SIGNAL TRANSDUCTION MECHANISMS:
I. ELECTRICAL SIGNALS IN NERVE CELLS

n the previous chapter we saw how stud-
ies of cytoskeletal structures in muscle
cells led to a more general understanding of
the molecular mechanisms of motility. This
underscores an important principle in bio-
logical research: Cellular functions are often
best studied in cells that are highly specialized
for the function of interest. In the first part of
this chapter, we will again be looking at specialized
cell functions, but this time in nerve cells. Virtually all cells
maintain electrical potentials across their plasma mem-
branes, but nerve cells have special mechanisms for using
this potential to transmit information over long distances.

In the second part of the chapter, we will discuss the
process by which information is passed berween cells in the
nervous system. The communication of information always
involves at least two components: the sender and the re-
ceiver. In the nervous system, the sender is a nerve cell or
sensory cell, and the receiver is a second nerve cell, a gland,
or a muscle cell. We will see that nerve cells use specialized
processes to deliver information across their junctions with
other cells. Such information may be transmitted by direct
electrical connection, but more often the process of trans-
mission involves the exocyvtotic release of chemical neuro-
transmirrers at the junction, followed by binding of the neu-
rotransmitters to receptors on the plasma membrane of the
second cell. Our knowledge of neurotransmitters enables us
to understand how pharmaceutical agents interact with the
brain and how certain highly toxic compounds aftect the
nervous svstem.

The Nervous System

Every animal has a nervous system, in which electrical im-
pulses are transmitted along the specialized plasma mem-
branes of nerve cells. The nervous system performs three
functions: It collects information from the environment
+“the light just turned green”), it processes that information
“green means go”), and it elicits responses to that informa-
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tion by triggering specific effectors, usuil:
muscle tissue or glands (“push on the acczle:-
ator”).
To accomplish these functions, the ner-
vous system has special components {or
sensing and processing information and for
triggering the appropriate response (Figurs

2-1). In vertebrates, the nervous svstem is di-
\xded into two components, the central nervous
svstem and the peripheral nervous system. The central ner-
vous system (CNS) consists of the brain and the spinal cerc.
including both sensory and motor cells; the peripheral ner-
vous system (PNS) consists of all other sensory and motor
components, including the somatic nervous system and
the autonomic nervous system. The somatic nervous sys-
tem controls voluntary movements of skeletal muscles.
whereas the autonomic nervous system controls the invol-
untary activities of cardiac muscle, the smooth muscies
of the gastrointestinal tract and blood vessels. and a va::
of secretorv glands.

Cells that make up the nervous system can be broaciv
divided into two groups: neurons or nerve celis, and ¢
cells. Neurons can be subdivided into three basic types based
on function: sensory neurons, motor neurons. and interneu-
rons. Sensory neurons are a diverse group of cells speciai-
ized for the detection of various types of stimuli. Exampies
of sensory neurons include the photoreceptors of the re:i
olfactory neurons, and the various touch. pressure. pain
temperature-sensitive neurons located in the skin or jc:~
Sensory neurons provide a continuous stream: of informa-
tion to the.brain about the state of the body and its environ-
ment. Motor neurons transmit signals from the CNS ©
muscles or glands, and interneurons process signals re-
ceived from other neurons and relay the information t©
other parts of the nervous system.

The term glial cell (from glia, the Greek \\OrC
“glue”) encompasses a variety of different cell tvpes. in<. e
ing microglia, oligodendrocytes, Schwann cels. and <2
cvtes. Microglia are phagocytic cells that fight infections and
remove debris. Oligodendrocytes and Schwann cells form e
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Figure 22-1 The Vertebrate Nervous System. The nervous
system consists of the central nervous system (gray) and the peripheral
nervous system (yeilow). The sensory neurons of the peripheral nervous
system receive information from (a, b, ¢) external and internal receptors
and transmit it to the CNS. Interneurans in the CNS integrate and coordi-
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nate response to the sensory input, a primary example being {d) cerebral
cartical neurons. Motor responses originate in the CNS and are transmit-
ted to {e) skeletal muscles by neurons of the somatic nervous system and
to {f, g} involuntary muscles and glands by means of the autonomic ner-
vous system.

myelin sheath around neurons of the CNS and those of the
peripheral nerves, respectively. The function of the astrocytes
is still obscure but may involve the maintenance of the po-
tassium concentration in the extracellular fluid surrounding
nerves and blood vessels.

Intricate networks of neurons make up the complex tis-
sues of the brain that are responsible for coordinating ner-
vous function. About 10 billion nerve cell bodies are in-
volved in the networks, which sometimes form layers of

tissue. Each neuron receives input from thousands of other
neurons, so the brain’s connections easily number in the tril-
lions. By comparison, computers do not even come close to
this number of connections, despite their seeming complex-
ity (Figure 22-2).

Like data in a computer, however, neural information
does consist of individual “bits,” or signals. Our purpose
here is not to discuss the overall functioning of the nervous
system, but to focus on cellular mechanisms by which the
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Figure 22-2 A Neuron on a Microprocessor.  This micro-
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series of electrical signals called nerve impulses are spread. In
addition to understanding the functions of nerve cells
specifically, we will also acquire a better appreciation for sev-
eral general aspects of membrane function, of which nerve
ceils are a speciaiized example.

The Structure of a Neuron

The structure of a typical motor neuron is shown in Figure
22-3. The cell body of most neurons is similar to that of
other cells, consisting of a nucleus and most of the same
organelles. In addition. however, neurons contain exten-
sions. or branches. called processes. These processes make
neurons eas\ to distinguish from almost anv other cell tvpe.
There are two tvpes of processes: Those that receive signals
and transmit them inward to the cell body are called den-
drites, and those that conduct signals away from the cell
body are called axons. The cvtoplasm within an axon is
commonly referred to as axoplasm. A nerve is simply a tis-
sue composed of bundles of axons.

Neurons display more structural variability than Figure
22-3 suggests. Some sensory neurons have only one process,
which conducts signals both toward and away from the cell
body. Moreover. the structure of the dendritic processes is
not random; many different classes of neurons in the central
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Denarites

Schwann celi
with myelin sheath

Nogdes of
Ranvier

Figure 22-3 The Structure of a Typical Motor Neuron.

The cell body contains the nucieus and most of thz usual orzaneiles. Den
drites conduct signals passively inward to the cel: sady, whereas the
axon transmits signals actively outward (the direction of transmission i
shown by black arrows). At the end of the axon a:z numerays termina:
bulbs. Some, although not al!, neurons have a discontinuous myelin
sheath around their axons ic insulate them electrically. Eacn segmen: &
the sheath consists of a concantric layer of memgranes wrappec aroun
the axon by a Schwann cet! 1or an oligodendrocy:=. in the CNS). The
oreaks in the myelin sheath, ca!led nodes of Ranvzs, are concentrates <
gions of electrical activity.
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Figure 22-4 Neuron Shapes. Neurons of the central nervous
system cisciay a wide variety of characteristic shapes. Axons are shown
in pink arc dendrites in black. {a) A pyramidal neuron fram the cerebral

{c) (d)

cortex. {b) Several shart-axon cells in the cerabrai cortex. (¢) A Purkinje
cell in the cerebellum. {d) An axonless horizontal cell in the retina of the
eye.

nervous svsterm can be identified by structure alone (Figure
22-4).

As Figure 22-3 illustrates, a motor neuron has multiple,
branched dendrites and a single axon leading away from the
cell bodv. The axon of a typical neuron is much longer than
the dendrites and forms multiple branches. Each branch ter-
minates in structures called terminal bulbs, also known as
synaptic knobs or axon terminals. The terminal bulbs are re-
sponsibie for transmitting the signal to the next cell, which
may be inother neuron or a muscle or gland cell. In each
case, the junction is called a synapse. For neuron-to-neuron
iunctiors, synapses may occur between an axon and a den-
drite, between a dendrite and a dendrite, between an axon
and a c2!l body, or even between an axon and an axon. Typi-
cally, neurons have synapses with many other neurons.

Axons can be very long—up to several thousand times
longer than the diameter of the cell body. For example, a
motor neuron that innervates your foot has its cell body in
vour spinal cord, and its axon extends approximately a
meter down a nerve tract in your leg!

The Myelin Sheath

Most axons are surrounded by a discontinuous myelin
sheath consisting of many concentric layers of membrane.
The myelin sheath is a very effective electrical insulation for
the segments of the axon that it envelops. As noted, the
myelin sheath of neurons in the CNS is formed by oligoden-
drocytes, whereas in the PNS it is formed by Schwann cells.
Figure 22-3a shows a cross section of a myelinated nerve
axon in the peripheral nervous system, and Figure 22-5b il-
lustrates the process of myelination. A Schwann cell en-
velops an axon and wraps layer after layer of its own plasma
membrane around the axon in a tight spiral.

Each Schwann cell is responsible for the mvelin sheath
around a short segment (about 1 mm) of a single axon. Nu-
merous Schwann cells are therefore required to encase a PNS
axon with discontinuous sheaths of myelin. In the CNS,
however, a single oligodendrocyte myelinates many axons.
The small regions of bare axon between successive segments
of the myelin sheath are called nodes of Ranvier (see Figure
22-3). These nodes are only about 2 um long, but they are
concentrated regions of electrical activity and therefore play
an important role in the transmission of signals, as we shall
see shortly.

Electrical Properties of Neurons

A membrane potential is a fundamental property of essen-
tially all cells. It results from an excess of negative charge on
one side of the plasma membrane and an excess of positive
charge on the other side. Cells at rest normally have an ex-
cess of negative charge inside and an excess of positive
charge outside the cell; this is called the resting membrane
potential (V,,). The resting membrane potential can be
measured by placing one tiny electrode inside the cell and
another outside the cell. The electrodes compare the ratio of
negative to positive charge inside the cell and outside the
cell. Because the inside of a cell typically has an excess of
negative charge, we say that the cell has a negative resting
membrane potential. Cell membrane potentials are measured
in millivolts (mV).

Nerve, muscle, and certain other cell types such as the
islet cells of the pancreas and cells of a water plant called
Nitella exhibit a special property called electrical excitabil-
ity. In electrically excitable cells, certain types of stimuli
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(a) A myelinatec axon in ¢ross section

Schwann cell cytocpiasm  Myelin

memorane

trigger a rapid sequence of changes in the membrane poten-
tial known as an action potential. During an action potential,
the membrane potential changes from negative values to
positive values and then back to negative values again, all in
little over a millisecond. In nerve cells, the action potential
has the specific function of transmitting an electrical signal
along the axon.

Understanding Membrane Potentials

To understand how nerve cells use action potentials to trans-
mit signals, we must first comprehend how cells generate a
resting membrane potential and how the membrane poten-
tial changes during an action potential. Then we will exam-
ine how an action potential conveys a signal from one neu-
ron to another.
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Figure 22-5 Myelination of
Axons. (a) This cross-sectiona! view
of a myelinated axon from the nervous
system of a cat shows the concentric
layers of unit membrane that havs sesn

Neurofilaments \yranped argund the axon by the

in the plasma membrane of the
Schwann cell is the point at whicr =~z
memorane initially invaginated 1 cz3:n
enveloping the axan. Notice aisc =2
neurotubules and neurofilaments ir ne
axoplasm of the myelinated axor: :~
{b) An axon of the peripheral nervc.s
system being myelinatec by a Scrwz--
cell. Each Schwann cell gives risz 2 2~z

Neurotubules

its own plasma membrane concs~:" -
cally around the axon. The myeiir zvs:
gets progressively thicker as mors zy-
ers of unit membrane derived from e
plasma membrane of the Schwanr 2z,
are added to it, accompanied by 2
gradual loss of the Schwann cel! cy72-

Schwann cell cytoplasm plasm.

membranes

The Resting Membrane Potential

The resting membrane potential develops because the cvto-
sol of the cell and the extracellular fluid contain different
compositions of cations and anions. Extracellular fluid is 2
watery solution of salts, including sodium chloride anc
lesser amounts of potassium chloride. The cytosol corzzin:
potassium rather than sodium as its main cation because of
the action of the sodium-potassium pump (described ir
Chapter 8). The anions in the cytosol consist largeiv of
macromolecules such as proteins, RNA, and a variety of
other molecules that are not present outside the cell. These
negatively charged macromolecules cannot pass through the
cell membrane and therefore remain inside the cell. The
presence of impermeable anions in the cytosol is the main
reason that cells develop a resting membrane potential.

To understand how a membrane potential forms. W=
need to recall a few basic physical principles. First, all su®-
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stances tend to diffuse from a higher concentration to a
lower concentration. Cells normally have a high concentra-
tion of potassium ions inside and a low concentration of
potassium ifons outside. We refer to this uneven distribution
of potassium ions as a potassium ion gradient. By conven-
tion, the perassium ion gradient is expressed as the molar
concentrazion of potassium ions outside the cell ([K™ ], uuiqe)
divided by the molar concentration of potassium in the
cvtoplasm + K™] et 0f (K™ oueae/ (K Jinsiger Given the
large potassium concentration gradient, potassium ions will
tend to diffuse out of the cell.

The second basic principle is that of electroneutrality.
When ions are in solution, they are always present in pairs,
one positive ion for each negative ion, so that there is no
charge imbalance. For any given ion, which we will call A,
there must be an oppositely charged ion B in the solution;
therefore, we can refer to B as the counterion for A. In the
cytosol, potassium ions (K ™) serve as the counterions for the
trapped anions. QOutside the cell, sodium (Na~) is the main
cation and chloride (Cl™) is the counterion.

Although a solution must have an equal number of pos-
itive and negative charges overall, these charges can be lo-
cally separated so that one region has more positive charges
while another region has more negative charges. Because it
takes work to separate charges, once they have been sepa-
rated. they tend to move back toward each other. The ten-
dency of oppositely charged ions to flow back toward each

Semiger—saple

Cencentration gradient
membrars

AN

Cyrosal Extracellular fluid

Figure 22-6 Development of the Equilibrium Membrane
Potential. A two-compartment container is used ta represent a cell,
with a semipermeatle membrane separating the compartments. In each
container, the le®-hand comoartment represents the cytosol, and the
“ight-hand comgeriment regresents the extracellular fluid. The cytosol
contains a high ccncentration of potassium ians {K*) and impermeable
anions (M) relative to their cancentrations in the extracellular fluid. As

other is called a potential or voltage. When negative or pos-
itive ions are actually moving, one toward the other, we say
that current is flowing, and this current is measured in am-
peres (A). Given these principles, we can understand how a
resting membrane potential will form as a result of the ionic
compositions of the cytosol and the extracellular fluid, and
the characteristics of the plasma membrane.

The plasma membrane is normaily permeable to potas-
sium because it contains what are commonly known as
potassium leak channels, which permit potassium ions to dif-
fuse out of the cell. However, there are no channels for nega-
tively charged macromolecules. As potassium leaves the
cytosol, increasing numbers of trapped anions are left be-
hind without counterions. Excess negative charge therefore
accumnulates in the cvtosol and excess positive charge accu-
mulates on the outside of the cell, resulting in a membrane
potential.

The formation of a membrane potential is illustrated in
Figure 22-6, using a container subdivided into two compart-
ments by a semipermeable membrane. The left compart-
ment represents the cytosol of the cell and the right side the
extracellular fluid. The semipermeable membrane is perme-
able to potassium ions but not to negatively charged macro-
molecules (represented as M ™). The cytosolic compartment
contains a mixture of potassium ions and negatively charged
macromolecules. For simplicity, we will assume that the ex-
tracellular compartment starts with nothing but water.

Membrane potertial Concentraticr gracient

=

® 0

M—

>
D
e

/
M

Cytosoi Extracelluiar ficid

potassium ions diffuse out of the cail {from left ta right), the impermeable
anions are left behind, creating a membrane potential. The magnitude of
the memirane potential increases until an equilibriurn is reached in
which the electrical attracticn of the anions for potassium ions gravents
any further net diffusion of potassium ions qut of the ceil. At this ooint
the membrane potential is in 2quilitrium with the potassium ion gradient.
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Under the pressure of a concentration gradient, potassium
ions diffuse across the membrane from the left side to the
richt side. However, the negatively charged macromolecules
are not free to follow. The result is an accumulation of an-
ions on the left side and of cations on the right side. A mem-
brane potential is created by a separation of negative charge
from positive charge. The source of work (defined here as
force X distance) needed to produce this charge separation
is the potassium ion gradient.

Eventually, the membrane potential becomes great
enough to prevent further net diffusion of potassium ions
across the membrane. As potassium ions diffuse from left to
right in Figure 22-6, the left compartment becomes increas-
ingly more negative. This potential ultimately builds to a
point at which the positively charged potassium ions are
pulled back into the left compartment as fast as they leave.
In this way, an equilibrium is reached in which the force of
attraction due to the membrane potential balances the ten-
dency of potassium to diffuse down its concentration gradi-
ent. This tvpe of equilibrium, in which a chemical gradient
is balanced with an electrical potential, is referred to as an
electrochemical equilibrium. The membrane potential at
the point of equilibrium is known as an equilibrium mem-
brane potential.

We have seen that the formation of a membrane poten-
tial is an important consequence of the potassium ion gradi-
ent when potassium ions are free to diffuse out of the cell
while anions remain trapped inside. The potassium ion gra-
dient did the work needed to separate negative and positive
charges, resulting in an equilibrium membrane potential.
Therefore, the magnitude of the potassium ion gradient is
related to the magnitude of the equilibrium membrane po-
tential. The Nernst equation provides a mathematical de-
scription of this relationship and enables us to estimate the
membrane potential.

The Nernst Equation

The Nernst equation describes the mathematical relation-
ship between an ion gradient and the equilibrium mem-
brane potential that will form when the membrane is per-
meable only to that ion:

E. = AT/ 2F In (Xlgusce Xlinsce (22-1)

where Ey is the equilibrium membrane potential for ion X
(in volts), R is the gas constant (1.987 cal/mol-degree), Tis
the absolute temperature in kelvin units, = is the valence of
the ion, F is the Faraday constant (23,062 cal/V-mol),
[X. e is the concentration of X outside the cell (in M),
and X, 4. is the concentration of X inside the cell (in M).
This equation can be simplified if we assume a temperature
of 18°C (a value appropriate for marine organisms) and that
X is a monovalent cation and therefore has a valence of +1.
Bv substituting into the equation the values for R, T. F, and z
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and converting from natural logs to log,, (log,, = 2.3 In) for
illustration purposes, the equation reduces to:

EX = (0.058 !ngc [X]m/[x}:-s.:e (22-2)

In this simplified form we can see that for every tenfold
increase in the cation gradient, the membrane potential
changes by —0.058 V, or —38 mV. This relationship is showx
in Figure 22-7 for potassium ions (X = K~).

Diffusible Anions and the Donnan Equilibrium. Figure
22-6 explains the formation of the membrane potential but
is incomplete, mainly because it does not take into account
diffusible anions that are present on both sides of the mem-
brane. The main anion in the extracellular fluid is chloride.
to which the cell membrane is relatively permeable. Now we
the cytosol forces potassium ions and chloride ions to dis-
tribute unequally between the cytosol and the extracellular
fluid. This unequal distribution is referred to 2s Donnan
equilibrium, based on its original description by Frederick
Donnan in 1911.

To illustrate how chloride ions distribute between the
inside and outside of the cell, we will return to our two-
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Figure 22-7 The Relationship Between the Potassium
lon Gradient and the Equilibrium Membrane Potential.
The Nernst equation was used 1o calculate equilibrium memz-ane
potential for tenfold changes in the potassium ior concentz:ian gra-
dient across the membrane. By convention, the patassium i~ gradient 8
expressed as the ratio of (K~} outside the cell to [K-] insigz e cell. of
K Joucsice /1K ~Lnsice- When the ratio is expressec tis way. i1272asing
potassium inside the celi relative 10 outside procucss pra zszively
smaller fractions. The result, basec on calculaticns 3t 3 12m2g73wWre o
18°C, shows that for every tenfolc change in the oatassiv™ 3" gradier:.
there is a 58-mV change in membrane potential.
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Figure 22-8 Donnan Equilibrium. Oonnan equilibrium axglains
why chicrice icns are mere concentrated outside the cell than insice,
aven thcugh the memtrane is permeable to both potassium and chicride
ions. Chiorice icns star: aut much more concentrated on the outsice (right
compartment) and will tend to diffuse inward (to the left). Potassium ions
are alse permeasle, and 2 positively charged potassium ion will diffuse
into the czil 2icng with 2ach chiaride ion, thereby preservirg electrical
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neutrality. At squilibrium, the chiarice icns diffuse across the membrane
at the same rate in both directions, but the concentrations of chloride in-
side and outside the cell are quite different. This is tecause the high con-
centration of potassium ions inside the cell leads to the rapid leakage of
potassium and chloride ions, even though the cancentration of chioride in
the cytosol is ralatively fow.

compartment model (Figure 22-8). As in Figure 22-6, the
left compartment represents the cytosol, the right compart-
ment represents the extracellular fluid, and the barrier rep-
resents a plasma membrane that is permeable to potassium
and chloride ions. Now, however, a solution containing
0.1 M potassium ions and negatively charged macromole-
cules has been added to the left compartment, and a solu-
tion containing 0.1 M potassium chloride has been added to
the right compartment. Even though the concentration of
potassium ions is the same on both sides, the system is not at
equilibrium because of the large chloride ion concentration
gradient. Therefore, chloride ions will diffuse from right to
left. A potassium ion will accompany each chloride ion that
diffuses across the barrier, thereby preserving electrical neu-
trality. As chloride diffuses down its concentration gradient
from right to left, potassium becomes more concentrated on
the left side. This imbalance of potassium is one of the fea-
tures of Donnan equilibrium.

Eventually, the concentration of potassium chloride will
build up in the left compartment until an equilibrium is
reached, with potassium and chloride ions diffusing in both
directions at the same rate. If we were to measure the con-
centration of potassium and chloride in both compartments
at equilibrium, we would find that potassium is more con-
centrated on the left side and chloride is more concentrated
on the right side. In fact, we would find that

[K-]'e‘!/[K-lngnt = [Cl-]nqm/[Cl-]'eﬂ {2-3)

In other words, the chloride gradient is the reciprocal or op-

posite of the potassium gradient. Reciprocal concentration
gradients of chloride and potassium ions are the hallmark of
Donnan equilibrium.

Ion Distribution and the Problem of Cell Swelling. Thus
far, we have seen that the presence of negatively charged
macromolecules in the cytosol lies at the heart of both the
negative equilibrium membrane potential and the reciprocal
distribution of potassium ions and chloride ions. Their
presence also causes the cytosol to be hypertonic with re-
spect to the extracellular fluid. The cytosol is hypertonic be-
cause it contains more dissolved substances than the solu-
tion outside the cell. This can be demonstrated by summing
the ions present inside and outside. The cell contains both
impermeable and diffusible anions, and to maintain electri-
cal neutrality, it must also contain a matching number of
cations. Outside the cell, there will be only diffusible anions
(A~) with a matching number of cations (C~). We can ex-
press this idea mathematically as:

[C-]mside = {Nl-]vnsxae + [A-]msn:e (22-4)
Outside the cell, electrical neutrality is achieved when:
[C-]aumce = [A_louwdl (22-5,

If we were to sum the concentrations of solutes inside the
cell, we would find that there are more dissolved substances
inside the cell. Therefore, water would tend to enter the
cytosol, causing the cell to swell. If this process were to con-
tinue unchecked, the cell would eventually burst. 2 8 3 8
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To prevent swelling and rupture, an impermeable solute
is needed outside the cell to balance the osmolarity of the
cytosol. The high concentration of sodium ions present in
the extracellular fluid fulfills this requirement because of the
poor permeability of the membrane to sodium ions. In ad-
dition, when sodium ions do leak through the membrane,
they are removed from the cvtosol by the sodium-potassium

pump.

The Sodium-Potassium Pump. Although the plasma
membrane is relatively impermeable to sodium ions, there is
always a small amount of leakage. If sodium continued to
leak, eventually the cell would swell and burst. To compen-
sate for this leakage, the sodium-potassium pump continu-
ally pumps sodium out of the cell while carrying potassium
inward (see Figure 8-6). On average, the sodium-potassium
pump transports three sodium ions out of the cell and two
potassium ions into the cell for every molecule of ATP that is
hvdrolyzed. This net transport of ions out of the cell dilutes
the cytosol, thereby preventing swelling. In addition, the
sodium-potassium pump maintains the large potassium ion
gradient across the membrane that provides the basis for the
resting membrane potential.

Steady-State Ion Concentrations and
the Resting Membrane Potential

Sodium, potassium, and chloride ions are the major ionic
components present in both the cvtosol and the extracellu-
lar fluid. Due to their unequal distributions across the cell
membrane, each ion has a different impact on the mem-
brane potential. The magnitude of the concentration gradi-
ent for each ion is illustrated by the bar graphs in Figure

20C r 20C r
Extracellular
fluid

—

100 10C

lon concentration (M)

ton concentration (1mM)

(a) Pctassium icns (K7)

Figure 22-9 Relative Concentrations of Potassium,
Sodium, and Chloride lons Across the Cell Membrane.

Each of the major ions in the cytosol exists as a concentration g-adient
across the plasma membrane, and each is capable of having ar sffect on
the membrane potential. (a) Potassium ions are more concentrgtad in the
cvtosal than in the extraceliular fluic. As a rasult, potassium ions have 3
tendency to move out of the cell, leaving behind traoped aniors. There-
fore. the loss of potassium causes the membrane octential to b2come
more negative. {b) Sodium ions are much more concentrated outside the
cell than inside; therefare, sodium ions tend tc enter the cell. As sodium
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Cytosol

{b) Sodium 1¢ns (Na7)

22.9, in which the height of each bar is proportional to tne
concentration of a specific ion in the cytosol or the extracel-
lular fluid. Each ion will tend to diffuse down its concentra-
tion gradient, and if allowed to do so will produce a change
in the membrane potential. )

Potassium ions tend to diffuse out of the cell, which
makes the membrane potential more negative. Sodium ions
tend to flow into the cell, driving the membrane potential i~
the more positive direction and thereby causing a depolar-
ization of the membrane (that is, causing the membrane
potential to be less negative). Chloride ions tend to diffuse
into the cell slowly which should, in principle, make the
membrane potential more negative. However, chloride ions
are also repelled by the negative membrane potential, so that
chloride ions usually enter the cell in association with posi-
tively charged ions such as sodium. This paired movement
nullifies the depolarizing effect of sodium entry. Increasing
the permeability of cells to chloride can have two effzots.
both of which decrease neuronal excitability. First, the net
entry of chloride ions (chloride entry without a matching
cation) causes hyperpolarization of the membrane (that s,
the membrane potential becomes more highly negative than
usual). Second, when the membrane becomes permeable to
sodium ions, some chloride will tend to enter the cell along
with sodium. Understanding this effect of chloride entry
will be important later when we discuss inhibitory neuro-
transmitters.

Steady-State Ion Movements
and the Goldman Equation

£ we want to take into account the relative contributions of
each of several ions to the resting membrane potential ofa
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ions enter, they neutralize some of the excess negative charge in the
cviosol. As a result, the membrane petential becomes mare positive.
{c) Chloride ions distribute across the membrane in Donnan equilibrium.
Chicride ions usually cross the membrane together with @ permeabie
cation (normally a potassium ion). Although chioride ions are concer-
wrated outside the cell, the extracelfutar potassium ion concentratior 3
iow, which iimits the rate of chioride entry. In contrast. g potassiu™
~ancentration in the cytasol is high, aliowing chionide ic leave the cg¥’
aven at low cytosolic chioride concentrations.
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cell, we cannot use the Nernst equation because it deals with
only one tvpe of ion at a time, and it assumes that this ion is
in electrochemical equilibrium. These relative contributions
are imporiant to an understanding of the actual conditions
in the cell decause even in its resting state, the cell has some
permeabiiity to sodium and chloride ions in addition to
potassiurz ions. To take into account the leakage of sodium
and chloride ions into the cell, we must move from the more
static conczpt of an equilibrium membrane potential to a
consideration of steady-state ion movements across the
membrane.

We can illustrate the concept of steady-state jon move-
ments by returning to our model of a cell in electrochemical
equilibrium (Figure 22-10). As mentioned in our discussion
of the Nernst equation, a cell that is permeable only to
potassium will have a membrane potential equal to the equi-
librium potential for potassium ions. Under these condi-
tions, therz will be no net movement of potassium out of the
cell. If we now assume that the membrane is slightly perme-
able to sodium ions, what will happen? We know that the
cell will have both a large sodium gradient across the mem-
brane and a negative membrane potential corresponding to
the potassium equilibrium potential. These forces tend to
drive sodium ions into the cell. As sodium ions leak inward,
the membrane is partially depolarized. At the same time, by
neutralizing the membrane potential, there is now less re-
straining force preventing potassium from leaving the cell,
so potassium ions diffuse outward to balance the inward
movement of sodium. The inward movement of sodium
ions shifts tne membrane potential in the positive direction,

Semipermeable
memorane

Cytosoi Extracellutar fluid

Figure 22-10 Steady-State lon Movements. The actual
membrane peizntial of a cell depends on the permeability of the mem-
Erane to varicus ions and the steady-state movements of ions across the
membrane. As illustrated here with our two-compartment model, a small
number af socium ions continually leak into the cell. This makes the
membrane petantial more positive, weakening the electrical restraint on
the movemer: of potassium ions. A small number of potassium ions can

while the outward movement of potassium ions shifts the
membrane potential in the negative direction,

The membrane potential now becomes a funcion not
only of ion gradients but also of the rate at which ions can
flow through the membrane—a very important new con-
cept. Movements of sodium and potassium ions across the
membrane have essentially opposite effects on the mem-
brane potential. For mammalian cells, the sodium ion gradi-
ent tends toward a cell membrane potential of about
+55 mV, while the potassium ion gradient tends toward a
membrane potential of about —90 mV. At what value will
the membrane potential come to rest? In principiz, it could
be anywhere between these points. At any given time, the
membrane potential will depend on the outward flux of
potassium ions relative to the inward flux of sodium ions.
Changes in the permeability of the cell to either ion cause
corresponding changes in the membrane potential. In a liv-
ing cell, sodium ions continually leak into the cell and potas-
sium ions leak out, but steady-state concentrations of the
two ions are maintained because the sodium-potassium
pump acts to move sodium ions outward and potassium
ions inward.

The pioneering neurobiologists David E. Goldman,
Alan Lloyd Hodgkin, and Bernard Katz were the rst to de-
scribe how gradients of several different ions each con-
tribute to the membrane potential as a function of relative
ionic permeabilities. The Goldman-Hodgkin-Katz equation,
more commonly known as the Goldman equation, is as
follows:

Vrn = H_Tln (P()[K-qutsu:e + (Rla}’[Na-]cutsvde - (P:I}[C!_]'nsyce
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now leak out of the cell. As scdium ions accumulate in the cyzoscl, they
are pumped outward in exchange for potassium icns Gy the sccium-
potassium pump. The end resuit is 3 small, permanent canceriration of
sodium ions inside the cell. The prasence of a small amount of sodium
ions in the cytosol causes the memirane potential to be more gositive
than the equilibrium membrane potential for potassium ians.
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One of the key differences between the Nernst equation
and the Goldman equation is the incorporation of terms for
permeability. Here Py, Px.s and P are the relative permeabil-
ities of the membrane for the respective ions. The use of rel-
ative permeabilities circumvents the complicated task of de-
termining the absolute permeability of each ion. Because
chloride ions have a negative valence, {C17 |54 appears in
the numerator and {C1™}usq. in the denominator. While
the equation shown here only takes into account the contri-
butions of potassium, sodium, and chloride ions, other ions
could be added as well. Except under special circumstances,
however, the permeability of the plasma membrane to other
jons is usually so low that their contributions are negligible.

We can use a mammalian neuron to illustrate how one
can accurately estimate the resting membrane potential
from the known steady-state concentrations of sodium,
potassium, and chloride ions as well as their relative perme-
abilities. To do so, K™ is assigned a permeability value of 1.0,
and the permeability values of all other ions are determined
relative to that of K~. The permeability of sodium ions is
only about 1% of that for potassium ions, and for chloride
ions, the estimated value is 45%. Relative values of Py, Py,
and P, are therefore 1.0, 0.01, and 0.45, respectively. Using
these values, a temperature of 37°C, and the intracellular
and extracellular concentrations of Na~, K7, and Cl~ from
Table 22-1, we can estimate the resting membrane potential
of 2 mammalian neuron as follows:

- ﬂ' n (1.013) + {0.01)(145) + (0.45)(10)
F (100140 + (0.013(10) + {0.45)(110)

0.0267 in {0.057: = —0.077V = —=77mV {2-7)

Tvpical measured values for the resting membrane potential
of a2 mammalian neuron are about —80 mV, which is re-
markably close to our calculated potential.

Electrical Excitability

The establishment of a resting membrane potential and its
dependence on ion gradients and ion permeability are prop-
erties of almost all cells and are not what makes electricaliv
excitable cells unique. The unique feature of electrically ox.
citable cells is their response to membrane depclarization. »
nonexcitable cell that has been temporarily and slightly ge-
polarized will simply return to its original resting mem-
brane potential. When an electrically excitable cell is depo-
larized to the same degree, however, it responds with an
action potential.

Electrically excitable cells produce an action potential
because of the presence of particular types of ion channeis
in the plasma membrane. As we shall see, ion channels are 2
the heart of electrical signaling in neurons. Thus, to unde:-
stand how nerve cells communicate signals electrically, we
need to know the characteristics of the ion channels that are
present in the membrane.

Ion Channels

Ion channels are integral membrane proteins that form ion-
conducting pores through the lipid bilaver. Channel types
differ in several ways, including their selectivity for a particu-
lar ion and the conditions that determine when the channs
is opened or closed to the passage of ions. Channels are gen-
erally classified according to the kind of ion they conduct,
the most common examples being sodium, potassium, cal-
cium, and chloride channels. Channels also differ in what
stimulus causes them to open and how long they stay open
in response to a particular stimulus. Controlling the opening
and closing of a channel is referred to as gating the channel.
As the name suggests, voltage-gated ion channels r:-
spond to changes in the voltage across a membrane. Voltaze-
gated sodium and potassium channels are responsible for
the action potential. Ligand-gated ion channels, however.
open when a particular molecule binds to the channel.
(Ligand is from a Latin word meaning “to bind.") These
channels are important in the communication of signals be-

Table 22-1 lonic Concentrations Inside and Outside Axons, Concentration Ratios, and Resulting Equilibrium Potentials

Squid Axon Mammalian Neuron
Outide Inside Potential Outside inside Sotentiai
lon (M} (m\) Ratio” (mV) (m\) (mM) Ratic* {(mVl
3" 440 50 88 +55 145 10 144 ~58
K- 20 400 0.05 =75 5 140 6.033 -23
Ci- 560 50 0.09 -5 110 10 008 -5

*Toncentration ralios are outside. 1ns:3e for cations. inside./outsice for amons

724 Chapter 22: Signa! Transduction Mechanisms: I. Electrical Signals in Nerve Cells




e e

»
ke

a3
P4 SN
»

e

e

tween neurons. Finally. some channels appear to be ungated
and therefore alwavs open. An example of an ungated chan-
ael is the potassium leak channel that makes resting cells
somewhat permeable to potassium ions.

The Structure and Function of Voltage-Gated lon Chan-
nels. Understanding the structure and tunction of
voltage-gated sodium and potassium channels provides a
basis for understanding the events of the action potential.
Therefore, before we discuss the events of an action poten-
tial, we will first explore the properties of ion channels.

The structure of voltage-gated ion channels follows two
different, though similar, models. Voltage-gated potassium
channels are multimeric proteins that form from four sepa-
rate protein subunits present in the membrane (Figure
33.11). When these four subunits come together in the
membrane, a central pore is formed through which ions can
pass. Voltage-gared sodium channels, however, are large,
monomeric proteins with four separate domains, each of
which is similar to one of the subunits of the voltage-gated
potassium channel. In both kinds of channels, each subunit
or domain contains six transmembrane a helices. One of
these transmembrane a helices has positively charged amino
acid groups in the middle of its transmembrane segment.
These positivelv charged amino acids probably serve as the
voltage sensor that makes these channels voltage-sensitive. In
some wav, changes in voltage across the membrane cause the
positions of these amino acids to shift, thereby opening or
closing the channel.

The size of the central pore and, more importantly, the
way it interacts with an ion, give a channel its ion specificity
‘Figure 22-12a}. In part, channels select for ions of the right
charge through electrostatic attraction to, or repulsion from,
charged amino acids at the opening of the pore. Ultimately,
however. ions must bind to the channel before they can pass
through. When an ion binds to a channel, most of the water
molecules bound to the ion are released. A channel thus se-
lects for jons that bind strongly enough to displace the water
molecules surrounding the ion. Once this happens, the ion
can pass through the pore. It is through binding to an ion
that a channel exerts its greatest selectivity.

Gated channels have the ability to open in response to
some stimulus and then to close again. This open or closed
state is an all-or-none phenomenon: When a channel opens,
it conducts ions at a maximum, and when it closes, it does
not conduct ions at all. However, a channel can go into ei-
ther of two different closed states. In the case of channel gat-
ing, the channel closes but remains capable of opening again
in response to the appropriate signal (Figure 22-12b). This is
due to the voltage gate swinging open ot shut.

The other closed state is referred to as channel inactiva-
tion which is an important feature of voltage-gated sodium
channels (Figure 22-12¢). When a channel is inactivated, it is
closed in such a way that it cannot reopen immediately, even
if stimulated to do so. Inactivation is caused by a portion of
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(a) Ar ncivicual suounit

Sucurits

Plasma
membrane

inactivating
caricle

(b) Arrangement =f twe oi four subunits in a channel

Figure 22-11 The General Structure of Voltage-Gated lon
Channels. Tre .citage-gersc snannels for sedium, ootassium. arc
caicium icns ail shara the seme Sasic structural themes. The channe! is
assantiaily a rectargular tuce wnesg four walls are formed from 2:ther
four suburits, or four domains. (a) £2ch subunit o domain contains six
transmembrane o nelices iaceiec 31-S6. The fourth transmembrane a
helix. 4. contains many positively charged residues, which make it 3
good candidate for 3 voltage senscr and part of the gating mechanism.
Far voltage-gated scdium chanreis and some tyces of petassium chan-
aels, a regicn near the N terminus arotrudes inta the cvtosol and forms
an inactivating particle. (b) Two of the subunits of @ voitage-gated gotas-
sium channel are rought cgerher ¢ show how the pore forms in the
middle: The inactivating pariic'e “when prasent) causes channel inacti-
vation by extending aver the mouth of the channel to block the passage
of ions.

the channel protein called the inactivating particle that pro-
trudes into the cvtosol. During inactivation, this particle
covers the opening of the channel pore. For such a channel
to reactivate and open in response to a stimulus, the inacti-
vating particle must move away from the pore. 2 8 4 0

e emiaml Coyminabiling 725



- Hydrated
potassium
ion

i-ldri;‘ —
l binding -
!
i

site

(a) lon selectivity of channels

Figure 22-12 The Function of a Voltage-Gated fon Chan-
nel. ({a) Severz ways that a channel can select for different ions are
shown here. & Nezative charges at the opening of the channel repel an-
ions and attract cz-ions. 2 The pore diameter restricts the size of ions
that can pass. 3 icn-selective binding strips off water molecules so that
ions can pass through the pore. {b) Channe! gating occurs because a por-
tion of the channe' changes conformation when the membrane potential
changes. Here, a charged gate is depicted as swinging open and shut.
{c} Inactivation of s2dium channels occurs when an inactivating particie
biocks the opening =f the oore.

(b) Channel gating
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{c) Channel inactivation

Studying a Single Channel: Patch Clamping

Our clearest picture of how channels operate is the result of
the development of a technique that permits the recording
of ion currents passing through individual channels. This
technique, known as single-channel recording, or more com-
monly as patch clamping (Figure 22-13), was developed by
Erwin Neher and Bert Sackman.

To record single-channel currents, a fire-polished glass
micropipette with a tip diameter of approximately 1 pum is
carefully pressed up against the surface of a cell such as a
neuron (Figure 22-13a). Gentle suction is then applied, so
that a tight seal forms between the pipette and the plasma
membrane. There is now a “patch” of membrane under the
mouth of the micropipette that is sealed off from the sur-
rounding medium (Figure 22-13b).

This patch of membrane is small enough that it will
usually contain only one or perhaps a few ion channels. Cur-
rent can enter and leave the pipette only through these chan-
nels, thereby enabling an experimenter to study various

726  Chapter 22: Signal Transduction Mechanisms: . Electrical Signals in Nerve Cells

properties of the individual channels. The channels can be
studied in the intact cell, or the patch can be pulled away
from the cell so that the researcher has access to the cytosolic
side of the membrane.

During the experimental process, an amplifier main-
tains voltage across the membrane with the addition of a so-
phisticated electronic feedback circuit called a volrage ciamy
(hence the term patch clamp). The voltage clamp keeps the
cell at a fixed membrane potential, regardless of changes in
the electrical properties of the plasma membrane, by inject-
ing current as needed to hold the voltage constant. It then
measures tiny changes in current flow—actual ionic cur-
rents through individual channels—from the patch pipette.

The patch-clamp method has been used to show that
when a particular kind of channel opens, it always conducts
the same amount of current—that is, the same number ot
ions per unit of time. There are no partially open or closed
states in which the channel conducts more or less current.
Therefore, we can characterize a particular channel in terms
of its conductance. Conductance is the amount of current
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Figure 22-13 Patch Clamping. (a) A firz-zolished micropipette
with a diameter of about 1 um is carefully placec zgainst a cell, such as
the neuron shown hera, and (b} gentle suction is acclied to ferm a tight
seal cetween the picen:2 and the plasma memorare. The dersity of chan-
nels is usually low enough that only one or a few cnannels will 2e in the
memprane under the mouth of the pipette. (¢} When current lcw {flow of
ions) is recarded while the membrane is subjected 0 a depolarizing step
in voltage, a burst of channel opening accurs. When gach channel opens,
the amount of current that flows through the charrel is always the same
(2 pA for the sodium channels shown here). Fallowing the burst of chan-
nel opening, a quiescent period cccurs because of channel inactivation.

tlowing through the channel per unit of time when a speci-
fied voltage is applied across the membrane. A voltage-gated
sodium channel, for example, conducts an electrical current
of approximately 2 picoamps (2 X 10™'* A), which corre-
sponds to about 12 million sodium ions flowing through the
channel per second. This can be seen in the traces shown in
Figure 22-13c.

In single-channel recording, membrane depolarization
(triggered by changing the applied voltage to a more positive
potential) increases the probability that a channel will open.
Even before the membrane is depolarized, a sodium channel
will occasionally flicker open and closed. When the mem-
brane is depolarized, a burst of activity occurs, involving
much more frequent opening and closing of sodium chan-
nels. This channel activity then dies down and cannot re-
sume unless the membrane potential is restored to a more
negative level. The cessation of channel activity that occurs
while the membrane is still depolarized is due to channel in-
activation.

Mode of Action of Sodium Channels. Much of the cur-
rent research using patch clamping focuses on the mecha-
nism that enables ion channels of excitable membranes to

sense and respond to changes in membrane potential. Our
understanding in this area has been greatly enhanced by
studies of gating currents. These are small currents that last
only about 0.1 msec and precede the opening of the sodium
channels. Gating currents are thought to reflect changes in
the positions of charged amino acids within the channel.
Any movement of charge over a distance is a current. Here,
the movement of charge that makes up the gating current is
due to the gate of the sodium channel protein swinging
open in response to membrane depolarization.

Our understanding of how these channels function has
been greatly aided by the isolation and cloning of the gene
that encodes the sodium channel protein. This has made it
possible to synthesize large amounts of the channel protein
and to study its functions in lipid bilayers. In addition, spe-
cific molecular modifications or mutations to the channel
can be used to determine how various regions of the channel
protein are involved in channel function. This approach has
been used to study the parts of the channel protein responsi-
ble for voltage-gating. Each of the four domains of the
sodium channels has six transmembrane helices, called
S1-56. One of these helices, S4, has a conspicuous series of
positively charged amino acids. When these poﬁigl}[’l 2
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charged amino acids are replaced with neutral amino acids,
gating currents are abolished, and the channel does not
open. This suggests that the transmembrane helix 54 func-
tions as the voltage sensor and gate.

Molecular studies have also identified the mechanism of
channel inactivation. The current model of inactivation sug-
gests something like a ball tethered on a chain (the inactivat-
ing particle} that swings over the cytosolic opening of the
channel to block conductance (see Figure 22-12¢). Several
lines of evidence support this conclusion. When the cyto-
solic side of the channel is treated with a protease, chan-
nels can no longer be inactivated. Treatment of channels
with antibodies prepared against the fragment of the chan-
nel thought to be responsible for inactivation also prevents
inactivation.

Kinds of Potassium Channels. There are many different
kinds of potassium channels. The delaved potassium chan-
nels play an important role in action potentials. These chan-
nels respond to depolarization as the sodium channels do,
but they open more slowly. Other potassium channels are
activated by internal calcium and may play a role in the reg-
ulation of membrane potential.

The Action Potential

We have seen how an ion gradient across a selectively per-
meable membrane can generate a membrane potential, and
how, according to the Goldman equation, membrane poten-
tial will change in response to changes in ion permeability.
We have also examined the nature of ion channels in the
membrane. which are responsible for regulating the perme-
ability of the membrane to the different ions. Now we are
ready to explore how the coordinated opening and closing of
ion channels can lead to an electrical impulse called an ac-
tion potential. To do this, we will first examine how the
membrane potential is measured and how it changes during
an action potential, using the squid giant axon as a model
svstemn. Then we will discuss how the opening and closing of
sodium and potassium channels account for these changes
in membrane potential.

The Squid Giant Axon as an Experimental Model

Progress in science is often associated with technological
breakthroughs. One of the great advances in understanding
the electrical events in neurons came with the discovery of
the giant neurons of the squid in the 1930s. Since that time,
the squid giant axon has become one of the most extensively
studied and well characterized of all neurons. In the squid,
these giant nerve fibers are used to expel water explosively
from the mantle cavity of the animal, enabling it to propel
itself quickly backward to escape predators (Figure 22-14).
The axons involved in triggering this “jet propulsion” system
are very large, with diameters of about 0.5-1.0 mm:. This size
allows microelectrodes to be inserted readily into the axon,

Tentacle

Giant
fiber

Figure 22-14 Squid Giant Axons. The squid nervous sysism
includes motor nerves that control swimming movements. The nerves
contain giant axons (fibers) with diameters ranging up to | mm, provicing
a convenient system for studying resting and action potentials in a bio-
logical membrane.

thereby making it possible to measure and control electrical
potentials and ionic currents across the axonal membrane.
Because the squid giant axon has been studied so intensively,
we will use it to illustrate the properties of an action po-
tential.

Measuring the Resting Membrane Potential

We have seen how the ion currents flowing through a singie
channel can be measured using patch clamping. To measure
the resting membrane potential of the cell, we use a slightly
different apparatus, such as that shown in Figure 22-13a.
Here, a recording electrode is implanted in the axon and a ref-
erence electrode is placed in the electrolyte solution sur-
rounding the membrane. Wires run from the electrodes to
an electronic amplifier to amplify the signals, and then to an
oscilloscope or computer screen that displavs the streng:h of
the signal over time. As we will discuss later, additional eie:-
trodes can be inserted into the neuron for special purposes.

The Sequence of Events
During an Action Potential

A resting neuron is a system poised for electrical action. As
already mentioned, the membrane potential of the cell is st
by a delicate balance of ion gradients and ion permeabilit:
Depolarization of the membrane upsets this balance. it
level of depolarization is small—less than about 20 m\'—
the membrane potential will normally recover without
event. Further depolarization brings the membrane to the
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Figure 22-15 An Apparatus for
Measuring Membrane Potentials.

{a) Measurement of the resting membrane po-
tential requires twa electroces, one inserted in-
side the axcn (the racarding 2izctrode) anc ane
piaced in tre duid surrcunding the call ithe ref-
grance 2atsczrode). Oifferancss in sotential te-
tween the recerding and refaranca 2iecroces
are amgplifiec dy a voltage amglifier anc dis-

played on a voitmeter, an ascilloscoge, or a

50 mM Na*
400 mM K* L
50 mi cr

camputer monitar. {b) Measurament of an ac-
Axcn tion petential raquires four eiectrodes, cne in
the axen ‘cr stimulation, anctner in the axon for

(a) Measuring the resting membrane potantial in a sGuic axon

recording, and two in the fluic surrouncing the
cell for referance. The stimulating electrode is
connected :0 3 pulse generazcr, which eiivers
a pulse of current to the axcn when the switch
is momentarily closed. The nerve impulse this
generates is propagated down the axon and

! Pulse generator g Voltmeter can be detacted a few milliseconds later by the
r— mE— recording slectrade. The imuise is detected as
| . L .
Switch—\ — a transient change in transmembrane potential,
measured with respect 10 the raferanca alec-
Salt Reference — Reference trodes.
solution electrode electrode
—— Stimulating b — Reccrding
electrode electrode
@ A L B AXOﬂ

(b) Measuring an action potential in a squid axcn

threshold potential, where the events of the action potential
take control.

An action potential is a brief but large electrical depo-
larization and repolarization of the neuronal plasma mem-
brane caused by the inward movement of sodium ions fol-
lowed by the outward movement of potassium ions. These
ion movements are, in turn, controlled by the opening and
closing of voltage-gated sodium and potassium channels. In
fact, we can explain the development of an action potential
solely in terms of the behavior of these channels. Once an
action potential is initiated in one region of the membrane,
it will travel along the membrane away from the site of ori-
gin by a process called propagation.

Measuring an Action Potential

The development and propagation of an action potential
can be readily studied in large axons such as those of the
squid. To do so using the apparatus shown in Figure 22-15b,

an additional electrode called the stimulating electrode is
connected to a power source and inserted into the axon
some distance from the recording electrode. A brief impulse
from this stimulating electrode can be used to locally depo-
larize the neuron beyond the threshold potential. This re-
quires an electrical impulse from the stimulating electrode
sufficient to depolarize the membrane by about 20 mV (i.e.,
from —60 to about —40 mV). This triggers an action poten-
tial that spreads out, or propagates away from, the stimulat-
ing electrode. As the action potential passes the recording
electrode, the voltmeter or oscilloscope will display the
characteristic pattern of potential changes shown in Fig-
ure 22-16.

In less than a millisecond, such an apparatus will record
the membrane potential rising dramatically from the resting
membrane potential to about +40 mV—the interior of the
membrane actually becomes positive for a brief period. The
potential then falls somewhat more slowly, dropping to
about —75 mV (hyperpolarization) before stabilizénéaiaia
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Figure 22-16 The Action Potential of the Squid Axon.

T The resuing cetz~tial price <o the start of the action potential is approx-
imasaily —30 mV £ An actict cotential begins when the neuron is de-
poiarizac ov aboL: 27 mV i¢ 2 Joint known as the threshold potential.
Once the action gc:zntial is nitiated, the potential swings rapidly in the
positive direction. At the pezk of the positive swing, the membrane po-
tential regches a vziue of about <40 mV. & Once the cell reaches the
peak pasitive potential, it begins to repolarize, returning to @ negative
membrane poientz. £ Recc.zrization often leads to a membrane poten-
tia! that is actuaih ~vperpoiz*ized or more negative than the resting po-
tentigh. Tnis s rgfzr2d 1 = undarshoot. The membrane potential
ten r81UMns 10 103 "E5lng $1ETE

at the resting potential of about —60 mV. As Figure 22-16
indicates, the complete sequence of events during an action
potential takes place within a few milliseconds.

The apparatus shown in Figure 22-15 can also be used
to measure the ion currents that flow through the mem-
brane at different phases of an action potential. To do so, an
additional elecirode known as the holding electrode is in-
serted into the cell and connected to a voltage clamp,
thereby enabling the investigator to set and hold the mem-
brane at a particular potential, regardless of changes in the
membrane’s electrical properties. Using the voltage-clamp
apparatus, a researcher can measure the current flowing
through the membrane at anv given membrane potential.
Such experiments have contributed fundamentally to our

current understanding of the mechanism that causes an ac-
tion potential.
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Understanding the Action Potential
in Terms of Ion Channels and Currents

In a resting neuron, the voltage-dependent sodium and
potassium channels are usually closed. Therefore, the celj i
roughly 100 times more permeable to potassium than to
sodium ions because of the potassium leak channels. Whe-
a region of the nerve cell is slightly depolarized. a fraction o~
the sodium channels respond and open. As theyv do, the in-
creased sodium current acts to depolarize the membrane.
Thus, increasing depolarization causes a larger sodium cur-
rent to flow, which further depolarizes the cell. This rela-
tionship between depolarization, the opening of voltage-
gated sodium channels, and an increased sodium current
constitutes a positive feedback loop known as the Hodgk:::
cycle (Figure 22-17).

Subthreshold and Threshold Depolarization. If the
Hodgkin cycle were not opposed by other forces, even a
small amount of sodium entry would always lead to com-
plete depolarization of the cell membrane. However, the
events of the Hodgkin cvcle meet with resistance due to the
efflux of potassium ions, which tends to restors the resting
membrane potential. As mentioned earlier, when the mem-
brane is depolarized by a small amount, the membrane po-
tential recovers and no action potential is generated. Leveis

Stimulus

;

Membrane
depoilarization

Na* enters

Na~ channels open
through channels - °

Figure 22-17 The Hodgkin Cycle. This diagra— - “s:r=’= o
pesitive feedback relationsnic 9etween depclarization, ing J2ening @
sodium channels, and the carresponding increase in socicr current. A
small depolarization causes sadium channels to open. This in turr lets
sodium ions flow into the cell, which depolarizes the memzrane even
more. As long as the membrane’s permeability to potassiu ions 1S
grsater than its permeability tc sodium ions, diffusion of az:assic™
out of the cell will counteract the Hodgkin cycle. Howevsr. wn2n T2
membrane’s permeability to socium ions approacnes its 22"
potassium ions, the Hodgkin cvcie will operate unocoose:
maximum sodium permeability.
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of depolarization that are too small to produce an action po-
tential are referred to as subthreshold depolarizations.

To understand why subthreshold depolarizations lead
to recovery while larger depolarizations lead to an action
potential, we nezd to consider how potassium ions respond
to depolarization. When sodium ions enter a cell and depo-
larize the membrane, the electrical restraint that keeps
potassium ions from diffusing out of the cell is weakened. In
response to a depolarization of the membrane, potassium
ions diffuse outward, thereby making the membrane poten-
tial more negative again.

This etflux of potassium ions can effectively oppose the
Hodgkin cvcle as long as its rate is greater than or equal to
the rate of sodium influx. The rate of sodium influx varies
with the degree of depolarization: The greater the depolar-
ization, the faster sodium enters. Up to a point, increasing
rates of sodium entry are matched by increasing rates of
potassium efflux. For subthreshold levels of depolarization,
the rate of potassium efflux can compensate for the rate of
sodium entrv.

The Depolarizing Phase. If all the voltage-dependent
sodium channels in the membrane were to open at once, the
cell would suddenly become ten times more permeable to
sodium than to potassium. Because sodium would then be
the more permeable ion, the membrane potential would be

largely a function of the sodium ion gradient. This is effec- -

tively what happens when the membrane is depolarized past
the threshold potential (Figure 22-18, steps 1 and 2). Once
the threshold potential is reached, potassium efflux can no
longer compensate for the rate of sodium entry. At this
point, the membrane potential shoots rapidly upward, peak-
ing at approximately +40 mV. When the rate of sodium
entry slightly exceeds the maximum rate of potassium ef-
flux, an action potential is triggered. Note that at this peak,
the action potential approaches, although it does not actu-
ally reach, the equilibrium potential for sodium ions (about
+35mV).

The Repolarizing Phase Once the membrane potential
has risen to its peak, it quickly repolarizes (Figure 22-18,
step 3). This is due to a combination of the inactivation of
sodium channels and the opening of voltage-gated potas-
sium channels. When sodium channels are inactivated, they
close and remain closed until the membrane potential be-
comes negative again. Channel inactivation thus stops the
inward flow of sodium ions and temporarily blocks the
Hodgkin cycle. The cell will now automatically repolarize as
potassium ions leak out.

Voltage-gated potassium channels in neurons differ ki-
netically from voltage-gated sodium channels in that, when
the cell is depolarized, the potassium channels open more
slowlv. As a result, an action potential begins with an in-
crease in the membrane’s permeability to sodium, followed
by an increased permeability to potassium. The increased
permeability to sodium depolarizes the membrane, and the

increased permeability to potassium ions that follows repo-
larizes the membrane.

The Hyperpolarizing Phase (Undershoot). At the end of
an action potential, most neurons show a transient hyper-
polarization. or undershoot, in which the membrane po-
tential brierlv becomes even more negative than it normally
is at rest (Figure 22-18, step 4). The undershoot occurs be-
cause of the increased potassium permeability that exists
while voltage-gated potassium channels remain open. Note
that the potential of the undershoot closeiv approximates
the equilibrium potential for potassium ions { about =75 mV
for the squid axon}. As the voltage-gated potassium chan-
nels close, the membrane potential returns to its original
resting state.

The Refractory Periods. For a few milliseconds after an
action potential, it is impossible to trigger a new action po-
tential. This interval, the absolute refractory period, is due
to sodium channel inactivation. As long as the channels are
inactivated, they cannot open, even if the membrane is de-
polarized. In addition, the undershoot makes it more diffi-
cult to stimulate an action potential, even after sodium
channels have reactivated and are ready to open again. Dur-
ing this interval, the relative refractory period, it is possible
but difficult to trigger an action potential.

Changes in Ion Concentrations Due to an Action Poten-
tial. Our discussion of ion movements might give the im-
pression that an action potential involves large changes in
the cvtosolic concentrations of sodium and potassium ions.
[n fact, during a single action potential, the cellular concen-
trations of sodium and potassium ions hardly change at all.
Remember that the membrane potential is due to a slight
excess of negative charge on one side and of positive charge
on the other side of the membrane. The number of excess
charges is a tiny fraction of the total ions in the cell, and the
number of ions that must cross the membrane to neutralize
or alter the balance of charge is likewise tiny.

However, intense neuronal activity can lead to signifi-
cant changes in the overall ion concentrations. For example,
as a neuron continues to generate large numbers of action
potentials, the concentration of potassium outside the cell
will begin to rise perceptibly. This can affect the membrane
potential of both the neuron itself and surrounding cells.
Astrocytes are thought to control this problem by taking up
excess potassium ions.

The Propagation of
an Action Potential

In order for neurons to transmit signals to one another, the
transient depolarization and repolarization that occur dur-
ing an action potential must travel along the neuronal mem-
brane. The depolarization at one point on the membrane
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K~ through their valtage-gated channels, which are shown at each step able to sodium ions. facilitating a large inwarg rush of sodium. There-
of the action potential at right. The absolute refractory period is caused after, as permeability to sodium declines, the permeability of the me™-
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potential) vaiue of about —55 mV: similarly, the potential undersnoo:s
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spreads to adiacent regions through a process called the pas-
sive spread of depolarization. This passive spread is due
to the movement of cations (mostly potassium ions) away
from the site of depolarization to regions under the mem-
brane where the potential is more negative. As a wave of de-
polarization spreads passively away from the site of origin, it
also decreases in magaitude, however. The fact that the de-
polarization fades with distance from the source makes it
ditficult for signals to travel very far by passive means only.
For signals to travel longer distances, an action potential
must be propagated. or actively regenerated, from point to
point along the membrane.

To illustrate the difference between the passive spread of
depolarization and the propagation of an action potential,
consider how a signal travels along the nerve from the site of
origin at the dendrites to the end of the axon (Figure 22-19;.
Incoming signals are transmitted to a nerve at synapses that

Inceming signal
\ Cenaritss
\ ;

Passive spraac

\ é
) /7 Axcn hilleck

o
> N\,
\\ .

e SN

Propagated
action potentials

Figure 22-19 The Passive Spread of Depolarization and
Propagated Action Potentials in a Neuron. The transmission
of a nerve impulse along a neuron depends on both the passive spread of
depotarizaticn and the gropagation of action potentials. A neuron is stim-
utated when its cencrizes raceive a depolarizing stimulus from other neu-
-ans. A depolarizaticn siaring at a dendrite will spread passively over the
c2lt bedy to the axon hillcck, where an action potential will form. This ac-
tion potential will then e oropagated down the axon.

form points of contact between the terminal bulbs of the
transmitting neuron and the dendrites of the receiving neu-
ron. When these incoming signals depolarize the dendrites
of the receiving neuron. the depolarization spraads passively
over the membrane from the dendrites to the base of the
axon, the axon hillock. The axon hillock is the region where
action potentials are initiated most easilv. This is because
sodium channels are distributed sparsely over the dendrites
and cell body but are concentrated at the axon hillock and
nodes of Ranvier. A given amount of depolarization will
produce the greatest amount of sodium entry at sites where
sodium channels are abundant. The depolarization that
spreads passively from the dendrites initiates action poten-
tials at the axon hillock. which are then propagated along the
axon.

The mechanism for propagating an action potential in
nonmyelinated nerve cells is illustrated in Figure 22-20.
Stimulation of a resting membrane at point P results in a de-
polarization of the membrane and a sudden rush of sodium
ions into the axon at that location. Membrane polarity is
temporarily reversed at that point, and this depolarization
then spreads passively over a short distance to an adjacent
point Q. Passive depolarization at point Q is sufficient to
bring it above the threshold potential, triggering the inward
rush of sodium ions. By this time, the membrane at point P
has become highly permeable to potassium ions. As potas-
sium ions rush out of the cell. negative polarity is restored,
and that portion of the membrane returns to its resting
state.

Meanwhile, the events at Q have stimulated the mem-
brane in the neighboring region at R, initiating the same se-
quence of events there, which then moves on to point S. In
this wav, the signal moves along the membrane as a ripple
of depolarization-repolarization events, with the membrane
polarity reversed in the immediate vicinity of the signal, but

eturned to normal again as the signal travels down the
axon. The propagation of this cycle of events along the nerve
fiber is called a propagated action potential or nerve impulse.
The nerve impulse can only move away from the initial site
of depolarization because the sodium channels that have
just been depolarized are in the inactivated state and cannot
respond immediately to further stimulation.

The Energetics and Rate of Impulse Transmission

We can establish that an action potential is propagated by
showing that it does not fade as it travels. This can be
demonstrated by measuring changes in membrane potential
from two recording electrodes, each inserted at a different
distance from a stimulating electrode. The stimulating elec-
trode will trigger an action potential, which will then travel
along the axon, first passing by recording electrode 1 and

2348



Plasma membrane

Qutside of axon of axon

FRSRSARAR Doy
Na*—"

T T A T B T T I I N

Figure 22-20 The Transmission of an Action Potential
Along a Nonmyelinated Axon. A nonmyelinated axon might be
viewed as an infinite string 5¢ points, each capable of undergoing an ac-
tion potential. Far simplicity, we will consider only the four points PQA,
and S, which recrasent acjacent regions along the plasma membrane of
the axon. {a) At the starz, the membrane is completely polarized.

{b) When an action potential is initiated at point A, this region of the
membrane degoiarizes anc riefly has a pasitive potential. The positively
charged sodium ions will o drawn along the membrane to adjacent re-
gions where the Jotentiai i negative. As this happens. the adjacent re-

gions become depolarized. {c) When the adjacent point Qis depolariza:
10 its threshold, an action posential starts here. {d) Meanwhile, point =
recovering from its action potantiai and has repolarizec because of the
outward fiow of patassium ions. The action potential at point Q continues
to propagate in. the direction of point A. (It cannot propagate backward 10-
ward P because sodium channels are in a refractory, or inactivated,
state, and the membrane in this region has become hyperpolarized.} The
depolarization spreading from paint Qwill trigger an action potential at R
{e) Likewise, the depolarization at point A will eventually trigger an ac-
tion potential at paint S.

then by recording electrode 2. The magnitude of response
detected by the two electrodes will be the same, even though
the signal has had to travel further along the membrane to
reach the second electrode.

A nerve impulse can be propagated along the mem-
brane with no reduction in amplitude because it is con-
stantly being renewed along the way. It is generated anew as
an all-or-none event at each successive point along the
membrane, using energy provided by the electrochemical
ion gradients. Thus, a nerve impulse can be transmitted over
essentially any distance with no decrease in strength.

The rate of action potential propagation determines
how fast a signal can be transmitted through a nerve. This
can be a critical issue in some situations—when an animal
needs to respond quickly to danger, for example. The rate-
limiting step for the speed of propagation is the passive
spread of depolarization. The rate at which a depolarization
event spreads passively depends, in turn, on several proper-
ties of the plasma membrane and the cytosol, including re-

sistance of the cytosol and the capacitance of the plasma
membrane (Figure 22-21).

The resistance of the cytosol determines how easily
positively charged ions can move laterally along the inside of
the membrane away from the site of depolarization. Largz~
axons have less resistance and thus conduct signals more
rapidly. This principle is exploited in the squid giant axon.
which controls the muscles involved in propelling the squid
away from danger. The faster the squid can respond to dan-
ger, the better chance it has of escaping.

Membrane capacitance is another factor controlling the
rate at which a depolarization event spreads passively along
the membrane. Capacitance is the ability of the membran¢
to store or accumulate ions when a potential exists. When 2
negative membrane potential occurs, the excess negati\'e’n?'
charged ions accumulate on the inside of the membrane.
and an equal amount of positively charged ions line up
along the outside of the membrane. In effect, these oppo-
sitelv charged ions are attracted to each other even though
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they are separated by the lipid bilayer. The larger the capaci-
tance, the more ions accumulate per unit area of the mem-
brane at any given membrane potential.

To understand how capacitance affects the passive con-
duction of depolarization, we can ask what happens during
the transition of the membrane from a negative potential to
a positive potential. When, for example, sodium channels
open and sodium ions rush in, each incoming sodium ion
aeutralizes one of the excess negative charges. A membrane
potential of zero is reached when all of the excess negative
charges have been matched with sodium ions. Any excess
sodium ions beyond this point will drive the potential to
positive values. When the capacitance of a membrane is
large, there are more negative charges to neutralize, which

—m

Figure 22-21 Factors Affecting the Rate of the Passive
Spread of Depolarization. The rate at which depolarization
spreacs passively is a function of the resistance of the cytosol and the
capacitance of the memorane. Reducing either resistance or capacitance
will ailow decolarization to spread passively both further and faszer along
the memorane. {a) A decolarizaticn at one point on the membrane will
spreac passively to adjacent coints on the membrane against :he resis-
tance of the cvtosal. For axample, where sodium enters {blue rcw), the
memtrane patenual is depolarized. In this depolarized region, any posi-
tive icns (primarily patassium) will be drawn laterally (pink arraws) to ad-
jacent regions where the membrane potential is mora negative. As this
oceurs. the regions next to the point of sodium entry are also Secoiarized.
However, due to the leakage of patassium ions from the call ang resis-
tance, :ne strength of the depoiarization fades with increasing sistance
from tne site of scdium entry. (b} Low amounts of cagacitance :charge
sterec in the membrane) allow a faster passive spread of depaiarization.

requires a greater amount of sodium influx. Therefore, a
given amount of sodium influx will cause less change in
membrane potential when the membrane capacitance is
large than it will when the capacitance is small. Capacitance,
in other words, has the effect of dampening and slowing the
passive spread of depolarization.

Accelerating Signal Transmission by Myelination. Myeli-
nation decreases the capacitance of the neuronal membrane.
This reduction in membrane capacitance permits a depolar-
ization event to spread further and faster than it would with-
out myelination. However, myelination does not eliminate
the need for propagation. For depolarization to ?341:)&6“
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one site to the rest of the neuron, the action potential must
still be renewed periodically down the axon. The only places
along a myelinated axon that can support an action poten-
tial are the nodes of Ranvier.

Nodes of Ranvier are interruptions in the myelin layer
that are spaced just close enough together (1~2 mm) to en-
sure that the depolarization spreading out from an action
potential at one node brings an adjacent node above its
threshold potential. Voltage-gated sodium channels are con-
centrated at the nodes and therefore can generate a large re-
sponse. Thus, action potentials “jump” from node to node
along mvelinated axons, rather than moving as a steady rip-
ple along the membrane. Nerve impulses are thereby trans-
mitted in a saltatory manner along myelinated axons, as il-

Latin word for “dancing.”) Saltatory propagation is much
more rapid than the continuous propagation that occurs in
nonmvelinated axons.

Synaptic Transmission

Nerve cells communicate with one another and with glands
and muscles at synapses. There are two structurally different
tvpes of synapses, elecirical and chemical. In an electrical
synapse, the axon of one neuron, called the presynaptic
neuron, is connected o another cell, the postsynaptic neu-
ron, by gap junctions. These junctions allow ions to move
back and forth between the two cells (Figure 22-23). As a re-
sult, the depolarization in one cell spreads passively to the
connected cell. Electrical synapses provide for transmission

oniy be generated at nedes of =z-~vier, he's raprs-
sented by gcints P @ A anc S (b) With ~veij
tior, the decoiarization at poirs = 30r2acs o
all the way ic point Jang {¢) = =25 Qi
oid. Here & new action pctentiz .3 generztad nat
{d) triggers point A to underge 2~ action sciantial
and (e} so on to point S. A neng imoulse cansists
of a wave of depolarization-r2z2:2tization avents
that is propagated along the ax2- from ncce to
node.

with no delay and tend to occur in places in the nervous sv:-
tem where speed of transmission is of the essence.

In a chemical synapse, the presynaptic and postsvnap-
tic neurons are close to each other but not directly con-
nected (Figure 22-24). Tvpically, the synapiic terminals at
the end of an axon are separated from the svnaptic mem-
brane of the dendrites by a gap of about 20-30 nm known as
the synaptic cleft. A nerve signal arriving at the terminals of
the presynaptic neuron cannot bridge the simaptic cleft as an
electrical impulse. For synaptic transmission to take piac:.
the electrical signal must be converted at the presvnaptic
neuron to the chemical signal of a neurotransmitter. Neu-
rotransmitter molecules are stored in secrstory vesicles in
the synaptic knobs or terminal bulbs of the presvnaptic neu-
ron and can diffuse across the svnaptic cle?: when released
into it. An action potential arriving at the terminal causes
the neurotransmitter to be secreted into the synaptic cleft.
The chemical signal must then be converted back to an elec-
trical signal at the postsvnaptic neuron. This takes place
when neurotransmitter molecules bind to their receptors on.
the postsynaptic neuron.

Understanding how a nerve signal is transmitted across
a synapse requires that we know the nature of neurotrans-
mitters and their respective receptors. Specifically, we need
to comprehend how the binding of neurotransmitter mole-
cules to their receptors can alter the electrical activity of the
postsynaptic cell, either to excite it to the threshold point of
to inhibit its electrical activity. Finallv, we need to unde:-
stand how an action potential regulates the secretion oF
neurotransmitter into the svnaptic cleft and the processes
that terminate the signal by removing the neurotransmittef
from the synaptic cleft.
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Neurotransmitters

A neurotransmitter is a small molecule whose function is to '

bind to a receptor. Many kinds of molecules act as neuro-
transmitters, each with at least one specific type of receptor;
some neurotransmitters have more than one type of recep-
tor. When a neurotransmitter molecule binds to its receptor,
the properties of the receptor are altered. One might com-
pare receptors and neurotransmitters to a lock and key. The
neurotransmitter, by virtue of its unique chemical structure,
is the key that fits into the receptor lock. Its function is typi-
cally to turn the receptor from an “off” state to an “on” state.
For a particular receptor, however, the specific meanings of
“off” and “on” lie in the properties of that receptor.

Neurotransmitters can be classified as excitatory or in-
hibitory, depending on what happens when they bind to
their receptors. An excitatory neurotransmitter causes depo-
larization of the postsvnaptic neuron. The binding of an in-
hibitory neurotransmitter to its receptor, however, causes the
postsynaptic cell to hyperpolarize. This can be accomplished
by opening either potassium or chloride ion channels.

To qualifv as a neurotransmitter, a compound must sat-
istv the following three criteria: (1) It must elicit the appro-
priate response when microinjected into the synaptic cleft,
{2) it must occur naturally in the presynaptic axon, and (3)
it must be released at the right time when the presynaptic
membrane is stimulated. At present, molecules that meet
these criteria include acetylcholine, a group of biogenic

amines called the catecholamines, certain other amino acids
and their derivatives, and perhaps some of the neuropep-
tides (see below). Figure 22-25 shows several common ney.-
rotransmitters.

Acetylcholine. In vertebrates, acetylcholine (Figure 22.
23a) is the most common neurotransmitter for synapses be-
tween neurons outside the central nervous system, as weli a,
for neuromuscular junctions (see Chapter 20). Acetylcholine
is an excitatory neurotransmitter. Bernard Katz and his col-
laborators were the first to make the important observation
that acetylcholine increases the permeability of the post-
svnaptic membrane to sodium within 0.1 msec of binding to
its receptor. Synapses that use acetylcholine as their neuro-
transmitter are called cholinergic synapses.

Catecholamines. Another family of neurotransmitters i
referred to as the catecholamines (Figure 22-25b). Cate-
cholamines include dopamine and the hormones nor-
epinephrine and epinephrine, all derivatives of the amino
acid tyrosine. Because the hormones are also synthesized in
the adrenal gland, synapses that use them as neurotransmit-
ters are termed adrenergic synapses. Adrenergic synapses
are found at the junctions between nerves and smooth mus-
cles in internal organs such as the intestines, as well as a:
nerve-nerve junctions in the brain. The mode of action of
the adrenergic hormones will be considered in Chapter 23.

CH, Figure 22-25 The Structure and Synthesis of Neurotrans-
HO—CH,—CH,—‘N/—CH, mitters. (a) Acetyichaline is synthesized from acetyl CoA and choline
\CH; by choline acetyltransferase. (b) The catecholamines dopamine, nor-
Choline epinephrine, and epinephrine are synthesized from the amino acid ty-c-
_ sine and are inactivated by the enzyme mongamine axidase. Doparmins
/- Synthesis can be converted to norepinephrine, and norepinephring to epinephring,
\/ cw:;%\:j’;’; as indicated by the arrows. (c) Other amino acid cerivatives are hista-
joAeSeSeemas SEas mine, serotonin, and y-aminobutyric acid (GABA). The amino acids
' glycine and glutamate (not shown) are also neurotransmitiers.
CH
: N 3
j~0—CH,—CH,—"NCH,
CH,
(a) Acetvicholine
HO HO HO
HO CH,—Cr.— NH, —— HC (‘ZH—CHZ—'NH:’ HO (|2H—CH2—’NH2—CH3
OH OH
Dopamine Norepinephrine Epinephrine

(b) Catecholamines

FI"‘CHQ—CH{—’NH;
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CH,—CH,— "NH,

i
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{c) Am:ino acid gerivatives
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Other Amino Acids and Derivatives. Other neurotrans-
mitters that consist of amino acids and derivatives include
nistamine, serotonin, v-aminobutyric acid (GABA), glycine.
and glutamate (Figure 22-25¢). Serotonin functions in the
centrai nervous svstem. [t is considered an excitatory neuro-
sransmitter because it indirectly causes potassium channels
-0 close, which has an effect similar to opening sodium
channels in that the postsynaptic cell is depolarized. How-
ever. its effect is exersed much more slowly than that of
sodium channels. GABA and glycine are inhibitory neuro-
transmitters. while gluzamate has an excitatory effect.

Neuropeptides. [n addition to the neurotransmitters de-
scribed above, neurors can secrete short chains of amino
acids called neuropeptides. Neuropeptides are formed by
proteolvtic cleavage of precursor proteins and can be stored
in the secretory vesicles similar to those that hold neuro-
transmitters. At present. over 50 different neuropeptides
have been identified. Some neuropeptides exhibit character-
istics similar to neurotransmitters in that they excite, inhibit,
or modify the activity of other neurons in the brain. How-
ever, thev differ from tvpical neurotransmitters in that they
act on groups of neurons and have long-lasting effects. Ex-
amples of this group of neuropeptides include substance P
1nd the enkaphalins, which target regions of the brain in-
volved with the percertion of pain. Other neuropeptides act
on tissues outside of the brain and are often classified as en-
docrine hormones (see Chapter 23). Examples of this group
of neuropeptides are prolactin, growth hormone, and leu-
tinizing hormone.

Neurotransmitter Receptors

Neurotransmitter reczptors fall into two broad groups:
ligand-gated ion channels, in which activation has a direct
effect on the cell, and receptors that exert their effects indi-
rectly through a system of intracellular messengers. We will
focus here on the ligand-gated channels and leave the other
categorv for Chapter 23.

Ligand-gated channels are ion channels in the plasma
membrane that open in response to the binding of a neuro-
-ransmitter. Functiorally, the ligand-gated channel class of
neurotransmitter recaptors can mediate either excitatory or
inhibitory responses in the postsynaptic cell.

The Acetylcholine Receptor. Acetylcholine binds to the
ligand-gated sodium channel known as the nicotinic acetyl-
choline receptor. When two molecules of acetylcholine bind,
the channel opens and lets sodium ions rush into the post-
svnaptic neuron, causing a depolarization.

Our understanding of synaptic transmission has been
greatly aided by the ease with which membranes rich in
acetyvlcholine receptors can be isolated from the electric or-
gans of the electric ray (Torpedo californica), an organism
that is also useful as a source of sodium channel protein. The

electric organ consists of electroplaxes—stacks of cells that
are innervated on one side but not on the other. The inner-
vated side of the stack can undergo a potential change from
about —90 mV to about =60 mV upon excitation, whereas
the noninnervated side stays at =90 mV. A potential differ-
ence of about 130 mV can therefore be built up across a
single electroplax at the peak of an action potential. Because
the electric organ contains thousands ot electroplaxes
arranged in series. their voltages are additive, allowing the
organism to deliver a jolt of several hundred volts.

When electroplax membranes are examined under the
electron microscope, they are found to be rich in rosettelike
particles about 8 nm in diameter (Figure 22-26a). Each such
particle consists of five subunits arranged around a central
axis, which is assumed to be the ion channel. Their size and
reaction with antibodies indicate that these structures are
the acetyicholine receptors.

The acetvicholine receptor from the electric ray can be
purified by solubilizing electroplax membranes with non-
ionic detergents, followed by several chromatographic pro-
cedures. Purification of the acetylcholine receptor was
greatly aided by the availability of several substances from
snake venom, including a-bungarotoxin and cobratoxin (see
Box 224, page 744). These toxins serve as a highly specific
means of locating and quantifving acetvicholine receptors,
because thev can be made highly radioactive and they bind
to the receptor protein very tightly and specifically. The
radioactive toxin can therefore be used as an assay for the
acetylcholine receptor after each step in the purification
procedure.

The purified acetvicholine receptor has a molecular
weight of about 300,000 and consists of four kinds of sub-
units—a, B, ¥, and d—each containing about 300 amino
acids. The transmembrane segment of each subunit includes
sequences of relatively hvdrophobic amino acids, which
probably form a helices grouped together in the plane of the
bilaver. The intact receptor contains the subunits in the ratio
2:1:1:1 (Figure 22-26b and c), so the simplest empirical for-
mula for the receptor protein is a.,vd.

The GABA Receptor. The GABA receptor is also 2 ligand-
gated channel, but when open, it conducts chloride ions
rather than sodium ions (Figure 22-27). By opening chlo-
ride channels, the activated GABA receptor inhibits forma-
tion of an action potential.

To understand this mechanism, we need to see how in-
creasing permeability to chloride opposes the depolarization
of the membrane caused by sodium influx. Sodium ions de-
polarize the membrane as long as they enter the cell unac-
companied by a negatively charged ion. As we discussed pre-
viously, if a chloride ion entered at the same time as a
sodium ion, there would be no net effect on the membrane
potential. Sodium ions normally diffuse across the mem-
brane much faster than chloride ions, but increasing the per-
meability of the membrane to chloride ions tends to negate
this difference. When the membrane is depolarized and
sodium ions enter, more chloride ions enter also.
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Figure 22-26 The Acetylcholine Receptor. The acetyicholine receptor is the primary excita-
tory receptor of i=2 zentra! nervous system. {a) This micrograph of an electroplax postsynaptic membrane
shows the rosatiz iz particles thought to be the acetylcholine receptors of the membrane (TEM). (b) This
recegtor contains “ve sutunits, including twe a subunits with binding sites for acetylcholine and one each
of B. yand 8. Tnz zupunits aggregate in the iioid bilayer in such a way that the transmembrane portions 0 c-
form a charnel {¢) The zhannel (shewn here with the B subunit remaoved; is normally closed. but when
acetylcholing 2inzs < the swe sites an the a subunits, the subunits are a:tered in such a way that the

channel opens 2 2-ow SCium iONs 2Cross.
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Figure 22-27 The GABA Receptor. Tne GABA raceprer is the
orimary inhibiz2-. ~2cecior o7 e cantral nanvous svstem. {a) It is com-
posec of 1w @ .2uMits 272 twe B sulun. 2ad 2ach B subunit has
sinding sites ‘- 2132 (b) Wwhen CASA 's orzsant, the channel 2ssumes
& CONfiguratior Tm 37 D@7 1 SUCTICE Hons 12 &niar the cell sown their cor-
CeNranon 9ras 271 T s morzassc chior meability can i€ad 10 botr
2 smal! ayperss 2+ zation &~z chignce entny 221g with sodium ions. Botn
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effects raise the threshold for stimulating an action peigntial anc s
decrease neuronal excitability. Several pharmacaiogics :v active :
act at the GABA receptor. For instance, {c} whar erzzz'zzepins 322
bind to the receptor, the effect of GAZA is enngnced erone Qves: .3
of excitability is reduced. Presumadiy. this procuces s rangu ¢ €
fect of benzodiazepine drugs such as Valium anc Librin™

Neurotransmitter Secretion

Neurotransmitter molecules are stored in small membrane-
bounded neurosecretory vesicles in the terminal bulbs. For

740

Chapter 22: Sizral Transguctior. hMecnanisms. 1. Electrical Signals in Nerve Cells

the neurotransmitter to act on the postsvnapiic cell. it
be secreted by the process of exocvtosis “see Chapie:
During this process, the membrane of the vesicles move:
into close contact with the plasma membrane of the axed

~
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terminal and then fuses with it to release the contents of the
vesicle.

As we learned in Chapter 9, secretorv processes are ei-
ther constitutive or regulated. Constitutive secretion is an un-
regulated, ongoing process, whereas regulated secretion oc-
curs only in response to a specitic signal, which is needed to
induce fusion. In a wide variety of cell types, the immediate
signal for regulated secretion is an increase in intracellular
calcium. This can be demonstrated experimentally using a
compound called a calcium ionophore. lonophores are mole-
cules that carry a normally impermeable ion across a lipid

Ycltage-gated

caicium chanrel
Presynactc

A 2-
terminai culb Ca

@ Acticn

potential

Neurosecretory
vesicle

vesicles

receptors

Neurotransmitter

Postsynaptic
nerve terminal

Depolarization

hyperpolarization

@)

bilayer, such as the plasma membrane (see Box 8B, p. 209).
Several different ionophores have been isolated from bacte-
ria and fungi, each exhibiting selectivity for a particular kind
of ion. For example, a calcium ionophore carries calcium
ions into the cvtosol from the extracellular medium, causing
the cytosolic calcium concentration to increase. In cells ca-
pable of regulated secretion. experimental application of a
calcium ionophore stimulates such secretion.

The secretion of neurotransmitter by the presvnaptic
cell is directly controlled by the concentration of calcium
ions in the terminal bulb (Figure 22-28). Each time an ac-

Figure 22-28 The Transmission of a Sig-
nal Across a Synapse. & An acticn coten-
tial arrives at tre terminal bulb, resulting in 3
transient degciarization. 2 Depoiarization ocens
voltage-gated calcium channels, allowing calcium
ions 0 rush intg the terminal. @ This increase in
the caicium concentration in the terminal bulb in-
duces the secration of a fraction of the neurgsecre-
tory vesicles. T Calcium also causes reserve vesi-
cles ta 2e releasad frem the actin cytoskeleton so
that they are racy for secretion. 5 Secretsd neu-
rotransmitter wclecuies diffuse across the synaptic
cleft :c recepters an the postsynaptic cell. € Bind-
ing oF zeurotrarsmitier {0 the racegtor alters the
receptor properzies. ' ror receptors that are
ligand-gated chennels, the channel opens, letting
tons cw into the oostsvnaptic cell. Depending on
the icn, chanre! Jgening ieads to sither depolariza-
tion or Syperpciarization of the postsynaptic cell
memgrane. 8 ¥ Jepoizgrization results, a suficient
amourni of excizaiary neurctransmitier will resuit in
an actica gotaria!l in the costsynactic cell.

Action
pctential
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tion potential arrives, the depolarization causes the calcium
concentration in the terminal bulb to increase temporarily
due to the opening of voltage-gated calcium channels in the
terminal bulbs. Normally, the cell is relatively impermeable
to calcium ions, so that the cytosolic calcium concentration
remains low (about 107 mM). However, there is a very large
concentration gradient of calcium across the membrane be-
cause the calcium concentration outside the cell is about
10,000 times higher than that of the cytosol. Asa result, cal-
cium ions will rush into the cell when the calcium channels
open.

The details of how calcium stimulates secretion are only
beginning to be unraveled. For any given action potential,
only a tiny fraction of the total number of vesicles stored in
the terminal is secreted. Furthermore, only a relatively small
fraction of the total number of vesicles are even available for
secretion, the rest being held in reserve. Thus, in the termi-
nal bulb there are at least two pools of vesicles, those that are
available for secretion and those held in reserve. Calcium
appears to act on these two kinds of neurosecretory vesicles
in different ways. Calcium ions appear to trigger the conver-
sion of vesicles from reserve status to those that are ready for
secretion. In addition, for those vesicles that are ready, cal-
cium also triggers the actual secretory event.

Neurons hold vesicles in reserve by linking them to
actin microfilaments so that thev cannot move close to the
synaptic membrane for secretion. For the vesicles to become
available for secretion, they must become disengaged from
the actin meshwork. The key event controlling this transi-
tion is the phosphorylation of a protein called synapsin by
a calcium-calmodulin-regulated kinase called CAM kinase
II. Synapsin is an integral membrane protein found in the
membrane of neurosecretory vesicles. In its unphosphory-
lated form, svnapsin binds to actin filaments and also stimu-
lates the polymerization of G-actin. In doing so, it anchors
vesicles to actin filaments and prevents their secretion.
When phosphorylated, synapsin no longer binds to actin,
freeing the vesicles from the actin cvtoskeleton.

Calcium ions also act directly at the secretory step to in-
duce secretion. The key event in secretion is the fusion of the
neurosecretory vesicle with the plasma membrane. When
this occurs, the contents of the neurosecretory vesicle are
discharged into the synaptic cleft. The fusion of neurosecre-
tory vesicles with the plasma membrane appears to be medi-
ated by a complex of proteins that functions as a “secretion
machine.” The process of vesicle-membrane fusion requires
ATP and proceeds through several steps (see Figure 22-28).
In the case of neurotransmitter secretion, one of these steps
is calcium-dependent.

The calcium dependence of neurotransmitter secretion
may be due to a protein called synaptotagmin, which is pre-
sent on the membranes of neurosecretory vesicles. In the ab-

sence of calcium, synaptotagmin blocks one of the steps of
secretion. When an action potential arrives at an axon ter.
minal and triggers the opening of voltage-gated calcium
channels, calcium enters the terminal bulb and binds to
synaptotagmin. Once calcium is bound to it, synaptotagmin
is no longer inhibitory and secretion proceeds.

Terminating Synaptic Transmission

For neurons to transmit signals effectively, it is just as im-
portant to turn off the stimulus as it is to turn it on.
Whether excitatory or inhibitory, once the neurotransmitter
has been secreted, it must be rapidly removed from the
synaptic cleft or neurotransmission becomes efectively par-
alyzed. In fact, the persistence of an excitatory neurotrans-
mitter such as acetylcholine renders muscles unable to ralax.
ultimately leading to death.

Neurotransmitters are removed from the synaptic cleft
by two specific mechanisms. One is to degrade them into in-
active molecules, and the other is to resorb them back into
the presynaptic terminals. In the case of acetvicholine, an
enzyme called acetylcholinesterase hvdrolyzes acetylcholine
into acetic acid (or acetate ion) and choline. Neither of these
products can stimulate the acetylcholine receptor. A much
more common method of terminating synaptic transmis-
sion is through resorption. This mechanism involves specizic
transporter proteins in the membrane of the presynaptic
terminals that pump the neurotransmitter back into the
presynaptic axon terminals.

Integration and Processing
of Nerve Signals

Sending a signal across a synapse does not automatically
generate an action potential in the postsynaptic cell. If we
consider a cholinergic synapse, for example, there is not nec-
essarily a one-to-one relationship between an action poten-
tial arriving at the presynaptic neuron and one initiated in
the postsynaptic neuron. A single action potential causes the
secretion of enough acetylcholine to produce a detectable
depolarization in the postsynaptic neuron, but usually not
enough to cause the firing of an action potential. These
small incremental changes in potential due to the binding of
neurotransmitter are referred to as postsynapric potentials
(PSPs). If a neurotransmitter is excitatory, it will cause a
small amount of depolarization known as an excitatory
postsynaptic potential (EPSP) (Figure 22-29a;. Likewise, if
the neurotransmitter is inhibitory, it will hvperpolarize the
postsynaptic neuron by a small amount; this is called an in-
hibitory postsynaptic potential (IPSP).
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Figure 22-29 Summation of EPSPs and IPSPs.  Neurons de-
zact the strength af incemirg signals and the strength of excitatory versus
nnibitory inputs. (a) A sirg'2 gresynaptic action potential dogs not cause
‘ne release of 2ncugh neurziransmitter to produce an action potential in
-he nostsvnaptic ~euran. {b) :n temporal summation, the response of the
Jestsvnagtic newran is cexzrmined by the rate of action potentials arriv-
ng at the presyractic :er—.~ai bulb. The strergth of a nerve signal is
sften anccced v varying & frequency of action potentials such that a
~eak stimulus groduces ~iraquent action gatentials and a strong stimu-
ius produces frequent aczicr sotentials. When two action potentials ar-

(c) Spatial summaticn (d) Scatal summation

of ZFSP and IPSP
rive at close intervals, the effects of the two overlap and summate o pro-
duce an action potential in the postsynaptic cell. (¢} In spatial summa-
tion, even infrequent action potentials can cause an acticn potential in
the postsynaptic cell. This is because many neurans can form synacses
with a single postsynagtic cell. If two or more neurons send an acticn po-
tantial at the same time, these action potentiais summate. {d) Cre neu-
ron can receive many synaptic inguts, either excitatory or inhititery. The
stimulation of irnibitory inputs makes it more difficult for excitatory trans-
missions to cause an action potential in the postsynaptic cell.

For a cholinergic presynaptic neuron to stimulate the
formation of an action potential in the postsynaptic neuron,
the EPSP must build up to a point at which the postsynaptic
membrane reaches its threshold for firing an action poten-
tial. EPSPs can do so in two different ways, known as tempo-
ral and spatial summation. We will examine both means
here.

Temporal Summation

As mentioned earlier, an action potential is an all-or-none
event, so that neurons do not produce larger or smaller ac-
tion potentials. Yet sensory neurons, for example, can detect
whether the stimulus is weak or strong, and this information
must be encoded in the form of action potentials. To encode
the strength of a stimulus, neurons fire action potentials at
different rates. If a neuron is maintained in a strongly depo-
larized state, it will fire a train of action potentials in rapid
succession.

An individual action potential will only produce a tem-
porary EPSP. However, if two action potentials fire in rapid

succession at the presynaptic neuron, the postsynaptic neu-
ron will not have time to recover from the first EPSP before
experiencing a second EPSP. The result is that the post-
svnaptic neuron will be more depolarized. A rapid sequence
of action potentials effectively sums EPSPs over time and
brings the postsynaptic neuron to its threshold. This is
called temporal summation (Figure 22-29b).

Spatial Summation

It was noted earlier that neurons can receive literally thou-
sands of synaptic inputs from other neurons, and that the
amount of neurotransmitter released at a single synapse
during an action potential is usually not sufficient to pro-
duce an action potential in the postsynaptic cell. However,
when many action potentials occur, causing the release of
neurotransmitter, their effects combine, resulting in a large
depolarization of the postsynaptic cell. This is known as spa-
tial summation because the postsynaptic neuron integrates
the numerous small depolarizationsthat occur over its surface
into one large depolarization (Figure 22-29¢).
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Clinical Applications
POISONED ARROWS, SNAKEBITES, AND NERVE GASES

B ecause the coherent functioning of the human body
depend:s so critically on its nervous system, anything that
disrupts the transmission of nerve impulses is likely to be
very harmful. And because of the importance of acetyl-
choline as a neurotransmitter, any substance that interferes
with its function is almost certain to be lethal. Various tox-
ins are known that disrupt nerve and muscle function by
specific effects on cholinergic synapses. We will consider
several of these substances, not only to underscore the seri-
ous threat they pose to human health, but also to illustrate
how clearly their modes of action can be explained once the
physiology of synaptic transmission is understood. We will
also see how useful such compounds can be as research
tools in studving the very phenomenon they disrupt so ef-
fectively.

Once acetylcholine has been released into the svnaptic
cleft and depolarization of the postsynaptic membrane has
occurred, excess acetvicholine must be rapidly hydrolyzed.
If it is not. the membrane cannot be restored to its polar-
ized state, and further transmission will not be possible. The
enzyme acetvicholinesterase is therefore essential, and sub-
stances that inhibit its activity are usually very toxic.

One such family of acetylcholinesterase inhibitors con-
sists of carbamoyl esters. These compounds inhibit acetyl-
cholinesterase by covalently blocking the active site of the
enzyme, effectively preventing the breakdown of acetyl-
choline. An example of such an inhibitor is physostigmine
(sometimes also called esering), a naturally occurring alka-
loid produced by the Calabar bean. Once used as a poison,
physostigmine now finds use as an acetvicholinesterase in-
hibitor in scudies of cholinergic transmission. Figure 22A-1
shows the structure of physostigmine and illustrates how it
inhibits the enzvme by forming a stable carbamovyl-enzyme
complex at the active site.

Many svnthetic organic phosphates form even more
stable covalent complexes with the active site of acetyl-
cholinesterase and are therefore still more potent inhibitors.
Included in this class of compounds are the widely used in-
secticides parathion and malathion, as well as nerve gases
such as tabun and sarin. The structures of several such poi-
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Figure 22A-1 Inactivation of Acetylcholinesterase by
Physostigmine. Physostigmine is @ carbamoyl es:2r thet \mactiva1es
acetylcholinesterase by carbamoylating the serine grous at the active 52
of the enzyme.

sons are shown in Figure 22A-2. The primary effect of these
compounds is muscle paralysis, caused by 2 inability o
postsynaptic membrane to regain its polarizzd state.
Nerve transmission at cholinergic synapses can be
blocked not only by inhibitors of acetylcholinesterase, but
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Figure 22A-2 Structures of Several Organophosphate
Inhibitors of Acetylcholinesterase.

also by substances that compete with acetylcholine for
binding to its receptor on the postsvnaptic membrane. A
particularly zotorious exampie of such a poison is curare.
a plant extract once used by Native South Americans
to poison arrows. One of the active factors in curare is
d-tubocurarine (Figure 22A-3). Snake venoms act in the
same way. Both a-bungarotoxin (from snakes of the genus
Bungarus) and cobratoxin (from cobra snakes) are small,
basic proteins that bind noncovalently to the acetylcholine
receptor, thereby blocking depolarization of the postsynap-
tic membrane.

Substances that function in this way are referred to as
antagonists of cholinergic svstems. Other compounds, called

agonists, have just the opposite effect. Agonists also bind to
the acetylcholine receptor, but in so doing they mimic
acetylcholine, causing depolarization of the postsynaptic
membrane. Unlike acetvlcholine, however, thev cannot be
rapidly inactivated, so the membrane does not regain its
polarized state.

As these effects imply, agonists effectively lock the
acetvicholine receptor in its “open” state, whereas antago-
nists essentially lock it in its “closed” state. These substances
have therefore proved inordinately valuable in studyving the
receptor and especially the effects of its open and closed
states on membrane permeability. In addition, several of
these toxins have been usetul in purification of the receptor
protein because of their great specificity for this single pro-
tein.

An analogue of acetylcholine called succinylcholine is an
agonist that is medically useful as a muscle relaxant (Figure
22A-4). Compared with acetvcholine, succinyicholine is hy-
drolvzed more slowly in vivo, resulting in a persistent depo-
larization of the postsinaptic membrane. The muscle relax-
ation that this depolarization produces at neuromuscular
junctions is especially usetul in surgical procadures.

Though of disparate origins and uses. poisoned arrows,
snake venom, nerve gases, and surgical muscle relaxants all
turn out to have some features in common. Each interferes
in some way with the normal functioning of acetylcholine,
and each is therefore a neurotoxin because it disrupts the
transmission of nerve impulses, usually with lethal conse-
quences. Each one has turned out to be userul as an inves-
tigative tool. illustrating again the strange but powerful ar-
senal of exotic tools upon which biologists and biochemists
are able to draw in their continued probings into the intri-
cacies of cellular funczion.

Why do vou suppose that inhibition is so important for
nervous function? A useful analogy is to imagine driving a
car with a gas pedal only: In the absence of brakes (inhibi-
tion), it would be difficult to control the car’s response. You
could speed up or slow down but would have trouble mak-
ing fine adjustments not to mention stopping entirely). [n
the same way, most physiological functions, including ner-
vous function, have regulatory processes that include both
excitatory and inhibitory controls to “fine-tune” the re-
sponse.

N
2] oty 0 0O CH
=0 3 Pk, | I I N
CHJ—}.\i-—CHz—CHz—C—C—CHZ—CHI—-C—O—c:—z—CHz—— N\-——CHJ
CH,—0 Cr, CH,

Figure 22A-3 The Structure of d-Tubocurarine.

Figure 22A-4 The Structure of Succinylchaline.
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A clear example of the importance of inhibition is the
effect of strychnine, a plant toxin, on motor control. Strych-
nine blocks the glycine receptors of the spinal cord, so that
their normal inhibitory function is lost. As a result, excita-
tory motor neurons take over, producing uncontrolled con-
vulsions that often lead to death. Another interesting exam-
ple of an inhibitory response is the effect of benzodiazepines
on the brain. The benzodiazepines are a family of pharma-
cologically active compounds that include the drugs Valium
and Librium. GABA receptors have highly specific binding
sites for benzodiazepines, which produce an enhancement
of the hyperpolarizing chloride ion flux that inhibits the
excitability of cells with GABA receptors (see Figure
22-27). m
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Summation of Excitatory and Inhibitory Signals

We have seen the two ways that neurons can assess the
strength and significance of an incoming signal. Signa
strength can be evaluated in terms of how rapidly a single
neuron is firing or by how many neurons are firing all at
once. Yet there is a third component to the processing of
nerve signals, in which a postsynaptic neuron must resp;:c‘
to signals arriving from different kinds of synaptic inpﬁ:;_

A postsynaptic neuron can receive synaptic inputs from
different kinds of neurons, and these svnapses do not neces-
sarily all use the same neurotransmitter. A particular pre.
svnaptic neuron is capable of secreting only one tipe of
neurotransmitter, and therefore can send only one kind of
chemical stimulus to the postsvnaptic cell. However, a post-
svhaptic neuron can receive synapses from both excitatory
and inhibitory neurons (Figure 22-29d). When these i

has to integrate the two kinds of signals in terms of :eir
combined effect on the membrane potential. Thus, an indi-
vidual neuron can become a “decision-making center” by
virtue of its ability to determine which incoming signal (ex-
citatory or inhibitory) is more significant.

Facilitation: Making Synaptic
Transmission Stronger

We can see that synapses give neurons flexibility in how in-
coming signals are processed. The strength of an incoming
signal can be weighed in terms of the number of action po-
tentials received in a unit of time, whether from a few neu-
rons firing in rapid succession or many neurons firing at the
same time. When we consider that some incoming signals
may be inhibitory and others excitatory, we find another
level of complexity. Yet this is only part of the story.

Neurons have vet another level of complexity, refzres
to as facilitation, in which the repeated use of a symarse
leads to changes that make synaptic transmission strong:r.
These changes can affect both the presynaptic and the post-
svnaptic cells. In principle, facilitation can be achieved by in-
creasing the number of synapses formed between the pre-
synaptic cell and the postsynaptic cell, increasing the pool of
neurotransmitter vesicles that are available for secretion, or
increasing the responsiveness of the postsynaptic cell. In
fact, all of these methods may be involved.

Many neuroscientists believe that facilitation is closaly
related to learning. If so, this would also suggest that learn-
ing relates to connections between neurons. Thus, when we
think of a specific memory, we might imagine that a neuron
can store that memory. However, studies have shown that
memory in a rat that has learned to traverse a maze cannot
be localized even to a particular section of the brain. Indeed.
large portions of the cerebral cortex can be removed without
drastically affecting the memory. This suggests a mode! o
learning and memory involving large numbers of neurans. =
model in which memory is somehow due to active neurond
connections distributed over a vast number of neurons.
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PERSPECTIVE

A Il cells maintain an electrical potential across their
membranes. but neurons have specialized to use membrane
potentials a5 2 means of transmitting signals from one part
of an organism to another. For this function they possess
slender processes (dendrites and axons) that either receive
transmitted impulses or conduct them to the next cell. The
membrane of an axon mav or may not be encased in a
mvelin sheath.

Cells develop a membrane potential due to the separa-
tion of positive and negative charges across the plasma
membrane. This potential develops as each ion to which the
membrane is permeable moves down its concentration gra-
dient. The maximum membrane potential that an ion gra-
dient can produce is the equilibrium potential for that
ion—a theoretical condition that is not met in cells because
it requires that the membrane be permeable only to that
ion. However, it can be useful to calculate equilibrium po-
tentials for specific ions using the Nernst equation. To cal-
culate the resting membrane potential of a cell, the Gold-
man equation is used. This equation gives the algebraic sum
ot the equilibrium potentials for sodium, potassium, and
chloride ions, each weighted for the relative permeability of
the unstimulated membrane for that ion. The resting po-
tential for the plasma membrane of most animal cells is
usually in the range —60 to —75 mV. These values are quite
near the equilibrium potential for potassium ion (usually
about —75 mV), but very far from that for sodium ion
(about =33 mV), retlecting the greater permeability of the
resting membrane for potassium.

The action potential of a neuron represents a transient
depolarization and repolarization of its membrane, due to
the sequential opening and closing of sodium and potas-
sium ion channels. These channels have been characterized
structurally by molecular techniques and functionally by
patch clamping. They are voltage-gated ion channels whose
probability of opening, and consequently their conduc-
tance, depends on the membrane potential and the state of
activation.

An action potential is initiated when the membrane is
depolarized to its threshold. a point at which the rate of
sodium influx exceeds the maximum rate of potassium ef-
flux under resting conditions (usually about +20 mV). The
entry of sodium ions drives the membrane potential to ap-
proximatelv +~40 mV before voltage-gated sodium channels
inactivate. Depolarization also stimulates the opening of
slower voltage-gated potassium channels, which leads to re-

polarization of the membrine, including a short period of
hyperpolarization. This sequence of channel opening and
closing takes place within a few milliseconds.

The depolarization or the membrane due to an action
potential spreads to adjacent regions of the membrane by
passive conductance. When an adjacent region is depolar-
ized to its threshold potential, it also undergoes an action
potential. This action potential is then propagated along the
membrane, eventually reaching a svnapse, or junction, be-
tween a nerve cell and another cell with which it communi-
cates. Such synapses may be either electrical or chemical. [n
a chemical synapse, the electrical impulse increases the per-
meability of the membrane to calcium. As calcium ions
cross the presynaptic membrane, they cause synaptic vesi-
cles to fuse with the membrane. The synaptic vesicles con-
tain neurotransmitter molecules, which are released into the
synaptic cleft by the fusion event. Neurotransmitter mole-
cules migrate across the cleft to the postsynaptic membrane,
where they bind to specific receptors, often ligand-gated ion
channels.

The best-understood receptor is the nicotinic acetyl-
choline receptor of the neuromuscular junction. Binding of
acetylcholine stimulates this receptor channel to open, per-
mitting sodium to enter. The resulting sodium influx pro-
duces a local depolarization of the postsynaptic membrane,
which in turn can initiate an action potential in the post-
synaptic cell. Following depolarization, the enzvme acetyl-
cholinesterase hvdrolvzes the acetvicholine, thereby return-
ing the synapse to its resting state. An example of an
inhibitory receptor is the GABA ( y-aminobutyric acid) re-
ceptor, which is a voltage-gated chloride channel. Upon
binding GABA, this receptor allow increased chloride in-
flux, leading to hyperpolarization of the postsvnaptic mem-
brane and reduced neuronal excitability.

Thirty or more specific neurotransmitters have been
identified in the central nervous system that can produce ei-
ther excitatory or inhibitory postsynaptic potentials. There-
fore, transmission of an action potential from one neuron
to another requires that the cell body of the postsvnaptic
neuron integrate the excitatory and inhibitory activity of
thousands of synaptic inputs. Because the nerve cell body
has a relatively low densitv of sodium channels, it is less ex-
citable than the axon hillock. Through temporal or spatial
summation, however, incoming signals can depolarize the
nerve cell body sufficiently to initiate a new action potential
at the axon hillock.
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KEY TERMS FOR SELF-TESTING

The Nervous System

nervous system [p. 714)

central nervous system (CNS) (p. 714)

peripheral nervous system (PNS)
(p.714)

somatic nervous svstem {p. 714)

autonomic nervous system (p. 714)

neuron (p. 714

sensory neuron (p. 714)

motor neuron {p. 714)

interneuron (p. 714)

glial cell (p. 714!

cell body (p. 716}

process (p. 716

dendrite (p. 716:

axon (p. 716;

axoplasm (p. 716

nerve (p. 716}

terminal bulb (p. 717)

synapse (p. 717}

mvelin sheath (p. 717)

oligodendrocyte {p. 717}

Schwann cell ' p. 717)

node of Ranvier :p. 717!

Electrical Properties of Neurons

Understanding Membrane Potentials

potential (voltage) (p. 719)

electrochemical equilibrium (p. 720)

equilibrium membrane potential
(p.720)

Nernst equation (p. 720)

Donnan equilibrium (p. 720)

sodium-potassium pump (p. 722)

depolarization (p. 722)

steady-state ion movement (p. 723)

Goldman equation (p. 723)

Electrical Excitability

ion channel (p. 724)
voltage-gated ion channel (p. 724)
ligand-gated ion channel (p. 724)
channel inactivation (p. 725)
patch clamping (p. 726)

gating current (p. 727)

The Action Potential

threshold potential (p. 729)

action potential (p. 729)
propagation (p. 729)

subthreshold depolarization (p. 731)
hyperpolarization (undershoot)

The Propagation of an Action
Potential

passive spread of depolarization
(p.733)

axon hillock (p. 733)

nerve impulse (p. 733)

resistance (p. 734)

capacitance (p. 734)

Synaptic Transmission

electrical synapse (p. 736)
presvnaptic neuron (p. 736)
postsvynaptic neuron (p. 736)
chemical synapse (p. 736)
svnaptic cleft {p. 736)
neurotransmitter {p. 736)
acetvicholine (p. 738)
cholinergic synapse (p. 738)
catecholamine (p. 738)
adrenergic svnapse (p. 738)
neuropeptide (p. 739)
neurosecretory vesicle (p. 740)

Integration and Processing of
Nerve Signals

excitatory postsynaptic potentiai
(EPSP) (p. 742)

inhibitory postsynaptic potential
(IPSP) (p. 742)

temporal summation (p. 743)

spatial summation (p. 743)

facilitation (p. 746)

(p.731)
absolute refractory period (p. 731)
relative refractory period (p. 731)

membrane potential (p. 717)

resting membrane potential (V)
(p.717)

electrical excitability (p. 717)

PROBLEM SET

22-1. The Truth About Nerve Cells. For 2ach of the following
statements. indicate whether it is true of all nerve cells (A), of
some nerve cells : S), or of no nerve cells {N'i.

(h) Upon arrival at a synapse, a nerve impulse causes the secre-
tion of acetylcholine into the svnaptic cleft.

22-2. The Resting Membrane Potential. The Goldman equation
is used to calculate V,, the resting potential of a biological mem-

(b) An electrical potential is maintained across the axonal mem- brane._As presented m thg chapter, it contains terms for sodium,
brane potassium, and chloride ions only.

(a) The axona! endings make contact with muscle or gland cells.

{c) The axon s surrounded by a discontinuous sheath of myelin. (a) \'.Vhy dq only t'hese three lons appear in th; Qoldman equa
: - tion as it applies to nerve impulse transmission?
(d) The resting potential of the membrane is much closer to the (b)
equilibrium potential for potassium ions than to that for
sodium iors because the sodium-potassium pump maintains
a much larger transmembrane gradient for potassium than
for sodium. (c) Would the version of the Goldman equation vou suggested in
part b be adequate for calculating the resting potential of the
membrane of the sarcoplasmic reticulum in muscle cells? Ex-

Suggest a more general formulation for the Goldman equa-
tion that would be applicable to membranes that might be se-
lectively permeable to other monovalent ions as well.

(e) Excitation of the membrane results in a permanent increase
in its permeability to sodium ions.

plain.
(f) The electrical potential across the membrane of the axon can (d) How much would the resting potential of the membrane
be easily measured using electrodes. change if the relative permeability for sodium ions were 1.0
instead of 0.01?

{g) Both the sodium and potassium con:antration gradients
completely “collapse” every time a nerve impulse is transmit- (e) Would vou expect a plot of V', versus the relative permeabil-
ted along the axon. itv of the membrane to sodium to be linear? Why or why not*
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22-3. Equilibrium Potentials Versus Resting Potentials. Based
on the Nernst equation. ¢ equlibrium membrane potential for
potassium ( Ey . is about — 13 mV more negative than the mea-
sured resting potential of the call. For mammalian neurons, the
measured resting potentidi is =73 mV and Egis —90 mV. How-

ever, the equiliorium membrane potential for sodium (Ey,) is
1bout =53 mV. far diferent from the resting membrane potential.
Explain why he mammazian resting membrane potential is closer

to E¢ thanto Iy,

23-4. Patch Clamping. atch-clamp instruments enable re-
searchers to measure =2 opening and closing of a single channel
in a membraze. A tvpicz acetvicholine receptor channel passes
about 53 pA of ionic current {1 picoampere = 10-'* ampere) at
—60 mV over a period of about 5 msec.

(a) Given that an eleczrical current of 1 A is about 6.2 X 104
electricai charges 2e¢r second, how many ions (potassium ot
sodium pass throuzh the channel during the time it is open?

(b) Do vou think the cpening of a single receptor channel would
be sufficient to depclarize a postsynaptic membrane? Why or
why not?

22-5. The Equilibrium Membrane Potential. Answer each of the
following questions wit respect to Eq, the equilibrium membrane
potential for chloride ions. The chloride ion concentration inside

the squid giant axon <can vary from 30 to 150 m.vl.

(a) Before doing any caiculations, redict whether Eq, will be
.. ~ c. . p
positive or negative. Explain.

(b) Now caiculate £.. 1ssuming an internal chloride concentra-
tion of 3) mM.

(¢) How much differznce would it make in the value of Eg if the
internal chloride concentration were 150 mM instead?

(d) Why do vou suprose the chloride concentration inside the
axon is so variabie?

32.6. Heart Throbs. 1 understanding of muscle cell stimula-
tion involves some of the same principles as nerve cell stimulation,
except that calcium iczs play an important role in the former. The
following ion concentrations are typical of those in human heart
muscle and in the ser== that bathes the muscles:

K-l "2z =M acell, 4.8 mMin serum
(Na=i "2 =M ncell, 145 mM in serum
{Ca®~1: 2 201 mMin cell, 6 mM in serum

Figure 22-30 depicts e change in membrane potential with time
upon stimulation of 2 cardiac muscle cell.

(a) Calculate the equilibrium membrane potential for each of the
three ions. giver :he concentrations listed.

]
)]
o

1

Membrane potential (mV)
o
1

-30

-80 4 Resting
\/——': potential

_go -

Time (msec)

Figure 22-30 The Action Potential of a Muscle Cell of the
Human Heart.

(b) Why is the resting membrane potential significantly more
negative than that of the squid axon (=75 m\’ versus
—-60 mVY?

(¢) The increase in membrane potential in the region of the
graph marked @ could in theory be due to the movement
2cross the membrane of one or both of two cations, Which
cations are thev, and in what direction would vou expect each
to move across the membrane?

(d) How might vou distinguish between the possidilities sug-
gested in part &

(e) The rapid decrease in membrane potential that is occurring
in the region marked 3 is caused by the outward movement
of potassium ions. What are the driving forcss that cause
potassium to leave the cell at this point? Why aren't the same
forces operative in the region of the curve marked @?

(F) People with heart disease often take drugs that can double or
triple their serum potassium levels o about 1) mM without
altering intracellular potassium levels. What arfect should this
increase have on the rate of potassium ion movement across
the heart cell membrane during muscle stimuiation? What ef-
fect should it have on the resting potential of the muscle?

22-7. The All-or-None Response of Membrane Excitation.

A nerve cell membrane exhibits an all-or-none response to excita-
tion; that is, the magnitude of the response is independent of the
magnitude of the stimulus, once a threshold value is exceeded.

(a) Explain in vour own words why this is so.

(b) Why is it necessary that the stimulus exceed 1 threshold
value?

(c) If every neuron exhibits an all-or-none response, how do you
suppose the nervous system of an animal can distinguish dif-
ferent intensities of stimulation? How do you think your own
nervous svstem can tell the difference betwezn a warm iron
and a hot iron, or between a chamber orchestra and a rock
band?

22.8. Excitability of Dendrites and Axons. The dendrites and
cell body of a typical motor neuron have a much lower density of
sodium channels than does the axon hillock or s~z nodes of Ran-
vier. Would the threshold potential be the same iz the dendrites,
the axon hillock, and the nodes of Ranvier? Why or why not?

22-9. One-Way Propagation. Why does the action potential
move in only one direction down the axon?

22-10. Inhibitory Neurotransmitters. Some innibitory neuro-
transmitters cause chloride channels to open, while others stimu-
late the opening of potassium channels. Explain why increasing
the permeability of the neuronal membrane to 2ither chloride or
potassium would make it more difficult to stimuiate an action po-
tential. What generalization can vou make abour inhibitory neuro-
transmitters?

22-11. Trouble at the Synapse. Transmission of a nerve impulse
across a cholinergic synapse is subject to inhibition by a variety of
neurotoxins. [ndicate, as specifically as possible. what effect each of
the following poisons or drugs has on synaptic transmission and
what effect each has on the polarization of the rostsynaptic mem-
brane.

(a) The snake poison a-bungarotoxin
(b) The insecticide malathion
(¢) Succinylcholine

(d) The carbamoyl ester neostigmine
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