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CHAPTER 4

Transport of Substances Through 
Cell Membranes

CHAPTER 4

Figure 4-1 gives the approx-
imate concentrations of 
important electrolytes and 
other substances in the 
extracellular fluid and intra-
cellular fluid. Note that the 
extracellular fluid contains a 

large amount of sodium but only a small amount of potas-
sium. Exactly the opposite is true of the intracellular fluid. 
Also, the extracellular fluid contains a large amount of 
chloride ions, whereas the intracellular fluid contains very 
little. But the concentrations of phosphates and proteins in 
the intracellular fluid are considerably greater than those 
in the extracellular fluid. These differences are extremely 
important to the life of the cell. The purpose of this chap-
ter is to explain how the differences are brought about by 
the transport mechanisms of the cell membranes.

The Lipid Barrier of the Cell Membrane,  
and Cell Membrane Transport Proteins

The structure of the membrane covering the outside of 
every cell of the body is discussed in Chapter 2 and illus-
trated in Figures 2-3 and 4-2. This membrane consists 
almost entirely of a lipid bilayer, but it also contains large 
numbers of protein molecules in the lipid, many of which 
penetrate all the way through the membrane, as shown in 
Figure 4-2.

The lipid bilayer is not miscible with either the extra-
cellular fluid or the intracellular fluid. Therefore, it con-
stitutes a barrier against movement of water molecules 
and water-soluble substances between the extracellular 
and intracellular fluid compartments. However, as dem-
onstrated in Figure 4-2 by the leftmost arrow, a few sub-
stances can penetrate this lipid bilayer, diffusing directly 
through the lipid substance itself; this is true mainly of 
lipid-soluble substances, as described later.

The protein molecules in the membrane have entirely 
different properties for transporting substances. Their 
molecular structures interrupt the continuity of the 
lipid bilayer, constituting an alternative pathway through 
the cell membrane. Most of these penetrating proteins, 

therefore, can function as transport proteins. Different 
proteins function differently. Some have watery spaces all 
the way through the molecule and allow free movement 
of water, as well as selected ions or molecules; these are 
called channel proteins. Others, called carrier proteins, 
bind with molecules or ions that are to be transported; 
conformational changes in the protein molecules then 
move the substances through the interstices of the pro-
tein to the other side of the membrane. Both the channel 
proteins and the carrier proteins are usually highly selec-
tive for the types of molecules or ions that are allowed to 
cross the membrane.

“Diffusion” Versus “Active Transport.”  Transport 
through the cell membrane, either directly through the 
lipid bilayer or through the proteins, occurs by one of two 
basic processes: diffusion or active transport.

Na+ ---------------
K+ -----------------
Ca++ --------------
Mg++ --------------
Cl– ----------------
HCO3

– ------------
Phosphates-----
SO4

�� --------------
Glucose ---------
Amino acids ----

142 mEq/L ---------
4 mEq/L ------------
2.4 mEq/L ----------
1.2 mEq/L ----------
103 mEq/L ---------
28 mEq/L -----------
4 mEq/L -------------
1 mEq/L -------------
90 mg/dl ------------
30 mg/dl ------------

10 mEq/L 
140 mEq/L 
0.0001 mEq/L 
58 mEq/L 
4 mEq/L 
10 mEq/L 
75 mEq/L 
2 mEq/L 
0 to 20 mg/dl 
200 mg/dl ? 

Cholesterol
Phospholipids
Neutral fat

0.5 g/dl-------------- 2 to 95 g/dl

PO2 ---------------
PCO2 -------------
pH -----------------
Proteins ----------

35 mm Hg --------- 
46 mm Hg ---------
7.4 -------------------
2 g/dl ----------------
(5 mEq/L)

20 mm Hg ? 
50 mm Hg ? 
7.0
16 g/dl
(40 mEq/L)

EXTRACELLULAR 
FLUID

INTRACELLULAR 
FLUID

Figure 4-1  Chemical compositions of extracellular and intracel-
lular fluids.
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Although there are many variations of these basic 
mechanisms, diffusion means random molecular move-
ment of substances molecule by molecule, either through 
intermolecular spaces in the membrane or in combina-
tion with a carrier protein. The energy that causes diffu-
sion is the energy of the normal kinetic motion of matter.

By contrast, active transport means movement of ions 
or other substances across the membrane in combina-
tion with a carrier protein in such a way that the car-
rier protein causes the substance to move against an 
energy gradient, such as from a low-concentration state 
to a high-concentration state. This movement requires 
an additional source of energy besides kinetic energy. 
Following is a more detailed explanation of the basic 
physics and physical chemistry of these two processes.

Diffusion

All molecules and ions in the body fluids, including water 
molecules and dissolved substances, are in constant 
motion, each particle moving its own separate way. Motion 
of these particles is what physicists call “heat”—the greater 
the motion, the higher the temperature—and the motion 
never ceases under any condition except at absolute zero 
temperature. When a moving molecule, A, approaches a 
stationary molecule, B, the electrostatic and other nuclear 
forces of molecule A repel molecule B, transferring some 
of the energy of motion of molecule A to molecule B. 
Consequently, molecule B gains kinetic energy of motion, 
while molecule A slows down, losing some of its kinetic 
energy. Thus, as shown in Figure 4-3, a single molecule 

in a solution bounces among the other molecules first in 
one direction, then another, then another, and so forth, 
randomly bouncing thousands of times each second. This 
continual movement of molecules among one another in 
liquids or in gases is called diffusion.

Ions diffuse in the same manner as whole molecules, 
and even suspended colloid particles diffuse in a similar 
manner, except that the colloids diffuse far less rapidly 
than molecular substances because of their large size.

Diffusion Through the Cell Membrane

Diffusion through the cell membrane is divided into two 
subtypes called simple diffusion and facilitated diffu-
sion. Simple diffusion means that kinetic movement of 
molecules or ions occurs through a membrane opening 
or through intermolecular spaces without any interaction 
with carrier proteins in the membrane. The rate of diffu-
sion is determined by the amount of substance available, 
the velocity of kinetic motion, and the number and sizes 
of openings in the membrane through which the mole-
cules or ions can move.

Facilitated diffusion requires interaction of a carrier 
protein. The carrier protein aids passage of the molecules 
or ions through the membrane by binding chemically 
with them and shuttling them through the membrane in 
this form.

Simple diffusion can occur through the cell membrane 
by two pathways: (1) through the interstices of the lipid 
bilayer if the diffusing substance is lipid soluble and 
(2) through watery channels that penetrate all the way 
through some of the large transport proteins, as shown to 
the left in Figure 4-2.

Diffusion of Lipid-Soluble Substances Through the 
Lipid Bilayer.  One of the most important factors that deter-
mines how rapidly a substance diffuses through the lipid 
bilayer is the lipid solubility of the substance. For instance, 
the lipid solubilities of oxygen, nitrogen, carbon dioxide, 
and alcohols are high, so all these can dissolve directly in 
the lipid bilayer and diffuse through the cell membrane in 
the same manner that diffusion of water solutes occurs in a 
watery solution. For obvious reasons, the rate of diffusion of 
each of these substances through the membrane is directly 
proportional to its lipid solubility. Especially large amounts 
of oxygen can be transported in this way; therefore, oxygen 
can be delivered to the interior of the cell almost as though 
the cell membrane did not exist.

Diffusion of Water and Other Lipid-Insoluble 
Molecules Through Protein Channels.  Even though 
water is highly insoluble in the membrane lipids, it readily 
passes through channels in protein molecules that pene-
trate all the way through the membrane. The rapidity with 
which water molecules can move through most cell mem-
branes is astounding. As an example, the total amount of 
water that diffuses in each direction through the red cell 
membrane during each second is about 100 times as great 
as the volume of the red cell itself.

Figure 4-3  Diffusion of a fluid molecule during a thousandth of 
a second.

Channel
protein

Simple
diffusion

Facilitated
diffusion

Energy

Active transportDiffusion

Carrier proteins

Figure 4-2  Transport pathways through the cell membrane, and 
the basic mechanisms of transport.
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Other lipid-insoluble molecules can pass through the 
protein pore channels in the same way as water molecules 
if they are water soluble and small enough. However, as 
they become larger, their penetration falls off rapidly. 
For instance, the diameter of the urea molecule is only 
20 percent greater than that of water, yet its penetration 
through the cell membrane pores is about 1000 times less 
than that of water. Even so, given the astonishing rate of 
water penetration, this amount of urea penetration still 
allows rapid transport of urea through the membrane 
within minutes.

Diffusion Through Protein Pores and Channels—
Selective Permeability and “Gating” of Channels

Computerized three-dimensional reconstructions of pro-
tein pores and channels have demonstrated tubular path-
ways all the way from the extracellular to the intracellular 
fluid. Therefore, substances can move by simple diffusion 
directly along these pores and channels from one side of 
the membrane to the other.

Pores are composed of integral cell membrane pro-
teins that form open tubes through the membrane and 
are always open. However, the diameter of a pore and its 
electrical charges provide selectivity that permits only 
certain molecules to pass through. For example, protein 
pores, called aquaporins or water channels, permit rapid 
passage of water through cell membranes but exclude 
other molecules. At least 13 different types of aquaporins 
have been found in various cells of the human body. 
Aquaporins have a narrow pore that permits water mol-
ecules to diffuse through the membrane in single file. The 
pore is too narrow to permit passage of any hydrated ions. 
As discussed in Chapters 29 and 75, the density of some 
aquaporins (e.g., aquaporin-2) in cell membranes is not 
static but is altered in different physiological conditions.

The protein channels are distinguished by two impor-
tant characteristics: (1) They are often selectively perme-
able to certain substances, and (2) many of the channels 
can be opened or closed by gates that are regulated by 
electrical signals (voltage-gated channels) or chemicals 
that bind to the channel proteins (ligand-gated channels).

Selective Permeability of Protein Channels.  Many 
of the protein channels are highly selective for transport of 
one or more specific ions or molecules. This results from 
the characteristics of the channel itself, such as its diam-
eter, its shape, and the nature of the electrical charges and 
chemical bonds along its inside surfaces.

Potassium channels permit passage of potassium ions 
across the cell membrane about 1000 times more readily 
than they permit passage of sodium ions. This high degree 
of selectivity, however, cannot be explained entirely by 
molecular diameters of the ions since potassium ions 
are slightly larger than sodium ions. What is the mech-
anism for this remarkable ion selectivity? This question 
was partially answered when the structure of a bacterial 
potassium channel was determined by x-ray crystallogra-
phy. Potassium channels were found to have a tetrameric 

structure consisting of four identical protein subunits sur-
rounding a central pore (Figure 4-4). At the top of the 
channel pore are pore loops that form a narrow selectiv-
ity filter. Lining the selectivity filter are carbonyl oxygens. 
When hydrated potassium ions enter the selectivity filter, 
they interact with the carbonyl oxygens and shed most of 
their bound water molecules, permitting the dehydrated 
potassium ions to pass through the channel. The carbo-
nyl oxygens are too far apart, however, to enable them to 
interact closely with the smaller sodium ions, which are 
therefore effectively excluded by the selectivity filter from 
passing through the pore.

Different selectivity filters for the various ion channels 
are believed to determine, in large part, the specificity of 
the channel for cations or anions or for particular ions, 
such as Na��, K��, and Ca����, that gain access to the channel.

One of the most important of the protein channels, the 
sodium channel, is only 0.3 by 0.5 nanometer in diame-
ter, but more important, the inner surfaces of this chan-
nel are lined with amino acids that are strongly negatively 
charged, as shown by the negative signs inside the chan-
nel proteins in the top panel of Figure 4-5. These strong 
negative charges can pull small dehydrated sodium ions 
into these channels, actually pulling the sodium ions away 
from their hydrating water molecules. Once in the chan-
nel, the sodium ions diffuse in either direction according 
to the usual laws of diffusion. Thus, the sodium channel is 
specifically selective for passage of sodium ions.

Outside

Inside

Pore helix

Pore loop

Selectivity
filter

Potassium
ion

Figure 4-4  The structure of a potassium channel. The channel is 
composed of four subunits (only two are shown), each with two 
transmembrane helices. A narrow selectivity filter is formed from 
the pore loops and carbonyl oxygens line the walls of the selectivity 
filter, forming sites for transiently binding dehydrated potassium 
ions. The interaction of the potassium ions with carbonyl oxygens 
causes the potassium ions to shed their bound water molecules, per-
mitting the dehydrated potassium ions to pass through the pore.
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Gating of Protein Channels.  Gating of protein chan-
nels provides a means of controlling ion permeability of 
the channels. This is shown in both panels of Figure 4-5 
for selective gating of sodium and potassium ions. It is 
believed that some of the gates are actual gatelike exten-
sions of the transport protein molecule, which can close 
the opening of the channel or can be lifted away from the 
opening by a conformational change in the shape of the 
protein molecule itself.

The opening and closing of gates are controlled in two 
principal ways:

1.	 Voltage gating. In this instance, the molecular confor-
mation of the gate or of its chemical bonds responds to 
the electrical potential across the cell membrane. For 
instance, in the top panel of Figure 4-5, when there is 
a strong negative charge on the inside of the cell mem-
brane, this presumably could cause the outside sodium 
gates to remain tightly closed; conversely, when the 
inside of the membrane loses its negative charge, 
these gates would open suddenly and allow tremen-
dous quantities of sodium to pass inward through the 
sodium pores. This is the basic mechanism for elicit-
ing action potentials in nerves that are responsible for 
nerve signals. In the bottom panel of Figure 4-5, the 
potassium gates are on the intracellular ends of the 
potassium channels, and they open when the inside 
of the cell membrane becomes positively charged. The 
opening of these gates is partly responsible for termi-
nating the action potential, as is discussed more fully in 
Chapter 5.

2.	 Chemical (ligand) gating. Some protein channel gates 
are opened by the binding of a chemical substance (a 
ligand) with the protein; this causes a conformational or 
chemical bonding change in the protein molecule that 
opens or closes the gate. This is called chemical gating 

or ligand gating. One of the most important instances of 
chemical gating is the effect of acetylcholine on the so-
called acetylcholine channel. Acetylcholine opens the 
gate of this channel, providing a negatively charged pore 
about 0.65 nanometer in diameter that allows uncharged 
molecules or positive ions smaller than this diameter to 
pass through. This gate is exceedingly important for 
the transmission of nerve signals from one nerve cell to 
another (see Chapter 45) and from nerve cells to muscle 
cells to cause muscle contraction (see Chapter 7).

Open-State Versus Closed-State of Gated 
Channels.  Figure 4-6A shows an especially interest-
ing characteristic of most voltage-gated channels. This 
figure shows two recordings of electrical current flow-
ing through a single sodium channel when there was an 
approximate 25-millivolt potential gradient across the 
membrane. Note that the channel conducts current either 
“all or none.” That is, the gate of the channel snaps open 
and then snaps closed, each open state lasting for only a 
fraction of a millisecond up to several milliseconds. This 
demonstrates the rapidity with which changes can occur 
during the opening and closing of the protein molecular 
gates. At one voltage potential, the channel may remain 
closed all the time or almost all the time, whereas at 
another voltage level, it may remain open either all or 
most of the time. At in-between voltages, as shown in the 
figure, the gates tend to snap open and closed intermit-
tently, giving an average current flow somewhere between 
the minimum and the maximum.

Patch-Clamp Method for Recording Ion Current 
Flow Through Single Channels.  One might won-
der how it is technically possible to record ion current 
flow through single protein channels as shown in Figure 
4-6A. This has been achieved by using the “patch-clamp” 
method illustrated in Figure 4-6B. Very simply, a micropi-
pette, having a tip diameter of only 1 or 2 micrometers, 
is abutted against the outside of a cell membrane. Then 
suction is applied inside the pipette to pull the membrane 
against the tip of the pipette. This creates a seal where the 
edges of the pipette touch the cell membrane. The result 
is a minute membrane “patch” at the tip of the pipette 
through which electrical current flow can be recorded.

Alternatively, as shown to the right in Figure 4-6B, the 
small cell membrane patch at the end of the pipette can be 
torn away from the cell. The pipette with its sealed patch 
is then inserted into a free solution. This allows the con-
centrations of ions both inside the micropipette and in the 
outside solution to be altered as desired. Also, the volt-
age between the two sides of the membrane can be set at 
will—that is, “clamped” to a given voltage.

It has been possible to make such patches small enough 
so that only a single channel protein is found in the mem-
brane patch being studied. By varying the concentrations 
of different ions, as well as the voltage across the mem-
brane, one can determine the transport characteristics of 
the single channel and also its gating properties.

Outside

– – –
–
–
–

–
–

–

–
–
–

–

–

–

–

Gate
closed

Gate open

Inside

Na+ Na+

Gate
closed

Gate open

Outside

Inside K+
K+

Figure 4-5  Transport of sodium and potassium ions through 
protein channels. Also shown are conformational changes in the 
protein molecules to open or close “gates” guarding the channels.
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Facilitated Diffusion

Facilitated diffusion is also called carrier-mediated 
diffusion because a substance transported in this manner 
diffuses through the membrane using a specific carrier 
protein to help. That is, the carrier facilitates diffusion of 
the substance to the other side.

Facilitated diffusion differs from simple diffusion in 
the following important way: Although the rate of simple 
diffusion through an open channel increases proportion-
ately with the concentration of the diffusing substance, 

in facilitated diffusion the rate of diffusion approaches a 
maximum, called Vmax, as the concentration of the diffusing 
substance increases. This difference between simple 
diffusion and facilitated diffusion is demonstrated in 
Figure 4-7. The figure shows that as the concentration 
of the diffusing substance increases, the rate of simple 
diffusion continues to increase proportionately, but in the 
case of facilitated diffusion, the rate of diffusion cannot 
rise greater than the Vmax level.

What is it that limits the rate of facilitated diffusion? 
A probable answer is the mechanism illustrated in Figure 
4-8. This figure shows a carrier protein with a pore large 
enough to transport a specific molecule partway through. 
It also shows a binding “receptor” on the inside of the 
protein carrier. The molecule to be transported enters the 
pore and becomes bound. Then, in a fraction of a second, 
a conformational or chemical change occurs in the carrier 
protein, so the pore now opens to the opposite side of the 
membrane. Because the binding force of the receptor is 
weak, the thermal motion of the attached molecule causes 

2 4

Milliseconds

Open sodium channel

P
ic

oa
m

pe
re

s

6 8 10

Recorder

To recorder

0

A

B

3

3

0

0

Membrane
“patch”

Figure 4-6  A, Record of current flow through a single voltage-
gated sodium channel, demonstrating the “all or none” princi-
ple for opening and closing of the channel. B, The “patch-clamp” 
method for recording current flow through a single protein channel. 
To the left, recording is performed from a “patch” of a living cell 
membrane. To the right, recording is from a membrane patch that 
has been torn away from the cell.
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Figure 4-7  Effect of concentration of a substance on rate of diffu-
sion through a membrane by simple diffusion and facilitated diffu-
sion. This shows that facilitated diffusion approaches a maximum 
rate called the Vmax.
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Figure 4-8  Postulated mechanism for facilitated diffusion.
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This occurs, for instance, at the blood capillary membrane 
in all tissues of the body. The pressure is about 20 mm Hg 
greater inside the capillary than outside.

Pressure actually means the sum of all the forces of the 
different molecules striking a unit surface area at a given 
instant. Therefore, when the pressure is higher on one 
side of a membrane than on the other, this means that the 
sum of all the forces of the molecules striking the channels 
on that side of the membrane is greater than on the other 
side. In most instances, this is caused by greater numbers 
of molecules striking the membrane per second on one 
side than on the other side. The result is that increased 
amounts of energy are available to cause net movement 
of molecules from the high-pressure side toward the low-
pressure side. This effect is demonstrated in Figure 4-9C, 
which shows a piston developing high pressure on one 
side of a “pore,” thereby causing more molecules to strike 
the pore on this side and, therefore, more molecules to 
“diffuse” to the other side.

Osmosis Across Selectively Permeable 
Membranes—“Net Diffusion” of Water

By far the most abundant substance that diffuses through 
the cell membrane is water. Enough water ordinarily dif-
fuses in each direction through the red cell membrane 
per second to equal about 100 times the volume of the cell 
itself. Yet normally the amount that diffuses in the two 
directions is balanced so precisely that zero net move-
ment of water occurs. Therefore, the volume of the cell 
remains constant. However, under certain conditions, a 
concentration difference for water can develop across a 
membrane, just as concentration differences for other 
substances can occur. When this happens, net movement 
of water does occur across the cell membrane, causing the 
cell either to swell or shrink, depending on the direction 
of the water movement. This process of net movement 
of water caused by a concentration difference of water is 
called osmosis.

To give an example of osmosis, let us assume the con-
ditions shown in Figure 4-10, with pure water on one 
side of the cell membrane and a solution of sodium chlo-
ride on the other side. Water molecules pass through the 
cell membrane with ease, whereas sodium and chloride 
ions pass through only with difficulty. Therefore, sodium 
chloride solution is actually a mixture of permeant water 
molecules and nonpermeant sodium and chloride ions, 
and the membrane is said to be selectively permeable to 
water but much less so to sodium and chloride ions. Yet 
the presence of the sodium and chloride has displaced 
some of the water molecules on the side of the membrane 
where these ions are present and, therefore, has reduced 
the concentration of water molecules to less than that of 
pure water. As a result, in the example of Figure 4-10, more 
water molecules strike the channels on the left side, where 
there is pure water, than on the right side, where the water 
concentration has been reduced. Thus, net movement of 
water occurs from left to right—that is, osmosis occurs 
from the pure water into the sodium chloride solution.

Osmotic Pressure

If in Figure 4-10 pressure were applied to the sodium chlo-
ride solution, osmosis of water into this solution would 
be slowed, stopped, or even reversed. The exact amount 
of pressure required to stop osmosis is called the osmotic 
pressure of the sodium chloride solution.

The principle of a pressure difference opposing osmo-
sis is demonstrated in Figure 4-11, which shows a selec-
tively permeable membrane separating two columns of 
fluid, one containing pure water and the other contain-
ing a solution of water and any solute that will not pen-
etrate the membrane. Osmosis of water from chamber B 
into chamber A causes the levels of the fluid columns to 
become farther and farther apart, until eventually a pres-
sure difference develops between the two sides of the 
membrane great enough to oppose the osmotic effect. 

Osmosis

Water NaCl solution

Figure 4-10  Osmosis at a cell membrane when a sodium chloride 
solution is placed on one side of the membrane and water is placed 
on the other side.

cm H2O

Semipermeable
membrane

A B

Figure 4-11  Demonstration of osmotic pressure caused by osmosis 
at a semipermeable membrane.
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electrochemical gradient. Following are some examples 
of primary active transport and secondary active trans-
port, with more detailed explanations of their principles 
of function.

Primary Active Transport

Sodium-Potassium Pump

Among the substances that are transported by pri-
mary active transport are sodium, potassium, calcium, 
hydrogen, chloride, and a few other ions.

The active transport mechanism that has been stud-
ied in greatest detail is the sodium-potassium (Na��-K��) 
pump, a transport process that pumps sodium ions out-
ward through the cell membrane of all cells and at the 
same time pumps potassium ions from the outside to 
the inside. This pump is responsible for maintaining the 
sodium and potassium concentration differences across 
the cell membrane, as well as for establishing a negative 
electrical voltage inside the cells. Indeed, Chapter 5 shows 
that this pump is also the basis of nerve function, trans-
mitting nerve signals throughout the nervous system.

Figure 4-12 shows the basic physical components of 
the Na��-K�� pump. The carrier protein is a complex of 
two separate globular proteins: a larger one called the �A 
subunit, with a molecular weight of about 100,000, and a 
smaller one called the �B subunit, with a molecular weight 
of about 55,000. Although the function of the smaller pro-
tein is not known (except that it might anchor the protein 
complex in the lipid membrane), the larger protein has 
three specific features that are important for the function-
ing of the pump:

1.	 It has three receptor sites for binding sodium ions on 
the portion of the protein that protrudes to the inside 
of the cell.

2.	 It has two receptor sites for potassium ions on the 
outside.

3.	 The inside portion of this protein near the sodium 
binding sites has ATPase activity.

When two potassium ions bind on the outside of 
the carrier protein and three sodium ions bind on the 
inside, the ATPase function of the protein becomes acti-
vated. This then cleaves one molecule of ATP, splitting it 
to adenosine diphosphate (ADP) and liberating a high-
energy phosphate bond of energy. This liberated energy 
is then believed to cause a chemical and conformational 
change in the protein carrier molecule, extruding the 
three sodium ions to the outside and the two potassium 
ions to the inside.

As with other enzymes, the Na��-K�� ATPase pump can 
run in reverse. If the electrochemical gradients for Na�� and 
K�� are experimentally increased enough so that the energy 
stored in their gradients is greater than the chemical energy 
of ATP hydrolysis, these ions will move down their concen-
tration gradients and the Na��-K�� pump will synthesize ATP 
from ADP and phosphate. The phosphorylated form of the 
Na��-K�� pump, therefore, can either donate its phosphate to 
ADP to produce ATP or use the energy to change its con-
formation and pump Na�� out of the cell and K�� into the cell. 
The relative concentrations of ATP, ADP, and phosphate, as 
well as the electrochemical gradients for Na�� and K��, deter-
mine the direction of the enzyme reaction. For some cells, 
such as electrically active nerve cells, 60 to 70 percent of the 
cells’ energy requirement may be devoted to pumping Na�� 
out of the cell and K�� into the cell.

The Na+-K+ Pump is Important For Controlling Cell 
Volume.  One of the most important functions of the 
Na��-K�� pump is to control the volume of each cell. 
Without function of this pump, most cells of the body 
would swell until they burst. The mechanism for control-
ling the volume is as follows: Inside the cell are large num-
bers of proteins and other organic molecules that cannot 
escape from the cell. Most of these are negatively charged 
and therefore attract large numbers of potassium, sodium, 
and other positive ions as well. All these molecules and 
ions then cause osmosis of water to the interior of the 
cell. Unless this is checked, the cell will swell indefinitely 
until it bursts. The normal mechanism for preventing this 
is the Na��-K�� pump. Note again that this device pumps 
three Na�� ions to the outside of the cell for every two K�� 
ions pumped to the interior. Also, the membrane is far 
less permeable to sodium ions than to potassium ions, 
so once the sodium ions are on the outside, they have a 
strong tendency to stay there. Thus, this represents a net 
loss of ions out of the cell, which initiates osmosis of water 
out of the cell as well.

If a cell begins to swell for any reason, this automati-
cally activates the Na��-K�� pump, moving still more ions 
to the exterior and carrying water with them. Therefore, 
the Na��-K�� pump performs a continual surveillance role 
in maintaining normal cell volume.

Electrogenic Nature of the Na+-K+ Pump.  The fact that 
the Na��-K�� pump moves three Na�� ions to the exterior for 
every two K�� ions to the interior means that a net of one 
positive charge is moved from the interior of the cell to the 
exterior for each cycle of the pump. This creates positivity 

ATP

Inside

Outside

ATPase

ADP
��
Pi

3Na��

3Na��

2K��

2K��

Figure 4-12  Postulated mechanism of the sodium-potassium 
pump. ADP, adenosine diphosphate; ATP, adenosine triphosphate; 
Pi, phosphate ion.





Chapter 4  Transport of Substances Through Cell Membranes

55

U
N

IT
 II

for glucose. Also, the concentration of sodium ions is high 
on the outside and low inside, which provides energy for 
the transport. A special property of the transport protein 
is that a conformational change to allow sodium move-
ment to the interior will not occur until a glucose mol-
ecule also attaches. When they both become attached, 
the conformational change takes place automatically, and 
the sodium and glucose are transported to the inside of 
the cell at the same time. Hence, this is a sodium-glucose 
co-transport mechanism. Sodium-glucose co-transport-
ers are especially important mechanisms in transporting 
glucose across renal and intestinal epithelial cells, as dis-
cussed in Chapters 27 and 65.

Sodium co-transport of the amino acids occurs in the 
same manner as for glucose, except that it uses a differ-
ent set of transport proteins. Five amino acid transport 
proteins have been identified, each of which is responsible 
for transporting one subset of amino acids with specific 
molecular characteristics.

Sodium co-transport of glucose and amino acids 
occurs especially through the epithelial cells of the intes-
tinal tract and the renal tubules of the kidneys to promote 
absorption of these substances into the blood, as is dis-
cussed in later chapters.

Other important co-transport mechanisms in at least 
some cells include co-transport of chloride ions, iodine 
ions, iron ions, and urate ions.

Sodium Counter-Transport of Calcium  
and Hydrogen Ions

Two especially important counter-transport mechanisms 
(transport in a direction opposite to the primary ion) are 
sodium-calcium counter-transport and sodium-hydrogen 
counter-transport (Figure 4-14).

Sodium-calcium counter-transport occurs through all 
or almost all cell membranes, with sodium ions moving to 
the interior and calcium ions to the exterior, both bound 
to the same transport protein in a counter-transport 
mode. This is in addition to primary active transport of 
calcium that occurs in some cells.

Sodium-hydrogen counter-transport occurs in several 
tissues. An especially important example is in the prox-
imal tubules of the kidneys, where sodium ions move 

from the lumen of the tubule to the interior of the tubu-
lar cell, while hydrogen ions are counter-transported into 
the tubule lumen. As a mechanism for concentrating 
hydrogen ions, counter-transport is not nearly as power-
ful as the primary active transport of hydrogen ions that 
occurs in the more distal renal tubules, but it can trans-
port extremely large numbers of hydrogen ions, thus mak-
ing it a key to hydrogen ion control in the body fluids, as 
discussed in detail in Chapter 30.

Active Transport Through Cellular Sheets

At many places in the body, substances must be trans-
ported all the way through a cellular sheet instead of simply 
through the cell membrane. Transport of this type occurs 
through the (1) intestinal epithelium, (2) epithelium of 
the renal tubules, (3) epithelium of all exocrine glands, (4) 
epithelium of the gallbladder, and (5) membrane of the 
choroid plexus of the brain and other membranes.

The basic mechanism for transport of a substance 
through a cellular sheet is (1) active transport through the 
cell membrane on one side of the transporting cells in the 
sheet, and then (2) either simple diffusion or facilitated diffu-
sion through the membrane on the opposite side of the cell.

Figure 4-15 shows a mechanism for transport of 
sodium ions through the epithelial sheet of the intes-
tines, gallbladder, and renal tubules. This figure shows 
that the epithelial cells are connected together tightly at 
the luminal pole by means of junctions called “kisses.” 
The brush border on the luminal surfaces of the cells 
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Figure 4-13  Postulated mechanism for sodium co-transport of 
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is permeable to both sodium ions and water. Therefore, 
sodium and water diffuse readily from the lumen into 
the interior of the cell. Then, at the basal and lateral 
membranes of the cells, sodium ions are actively trans-
ported into the extracellular fluid of the surrounding 
connective tissue and blood vessels. This creates a high 
sodium ion concentration gradient across these mem-
branes, which in turn causes osmosis of water as well. 
Thus, active transport of sodium ions at the basolateral 
sides of the epithelial cells results in transport not only 
of sodium ions but also of water.

These are the mechanisms by which almost all the 
nutrients, ions, and other substances are absorbed into the 
blood from the intestine; they are also the way the same 
substances are reabsorbed from the glomerular filtrate by 
the renal tubules.

Throughout this text are numerous examples of the 
different types of transport discussed in this chapter.
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CHAPTER 5

Membrane Potentials and Action Potentials

Electrical potentials exist 
across the membranes of 
virtually all cells of the body. 
In addition, some cells, 
such as nerve and muscle 
cells, are capable of gen-
erating rapidly changing 

electrochemical impulses at their membranes, and these 
impulses are used to transmit signals along the nerve or 
muscle membranes. In other types of cells, such as glan-
dular cells, macrophages, and ciliated cells, local changes 
in membrane potentials also activate many of the cells’ 
functions. The present discussion is concerned with 
membrane potentials generated both at rest and during 
action by nerve and muscle cells.

Basic Physics of Membrane Potentials

Membrane Potentials Caused by Diffusion

“Diffusion Potential” Caused by an Ion Concentration 
Difference on the Two Sides of the Membrane.  In 
Figure 5-1A, the potassium concentration is great inside a 
nerve fiber membrane but very low outside the membrane. 
Let us assume that the membrane in this instance is per-
meable to the potassium ions but not to any other ions. 
Because of the large potassium concentration gradient from 
inside toward outside, there is a strong tendency for extra 
numbers of potassium ions to diffuse outward through the 
membrane. As they do so, they carry positive electrical 
charges to the outside, thus creating electropositivity out-
side the membrane and electronegativity inside because of 
negative anions that remain behind and do not diffuse out-
ward with the potassium. Within a millisecond or so, the 
potential difference between the inside and outside, called 
the diffusion potential, becomes great enough to block fur-
ther net potassium diffusion to the exterior, despite the high 
potassium ion concentration gradient. In the normal mam-
malian nerve fiber, the potential difference required is about 
94 millivolts, with negativity inside the fiber membrane.

Figure 5-1B shows the same phenomenon as in Figure 
5-1A, but this time with high concentration of sodium ions 
outside the membrane and low sodium inside. These ions 

are also positively charged. This time, the membrane is 
highly permeable to the sodium ions but impermeable to 
all other ions. Diffusion of the positively charged sodium 
ions to the inside creates a membrane potential of oppo-
site polarity to that in Figure 5-1A, with negativity outside 
and positivity inside. Again, the membrane potential rises 
high enough within milliseconds to block further net dif-
fusion of sodium ions to the inside; however, this time, in 
the mammalian nerve fiber, the potential is about 61 mil-
livolts positive inside the fiber.

Thus, in both parts of Figure 5-1, we see that a concen-
tration difference of ions across a selectively permeable 
membrane can, under appropriate conditions, create a mem-
brane potential. Later in this chapter, we show that many of 
the rapid changes in membrane potentials observed dur-
ing nerve and muscle impulse transmission result from the 
occurrence of such rapidly changing diffusion potentials.

Relation of the Diffusion Potential to the 
Concentration Difference—The Nernst Potential.  
The diffusion potential level across a membrane that 
exactly opposes the net diffusion of a particular ion 
through the membrane is called the Nernst potential 
for that ion, a term that was introduced in Chapter 4.  
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Figure 5-1  A, Establishment of a “diffusion” potential across a nerve 
fiber membrane, caused by diffusion of potassium ions from inside 
the cell to outside through a membrane that is selectively perme-
able only to potassium. B, Establishment of a “diffusion potential” 
when the nerve fiber membrane is permeable only to sodium ions. 
Note that the internal membrane potential is negative when potas-
sium ions diffuse and positive when sodium ions diffuse because of 
opposite concentration gradients of these two ions.
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passing to the right. As long as the electrode is outside the 
nerve membrane, the recorded potential is zero, which is 
the potential of the extracellular fluid. Then, as the record-
ing electrode passes through the voltage change area at the 
cell membrane (called the electrical dipole layer), the poten-
tial decreases abruptly to �90 millivolts. Moving across the 
center of the fiber, the potential remains at a steady �90-mil-
livolt level but reverses back to zero the instant it passes 
through the membrane on the opposite side of the fiber.

To create a negative potential inside the membrane, 
only enough positive ions to develop the electrical dipole 
layer at the membrane itself must be transported out-
ward. All the remaining ions inside the nerve fiber can be 
both positive and negative, as shown in the upper panel 
of Figure 5-3. Therefore, an incredibly small number of 
ions must be transferred through the membrane to estab-
lish the normal “resting potential” of �90 millivolts inside 
the nerve fiber; this means that only about 1/3,000,000 
to 1/100,000,000 of the total positive charges inside the 
fiber must be transferred. Also, an equally small number 
of positive ions moving from outside to inside the fiber 
can reverse the potential from �90 millivolts to as much 
as +35 millivolts within as little as 1/10,000 of a second. 
Rapid shifting of ions in this manner causes the nerve sig-
nals discussed in subsequent sections of this chapter.

Resting Membrane Potential of Nerves

The resting membrane potential of large nerve fibers 
when not transmitting nerve signals is about �90 milli-
volts. That is, the potential inside the fiber is 90 millivolts 
more negative than the potential in the extracellular fluid 
on the outside of the fiber. In the next few paragraphs, the 
transport properties of the resting nerve membrane for 
sodium and potassium and the factors that determine the 
level of this resting potential are explained.

Active Transport of Sodium and Potassium Ions 
Through the Membrane—The Sodium-Potassium 
(Na+-K+) Pump.  First, let us recall from Chapter 4 that 
all cell membranes of the body have a powerful Na+-K+ 
pump that continually transports sodium ions to the out-
side of the cell and potassium ions to the inside, as illus-
trated on the left-hand side in Figure 5-4. Further, note 
that this is an electrogenic pump because more positive 
charges are pumped to the outside than to the inside 
(three Na+ ions to the outside for each two K+ ions to the 
inside), leaving a net deficit of positive ions on the inside; 
this causes a negative potential inside the cell membrane.

The Na+-K+ pump also causes large concentration gra-
dients for sodium and potassium across the resting nerve 
membrane. These gradients are the following:

Na+ (outside): 142 mEq/L

Na+ (inside): 14 mEq/L

K+ (outside): 4 mEq/L

K+ (inside): 140 mEq/L

The ratios of these two respective ions from the inside to 
the outside are

Na+
inside/Na+

outside = 0.1

K+
inside/K

+
outside = 35.0

Leakage of Potassium Through the Nerve 
Membrane.  The right side of Figure 5-4 shows a chan-
nel protein, sometimes called a “tandem pore domain,” 
potassium channel, or potassium (K+) “leak” channel, in the 
nerve membrane through which potassium can leak even 
in a resting cell. The basic structure of potassium chan-
nels was described in Chapter 4 (Figure 4-4). These K+ 
leak channels may also leak sodium ions slightly but are far 
more permeable to potassium than to sodium, normally 
about 100 times as permeable. As discussed later, this dif-
ferential in permeability is a key factor in determining the 
level of the normal resting membrane potential.
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Figure 5-3  Distribution of positively and negatively charged ions 
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inside the fiber; note the alignment of negative charges along the 
inside surface of the membrane and positive charges along the 
outside surface. The lower panel displays the abrupt changes in 
membrane potential that occur at the membranes on the two 
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Figure 5-4  Functional characteristics of the Na+-K+ pump and of 
the K+ “leak” channels. ADP, adenosine diphosphate; ATP, adenos-
ine triphosphate. The K+ “leak” channels also leak Na+ ions into the 
cell slightly, but are much more permeable to K+.
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Origin of the Normal Resting Membrane Potential

Figure 5-5 shows the important factors in the establish-
ment of the normal resting membrane potential of �90 
millivolts. They are as follows.

Contribution of the Potassium Diffusion Potential.  
In Figure 5-5A, we make the assumption that the only 
movement of ions through the membrane is diffusion of 
potassium ions, as demonstrated by the open channels 
between the potassium symbols (K+) inside and outside 
the membrane. Because of the high ratio of potassium 
ions inside to outside, 35:1, the Nernst potential corre-
sponding to this ratio is �94 millivolts because the loga-
rithm of 35 is 1.54, and this multiplied by �61 millivolts is 
�94 millivolts. Therefore, if potassium ions were the only 
factor causing the resting potential, the resting potential 

inside the fiber would be equal to �94 millivolts, as shown 
in the figure.

Contribution of Sodium Diffusion Through the 
Nerve Membrane.  Figure 5-5B shows the addition of 
slight permeability of the nerve membrane to sodium ions, 
caused by the minute diffusion of sodium ions through 
the K+-Na+ leak channels. The ratio of sodium ions from 
inside to outside the membrane is 0.1, and this gives a cal-
culated Nernst potential for the inside of the membrane of 
+61 millivolts. But also shown in Figure 5-5B is the Nernst 
potential for potassium diffusion of �94 millivolts. How 
do these interact with each other, and what will be the 
summated potential? This can be answered by using the 
Goldman equation described previously. Intuitively, one 
can see that if the membrane is highly permeable to potas-
sium but only slightly permeable to sodium, it is logical 
that the diffusion of potassium contributes far more to the 
membrane potential than does the diffusion of sodium. In 
the normal nerve fiber, the permeability of the membrane 
to potassium is about 100 times as great as its permeability 
to sodium. Using this value in the Goldman equation gives 
a potential inside the membrane of �86 millivolts, which is 
near the potassium potential shown in the figure.

Contribution of the Na+-K+ Pump.  In Figure 5-5C, 
the Na+-K+ pump is shown to provide an additional contri-
bution to the resting potential. In this figure, there is con-
tinuous pumping of three sodium ions to the outside for 
each two potassium ions pumped to the inside of the mem-
brane. The fact that more sodium ions are being pumped 
to the outside than potassium to the inside causes con-
tinual loss of positive charges from inside the membrane; 
this creates an additional degree of negativity (about �4 
millivolts additional) on the inside beyond that which can 
be accounted for by diffusion alone. Therefore, as shown 
in Figure 5-5C, the net membrane potential with all these 
factors operative at the same time is about �90 millivolts.

In summary, the diffusion potentials alone caused by 
potassium and sodium diffusion would give a membrane 
potential of about �86 millivolts, almost all of this being 
determined by potassium diffusion. Then, an additional 
�4 millivolts is contributed to the membrane potential by 
the continuously acting electrogenic Na+-K+ pump, giving 
a net membrane potential of �90 millivolts.

Nerve Action Potential

Nerve signals are transmitted by action potentials, which 
are rapid changes in the membrane potential that spread 
rapidly along the nerve fiber membrane. Each action 
potential begins with a sudden change from the normal 
resting negative membrane potential to a positive potential 
and then ends with an almost equally rapid change back to 
the negative potential. To conduct a nerve signal, the action 
potential moves along the nerve fiber until it comes to the 
fiber’s end.
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Figure 5-5  Establishment of resting membrane potentials in 
nerve fibers under three conditions: A, when the membrane 
potential is caused entirely by potassium diffusion alone; B, when 
the membrane potential is caused by diffusion of both sodium and 
potassium ions; and C, when the membrane potential is caused by 
diffusion of both sodium and potassium ions plus pumping of both 
these ions by the Na+-K+ pump.
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The upper panel of Figure 5-6 shows the changes that 
occur at the membrane during the action potential, with 
transfer of positive charges to the interior of the fiber at 
its onset and return of positive charges to the exterior at 
its end. The lower panel shows graphically the succes-
sive changes in membrane potential over a few 10,000ths 
of a second, illustrating the explosive onset of the action 
potential and the almost equally rapid recovery.

The successive stages of the action potential are as 
follows.

Resting Stage.  This is the resting membrane poten-
tial before the action potential begins. The membrane is 
said to be “polarized” during this stage because of the �90 
millivolts negative membrane potential that is present.

Depolarization Stage.  At this time, the membrane 
suddenly becomes permeable to sodium ions, allowing 
tremendous numbers of positively charged sodium ions 
to diffuse to the interior of the axon. The normal “polar-
ized” state of �90 millivolts is immediately neutralized 
by the inflowing positively charged sodium ions, with 
the potential rising rapidly in the positive direction. This 
is called depolarization. In large nerve fibers, the great 
excess of positive sodium ions moving to the inside causes 
the membrane potential to actually “overshoot” beyond 
the zero level and to become somewhat positive. In some 
smaller fibers, as well as in many central nervous system 

neurons, the potential merely approaches the zero level 
and does not overshoot to the positive state.

Repolarization Stage.  Within a few 10,000ths of a 
second after the membrane becomes highly permeable to 
sodium ions, the sodium channels begin to close and the 
potassium channels open more than normal. Then, rapid 
diffusion of potassium ions to the exterior re-establishes 
the normal negative resting membrane potential. This is 
called repolarization of the membrane.

To explain more fully the factors that cause both depo-
larization and repolarization, we will describe the special 
characteristics of two other types of transport channels 
through the nerve membrane: the voltage-gated sodium 
and potassium channels.

Voltage-Gated Sodium and Potassium Channels

The necessary actor in causing both depolarization and 
repolarization of the nerve membrane during the action 
potential is the voltage-gated sodium channel. A voltage-
gated potassium channel also plays an important role in 
increasing the rapidity of repolarization of the membrane. 
These two voltage-gated channels are in addition to the 
Na+-K+ pump and the K+ leak channels.

Voltage-Gated Sodium Channel—Activation  
and Inactivation of the Channel

The upper panel of Figure 5-7 shows the voltage-gated 
sodium channel in three separate states. This channel 
has two gates—one near the outside of the channel called 
the activation gate, and another near the inside called the 
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Figure 5-6  Typical action potential recorded by the method 
shown in the upper panel of the figure.
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potassium (bottom) channels, showing successive activation and 
inactivation of the sodium channels and delayed activation of the 
potassium channels when the membrane potential is changed 
from the normal resting negative value to a positive value.
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inactivation gate. The upper left of the figure depicts the 
state of these two gates in the normal resting membrane 
when the membrane potential is �90 millivolts. In this 
state, the activation gate is closed, which prevents any 
entry of sodium ions to the interior of the fiber through 
these sodium channels.

Activation of the Sodium Channel.  When the 
membrane potential becomes less negative than during 
the resting state, rising from �90 millivolts toward zero, 
it finally reaches a voltage—usually somewhere between 
�70 and �50 millivolts—that causes a sudden conforma-
tional change in the activation gate, flipping it all the way 
to the open position. This is called the activated state; 
during this state, sodium ions can pour inward through 
the channel, increasing the sodium permeability of the 
membrane as much as 500- to 5000-fold.

Inactivation of the Sodium Channel.  The upper right 
panel of Figure 5-7 shows a third state of the sodium 
channel. The same increase in voltage that opens the 
activation gate also closes the inactivation gate. The 
inactivation gate, however, closes a few 10,000ths of a 
second after the activation gate opens. That is, the con-
formational change that flips the inactivation gate to the 
closed state is a slower process than the conformational 
change that opens the activation gate. Therefore, after the 
sodium channel has remained open for a few 10,000ths 
of a second, the inactivation gate closes, and sodium ions 
no longer can pour to the inside of the membrane. At this 
point, the membrane potential begins to recover back 
toward the resting membrane state, which is the repolar-
ization process.

Another important characteristic of the sodium 
channel inactivation process is that the inactivation gate 
will not reopen until the membrane potential returns to 
or near the original resting membrane potential level. 
Therefore, it is usually not possible for the sodium 
channels to open again without first repolarizing the 
nerve fiber.

Voltage-Gated Potassium Channel and Its Activation

The lower panel of Figure 5-7 shows the voltage-gated 
potassium channel in two states: during the resting state 
(left) and toward the end of the action potential (right). 
During the resting state, the gate of the potassium channel 
is closed and potassium ions are prevented from passing 
through this channel to the exterior. When the mem-
brane potential rises from �90 millivolts toward zero, this 
voltage change causes a conformational opening of the 
gate and allows increased potassium diffusion outward 
through the channel. However, because of the slight delay 
in opening of the potassium channels, for the most part, 
they open just at the same time that the sodium channels 
are beginning to close because of inactivation. Thus, the 
decrease in sodium entry to the cell and the simultaneous 
increase in potassium exit from the cell combine to speed 
the repolarization process, leading to full recovery of the 

resting membrane potential within another few 10,000ths 
of a second.

Research Method for Measuring the Effect of Voltage on 
Opening and Closing of the Voltage-Gated Channels—The 
“Voltage Clamp.”  The original research that led to quanti-
tative understanding of the sodium and potassium channels 
was so ingenious that it led to Nobel Prizes for the scientists 
responsible, Hodgkin and Huxley. The essence of these stud-
ies is shown in Figures 5-8 and 5-9.

Figure 5-8 shows an experimental apparatus called a volt-
age clamp, which is used to measure flow of ions through the 
different channels. In using this apparatus, two electrodes are 
inserted into the nerve fiber. One of these is to measure the 
voltage of the membrane potential, and the other is to conduct 
electrical current into or out of the nerve fiber. This apparatus 
is used in the following way: The investigator decides which 
voltage he or she wants to establish inside the nerve fiber. 
The electronic portion of the apparatus is then adjusted to 
the desired voltage, and this automatically injects either posi-
tive or negative electricity through the current electrode at 
whatever rate is required to hold the voltage, as measured by 
the voltage electrode, at the level set by the operator. When 
the membrane potential is suddenly increased by this voltage 
clamp from �90 millivolts to zero, the voltage-gated sodium 
and potassium channels open and sodium and potassium 
ions begin to pour through the channels. To counterbalance 
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Figure 5-8  “Voltage clamp” method for studying flow of ions 
through specific channels.
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Figure 5-9  Typical changes in conductance of sodium and potas-
sium ion channels when the membrane potential is suddenly 
increased from the normal resting value of �90 millivolts to a pos-
itive value of +10 millivolts for 2 milliseconds. This figure shows 
that the sodium channels open (activate) and then close (inacti-
vate) before the end of the 2 milliseconds, whereas the potassium 
channels only open (activate), and the rate of opening is much 
slower than that of the sodium channels.
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the effect of these ion movements on the desired setting of 
the intracellular voltage, electrical current is injected auto-
matically through the current electrode of the voltage clamp 
to maintain the intracellular voltage at the required steady 
zero level. To achieve this, the current injected must be equal 
to but of opposite polarity to the net current flow through 
the membrane channels. To measure how much current 
flow is occurring at each instant, the current electrode is 
connected to an oscilloscope that records the current flow, 
as demonstrated on the screen of the oscilloscope in Figure 
5-8. Finally, the investigator adjusts the concentrations of the 
ions to other than normal levels both inside and outside the 
nerve fiber and repeats the study. This can be done easily 
when using large nerve fibers removed from some inverte-
brates, especially the giant squid axon, which in some cases is 
as large as 1 millimeter in diameter. When sodium is the only 
permeant ion in the solutions inside and outside the squid 
axon, the voltage clamp measures current flow only through 
the sodium channels. When potassium is the only permeant 
ion, current flow only through the potassium channels is 
measured.

Another means for studying the flow of ions through an 
individual type of channel is to block one type of channel 
at a time. For instance, the sodium channels can be blocked 
by a toxin called tetrodotoxin by applying it to the outside 
of the cell membrane where the sodium activation gates 
are located. Conversely, tetraethylammonium ion blocks 
the potassium channels when it is applied to the interior 
of the nerve fiber.

Figure 5-9 shows typical changes in conductance of the 
voltage-gated sodium and potassium channels when the 
membrane potential is suddenly changed by use of the volt-
age clamp from �90 millivolts to +10 millivolts and then, 2 
milliseconds later, back to �90 millivolts. Note the sudden 
opening of the sodium channels (the activation stage) within 
a small fraction of a millisecond after the membrane poten-
tial is increased to the positive value. However, during the 
next millisecond or so, the sodium channels automatically 
close (the inactivation stage).

Note the opening (activation) of the potassium channels. 
These open slowly and reach their full open state only after 
the sodium channels have almost completely closed. Further, 
once the potassium channels open, they remain open for 
the entire duration of the positive membrane potential and 
do not close again until after the membrane potential is 
decreased back to a negative value.

Summary of the Events That Cause  
the Action Potential

Figure 5-10 shows in summary form the sequential events 
that occur during and shortly after the action potential. 
The bottom of the figure shows the changes in membrane 
conductance for sodium and potassium ions. During the 
resting state, before the action potential begins, the con-
ductance for potassium ions is 50 to 100 times as great 
as the conductance for sodium ions. This is caused by 
much greater leakage of potassium ions than sodium ions 
through the leak channels. However, at the onset of the 
action potential, the sodium channels instantaneously 
become activated and allow up to a 5000-fold increase in 

sodium conductance. Then the inactivation process closes 
the sodium channels within another fraction of a millisec-
ond. The onset of the action potential also causes voltage 
gating of the potassium channels, causing them to begin 
opening more slowly a fraction of a millisecond after the 
sodium channels open. At the end of the action potential, 
the return of the membrane potential to the negative state 
causes the potassium channels to close back to their origi-
nal status, but again, only after an additional millisecond 
or more delay.

The middle portion of Figure 5-10 shows the ratio 
of sodium conductance to potassium conductance at 
each instant during the action potential, and above this 
is the action potential itself. During the early portion of 
the action potential, the ratio of sodium to potassium 
conductance increases more than 1000-fold. Therefore, 
far more sodium ions flow to the interior of the fiber 
than do potassium ions to the exterior. This is what 
causes the membrane potential to become positive at 
the action potential onset. Then the sodium channels 
begin to close and the potassium channels begin to 
open, so the ratio of conductance shifts far in favor of 
high potassium conductance but low sodium conduc-
tance. This allows very rapid loss of potassium ions to 
the exterior but virtually zero flow of sodium ions to 
the interior. Consequently, the action potential quickly 
returns to its baseline level.
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Figure 5-10  Changes in sodium and potassium conductance 
during the course of the action potential. Sodium conductance 
increases several thousand-fold during the early stages of the 
action potential, whereas potassium conductance increases only 
about 30-fold during the latter stages of the action potential and 
for a short period thereafter. (These curves were constructed from 
theory presented in papers by Hodgkin and Huxley but transposed 
from squid axon to apply to the membrane potentials of large 
mammalian nerve fibers.)
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Index

A
A bands, of skeletal muscle, 71, 72f
A �bers, 563–564, 563f

A�D cold �bers, 592
A�D fast pain �bers, 584, 585, 587
A�A motor �bers, 656, 659
A�G motor �bers, 656, 659

Abdominal compression re�ex, 209
Abdominal muscles

in expiration, 465, 466f
in labor, 1013
spasm of, in peritonitis, 665

Absence syndrome, 726
Absolute refractory period, 69
Absorbing colon, 797, 798
Absorption. See Kidney(s), reabsorption by;  

Large intestine, absorption in; Small 
intestine, absorption in.

Acceleration of head
angular, 677, 677f
linear, 676–677

Acceleratory forces, in aviation and  
spacecraft, 531–533, 531f, 532f

Acclimatization to altitude, 510
alveolar P�2 and, 527, 528–530
work capacity and, 530, 530t

Acclimatization to cold, chemical 
thermogenesis and, 873

Acclimatization to heat, 877
sweating and, 871, 877

Accommodation
of eye, 601, 601f

autonomic control of, 631–632, 735
pupillary reaction to, 632

of mechanoreceptors, 562
ACE (angiotensin-converting enzyme) 

inhibitors
adverse e�ects of, 320–321
antihypertensive e�ects of, 374

Acetate, vasodilation caused by, 200
Acetazolamide, 398, 503
Acetoacetic acid, 823–824, 839

in diabetes mellitus, 393, 953
insulin lack and, 944

Acetone, 823
on breath, 953–954
ketosis and, 823, 824

Acetyl coenzyme A (acetyl-CoA), 22
acetoacetic acid produced from, 823
in acetylcholine synthesis, 732
amino acids converted to, 825
cholesterol synthesis from, 827
in citric acid cycle, 813–814, 813f

after fatty acid oxidation, 822–823
from fatty acid beta-oxidation, 822,  

822f, 823
fatty acid synthesis from, 824, 824f, 825

Acetyl coenzyme A (acetyl-CoA) (Continued)
pantothenic acid and, 855
pyruvic acid conversion to, 812–813
steroid synthesis from, 992

Acetylcholine
in basal ganglia, 692–693, 692f
of brain stem reticular neurons, 711

sleep and, 722
cardiac e�ects of, 119, 120

bradycardia as, 144
as central nervous system transmitter, 551
of cholinergic nerve endings, 731–732

drugs with potentiating e�ect on, 740
coronary blood �ow and, 247
gastric secretions and, 778, 779
gastrointestinal smooth muscle and, 755, 756
Huntington’s disease and, 694
molecular structure of, 731
at neuromuscular junction

secretion of, 73, 83–86, 84f
synthesis of, 83, 86

pancreatic secretions and, 782
pharmacologic actions of, 740
as smooth muscle neurotransmitter, 95, 96
synthesis of, 732

Acetylcholine receptors. See also 
Acetylcholine-gated ion channels.

in myasthenia gravis, 86
principal types of, 733

Acetylcholine system, in brain, 712, 713, 713f
Acetylcholine-gated ion channels, 48, 

73–74, 83–84, 84f, 85, 85f. See also 
Acetylcholine receptors.

Acetylcholinesterase
at neuromuscular junction, 83, 84f, 85, 86
at parasympathetic nerve endings, 732

Acetylcholinesterase inhibitors, 86, 740
for myasthenia gravis, 86–87

Acetyl-CoA. See Acetyl coenzyme  
A (acetyl-CoA).

Acetyl-CoA carboxylase, 825
Acetylsalicylic acid. See Aspirin 

(acetylsalicylic acid).
Achalasia, 765, 799
Achlorhydria, 778, 800
Acid(s)

de�nition of, 379
nonvolatile, 385, 387, 388, 390

anion gap and, 395
sour taste of, 645, 646t
strong and weak, 379–380

Acid hydrolases, of lysosomes, 19, 20
Acid-base disorders. See also Acidosis; Alkalosis.

clinical causes of, 392–393
diagnosis of, 393–395, 394f
mixed, 394–395, 394f
treatment of, 393

Acid-base nomogram, 394–395, 394f
Acid-base regulation. See also Hydrogen ions.

bu�er systems in, 380–381
ammonia, 388–389, 389f
bicarbonate, 381–383, 382f
gastrointestinal mucus and, 775
isohydric principle and, 383–384
phosphate, 383, 388, 388f
protein, 383–384, 413
respiratory, 385

fundamental de�nitions for, 379–380
kidneys in, 380, 385–388, 386f, 387f

correction of acidosis by, 387, 391
correction of alkalosis by, 387,  

391–392
phosphate and ammonia bu�ers in, 

388–389, 388f, 389f
quanti�cation of, 389–391, 390t

overview of, 379, 380
precision of, 379, 380
respiratory system in, 380, 384–385, 384f

Acidophil cells, 896f, 897
Acidophilic tumors, 897, 903–904
Acidosis. See also Acid-base disorders.

bicarbonate reabsorption in, 386, 387, 390
calcium and

protein-bound, 367
reabsorption of, 369

characteristics of, 391t
chronic, ammonium excretion in,  

389, 391
de�nition of, 379, 380
metabolic, 391, 391t

anion gap in, 395, 395t
clinical causes of, 392–393
de�nition of, 382
in diabetes mellitus, 951
diagnosis of, 394
hydrogen ion secretion in, 390
hyperchloremic, 395, 395t
potassium homeostasis and, 362
renal correction of, 391

in neonate, 1024
neuronal depression in, 557
potassium homeostasis and, 364, 367
renal correction of, 391
in renal failure, 406
respiratory, 382, 385, 391, 391t

clinical causes of, 392
diagnosis of, 393–394
hydrogen ion secretion in, 390
renal correction of, 391

in shock, 278
treatment of, 393

Acini
of pancreas, 773, 780–781, 939, 939f
of salivary glands, 773, 774f, 775, 776

Note: Page numbers followed by b indicate boxes; f, �gures; t, tables.
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