Figure 7–1 The action potential results from an increase 
in ionic conductance of the axon membrane. This historic 
recording from an experiment conducted in 1939 by Kenneth 
Cole and Howard Curtis shows the oscilloscope record of an 
action potential superimposed on a simultaneous record of 
membrane conductance.

1The all-or-none property describes an action potential that is gener-
ated under a specific set of conditions. The size and shape of the 
action potential can be affected by changes in membrane properties, 
ion concentrations, temperature, and other variables, as discussed 
later in the chapter.
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and membrane potential complicates the study of the 
voltage-gated K+ channels.

The voltage clamp interrupts the interaction 
between the membrane potential and the opening and 
closing of voltage-gated ion channels. It does so by 
adding or withdrawing a current from the axon that is 
equal to the current flowing through the voltage-gated 
membrane channels. In this way the voltage clamp 
prevents the membrane potential from changing. The 
amount of current that must be generated by the volt-
age clamp to keep the membrane potential constant 
provides a direct measure of the current flowing across 
the membrane (Box 7–1). Using the voltage-clamp 

Na+ channels to open and consequently induces more 
inward Na+ current:

Depolarization

Inward INa
Open Na+

channels

This positive feedback cycle, which eventually 
drives the membrane potential to the peak of the action 
potential, makes it impossible to achieve a stable mem-
brane potential. A similar coupling between current 

Box 7–1 Voltage-Clamp Technique

The voltage-clamp technique was developed by  
Kenneth Cole in 1949 to stabilize the membrane poten-
tial of neurons for experimental purposes. It was used 
by Alan Hodgkin and Andrew Huxley in the early 1950s 
in a series of experiments that revealed the ionic mecha-
nisms underlying the action potential.

The voltage clamp permits the experimenter to 
“clamp” the membrane potential at predetermined 
levels, preventing changes in membrane current from 
influencing the membrane potential. By controlling 
the membrane potential one can measure the effect of 
changes in membrane potential on the membrane’s con-
ductance of individual ion species.

The voltage clamp consists of one intracellular and 
extracellular pair of electrodes used to measure the 
membrane potential and one intracellular and extracel-
lular pair of electrodes used to pass current across the 
membrane (Figure 7–2). Through the use of a negative 
feedback amplifier, the voltage clamp is able to pass the 
correct amount of current across the cell membrane to 
rapidly step the membrane to a constant predetermined 
potential.

Depolarization opens voltage-gated Na+ and K+ 
channels, initiating movement of Na+ and K+ across the 
membrane. This change in membrane current ordinarily 
would change the membrane potential, but the voltage 
clamp maintains the membrane potential at a predeter-
mined (commanded) level.

When Na+ channels open in response to a moder-
ate depolarizing voltage step, an inward ionic current 
develops because Na+ ions are driven through these 
channels by their electrochemical driving force. This 
Na+ influx would normally depolarize the membrane by 
increasing the positive charge on the inside of the mem-
brane and reducing the positive charge on the outside.

The voltage clamp intervenes in this process by simul-
taneously withdrawing positive charges from the cell and 
depositing them in the external solution. By generating 
a current that is equal and opposite to the ionic current 
through the membrane, the voltage-clamp circuit automat-
ically prevents the ionic current from changing the mem-
brane potential from the commanded value. As a result, the 
net amount of charge separated by the membrane does not 
change and therefore no significant change in Vm can occur.

The voltage clamp is a negative feedback system.  
A negative feedback system is one in which the value of 
the output of the system (Vm in this case) is fed back as the 
input to a system and compared to a reference value (the 
command signal). Any difference between the command 
signal and the output signal activates a “controller” (the 
feedback amplifier in this case) that automatically reduces 
the difference. Thus the actual membrane potential auto-
matically and precisely follows the command potential.

For example, assume that an inward Na+ current 
through the voltage-gated Na+ channels ordinarily causes 
the membrane potential to become more positive than the 
command potential. The input to the feedback amplifier is 
equal to (Vcommand – Vm). The amplifier generates an output 
voltage equal to this error signal multiplied by the gain of the 
amplifier. Thus, both the input and the resulting output volt-
age at the feedback amplifier will be negative.

This negative output voltage will make the inter-
nal current electrode negative, withdrawing net positive 
charge from the cell through the voltage-clamp circuit. 
As the current flows around the circuit, an equal amount 
of net positive charge will be deposited into the external 
solution through the other current electrode.

A refinement of the voltage clamp, the patch-clamp 
technique, allows the functional properties of single ion 
channels to be analyzed (see Box 5–1).
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Figure 7–2 The negative feedback mechanism of the 
voltage clamp. Membrane potential (Vm) is measured 
by one amplifier connected to an intracellular electrode 
and an extracellular electrode in the bath. The membrane 
potential signal is displayed on an oscilloscope and is also 
fed into the negative terminal of the voltage-clamp feed-
back amplifier. The command potential, which is selected 
by the experimenter and can be of any desired amplitude 
and waveform, is fed into the positive terminal of the 
feedback amplifier. The feedback amplifier then subtracts 
the membrane potential from the command potential and 
amplifies any difference between these two signals. The 
voltage output of the amplifier is connected to the internal 

current electrode, a thin wire that runs the length of the 
axon core. The negative feedback ensures that the voltage 
output of the amplifier drives a current across the resist-
ance of the current electrode that alters the membrane 
voltage to minimize any difference between Vm and the 
command potential. To accurately measure the current-
voltage relationship of the cell membrane, the membrane 
potential must be uniform along the entire surface of the 
axon. This is made possible by the highly conductive inter-
nal current electrode, which short-circuits the axoplasmic 
resistance, reducing axial resistance to zero (see Chapter 
6). This low-resistance pathway eliminates all variations in 
electrical potential along the axon core.

technique, Hodgkin and Huxley provided the first 
complete description of the ionic mechanisms under-
lying the action potential.

One advantage of the voltage clamp is that it read-
ily allows the ionic and capacitive components of mem-
brane current to be analyzed separately. As described in 
Chapter 6, the membrane potential Vm is proportional to 
the charge Qm on the membrane capacitance Cm. When 
Vm is not changing, Qm is constant, and no capacitive 
current (ΔQm/Δt) flows. Capacitive current flows only 
when Vm is changing. Therefore when the membrane 
potential changes in response to a very rapid step of 
command potential, capacitive current flows only at 

the beginning and end of the step. Because the capaci-
tive current is essentially instantaneous, the ionic cur-
rents that subsequently flow through the voltage-gated 
channels can be analyzed separately.

Measurements of these ionic currents can be used to 
calculate the voltage and time dependence of changes in 
membrane conductance caused by the opening and clos-
ing of Na+ and K+ channels. This information provides 
insights into the properties of these two types of channels.

A typical voltage-clamp experiment starts with 
the membrane potential clamped at its resting value. 
When a 10 mV depolarizing step is applied, a very 
brief outward current instantaneously discharges the 
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 membrane capacitance by the amount required for a 
10 mV depolarization. This capacitive current (Ic) is 
followed by a smaller outward current that persists 
for the duration of the voltage step. This steady ionic 
current flows through the nongated resting ion chan-
nels of the membrane, which we refer to here as leakage 
channels (see Box 6–2). The current through these chan-
nels is called the leakage current, Il. The total conduct-
ance of this population of channels is called the leakage 
conductance (gl). At the end of the step a brief inward 
capacitive current repolarizes the membrane to its ini-
tial voltage and the total membrane current returns to 
zero (Figure 7–3A).

If a large depolarizing step is commanded, the 
current record is more complicated. The capacitive 
and leakage currents both increase in amplitude. In 
addition, shortly after the end of the capacitive cur-
rent and the start of the leakage current, an inward 
(negative) current develops; it reaches a peak within 
a few milliseconds, declines, and gives way to an out-
ward current. This outward current reaches a plateau 
that is maintained for the duration of the voltage step  
(Figure 7–3B).

A simple interpretation of these results is that the 
depolarizing voltage step sequentially turns on two 
types of voltage-gated channels that select for two 
distinct ions. One type of channel conducts ions that 
generate an inward current, while the other conducts 
ions that generate an outward current. Because these 
two oppositely directed currents partially overlap in 
time, the most difficult task in analyzing voltage-clamp 
experiments is to determine their separate time courses.

Hodgkin and Huxley achieved this separation by 
changing ions in the bathing solution. By replacing 
Na+ with a larger, impermeant cation (choline · H+), 
they eliminated the inward Na+ current. Later, the task 
of separating inward and outward currents was made 
easier by the discovery of drugs or toxins that selec-
tively block the different classes of voltage-gated chan-
nels (Figure 7–4). Tetrodotoxin, a poison from a certain 
Pacific puffer fish, blocks the voltage-gated Na+ chan-
nel with a very high potency in the nanomolar range 
of concentration. (Ingestion of only a few milligrams 
of tetrodotoxin from improperly prepared puffer fish, 
consumed as the Japanese sushi delicacy fugu, can be 
fatal.) The cation tetraethylammonium specifically 
blocks the squid axon voltage-gated K+ channel.

When tetraethylammonium is applied to the axon 
to block the K+ channels, the total membrane current 
(Im) consists of Ic, Il, and INa. The leakage conductance, 
gl, is constant; it does not vary with Vm or with time. 
Therefore the leakage current Il can be readily calcu-
lated and subtracted from Im, leaving INa and Ic. Because 

Figure 7–3 A voltage-clamp experiment demonstrates the 
sequential activation of two types of voltage-gated channels.

A. A small depolarization (10 mV) elicits capacitive and leakage 
currents (Ic and Il, respectively), the components of the total 
membrane current (Im).

B. A larger depolarization (60 mV) results in larger capacitive 
and leakage currents, plus a time-dependent inward ionic cur-
rent followed by a time-dependent outward ionic current.

Top: Total (net) current in response to the depolarization. 
 Middle: Individual Na+ and K+ currents. Depolarizing the cell in 
the presence of tetrodotoxin (TTX), which blocks the Na+ current, 
or in the presence of tetraethylammonium (TEA), which blocks 
the K+ current, reveals the pure K+ and Na+ currents (IK and INa, 
respectively) after subtracting Ic and Il. Bottom: Voltage step.
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Figure 7–4 Drugs that block voltage-gated Na+ and K+ 
channels.

A. Tetrodotoxin and saxitoxin both bind to Na+ channels 
with a very high affinity. Tetrodotoxin is produced by certain 
puffer fish, newts, and frogs. Saxitoxin is synthesized by 
the dinoflagellates Gonyaulax, which are responsible for 
red tides. Consumption of clams or other shellfish that 
have fed on the dinoflagellates during a red tide causes 
paralytic shellfish poisoning.

B. Tetraethylammonium is a cation that blocks certain 
voltage-gated K+ channels with a relatively low affinity. The 
plus signs represent positive charge. 4-Aminopyridine is 
another blocker of K+ channels. It is used to 
improve conduction of nerve impulses in patients with 
multiple sclerosis.
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Ic occurs only briefly at the beginning and end of the 
pulse, it is easily isolated by visual inspection, reveal-
ing the pure INa. Similarly, IK can be measured when the 
Na+ channels are blocked by tetrodotoxin (Figure 7–3B).

By stepping the membrane to a wide range of 
potentials, Hodgkin and Huxley were able to measure 
the Na+ and K+ currents over the entire voltage extent 
of the action potential (Figure 7–5). They found that 
the Na+ and K+ currents vary as a graded function of 
the membrane potential. As the membrane voltage is 
made more positive, the outward K+ current becomes 
larger. The inward Na+ current also becomes larger 
with increases in depolarization, up to a certain extent. 
However, as the voltage becomes more and more posi-
tive, the Na+ current eventually declines in amplitude. 
When the membrane potential is +55 mV, the Na+ cur-
rent is zero. Positive to +55 mV, the Na+ current reverses 
direction and becomes outward.

Hodgkin and Huxley explained this behavior by 
a very simple model in which the size of the Na+ and 
K+ currents is determined by two factors. The first is 
the magnitude of the Na+ or K+ conductance, gNa or gK, 
which reflects the number of Na+ or K+ channels open 
at any instant (see Chapter 6). The second factor is the 
electrochemical driving force on Na+ ions (Vm − ENa) or 
K+ ions (Vm − EK). The model is thus expressed as:

INa = gNa × (Vm − ENa)

IK = gK × (Vm − EK).

According to this model the amplitudes of INa and 
IK change as the voltage is made more positive because 
there is an increase in gNa and gK. The Na+ and K+ 

conductances increase because the opening of the Na+ 
and K+ channels is voltage-dependent. The currents 
also change in response to changes in the electrochemi-
cal driving forces.

Both INa and IK initially increase in amplitude as 
the membrane is made more positive because gNa and 
gK increase steeply with voltage. However, as the mem-
brane potential approaches ENa (+55 mV), INa declines 
because of the decrease in inward driving force, even 
though gNa is large. That is, the positive membrane volt-
age now opposes the influx of Na+ down its chemical 
concentration gradient. At +55 mV the chemical and 
electrical driving forces are in balance so there is no net 
INa, even though gNa is quite large. As the membrane is 
made positive to ENa, the driving force on Na+ becomes 
positive. That is, the electrical driving force pushing 
Na+ out is now greater than the chemical driving force 
pulling Na+ in, and hence INa becomes outward. The 
behavior of IK is simpler; because EK is quite negative 
(−75 mV), both gK and the outward driving force on K+ 
become larger as the membrane is made more positive, 
thereby increasing the outward K+ current.

Voltage-Gated Sodium and Potassium Conductances 
Are Calculated from Their Currents

From the two preceding equations Hodgkin and  
Huxley were able to calculate gNa and gK by dividing 
measured Na+ and K+ currents by the known Na+ and 
K+ electrochemical driving forces. Their results provide 
direct insight into how membrane voltage controls 
channel opening because the values of gNa and gK reflect 
the number of open Na+ and K+ channels (Box 7–2).
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Thus depolarization causes Na+ channels to switch 
between three different states—resting, activated, or 
inactivated—which represent three different confor-
mations of the Na+ channel protein (see Figure 5–7). 
In contrast, squid axon K+ channels do not inactivate; 
they remain open as long as the membrane is depolar-
ized, at least for voltage-clamp depolarizations lasting 
up to tens of milliseconds (Figure 7–7).

In the inactivated state the Na+ channel cannot 
be opened by further membrane depolarization. The 
inactivation can be reversed only by repolarizing the 
membrane to its negative resting potential, whereupon 
the channel switches to the resting state. This switch 
takes some time because channels leave the inactivated 
state relatively slowly (Figure 7–8).

Measurements of gNa and gK at various levels of 
membrane potential reveal two functional similarities 
and two differences between the Na+ and K+ channels. 
Both types of channels open in response to depolariza-
tion. Also, as the size of the depolarization increases, 
the probability and rate of opening increase for both 
types of channels. The Na+ and K+ channels differ, 
however, in the rate at which they open and in their 
responses to prolonged depolarization. At all levels 
of depolarization the Na+ channels open more rapidly 
than K+ channels (Figure 7–7). When the depolariza-
tion is maintained for some time, the Na+ channels 
begin to close, leading to a decrease of inward cur-
rent. The process by which Na+ channels close during 
a prolonged depolarization is termed inactivation.
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Figure 7–5 The magnitude and polarity of the Na+ and K+ 
membrane currents vary with the amplitude of membrane 
depolarization. Left: With progressive depolarization the 
voltage-clamped membrane K+ current increases monotonically, 
because both gK and (Vm − EK), the driving force for K+, increase 
with increasing depolarization. The voltage during the depolari-
zation is indicated at left. The direction and magnitude of the 
chemical (EK) and electrical driving force on K+, as well as the 
net driving force, is given by arrows at the right of each trace. 
(Up arrows = outward force; down arrows = inward force.)  

Right: At first the Na+ current becomes increasingly inward with 
increasing depolarization due to the increase in gNa. However, as 
the membrane potential approaches ENa (+55 mV) the magni-
tude of the inward Na+ current begins to decrease due to the 
decrease in inward driving force (Vm − ENa). Eventually, INa goes 
to zero when the membrane potential reaches ENa. At depo-
larizations positive to ENa, the sign of (Vm – ENa) reverses, and 
INa becomes outward. Arrows at the right of each trace show 
chemical (ENa) and electrical driving forces and net Na+ driving 
force.
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closes after the channel opens in response to depolari-
zation. The channel conducts Na+ only for the brief 
period during depolarization when both gates are open 
(Figure 7–9). Repolarization reverses the two proc-
esses, closing the activation gate and then opening the 
inactivation gate.

These variable, time-dependent effects of depolari-
zation on gNa are determined by the kinetics of two gat-
ing mechanisms in Na+ channels. Each Na+ channel has 
an activation gate that is closed while the membrane is 
at the resting potential and opened by depolarization. 
An inactivation gate is open at the resting potential and 

Box 7–2 Calculation of Membrane Conductances from Voltage-Clamp Data

Membrane conductances can be calculated from voltage-
clamp currents using equations derived from an equiva-
lent circuit (Figure 7–6) that includes the membrane 
capacitance (Cm); the leakage conductance (gl), represent-
ing the conductance of all of the resting (nongated) K+, 
Na+, and Cl– channels (see Chapter 6); and gNa and gK, the 
conductances of the voltage-gated Na+ and K+ channels.

In the equivalent circuit the ionic battery of the 
leakage channels, El, is equal to the resting membrane 
potential, and gNa and gK are in series with their appro-
priate ionic batteries.

The current through each class of voltage-gated 
channel may be calculated from a modified version of 
Ohm’s law that takes into account both the electrical (Vm) 
and chemical (ENa or EK) driving forces on Na+ and K+:

IK = gK(Vm − EK)

and

INa = gNa(Vm − ENa).

Rearranging and solving for g gives two equations 
that can be used to compute the conductances of the 
active Na+ and K+ channel populations:

g
I

V E( )K
K

m K
= −

and

g
I

V E( ) .Na
Na

m Na
= −

In these equations the independent variable Vm is set by 
the experimenter. The dependent variables IK and INa can 
be calculated from the records of voltage-clamp experi-
ments (see Figure 7–5). The parameters EK and ENa can 
be determined empirically by finding the values of Vm 
at which IK and INa reverse their polarities, that is, their 
reversal potentials.

gNa gIgK
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Extracellular side
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Cytoplasmic side

ENa EI+
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+
EK –

+

Im

Im

Figure 7–6 Equivalent circuit of a voltage-clamped 
neuron. The voltage-gated conductance pathways 
(gK and gNa) are represented by the symbol for a variable 
conductance—a conductor (resistor) with an arrow 
through it. The conductance is variable because of its 
dependence on time and voltage. These conductances are 

in series with batteries representing the chemical gradi-
ents for Na+ and K+. In addition there are parallel pathways 
for leakage current (gl and El) and capacitative current (Cm). 
Arrows indicate current flow during a depolarizing step 
that has activated gK and gNa.
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events. Depolarization of the membrane causes Na+ 
channels to open rapidly (an increase in gNa), resulting 
in an inward Na+ current. This current, by discharging 
the membrane capacitance, causes further depolariza-
tion, thereby opening more Na+ channels, resulting in 
a further increase in inward current. This regenera-
tive process drives the membrane potential toward 
ENa , causing the rising phase of the action potential.2 

Figure 7–8 Sodium channels remain inactivated for a few 
milliseconds after a depolarizing current. If the interval 
(Δt) between two depolarizing pulses (P1 and P2) is brief, the 
second pulse produces a smaller increase in gNa because many 
of the Na+ channels remain inactivated after the first pulse. The 
longer the interval between pulses, the greater the increase in 
gNa during the second pulse, because a greater fraction of chan-
nels will have recovered from inactivation during the period of 
repolarization and returned to the resting state when the sec-
ond pulse begins. The time course of recovery from inactivation 
following repolarization contributes to determining the time 
course of the refractory period of an action potential.
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Figure 7–7 The responses of K+ and Na+ channels to pro-
longed depolarization. Increasing depolarizations elicit graded 
increases in K+ and Na+ conductance (gNa and gK), which reflect 
the proportional opening of thousands of voltage-gated K+ and 
Na+ channels. The Na+ channels open more rapidly than the K+ 
channels. During a maintained depolarization the Na+ channels 
close after opening because of the closure of an inactivation 
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inactivation process.
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2It may at first seem inconsistent to say that current flows outward 
across the membrane when a cell is depolarized experimentally 
(see Figure 6–2C), while attributing the depolarization during the 
upstroke of the action potential to an inward Na+ current. However, 
in both cases the current across the capacitance of the membrane 
(Cm) is actually outward. It is simply as a matter of convention that 
we describe the direction of current injected through a microelec-
trode as the direction in which the injected current leaves the cell 
across the membrane capacitance, whereas we describe the direction 
of the ionic membrane current as the direction of charge movement 
through the channels.

The Action Potential Can Be Reconstructed from the 
Properties of Sodium and Potassium Channels

Hodgkin and Huxley were able to fit their measure-
ments of membrane conductance to a set of empiri-
cal equations that completely describe the Na+ and K+ 
conductances as a function of membrane potential and 
time. Using these equations and measured values for 
the passive properties of the axon, they computed the 
shape and conduction velocity of the action potential.

The calculated waveform of the action potential 
matched the waveform recorded in the unclamped 
axon almost perfectly. This close agreement indicates 
that the mathematical model developed by Hodgkin 
and Huxley accurately describes the properties of the 
channels that are essential for generating and propa-
gating the action potential. More than a half-century 
later the Hodgkin-Huxley model stands as the most 
successful quantitative model in neural science if not 
in all of biology.

According to the Hodgkin-Huxley model an 
action potential involves the following sequence of 
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refractory period, the brief period of time following an 
action potential when it is impossible to elicit another 
action potential. As some K+ channels begin to close 
and some Na+ channels recover from inactivation, the 
membrane enters the relative refractory period, during 
which it is possible to trigger an action potential, but 
only by applying stimuli that are stronger than those 
normally required to reach threshold. Together, these 
refractory periods typically last just 5–10 ms.

Two features of the action potential predicted by 
the Hodgkin-Huxley model are its threshold and all-
or-none behavior. A fraction of a millivolt can be the 
difference between a subthreshold stimulus and a stim-
ulus that generates a full-sized action potential. This 
all-or-none phenomenon may seem surprising when 
one considers that gNa increases in a strictly graded man-
ner as depolarization increases (see Figure 7–7). Each 
increment of depolarization increases the number of 
voltage-gated Na+ channels that open, thereby gradu-
ally increasing INa. How then can there be a discrete 
threshold for generating an action potential?

Although a small subthreshold depolarization 
increases the inward INa, it also increases two outward 

Figure 7–9 Voltage-gated Na+ channels have 
two gates that respond in opposite ways to 
depolarization. In the resting state the activa-
tion gate is closed and the inactivation gate 
is open (1). A depolarizing stimulus results in 
opening of the activation gate, allowing Na+ to 
flow through the channel, followed by closing 
of the inactivation gate (2). Once the inactiva-
tion gate has closed, the channel enters the 
inactivated state (3). On repolarization the 
inactivation gate opens and the activation gate 
closes as the channel returns to the resting 
state (1). The channel is only open during the 
brief period when both the activation and inac-
tivation gates are open (2).
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The depolarization limits the duration of the action 
potential in two ways: (1) It gradually inactivates the 
voltage-gated Na+ channels, thus reducing gNa, and (2) 
it opens, with some delay, the voltage-gated K+ chan-
nels, thereby increasing gK. Consequently, the inward 
Na+ current is followed by an outward K+ current that 
tends to repolarize the membrane (Figure 7–10).

In most nerve cells the action potential is followed 
by a hyperpolarizing after-potential, a transient shift of 
the membrane potential to values more negative than 
the resting potential. This brief negative change in Vm 
occurs because the K+ channels that open during the 
repolarizing phase of the action potential remain open 
for some time after Vm has returned to its resting value. 
It takes a few milliseconds for all of the K+ channels 
to return to the closed state. During this time, when 
the permeability of the membrane to K+ is greater than 
during the resting state, Vm is slightly greater (more 
negative) than its normal resting value, resulting in a 
Vm closer to EK (Figure 7–10).

The combined effect of this transient increase in 
K+ conductance and the residual inactivation of the 
Na+ channels (see Figure 7–10) underlies the absolute 
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outward K+ current. However, we now know that there 
are many types of voltage-gated Na+ and K+ channels 
encoded by families of related genes that are expressed 
in different nerve and muscle cells.

The biophysical properties of the various Na+ and 
K+ channels can differ both quantitatively and quali-
tatively from the channels characterized by Hodgkin 
and Huxley. Other gene families encode voltage-gated 
channels that select for Ca2+ ions or have mixed per-
meability to Na+ and K+. Moreover, the distribution of 
these channels can vary between different types of neu-
rons, and can even vary as a function of locale within 
a single neuron. These differences in the pattern of ion 
channel expression have important consequences for 
membrane excitability, as we shall now explore.

The Nervous System Expresses a Rich Variety of 
Voltage-Gated Ion Channels

Voltage-gated Na+ and K+ channels similar to those 
described by Hodgkin and Huxley have been found 
in almost every type of neuron examined. In addition, 
most neurons contain voltage-gated Ca2+ channels 
that open in response to membrane depolarization. 
A strong electrochemical gradient drives Ca2+ into the 
cell, so these channels give rise to an inward ICa that 
helps depolarize the cell.

Some neurons and muscle cells have voltage-
gated Cl– channels that contribute to membrane repo-
larization. Many neurons have cation channels that 
are slowly activated by hyperpolarization (instead of 
the usual depolarization). These hyperpolarization- 
activated cation (or HCN) channels are permeable to 
both K+ and Na+ and have a reversal potential around 
−40 to −30 mV. As a result, they give rise to an inward 
depolarizing current, referred to as Ih, when the mem-
brane repolarizes to negative resting potentials or 
becomes hyperpolarized during synaptic inhibition.

Each basic type of ion channel has many variants. 
For example, several types of voltage-activated K+ chan-
nels differ in their kinetics of activation, voltage-activa-
tion range, and sensitivity to various ligands. Four of 
these variants are particularly important in the nervous 
system. (1) The slowly activating K+ channel described 
by Hodgkin and Huxley is called the delayed recti-
fier. (2) The calcium-activated K+ channel is activated by 
an increase in intracellular Ca2+ when nearby voltage-
gated Ca2+ channels open in response to depolariza-
tion. One subclass of calcium-activated K+ channels is 
voltage-dependent. However, in the absence of Ca2+ the 
channel requires very large, nonphysiological depolari-
zation to open. The binding of Ca2+ to a site on the cyto-
plasmic surface of the channel shifts its voltage-gating 

currents, IK and Il, by increasing the electrochemical 
driving forces acting on K+ and Cl–. In addition, the 
depolarization augments gK by gradually opening 
more voltage-gated K+ channels (Figure 7–7). As the 
outward IK and Il increase with depolarization they 
repolarize the membrane and resist the depolarizing 
action of the Na+ influx. However, because of the high 
voltage sensitivity and more rapid kinetics of activa-
tion of the Na+ channels, the depolarization eventu-
ally reaches a point where the increase in inward INa 
exceeds the increase in outward IK and Il. At this point 
there is a net inward ionic current. This produces a fur-
ther depolarization, opening even more Na+ channels, 
so that the depolarization becomes regenerative, driv-
ing the membrane potential all the way to the peak of 
the action potential. The specific value of Vm at which 
the net ionic current (INa + IK + Il) just changes from out-
ward to inward, depositing a net positive charge on the 
inside of the membrane capacitance, is the threshold.

Variations in the Properties of Voltage-Gated  
Ion Channels Expand the Signaling 
Capabilities of Neurons

The basic mechanism of electrical excitability identified 
by Hodgkin and Huxley in the squid giant axon appears 
to be universal in all excitable cells: Voltage-gated chan-
nels conduct an inward Na+ current followed by an 
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Figure 7–10 The sequential opening of voltage-gated Na+ 
and K+ channels generates the action potential. One of 
Hodgkin and Huxley’s great achievements was to dissect the 
change in conductance during an action potential into separate 
components attributable to the opening of Na+ and K+ channels. 
The shape of the action potential and the underlying conduct-
ance changes can be calculated from the properties of the 
voltage-gated Na+ and K+ channels. (Adapted, with permission, 
from Hodgkin and Huxley 1952.)
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encoded by families of related genes that are expressed 
in different nerve and muscle cells.
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A strong electrochemical gradient drives Ca2+ into the 
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depolarizing current, referred to as Ih, when the mem-
brane repolarizes to negative resting potentials or 
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Each basic type of ion channel has many variants. 
For example, several types of voltage-activated K+ chan-
nels differ in their kinetics of activation, voltage-activa-
tion range, and sensitivity to various ligands. Four of 
these variants are particularly important in the nervous 
system. (1) The slowly activating K+ channel described 
by Hodgkin and Huxley is called the delayed recti-
fier. (2) The calcium-activated K+ channel is activated by 
an increase in intracellular Ca2+ when nearby voltage-
gated Ca2+ channels open in response to depolariza-
tion. One subclass of calcium-activated K+ channels is 
voltage-dependent. However, in the absence of Ca2+ the 
channel requires very large, nonphysiological depolari-
zation to open. The binding of Ca2+ to a site on the cyto-
plasmic surface of the channel shifts its voltage-gating 

currents, IK and Il, by increasing the electrochemical 
driving forces acting on K+ and Cl–. In addition, the 
depolarization augments gK by gradually opening 
more voltage-gated K+ channels (Figure 7–7). As the 
outward IK and Il increase with depolarization they 
repolarize the membrane and resist the depolarizing 
action of the Na+ influx. However, because of the high 
voltage sensitivity and more rapid kinetics of activa-
tion of the Na+ channels, the depolarization eventu-
ally reaches a point where the increase in inward INa 
exceeds the increase in outward IK and Il. At this point 
there is a net inward ionic current. This produces a fur-
ther depolarization, opening even more Na+ channels, 
so that the depolarization becomes regenerative, driv-
ing the membrane potential all the way to the peak of 
the action potential. The specific value of Vm at which 
the net ionic current (INa + IK + Il) just changes from out-
ward to inward, depositing a net positive charge on the 
inside of the membrane capacitance, is the threshold.

Variations in the Properties of Voltage-Gated  
Ion Channels Expand the Signaling 
Capabilities of Neurons

The basic mechanism of electrical excitability identified 
by Hodgkin and Huxley in the squid giant axon appears 
to be universal in all excitable cells: Voltage-gated chan-
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Figure 7–10 The sequential opening of voltage-gated Na+ 
and K+ channels generates the action potential. One of 
Hodgkin and Huxley’s great achievements was to dissect the 
change in conductance during an action potential into separate 
components attributable to the opening of Na+ and K+ channels. 
The shape of the action potential and the underlying conduct-
ance changes can be calculated from the properties of the 
voltage-gated Na+ and K+ channels. (Adapted, with permission, 
from Hodgkin and Huxley 1952.)
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voltage-sensitive K+ channels will open. Some Ca2+ 
channels are themselves sensitive to levels of intracel-
lular Ca2+, becoming inactivated when incoming Ca2+ 
binds to their intracellular surface. Changes in the 
intracellular concentration of Ca2+ can also influence a 
variety of cellular metabolic processes, including neu-
rotransmitter release and gene expression.

The activity of voltage-gated channels can also be 
regulated by the action of neurotransmitters through 
the recruitment of second-messenger pathways (see 
Chapter 11). These pathways can alter channel activ-
ity through a number of mechanisms, including direct 
phosphorylation of the intracellular domains of a chan-
nel or direct binding of cyclic nucleotides or membrane 
phosphoinositides to specialized binding domains in 
certain types of channels. As is true for the effects of 
Ca2+ binding, these pathways typically affect the kinet-
ics or voltage sensitivity of channel gating rather than 
ion permeability of the open channel. The importance 
of cytoplasmic Ca2+ and other second messengers in 
the control of neuronal activity will become evident in 
many contexts throughout this book.

Excitability Properties Vary Between  
Regions of the Neuron

Different regions of a neuron have different types of 
ion channels that support the specialized functions of 
each region. The axon, for example, specializes in car-
rying signals faithfully over long distances; as such it 
functions as a relatively simple relay line. In contrast, 
the input, integrative, and output regions of a neu-
ron (see Figure 2–9) typically perform more complex 
processing of the information they receive before pass-
ing it along.

Dendrites in many types of neurons have voltage-
gated ion channels, including Ca2+, K+, HCN, and Na+ 
channels. When activated, these channels help shape the 
amplitude, time course, and propagation of the synaptic 
potentials to the cell body. In some neurons action poten-
tials may be propagated from the trigger zone at the ini-
tial segment of the axon back into the dendrites, thereby 
influencing synaptic integration in the dendrites. In 
other neurons the density of voltage-gated channels in 
the dendrites is sufficient to support the generation of 
a local action potential, which may then be conducted 
through the cell soma to the axon initial segment.

The trigger zone at the axon initial segment has 
the lowest threshold for action potential generation 
in part because it has an exceptionally high density of 
voltage-gated Na+ channels. In addition, it typically 
has voltage-gated ion channels that are sensitive to 
relatively small deviations from the resting potential. 

to allow the channel to open at more negative poten-
tials. (3) The A-type K+ channel is activated rapidly by 
depolarization, almost as rapidly as the Na+ channel; 
like the Na+ channel, it also inactivates rapidly if the 
depolarization is prolonged. (4) The M-type K+ channel 
requires only small depolarizations from the resting 
potential to open; however, it activates very slowly, 
requiring tens of milliseconds to open. One distinctive 
feature of the M-type channel is that it is closed by a 
neurotransmitter, acetylcholine.

Similarly, at least five major types of voltage-gated 
Ca2+ channels and eight types of voltage-gated Na+ 
channels are expressed in the nervous system. Each 
of these major subtypes is encoded by a different gene 
and has several structural and functional variants that 
are generated through alternative splicing or by com-
bining the pore-forming α-subunit with different types 
of auxiliary subunits.

The squid axon can generate an action potential 
with just two types of voltage-gated channels. Why 
then are so many types of voltage-gated ion channels 
found in the nervous system? The answer is that neu-
rons with a greater variety of voltage-gated channels 
have much more complex information-processing abil-
ities than those with only two types of channels. Some 
ways in which various voltage-gated channels influ-
ence neuronal function are described below.

Gating of Voltage-Sensitive Ion Channels Can Be 
Influenced by Various Cytoplasmic Factors

In a typical neuron the opening and closing of certain 
voltage-gated ion channels can be modulated by vari-
ous cytoplasmic factors, thus affording the neuron’s 
excitability properties greater flexibility. Changes in 
the levels of such cytoplasmic factors may result from 
the activity of the neuron itself or from the influences 
of other neurons.

Calcium concentration is one important cytoplas-
mic factor that modulates ion channel activity. The 
ionic current through membrane channels during an 
action potential generally does not result in appreciable 
changes in the intracellular concentrations of most ion 
species. Calcium is a notable exception to this rule. The 
concentration of free Ca2+ in the cytoplasm of a resting 
cell is extremely low, about 10–7 M, several orders of 
magnitude below the external Ca2+ concentration, which 
is approximately 2 mM. For this reason the intracellu-
lar Ca2+ concentration may increase many fold above 
its resting value as a result of the influx of Ca2+ through 
voltage-gated Ca2+ channels. The transient increase in 
Ca2+ concentration near the inside of the membrane 
enhances the probability that calcium-activated,  
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How a neuron responds to synaptic input is deter-
mined by the proportions of different types of voltage-
gated channels in the cell’s input and integrative 
regions. For example, cells with different combinations 
of channels respond differently to a constant excitatory 
input. Some cells respond with only a single action 
potential, others with a train of action potentials at a 
constant rate of firing, and still others with either an 
accelerating or decelerating train of action potentials. 
The combined presence of certain voltage-gated Ca2+ 
channels and HCN channels generates pacemaker cur-
rents that allow some neurons to fire spontaneously in 
the absence of any external input (Figure 7–11D).

The firing rate of most neurons saturates as the 
strength of synaptic input increases, with a maximal 
rate that is not particularly high. However, certain 
classes of neurons have an unusually wide dynamic 
range and are able to fire at very high frequencies 
because of an unusually brief refractory period. This 
high firing rate is of particular importance in the audi-
tory system, where neurons must respond to sound 
waves of very high frequencies. The short refractory 
period is caused, in part, by the expression in the audi-
tory neurons of the voltage-gated K+ channel Kv3, 
whose activation gates close extremely rapidly follow-
ing repolarization, resulting in a very short hyperpo-
larizing after-potential.

Some types of synaptic inputs to a neuron modu-
late the function of voltage-gated channels and thereby 
modulate the cell’s response to other inputs. For exam-
ple, in some neurons a steady hyperpolarizing synap-
tic input makes the cell less excitable by reducing the 
extent of inactivation of the A-type K+ channels that 
occurs at the normal resting potential of the cell. In 
other neurons such a steady hyperpolarization makes 
the cell more excitable because it reduces the inactiva-
tion of a particular class of voltage-gated Ca2+ channels. 
The firing properties of neurons can also be modulated 
by changing the function of certain voltage-gated ion 
channels, such as the M-type K+ channels, through syn-
aptic activation of second messengers (Figure 7–11A–C).

Although the action potentials in a neuron under 
constant conditions are constant in shape, action poten-
tial duration and amplitude can vary depending on 
intrinsic neuronal activity and extrinsic synaptic inputs. 
Such changes can be particularly prominent in the input 
and output regions of the neuron. The longer the dura-
tion of the action potential, the longer the voltage-gated 
ion channels stay open and thus the greater the Ca2+ 
influx through voltage-gated Ca2+ channels. Changes 
in duration of the action potential therefore can play 
an important role in influencing events that are sen-
sitive to cytoplasmic Ca2+ levels, such as ion channel 

These channels thus play a critical role in the transfor-
mation of graded synaptic or receptor potentials into a 
train of all-or-none action potentials. Examples include 
the M-type and certain A-type K+ channels, and a class 
of low voltage-activated Ca2+ channels (see below).

Conduction of the action potential down the axon is 
mediated primarily by voltage-gated Na+ and K+ chan-
nels that function much like those in the squid axon. In 
peripheral myelinated axons the mechanism of action 
potential repolarization at the nodes of Ranvier is par-
ticularly simple—the spike is terminated by fast inacti-
vation of Na+ channels combined with a large outward 
K+ leakage current. Voltage-gated K+ channels play a 
relatively minor role in action potential repolariza-
tion in these peripheral axons. In contrast, some cen-
tral myelinated axons have significant numbers of 
voltage-gated K+ channels at their nodes important 
for repolarization. Moreover, both central and periph-
eral myelinated axons have fairly high densities of K+ 
channels under the myelin sheath near the two ends 
of each internodal segment. The normal function of 
these K+ channels is to suppress any action potential 
that may be generated by axon membrane under the 
myelin sheath. In demyelinating diseases these chan-
nels become exposed and thus inhibit the ability of the 
bare axon to conduct action potentials (see Chapter 6).

Presynaptic nerve terminals at chemical synapses 
commonly have a high density of voltage-gated Ca2+ 
channels. Arrival of an action potential in the termi-
nal opens these channels, causing an influx of Ca2+ that 
triggers transmitter release (Chapter 12).

Excitability Properties Vary Between  
Types of Neurons

Through the expression of a distinct complement 
of ion channels, the electrical properties of a neuron 
can be fine-tuned to match the dynamic demands of 
the information that it processes. Thus, although the 
function of a neuron is defined to a great extent by 
its synaptic inputs and outputs to other neurons, the 
excitability properties of the cell are also a critical fac-
tor in cell function.

Two aspects of excitability are important: (1) control 
of the shape of the action potential and (2) spike encod-
ing, the process by which receptor potentials or syn-
aptic potentials are converted into a temporal pattern 
of action potentials. Both of these features vary widely 
between different types of neurons. Of the voltage-
gated channels, the K+ channels exhibit the greatest 
functional diversity. Differences in K+ channel expres-
sion are a key factor in determining the distinctive 
excitability properties of different classes of neurons.
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Figure 7–11 The response of a neuron to synaptic input is 
determined by its complement of voltage-gated ion chan-
nels. The waveform of the ionic current traces in the figure is 
drawn to reflect the activation and inactivation of the underly-
ing conductances during the slow subthreshold changes in 
membrane potential. In reality, the currents will also show rapid 
changes during any triggered action potentials because of large, 
rapid changes in driving force.

A. Injection of a depolarizing current pulse (Istim) into a neuron 
in the nucleus tractus solitarius normally triggers an immediate 
train of action potentials (1). If the cell is first held at a hyperpo-
larized membrane potential, the spike train is delayed (2). The 
delay is caused by A-type K+ channels, which are activated by 
depolarizing synaptic input. The opening of these channels gen-
erates a transient outward K+ current, IK,A, that briefly drives Vm 
away from threshold. These channels typically are inactivated 
at the resting potential (–55 mV), but steady hyperpolarization 
removes the inactivation. (Reproduced, with permission, from 
Dekin and Getting 1987.)

B. A small depolarizing current pulse injected into a thalamic 
neuron at rest generates a subthreshold depolarization (1). If 
the membrane potential is held at a hyperpolarized level, the 
same current pulse triggers a burst of action potentials (2). The 
effectiveness of the current pulse is enhanced because the 
hyperpolarization causes a type of voltage-gated Ca2+ channel to 
recover from inactivation. Depolarizing inward current through 
the Ca2+ channels (ICa) generates a plateau potential of about 
20 mV that triggers a burst of action potentials. The dashed 
line indicates the level of the normal resting potential.  
(Reproduced, with permission, from Llinás and Jahnsen 1982.)
 The data in parts A and B demonstrate that steady hyper-
polarization, such as might be produced by inhibitory synaptic 
input to a neuron, can profoundly affect the spike train pattern 
of a neuron. This effect varies greatly among cell types and 

depends on the presence or absence of particular types of 
voltage-gated Ca2+ and K+ channels.

C. The firing properties of sympathetic neurons in autonomic 
ganglia are regulated by a neurotransmitter. (1) A prolonged 
depolarizing current normally results in a single action potential. 
The depolarization turns on a slowly activated K+ current, the M 
current (IK,M). The slow activation kinetics of the M-type chan-
nels allow the cell to fire one action potential before the efflux 
of K+ through the M-type channels becomes sufficient to shift 
the membrane to more negative voltages and prevent the cell 
from firing more action potentials (a process termed accommo-
dation). (2) Synaptic release of the neurotransmitter acetyl-
choline (ACh) onto this neuron activates a second-messenger 
pathway that closes the M-type channels, allowing the cell to 
fire many action potentials in response to the same stimulus. 
(See also Figure 11–11.) (Reproduced, with permission, from 
Jones and Adams 1987.)

D. In the absence of synaptic input, thalamocortical relay 
neurons can fire spontaneously in brief bursts of action 
potentials. These bursts are produced by current through two 
types of voltage-gated ion channels. The gradual depolarization 
that leads to a burst is driven by inward current through HCN 
channels (Ih), which have the unusual property of opening in 
response to hyperpolarizing voltage steps. The firing burst is 
triggered by an inward Ca2+ current through voltage-gated Ca2+ 
channels that are activated at relatively low levels of depolari-
zation. This Ca2+ influx generates sufficient depolarization to 
reach threshold and drive a brief burst of Na+-dependent action 
potentials. The strong depolarization during the burst causes 
the HCN channels to close and inactivates the Ca2+ channels, 
allowing hyperpolarization to develop between bursts of firing. 
This hyperpolarization then opens the HCN channels, initiating 
the next cycle in the rhythm. (Reproduced, with permission, 
from McCormick and Huguenard 1992.)
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gating, transmitter release, long-term changes in syn-
aptic strength, and gene expression.

Extrinsic synaptic inputs can modulate action 
potential shape by activating second-messenger path-
ways that modulate the activity of certain voltage-
gated ion channels (see Chapter 11). The most common 
intrinsic modulation occurs during high-frequency  
firing, when there is a progressive buildup of inacti-
vation of voltage-gated K+ channels that leads to a 
progressive increase in the duration of the later action 
 potentials in a train. Some of the functional implica-
tions of these changes in action potential shape are 
considered in later chapters.

The Mechanisms of Voltage-Gating and 
Ion Permeation Have Been Inferred from 
Electrophysiological Measurements

The empirical equations derived by Hodgkin and 
Huxley are quite successful in describing how the flow 
of ions through the Na+ and K+ channels generates the 
action potential. However, these equations describe 
the process of excitation primarily in terms of changes 
in membrane conductance and current. They tell little 
about the mechanisms that activate or inactivate chan-
nels in response to changes in membrane potential or 
selectivity for specific ions.

Our understanding of the properties of ion chan-
nel molecules was greatly enhanced by patch-clamp 
studies of current through single channels (see Box 5–1).  
Patch-clamp experiments demonstrate that voltage-
gated channels generally have only two conductance 
states, open and closed. Recordings of single voltage-
gated Na+ channels show that, in response to a depo-
larization, a channel opens in an all-or-none fashion, 
conducting brief current pulses of constant amplitude 
but variable duration (Figure 7–12). During a main-
tained depolarization the open state of a channel is 
rapidly terminated by inactivation. Typical conduct-
ances of single voltage-gated Na+, K+, and Ca2+ chan-
nels range from 1 to 20 pS, depending on channel type. 
One class of calcium-activated K+ channel has an unu-
sually large conductance of approximately 200 pS.

Voltage-Gated Sodium Channels Open and Close in  
Response to Redistribution of Charges Within  
the Channel

In their original study of the squid axon, Hodgkin and 
Huxley suggested that a voltage-gated channel has 
a net charge, the gating charge, somewhere within the 
membrane. They postulated that a change in membrane 

Figure 7–12 Individual voltage-gated channels open in an 
all-or-none fashion.

A. A small patch of membrane containing a single voltage-
gated Na+ channel is electrically isolated from the rest of the 
cell by the patch electrode. The Na+ current that enters the cell 
through the channel is recorded by a current monitor connected 
to the patch electrode (see Box 5–1).

B. Recordings of single Na+ channels in cultured muscle cells 
of rats. (1) Time course of a 10 mV depolarizing voltage step 
applied across the isolated patch of membrane (Vp = potential 
difference across the patch). (2) The sum of the inward current 
through the Na+ channel in the patch during 300 trials (Ip = 
current through the patch). The trace was obtained by blocking 
the K+ channels with tetraethylammonium and subtracting the 
leakage and capacitive currents electronically. (3) Nine individual 
trials from the set of 300, showing six openings of the channel 
(circles). These data demonstrate that the total Na+ current 
recorded in a conventional voltage-clamp record (see Figure 
7–3B) can be accounted for by the all-or-none opening and 
closing of a large number of Na+ channels. (Reproduced, with 
permission, from Sigworth and Neher 1980.)
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gating current was found to flow at the beginning and 
end of a depolarizing voltage-clamp step prior to the 
opening or closing of the Na+ channels (Figure 7–13).

Analysis of the gating current has provided addi-
tional insights into the mechanisms of voltage-gating. 
For example, it has revealed that activation and inacti-
vation of Na+ channels are coupled processes. During a 
short depolarizing pulse the net outward movement of 
gating charge within the membrane at the beginning of 
the pulse is balanced by an equal and opposite move-
ment of gating charge at the end of the pulse. However, 
if the pulse lasts long enough for Na+ channel inacti-
vation to take place, the movement of gating charge 
back across the membrane at the end of the pulse is 
delayed. Some of the gating charge is thus temporar-
ily immobilized; only as the Na+ channels recover from 
inactivation is that charge free to move back across 
the membrane. This charge immobilization indicates 
that some of the gating charges cannot move while the 
inactivation gate is closed.

potential causes this charge to move across the elec-
tric field of the membrane, resulting in conformational 
changes that open or close the channel.

They further predicted that the movement of 
charge would be measurable. For example, they postu-
lated that depolarization would move a positive gating 
charge from near the inner surface toward the outer 
surface of the membrane, owing to the interaction of 
the charge with the membrane electric field. This dis-
placement would reduce the net separation of charge 
across the membrane and hence tend to hyperpolar-
ize the membrane. To keep the membrane potential 
constant in a voltage-clamp experiment, a small extra 
component of outward capacitive current, called gat-
ing current, would have to be generated by the volt-
age clamp to counteract this rearrangement of charge 
within the membrane.

These predictions of Hodgkin and Huxley were 
later confirmed when the membrane current was 
examined by means of very sensitive techniques. The 
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Figure 7–13 Changes in charge distribution within the Na+ 
channel are associated with opening and closing of the 
channel.

A. When the membrane is depolarized, the Na+ current (INa) is 
activated and then inactivated. The activation of the Na+ current 
is preceded by a brief outward current (Ig), reflecting the outward 
movement of positive charges within the Na+ channels associated 
with the opening of their activation gates. To detect this small 
gating current it is necessary to block the flow of ionic current 
through the Na+ and K+ channels and mathematically subtract the 

capacitive current due to charging of the lipid bilayer. (Adapted, 
with permission, from Armstrong and Gilly 1979).

B. The redistribution of gating charge and positions of the 
activation and inactivation gates when the channel is at rest, 
open, and inactivated. The red cylinder represents a positively 
charged region containing the gating charge that is thought to 
move through the membrane electric field in response to volt-
age changes. Depolarization from the resting state causes the 
gating charge to move outward, opening the activation gate. 
Inactivation closes the channel, immobilizing the gating charge.
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The ease with which organic cations with good 
hydrogen-bonding characteristics pass through the 
channel suggests that part of the inner wall of the 
channel is made up of negatively polarized or charged 
amino acid residues that can substitute for the ion’s 
waters of hydration. Lowering the pH of the fluid sur-
rounding the cell reduces the conductance of the open 
channel, consistent with the titration of an important 
negatively charged carboxylic acid residue.

Based on these findings, Hille proposed that Na+ 
channels select for ions by the following mechanism. 
Negatively charged carboxylic acid groups of gluta-
mate or aspartate residues at the outer mouth of the 
pore perform the first step in the selection process by 
attracting cations and repelling anions. The negative 
carboxylic acid groups, as well as other oxygen atoms 
that line the pore, can substitute for waters of hydra-
tion, but the degree of effectiveness of this substitution 
varies among ion species. For example, the negative 
charge of a carboxylic acid is able to form a stronger 
coulombic interaction with the smaller Na+ ion com-
pared to the larger K+ ion. Because the Na+ channel is 
large enough to accommodate a cation in contact with 
several water molecules, the energetic cost of dehydra-
tion is not as great as it is in a K+ channel. As a result of 
these two features, the Na+ channel is able to select for 
Na+ over K+. A recent X-ray crystal structure of a bacte-
rial voltage-gated Na+ channel has confirmed many of 
the key features of Hille’s model.

Voltage-Gated Potassium, Sodium, and 
Calcium Channels Stem from a Common 
Ancestor and Have Similar Structures

Detailed molecular studies have revealed that all  
voltage-gated cation channels—those permeant to K+, 
Na+, or Ca2+—have a similar underlying architecture. In 
fact, there is now strong evidence from studies of bac-
teria, plants, invertebrates, and vertebrates that most 
voltage-sensitive cation channels stem from a common 
ancestral channel—perhaps a K+ channel—that can be 
traced to a single-cell organism living more than 1.4 
billion years ago, before the evolution of separate plant 
and animal kingdoms. The amino acid sequences that 
are highly conserved through evolution help iden-
tify the domains within contemporary voltage-gated  
cation channels that are critical for function.

Voltage-gated cation channels are composed of 
pore-forming α-subunits that each contain a motif con-
sisting of six transmembrane segments (S1–S6). A sev-
enth hydrophobic region, the “P-region,” connects the 
S5 and S6 segments. It forms a loop that dips into and 
out of the extracellular side of the membrane and forms 

To explain this immobilization phenomenon, Clay 
Armstrong and Francisco Bezanilla proposed that Na+ 
channel inactivation occurs when the open (activated) 
channel is blocked by a tethered plug (a ball and chain 
mechanism), thereby preventing the closure of the 
activation gate (Figure 7–13B). In support of this idea, 
exposing the inside of the axon to proteolytic enzymes 
selectively eliminates inactivation and its effect on 
gating charge. The Na+ channels remain open during 
a depolarization, and gating charge immobilization 
at the end of the pulse is eliminated—presumably 
because the enzymes clip off the inactivation “ball.”

Voltage-Gated Sodium Channels Select for Sodium 
on the Basis of Size, Charge, and Energy of  
Hydration of the Ion

In Chapter 5 we saw how the structure of the K+ channel 
pore could explain how such channels are able to select 
for K+ over Na+ ions. The narrow diameter of the K+ chan-
nel selectivity filter (around 0.3 nm) requires that a K+ or 
Na+ ion must shed nearly all of its waters of hydration 
to enter the channel, an energetically unfavorable event.

The energetic cost of dehydration of a K+ ion is well 
compensated by its close interaction with a cage of elec-
tronegative carbonyl oxygen atoms contributed by the 
peptide backbones of the four subunits of the K+ chan-
nel selectivity filter. Because of its smaller radius, a Na+ 
ion has a higher local electric field than does a K+ ion 
and therefore interacts more strongly with its waters of 
hydration than does K+. On the other hand, the small 
diameter of the Na+ ion precludes close interaction with 
the cage of carbonyl oxygen atoms in the selectivity 
filter; the resultant high energetic cost of dehydrating 
the Na+ ion excludes it from entering the channel.

How then does the selectivity filter of the Na+ 
channel select for Na+ over K+ ions? Bertil Hille was 
able to deduce a model for the Na+ channel’s selectivity 
mechanism from measurements of the channel’s rela-
tive permeability to several types of organic and inor-
ganic cations that differ in size and hydrogen-bonding 
characteristics. As we learned in Chapter 5, the chan-
nel behaves as if it contains a filter or recognition site 
that selects partly on the basis of size, thus acting as a 
molecular sieve (see Figure 5–1). Based on the size of 
the largest organic cation that could readily permeate 
the channel, Hille deduced that the selectivity filter had 
rectangular dimensions of 0.3 × 0.5 nm. This cross sec-
tion is just large enough to accommodate one Na+ ion 
contacting one water molecule. Cations that are larger 
in diameter cannot pass through the pore. Cations 
smaller than this critical size pass through the pore, but 
only after losing most of the waters of hydration they 
normally carry in free solution.
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containing four internal repeats of this basic motif 
(Figure 7–14). The amino acid sequence of the S5-P-S6 
region of voltage-gated K+ channels is homologous to 
that of bacterial K+ channels with two transmembrane 
segments.

the channel’s selectivity filter. All voltage-gated K+ 
channels consist of four pore-forming subunits, each 
of which contributes one P-region to the pore of the 
fully assembled channel. Voltage-gated Na+ and Ca2+ 
channels consist of one large pore-forming subunit 

Figure 7–14 The voltage-gated cation channels have 
homologous α-subunit domains. The α-subunit of the Na+ 
and Ca2+ channels consists of a single polypeptide chain with 
four homologous repeats (I–IV) of a basic motif that contains 
six membrane-spanning α-helixes (S1–S6). The P-region 
between α-helixes 5 and 6 that dips into and out of the 

membrane forms the selectivity filter. The S4 segment has a 
net positive charge. The α-subunit of the K+ channel, in contrast, 
has only one domain with six α-helixes and a P-region; four K+ 
channel α-subunits are assembled to form a complete channel 
(see Figure 5–12A). (Adapted, with permission, from Catterall 
1988; Stevens 1991.)
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The S4 segment is thought to play a particularly 
important role in voltage-gating. This transmembrane 
segment contains a distinctive pattern of amino acids 
in which every third position contains a positively 
charged arginine or lysine residue. The presence of so 
many positive charges within a single transmembrane 
segment is highly unusual. Because this pattern of pos-
itive charges is present in all voltage-gated channels 
but is absent in channels that are not voltage-gated, it is 
thought that this region might be the voltage  sensor—
that part of the protein that transduces depolarization 
of the cell membrane into a conformational change that 
opens the channel. This idea is supported by experi-
ments using site-directed mutagenesis, which show 
that neutralization of positive charges in S4 decreases 
the gating current and voltage sensitivity of channel 
activation.

X-Ray Crystallographic Analysis of Voltage-Gated 
Channel Structures Provides Insight into  
Voltage-Gating

How do the positive charges in S4 move through the 
membrane electric field during channel gating? How is 
S4 movement coupled to gating? What is the relation-
ship of the voltage-sensing region to the pore-forming 
region of the channel? Insights into such questions 
have been provided by recent X-ray crystallographic 
structures of mammalian delayed rectifier voltage-
gated K+ channels performed by Rod MacKinnon and 
his colleagues, as well as by a number of studies using 
mutagenesis and other biophysical approaches.

The X-ray crystal structures of the Kv1.2 channel 
and a Kv1.2-2.1 chimera show that a K+ channel subu-
nit is composed of two domains. The S1–S4 segments 
form a voltage-sensing domain at the periphery of 
the channel while the S5-P-S6 region forms the pore 
domain at the central axis of the channel (Figure 7–15). 
The idea that the S1–S4 voltage sensor is a separate 
domain is consistent with the recent finding that cer-
tain bacterial proteins contain S1–S4 domains but lack 
a pore domain. One such protein is a voltage-sensitive 
phosphatase and a second protein forms a voltage-
gated proton channel.

In the two-transmembrane segment bacterial K+ 
channels the four inner transmembrane helixes, which 
correspond to the S6 helixes in voltage-gated K+ chan-
nels, form a tight bundle crossing at their cytoplasmic 
ends to form the gate of the channel (see Figure 5–16). 
In the open state the inner ends of these helixes were 
seen to splay out to open the gate by bending at flexible 
glycine hinges. The structure of the Kv1.2-2.1 chimera 
indicates that the S6 helix is also bent at this conserved 

glycine hinge so that the channel adopts an open con-
formation. It is not surprising that the Kv channel is in 
the open state as there is no voltage gradient across the 
channel in the crystals. This is similar to the situation 
in a membrane that has been depolarized to 0 mV, a 
voltage at which the channels are normally open.

One long-standing question in studies of voltage-
gating is how the charges on the voltage-sensor over-
come the unfavorable energy change associated with 
their positioning within the nonpolar membrane where 
they must sense the electric field. The crystal structure 
provides some answers to this question. Mutagenesis 
studies indicate that four positively charged arginine 
residues in the external half of the S4 segment are likely 
to carry most of the gating charge. In the open state the 
four positive charges face outward toward the extracel-
lular side of the membrane, where they may undergo 
energetically favorable interactions with water or the 
negatively charged head groups of the phospholipid 
bilayer. Positive charges on other S4 residues that lie 
more deeply within the lipid bilayer are stabilized by 
interactions with negatively charged acidic residues on 
the S1–S3 transmembrane helixes.

At present a crystal structure for the closed state of 
the channel is lacking. However, MacKinnon and col-
leagues have proposed a plausible model for voltage- 
gating based on the structures of the open voltage-
gated K+ channel and the closed two-transmembrane 
segment bacterial K+ channel (Figure 7–16). According 
to this model, a negative voltage inside the cell exerts 
a force on the positively charged S4 helix that causes it 
to move inward by about 1.0 to 1.5 nm. As a result, the 
four positively charged S4 residues that in the depolar-
ized state face the external environment and sense the 
extracellular potential now face the intracellular side of 
the membrane and sense the intracellular potential. In 
this manner movement of each S4 segment will trans-
locate 3–4 electronic charges across the membrane elec-
tric field as the channel transitions between the closed 
and open states, for a total of 12–16 charges moved per 
tetrameric channel. This number is very similar to the 
total charge movement determined from gating cur-
rent measurements.

How are S4 movements coupled to the gate of the 
channel? According to the model, the inward move-
ment of the S4 segment when the membrane voltage 
becomes negative exerts a downward force on an 
α-helix that couples the S4 and S5 transmembrane 
segments. This S4-S5 coupling helix lies roughly par-
allel to the membrane at its cytoplasmic surface. In 
the open state the S4-S5 helix rests on the inner end 
of the S6 helix gate. As a result, downward movement 
of the helix applies force to S6, closing the gate. Thus 
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Figure 7–15 X-ray crystal structure of a voltage-gated K+ channel. 
(Adapted, with permission, from Long et al. 2007.)

A. Top: In addition to its six transmembrane α-helixes (S1–S6), a voltage-
gated K+ channel subunit contains a short α-helix (the P helix) that is part of 
the P-region selectivity filter, as well as an α-helix on the cytoplasmic side 
of the membrane that connects transmembrane helixes S4 and S5 (4-5). 
Bottom: An X-ray structural model of a single subunit shows the positions 
of the six membrane-spanning helixes, the P helix, and the 4-5 linker helix. 
Note how the S1–S4 voltage-sensing region and S5-P-S6 pore-forming 
region are localized in separate domains. Two potassium ions bound in the 
pore are shown in pink.

B. Side view of the tetrameric voltage-gated K+ channel. Each individual 
subunit is highlighted in a different color. The red subunit is in the same 
orientation as the subunit shown above in panel part A. The approximate 
position of the lipid bilayer is indicated (tan colors).

C. A view looking down on the tetrameric channel from outside the cell. 
The four voltage-sensors (S1–S4) are located on the periphery and the 
S5-P-S6 pore-forming region of the channel is in the center. A potassium 
ion is shown in the center of the pore (pink). (Adapted, with permission, 
from Long et al. 2007.)

voltage-gating is thought to rely on the electromechan-
ical coupling between the voltage-sensing domain and 
the pore domain of the channel. Although this electro-
mechanical coupling model provides a very satisfying 
picture for how changes in membrane voltage lead to 
channel gating, a definitive answer to this key problem 
will require resolution of the structure of the closed 
state of a voltage-gated channel.

The Diversity of Voltage-Gated Channel Types 
Is Generated by Several Genetic Mechanisms

The conservative mechanism by which evolution  
proceeds—creating new structural or functional 
entities by duplicating, modifying, shuffling, and 
recombining existing gene-coding sequences—is 
illustrated by the modular design of the members 
of the extended gene family that encodes the volt-
age-gated Na+, K+, and Ca2+ channels. This family 
also includes genes that encode calcium-activated 
K+ channels, the hyperpolarization-activated HCN 
channels, and a voltage-independent cyclic nucle-
otide-gated cation channel important for phototrans-
duction and olfaction.

The functional differences between these channels 
are caused by differences in amino acid sequence in 
their core transmembrane domains as well as by the 
addition of regulatory domains to the C-terminal cyto-
plasmic end of the proteins. Some of these cytoplasmic 
domains bind either Ca2+ or cyclic nucleotides, enabling 
these agents to regulate channel gating (Figure 7–17).
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cytoplasmic Mg2+ or positively charged polyamines 
(small organic molecules that are normal constituents 
of the cytoplasm) are electrostatically driven to this 
binding site from the cytoplasm, plugging the channel.

Inactivation of voltage-gated ion channels is also 
mediated by different molecular modules. For exam-
ple, the rapid inactivation of both the A-type K+ chan-
nel and the voltage-gated Na+ channel is mediated by 

As we saw in Chapter 5, the four subunits that 
comprise the inward-rectifying K+ channels are trun-
cated versions of the fundamental structural motif; 
they consist of only the P region and its two flanking 
membrane-spanning regions. Evolution has provided 
many of these channels with an extrinsic mechanism 
of voltage sensitivity through the addition of an inter-
nal cationic binding site. When the cell is depolarized, 
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Figure 7–16 Model for voltage-gating based 
on X-ray crystal structures of two K+ chan-
nels. The drawings on the left show the actual 
structure of an open voltage-gated K+ channel 
(from the crystal structure shown in Figure 
7–15). The drawings on the right show the 
hypothetical structure of a closed voltage-gated 
K+ channel, based in part on the structure of the 
pore region of the two-transmembrane seg-
ment bacterial K+ channel KcsA in the closed 
state. (Adapted, with permission, by Yu-hang 
Chen from Long et al. 2007.)

A. A view looking down on the open and 
closed channel from outside the cell. Note 
how the central pore is constricted in the 
closed state. This constriction prevents K+ flow 
through the channel.

B. A view of the S1–S4 voltage-sensing domain 
from the side, parallel to the plane of the mem-
brane. Positively charged residues in S4 are 
shown as blue sticks. In the open state, when 
the membrane is depolarized, four positive 
charges on the S4 helix are located in the exter-
nal half of the membrane, facing the external 
solution. The positive charges in the interior of 
the membrane are stabilized by interactions 
with negatively charged residues in S1 and 
S2 (red sticks). In the closed state, when the 
membrane potential is negative, the S4 region 
moves inward so that its positive charges 
now lie in the inner half of the membrane. The 
inward movement of S4 causes the cytoplas-
mic S4-S5 coupling helix to move downward.

C. The putative conformational change in the 
channel pore upon voltage-gating. A side 
view of the tetrameric S5-P-S6 pore region of 
the channel shows the S4-S5 coupling helix. 
Membrane repolarization causes the downward 
movement of the S4-S5 helix, applying force to 
the S6 inner helix of the pore. This causes the 
S6 helix to bend at its glycine hinge, thereby 
closing the gate of the channel.
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kinetics, voltage dependence, and sensitivity to differ-
ent modulators. For voltage-gated channels five differ-
ent mechanisms are responsible for this diversity. (1) 
More than one gene may encode related α-subunits 
within one class of channel. For example, eight dif-
ferent genes that encode voltage-gated Na+ channel 
α-subunits are expressed in the mammalian nervous 
system. (2) The four α-subunits that form a K+ channel 
may be encoded by different genes. After translation 
the α-subunits are in some cases mixed and matched 
in various combinations, thus forming different sub-
classes of heteromultimeric channels. (3) A single gene 
product may be alternatively spliced, resulting in 

a tethered plug that binds to the inner mouth of the 
channel when the activation gate opens. In the A-type 
K+ channel the plug is formed by the cytoplasmic 
N-terminus of the channel protein, whereas in voltage-
gated Na+ channels it is formed by the cytoplasmic 
loop connecting domains III and IV of the α-subunit.

The wide range of firing properties of different 
neurons and the ability of a single neuron to adapt 
its firing to a range of synaptic inputs depends on the 
large diversity of ion channels expressed throughout 
the nervous system. Even a single ion species, such as 
K+, can cross the membrane through several distinct 
types of channels, each with its own characteristic 
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Figure 7–17 The extended gene family of 
voltage-gated channels produces variants of 
a common molecular design.

A. The basic transmembrane topology of an 
α-subunit of a voltage-gated K+ channel.

B. Many K+ channels that are first activated and 
then inactivated by prolonged depolarization 
have a ball-and-chain segment at their N-terminal 
end that inactivates the channel by plugging its 
inner mouth.

C. Some K+ channels that require both depolari-
zation and an increase in intracellular Ca2+ to 
activate have a Ca2+-binding sequence attached 
to the C-terminal end of the channel.

D. Cation channels gated by cyclic nucle-
otides have a cyclic nucleotide-binding domain 
attached to the C-terminal end. One class of 
such channels includes the voltage-independ-
ent, cyclic nucleotide-gated channels important 
in the transduction of olfactory and visual 
sensory signals. Another subclass consists of 
the hyperpolarization-activated (HCN) channels 
important for pacemaker activity (see Figure 
7–11D). The P loops in these channels lack key 
amino acid residues required for K+ selectivity. 
As a result, these channels do not show a high 
degree of discrimination between Na+ and K+.

E. Inward-rectifying K+ channels, which are 
gated by blocking particles available in the 
cytoplasm, are formed from a truncated ver-
sion of the basic building block, with only two 
membrane-spanning regions and a P-region.
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molecular biological, and X-ray crystallographic stud-
ies about the channel’s structure—about the primary 
amino acid sequence of the proteins that form them 
and how these proteins adopt their detailed secondary, 
tertiary, and quaternary structures in the membrane.

Now these two approaches are being combined 
in a concerted effort to understand the relationship 
between structure and function in these channels: how 
the detailed three-dimensional structure of the mol-
ecule and the chemical and physical properties of its 
individual residues gives rise to the remarkable gat-
ing and ion permeation properties of the voltage-gated 
channels. Thus, we may soon be able to understand 
the molecular mechanism for the remarkable abil-
ity of voltage-gated channels to generate the action 
potential. These insights into channel function have 
two important practical implications. They will allow 
us to understand better the molecular bases of certain 
genetic diseases that involve mutations in ion chan-
nel genes, and they will enable us to design safer and 
more effective drugs to treat a variety of diseases that 
involve disturbances in electrical signaling (such as 
epilepsy, multiple sclerosis, myotonia, and ataxia).

John Koester 
Steven A. Siegelbaum
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(see Chapter 14).

An Overall View

An action potential is produced when ions move across 
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brane. An influx of Na+, and in some cases Ca2+, depo-
larizes the membrane and initiates the action potential. 
An efflux of K+ then repolarizes the membrane by 
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primarily when the membrane potential nears the 
threshold for an action potential; these channels have a 
profound effect on the spike-train encoding properties 
of a neuron.
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