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to the presynaptic terminal or degraded by GABA trans-
aminase to enter the citric acid cycle. Unlike the
other amino acids that serve as neurotransmitters
(e.g., glutamate and glycine), GABA does not have
any metabolic functions (i.e., it is not incorporated into
proteins).

The two types of GABA receptors on postsynaptic
membranes are the GABA, and the GABAg receptors.
The GABA, receptor is directly linked to a Cl  channel
and thus is ionotropic. When stimulated, it increases
Cl conductance and, thus, hyperpolarizes (inhibits)
the postsynaptic cell. The GABA, receptor is the site
of action of benzodiazepines and barbiturates in the
central nervous system. The GABAg receptor is cou-
pled via a G protein to a K" channel and thus is
metabotropic. When stimulated, it increases K con-
ductance and hyperpolarizes the postsynaptic cell.

Huntington’s disease is associated with GABA defi-
ciency. The disease is characterized by hyperkinetic
choreiform movements related to a deficiency of GABA
in the projections from the striatum to the globus palli-
dus. The characteristic uncontrolled movements are, in
part, attributed to lack of GABA-dependent inhibition
of neural pathways.

Nitric Oxide

Nitric oxide (NO) is a short-acting inhibitory neuro-
transmitter in the gastrointestinal tract and the central
nervous system. In presynaptic nerve terminals, the
enzyme NO synthase converts arginine to citrulline
and NO. Then, NO, a permeant gas, simply diffuses
from the presynaptic terminal to its target cell (instead
of the usual packaging of neurotransmitter in synaptic
vesicles and release by exocytosis). In addition to
serving as a neurotransmitter, NO also functions in
signal transduction of guanylyl cyclase in a variety of
tissues, including vascular smooth muscle (see Chap-
ter 4).

Neuropeptides

There is a long and growing list of neuropeptides that
function as neuromodulators, neurohormones, and
neurotransmitters (see Table 1-4 for a partial list).

¢ Neuromodulators are substances that act on the
presynaptic cell to alter the amount of neurotrans-
mitter released in response to stimulation. Alterna-
tively, a neuromodulator may be cosecreted with a
neurotransmitter and alter the response of the post-
synaptic cell to the neurotransmitter.

¢ Neurohormones, like other hormones, are released
from secretory cells (in these cases, neurons) into
the blood to act at a distant site.
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¢ In several instances, neuropeptides are copackaged
and cosecreted from presynaptic vesicles along with
the classical neurotransmitters. For example, vasoac-
tive intestinal peptide (VIP) is stored and secreted
with ACh, particularly in neurons of the gastrointes-
tinal tract. Somatostatin, enkephalin, and neuroten-
sin are secreted with norepinephrine. Substance P
1s secreted with serotonin.

In contrast to classical neurotransmitters, which are
synthesized in presynaptic nerve terminals, neuropep-
tides are synthesized in the nerve cell body. As occurs
in all protein synthesis, the cell’s DNA is transcribed
into specific messenger RNA, which is translated into
polypeptides on the ribosomes. Typically, a preliminary
polypeptide containing a signal peptide sequence Is
synthesized first. The signal peptide is removed in the
endoplasmic reticulum, and the final peptide is deliv-
ered to secretory vesicles. The secretory vesicles are
then moved rapidly down the nerve by axonal trans-
port to the presynaptic terminal, where they become
the synaptic vesicles.

Purines

Adenosine triphosphate (ATP) and adenosine function
as neuromodulators in the autonomic and central ner-
vous systems. For example, ATP is synthesized in the
sympathetic neurons that innervate vascular smooth
muscle. It is costored and cosecreted with the “regular”
neurotransmitter of these neurons, norepinephrine.
When stimulated, the neuron releases both ATP and
norepinephrine and both transmitters cause contraction
of the smooth muscle; in fact, the ATP-induced contrac-
tion precedes the norepinephrine-induced contraction.

Skeletal Muscle

Contraction of skeletal muscle is under voluntary con-
trol. Each skeletal muscle cell is innervated by a branch
of a motoneuron. Action potentials are propagated
along the motoneurons, leading to release of ACh at
the neuromuscular junction, depolarization of the
motor end plate, and initiation of action potentials in
the muscle fiber.

What events, then, elicit contraction of the muscle
fiber? These events, occurring between the action
potential in the muscle fiber and contraction of the
muscle fiber, are called excitation-contraction coup-
ling. The mechanisms of excitation-contraction coup-
ling in skeletal muscle and smooth muscle are discus-
sed in this chapter, and the mechanisms of excitation-
contraction coupling in cardiac muscle are discussed
in Chapter 4.
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Figure 1-21 Structure of thick (A) and thin (B) filaments of skeletal muscle. Troponin is a complex of three proteins: |, troponin |:
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MUSCLE FILAMENTS

Each muscle fiber behaves as a single unit, is multi-
nucleate, and contains myofibrils. The myofibrils are
surrounded by sarcoplasmic reticulum and are invagi-
nated by transverse tubules (T tubules). Each myofibril
contains interdigitating thick and thin filaments, which
are arranged longitudinally and cross-sectionally in
sarcomeres (Fig. 1-21). The repeating units of sarco-
meres account for the unique banding pattern seen in
striated muscle (which includes both skeletal and car-
diac muscle).

Thick Filaments

The thick filaments comprise a large molecular weight
protein called myosin, which has six polypeptide
chains, including one pair of heavy chains and two
pairs of light chains (see Figure 1-21A). Most of the
heavy-chain myosin has an ao-helical structure, in
which the two chains coil around each other to form
the “tail” of the myosin molecule. The four light chains
and the N terminus of each heavy chain form two glob-
ular “heads” on the myosin molecule. These globular
heads have an actin-binding site, which is necessary
for cross-bridge formation, and a site that binds and
hydrolyzes ATP (myosin ATPase).

Thin Filaments

The thin filaments are composed of three proteins: actin,
tropomyosin, and troponin (see Fig. 1-21B).

Actin is a globular protein and, in this globular form,
is called G-actin. In the thin filaments, G-actin is poly-
merized into two strands that are twisted into an «-heli-
cal structure to form filamentous actin, called F-actin.
Actin has myosin-binding sites. When the muscle is at
rest, the myosin-binding sites are covered by tropomyo-
sin so that actin and myosin cannot interact.
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Tropomyosin is a filamentous protein that runs
along the groove of each twisted actin filament. At rest,
its function is to block the myosin-binding sites on actin.
If contraction is to occur, tropomyosin must be moved
out of the way so that actin and myosin can interact.

Troponin is a complex of three globular proteins
(troponin T, troponin I, and troponin C) located at reg-
ular intervals along the tropomyosin filaments. Tropo-
nin T (T for tropomyosin) attaches the troponin
complex to tropomyosin. Troponin I (I for inhibition),
along with tropomyosin, inhibits the interaction of
actin and myosin by covering the myosin-binding site
on actin. Troponin C (C for Ca*") is a Ca*"-binding
protein that plays a central role in the initiation of con-
traction. When the intracellular Ca*" concentration
increases, Ca®" binds to troponin C, producing a con-
formational change in the troponin complex. This con-
formational change moves tropomyosin out of the way,
permitting the binding of actin to the myosin heads.

Arrangement of Thick and Thin Filaments
In Sarcomeres

The sarcomere is the basic contractile unit, and it is
delineated by the Z disks. Each sarcomere contains a
full A band in the center and one half of two | bands
on either side of the A band (Fig. 1-22).

The A bands are located in the center of the sarco-
mere and contain the thick (myosin) filaments, which
appear dark when viewed under polarized light. Thick
and thin filaments may overlap in the A band; these
areas of overlap are potential sites of cross-bridge
formation.

The I bands are located on either side of the A band
and appear light when viewed under polarized light.
They contain the thin (actin) filaments, intermediate
filamentous proteins, and Z disks. They have no thick
filaments.
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Figure 1-22 Arrangement of thick and thin filaments of skeletal muscle in sarcomeres.

The Z disks are darkly staining structures that run
down the middle of each I band, delineating the ends
of each sarcomere.

The bare zone is located in the center of each sarco-
mere. There are no thin filaments in the bare zone;
thus, there can be no overlap of thick and thin fila-
ments or cross-bridge formation in this region.

The M line bisects the bare zone and contains
darkly staining proteins that link the central portions
of the thick filaments together.

Cytoskeletal Proteins

Cytoskeletal proteins establish the architecture of the
myofibrils, ensuring that the thick and thin filaments
are aligned correctly and at proper distances with
respect to each other.

Transverse cytoskeletal proteins link thick and thin
filaments, forming a “scaffold” for the myofibrils and
linking sarcomeres of adjacent myofibrils. A system
of intermediate filaments holds the myofibrils together,
side by side. The entire myofibrillar array is anchored
to the cell membrane by an actin-binding protein called
dystrophin. (In patients with muscular dystrophy, dys-
trophin is defective or absent.)

Longitudinal cytoskeletal proteins include two
large proteins called titin and nebulin. Titin, which
is associated with thick filaments, is a large molecular
weight protein that extends from the M lines to the
Z disks. Part of the titin molecule passes through
the thick filament; the rest of the molecule, which is
elastic or springlike, 1s anchored to the Z disk.
As the length of the sarcomere changes, so does the
elastic portion of the titin molecule. Titin also helps
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center the thick filaments in the sarcomere. Nebulin
is associated with thin filaments. A single nebulin
molecule extends from one end of the thin filament
to the other. Nebulin serves as a “molecular ruler,”
setting the length of thin filaments during their
assembly. a-Actinin anchors the thin filaments to
the Z disk.

Transverse Tubules and the Sarcoplasmic
Reticulum

The transverse (T) tubules are an extensive network
of muscle cell membrane (sarcolemmal membrane)
that invaginates deep into the muscle fiber. The T
tubules are responsible for carrying depolarization
from action potentials at the muscle cell surface to
the interior of the fiber. The T tubules make contact
with the terminal cisternae of the sarcoplasmic reticu-
lum and contain a voltage-sensitive protein called the
dihydropyridine receptor, named for the drug that
inhibits it (Fig. 1-23).

The sarcoplasmic reticulum is an internal tubular
structure, which is the site of storage and release of
Ca®™ for excitation-contraction coupling. As previously
noted, the terminal cisternae of the sarcoplasmic retic-
ulum make contact with the T tubules in a triad
arrangement. The sarcoplasmic reticulum contains a
Ca®"-release channel called the ryanodine receptor
(named for the plant alkaloid that opens this release
channel). The significance of the physical relationship
between the T tubules (and their dihydropyridine
receptor) and the sarcoplasmic reticulum (and its rya-
nodine receptor) is described in the section on excita-
tion-contraction coupling.
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Figure 1-23 Transverse tubules and sarcoplasmic reticulum of skeletal muscle. The transverse tubules are continuous with the
sarcolemmal membrane and invaginate deep into the muscle fiber making contact with terminal cisternae of the sarcoplasmic

reticulum.

Ca”' is accumulated in the sarcoplasmic reticulum
by the action of Ca** ATPase (SERCA) in the sarco-
plasmic reticulum membrane. The Ca** ATPase pumps
Ca** from the ICF of the muscle fiber into the interior
of the sarcoplasmic reticulum, keeping the intracellular
Ca*" concentration low when the muscle fiber is at
rest. Within the sarcoplasmic reticulum, Ca*" is bound
to calsequestrin, a low-affinity, high-capacity Ca*"-
binding protein. Calsequestrin, by binding Ca®™, helps
to maintain a low free Ca*" concentration inside the
sarcoplasmic reticulum, thereby reducing the work of
the Ca*" ATPase pump. Thus, a large quantity of
Ca”" can be stored inside the sarcoplasmic reticulum
in bound form, while the intrasarcoplasmic reticulum
free Ca®" concentration remains extremely low.

EXCITATION-CONTRACTION COUPLING
IN SKELETAL MUSCLE

The mechanism that translates the muscle action
potential into the production of tension is excitation-
contraction coupling. Figure 1-24 shows the temporal
relationships between an action potential in the skele-
tal muscle fiber, the subsequent increase in intracellu-
lar free Ca®' concentration (which is released from
the sarcoplasmic reticulum), and contraction of the
muscle fiber. These temporal relationships are critical
in that the action potential always precedes the rise in
intracellular Ca*" concentration, which always pre-
cedes contraction.

The steps involved In excitation-contraction cou-
pling are described as follows (Step 6 is illustrated in

Fig. 1-25):

1. Action potentials in the muscle cell membrane
are propagated to the T tubules by the spread of
local currents. Thus, the T tubules are continuous
with the sarcolemmal membrane and carry the
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depolarization from the surface to the interior of
the muscle fiber.

. Depolarization of the T tubules causes a critical

conformational change in its voltage-sensitive dihy-
dropyridine receptor. This conformational change
opens the Ca*"-release channels (ryanodine recep-
tors) on the nearby sarcoplasmic reticulum. (As an
aside, although the T tubules’ dihydropyridine

receptors are L-type voltage-gated Ca*" channels,
Ca*" influx into the cell through these channels is

not required for excitation-contraction coupling in
skeletal muscle.)
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Figure 1-24 Temporal sequence of events in excitation-
contraction coupling in skeletal muscle. The muscle action
potential precedes a rise in intracellular [Ca**], which precedes

contraction.
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Figure 1-25 Cross-bridge cycle in skeletal muscle. Mechanism by which myosin "walks” toward the plus end of the actin filament.
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3. When these Ca®'-release channels open, Ca’" is
released from its storage site in the sarcoplasmic
reticulum into the ICF of the muscle fiber, resulting
in an increase in intracellular Ca?* concentration.
At rest, the intracellular free Ca*" concentration is
less than 1077 M. After its release from the sarco-
plasmic reticulum, intracellular free Ca** concentra-
tion increases to levels between 10~ M and 10~ ° M.

4. Ca** binds to troponin C on the thin filaments,
causing a conformational change in the troponin
complex. Troponin C can bind as many as four
Ca*" ions per molecule of protein. Because this
binding is cooperative, each molecule of bound
Ca”" increases the affinity of troponin C for the next
Ca*". Thus, even a small increase in Ca~" concen-
tration increases the likelihood that all of the bind-
ing sites will be occupied to produce the necessary
conformational change in the troponin complex.

5. The conformational change in troponin causes
tropomyosin (which was previously blocking the
interaction of actin and myosin) to be moved out
of the way so that cross-bridge cycling can begin.
When tropomyosin is moved away, the myosin-
binding sites on actin, previously covered, are
exposed.

6. Cross-bridge cycling. With Ca®" bound to tropo-
nin C and tropomyosin moved out of the way, myosin
heads can now bind to actin and form so-called
cross-bridges. Formation of cross-bridges is asso-
ciated with hydrolysis of ATP and generation of force.

The sequence of events in the cross-bridge cycle
is shown in Figure 1-25. A, At the beginning of the
cycle, no ATP is bound to myosin, and myosin is
tightly attached to actin in a “rigor” position. In rap-
idly contracting muscle, this state is very brief.
However, in the absence of ATP, this state is perma-
nent (i.e., rigor mortis). B, The binding of ATP to a
cleft on the back of the myosin head produces a
conformational change in myosin that decreases its
affinity for actin; thus, myosin is released from the
original actin-binding site. C, The cleft closes
around the bound ATP molecule, producing a fur-
ther conformational change that causes myosin to
be displaced toward the plus end of actin. ATP is
hydrolyzed to ADP and P;, which remain attached to
myosin. ), Myosin binds to a new site on actin
(toward the plus end), constituting the force-generat-
ing, or power, stroke. Each cross-bridge cycle “walks”
the myosin head 10 nanometers (10~® meters) along
the actin filament. E, ADP is released, and myosin is
returned to its original state with no nucleotides
bound (A). Cross-bridge cycling continues, with
myosin “walking” toward the plus end of the actin fil-
ament, as long as Ca*" is bound to troponin C.
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7. Relaxation occurs when Ca*" is reaccumulated in
the sarcoplasmic reticulum by the Ca*" ATPase of
the sarcoplasmic reticulum membrane (SERCA).
When the intracellular Ca*" concentration decreases
to less than 107" M, there is insufficient Ca*" for
binding to troponin C. When Ca*" is released from
troponin C, tropomyosin returns to its resting posi-
tion, where it blocks the myosin-binding site
on actin. As long as the intracellular Ca®" is low,
cross-bridge cycling cannot occur, and the muscle
will be relaxed.

MECHANISM OF TETANUS

A single action potential results in the release of a fixed
amount of Ca*" from the sarcoplasmic reticulum,
which produces a single twitch. The twitch is termi-
nated (relaxation occurs) when the sarcoplasmic retic-
ulum reaccumulates this Ca*". However, if the muscle
is stimulated repeatedly, there is insufficient time
for the sarcoplasmic reticulum to reaccumulate Ca*™,
and the intracellular Ca*" concentration never returns
to the low levels that exist during relaxation. Instead,
the level of intracellular Ca*" concentration remains
high, resulting in continued binding of Ca*" to tropo-
nin C and continued cross-bridge cycling. In this state,
there is a sustained contraction called tetanus, rather
than just a single twitch.

LENGTH-TENSION RELATIONSHIP

The length-tension relationship in muscle refers to the
effect of muscle fiber length on the amount of tension
the fiber can develop (Fig. 1-26). The amount of ten-
sion is determined for a muscle undergoing an isomet-
ric contraction, in which the muscle is allowed to
develop tension at a preset length (called preload)
but is not allowed to shorten. (Imagine trying to lift a
500-pound barbell. The tension developed would be
great, but no shortening or movement of muscle would
occur!) The following measurements of tension can be
made as a function of preset length (or preload):

¢ Passive tension is the tension developed by simply
stretching a muscle to different lengths. (Think of
the tension produced in a rubber band as it is pro-
gressively stretched to longer lengths.)

¢ Total tension is the tension developed when a mus-
cle is stimulated to contract at different preloads. It
is the sum of the active tension developed by the
cross-bridge cycling in the sarcomeres and the pas-
sive tension caused by stretching the muscle.

¢ Active tension is determined by subtracting the pas-
sive tension from the total tension. It represents the
active force developed during cross-bridge cycling.
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Figure 1-26 Length-tension rela-
tionship in skeletal muscle. Maxi-
mal active tension occurs at muscle
lengths where there is maximal
overlap of thick and thin filaments.

Muscle length or preload

The unusual relationship between active tension
and muscle length is the length-tension relation-
ship and can be explained by the mechanisms
involved in the cross-bridge cycle (see Fig. 1-26).
The active tension developed is proportional to the
number of cross-bridges that cycle. Therefore, the
active tension is maximal when there is maximal
overlap of thick and thin filaments and maximal
possible cross-bridges. When the muscle is stretched
to longer lengths, the number of possible cross-
bridges is reduced, and active tension is reduced.
Likewise, when muscle length is decreased, the thin
filaments collide with each other in the center of the
sarcomere, reducing the number of possible cross-
bridges and reducing active tension.

FORCE-VELOCITY RELATIONSHIP

The force-velocity relationship, shown in Figure 1-27,
describes the velocity of shortening when the force
against which the muscle contracts, the afterload, is
varied (see Fig. 1-27, left). In contrast to the length-
tension relationship, the force-velocity relationship is
determined by allowing the muscle to shorten. The
force, rather than the length, is fixed, and therefore, it
is called an isotonic contraction. The velocity of
shortening reflects the speed of cross-bridge cycling.
As is intuitively obvious, the velocity of shortening will
be maximal (V,,.x) when the afterload on the muscle is
zero. As the afterload on the muscle increases, the
velocity will be decreased because cross-bridges can
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Figure 1-27 Initial velocity of shortening as a function of afterload in skeletal muscle.
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cycle less rapidly against the higher resistance. As the
afterload increases to even higher levels, the velocity
of shortening is reduced to zero. (Imagine how quickly
yvou can lift a feather as opposed to a ton of bricks!)

The effect of afterload on the velocity of shortening
can be further demonstrated by setting the muscle to
a preset length (preload) and then measuring the
velocity of shortening at various levels of afterload (see
Fig. 1-27, right). A “family” of curves is generated, each
one representing a different fixed preload. The curves
always intersect at V,.x, the point where afterload is
zero and where velocity of shortening is maximal.

Smooth Muscle

Smooth muscle lacks striations, which distinguishes it
from skeletal and cardiac muscle. The striations found
in skeletal and cardiac muscle are created by the band-
ing patterns of thick and thin filaments in the sarco-
meres. In smooth muscle, there are no striations
because the thick and thin filaments, while present,
are not organized in sarcomeres.

Smooth muscle is found in the walls of hollow
organs, such as the gastrointestinal tract, the bladder,
and the uterus, as well as in the vasculature, the
ureters, the bronchioles, and the muscles of the eye.
The functions of smooth muscle are twofold: to pro-
duce motility (e.g., to propel chyme along the gastroin-
testinal tract or to propel urine along the ureter) and to
maintain tension (e.g., smooth muscle in the walls of
blood vessels).

TYPES OF SMOOTH MUSCLE

Smooth muscles are classified as multiunit or unitary,
depending on whether the cells are electrically cou-
pled. Unitary smooth muscle has gap junctions
between cells, which allow for the fast spread of elec-
trical activity throughout the organ, followed by a
coordinated contraction. Multiunit smooth muscle has
little or no coupling between cells. A third type, a com-
bination of unitary and multiunit smooth muscle, is
found in vascular smooth muscle.

Unitary Smooth Muscle

Unitary (single unit) smooth muscle is present in the
gastrointestinal tract, bladder, uterus, and ureter. The
smooth muscle in these organs contracts in a coordi-
nated fashion because the cells are linked by gap junc-
tions. Gap junctions are low-resistance pathways for
current flow, which permit electrical coupling between
cells. For example, action potentials occur simulta-
neously in the smooth muscle cells of the bladder so
that contraction (and emptying) of the entire organ
can occur at once.
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Unitary smooth muscle is also characterized by
spontaneous pacemaker activity, or slow waves. The
frequency of slow waves sets a characteristic pattern
of action potentials within an organ, which then deter-
mines the frequency of contractions.

Multiunit Smooth Muscle

Multiunit smooth muscle is present in the iris, in the
ciliary muscles of the lens, and in the vas deferens.
Each muscle fiber behaves as a separate motor unit
(similar to skeletal muscle), and there is little or no
coupling between cells. Multiunit smooth muscle cells
are densely innervated by postganglionic fibers of the
parasympathetic and sympathetic nervous systems,
and it is these innervations that regulate function.

EXCITATION-CONTRACTION COUPLING
IN SMOOTH MUSCLE

The mechanism of excitation-contraction coupling in
smooth muscle differs from that of skeletal muscle.
Recall that in skeletal muscle binding of actin and myo-
sin is permitted when Ca*" binds troponin C. In
smooth muscle, however, there is no troponin. Rather,
the interaction of actin and myosin is controlled by the
binding of Ca®*" to another protein, calmodulin. In
turn, Ca’*'-calmodulin regulates myosin-light-chain
kinase, which regulates cross-bridge cycling.

Steps in Excitation-Contraction Coupling
in Smooth Muscle

The steps involved in excitation-contraction coupling
in smooth muscle are illustrated in Figure 1-28 and
occur as follows:

1. Action potentials can occur in the smooth muscle
cell membrane. The depolarization of the action
potential opens voltage-gated Ca*" channels in the
sarcolemmal membrane. With the Ca*" channels
open, Ca*" flows into the cell down its electro-
chemical gradient. This influx of Ca*" from the
ECF causes an increase in intracellular Ca*”"
concentration.

2. Two additional mechanisms may contribute to
the increase in intracellular Ca?™ concentration:

ligand-gated Ca*" channels and inositol 1,4,5-tri-
phosphate (IP;)-gated Ca** release channels.
Ligand-gated Ca®** channels in the sarcolemmal
membrane may be opened by various hormones
and neurotransmitters, permitting the entry of addi-
tional Ca*" from the ECF. IP;-gated Ca** release
channels in the membrane of the sarcoplasmic
reticulum may be opened by hormones and neuro-
transmitters. Either of these mechanisms may aug-
ment the rise in intracellular Ca*" concentration
caused by depolarization.
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Figure 1-28 The sequence of molecular events in contrac-
tion of smooth muscle. ADP, Adenosine diphosphate; ATP,
adenosine triphosphate; Myosin~P, phosphorylated myosin: P;,
inorganic phosphate. CaM, calmodulin; ATPase, adenosine
triphosphatase; IPs, inositol 1,4,5 triphosphate; SR, sarcoplasmic
reticulum.

3. The rise in intracellular Ca*" concentration causes
Ca”" to bind to calmodulin. Like troponin C in skel-
etal muscle, calmodulin binds four ions of Ca*" in a
cooperative fashion. The Ca*"-calmodulin complex
binds to and activates myosin-light-chain kinase.

4. When activated, myosin-light-chain kinase phos-
phorylates myosin light chain. When myosin light
chain is phosphorylated, the conformation of the
myosin head is altered, greatly increasing its ATPase
activity. (In contrast, skeletal muscle myosin
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ATPase activity 1s always high.) The increase in
myosin ATPase activity allows myosin to bind actin,
thus initiating cross-bridge cycling and production
of tension. The amount of tension is proportional
to the intracellular Ca*" concentration.

5. Ca*"-calmodulin, in addition to the effects on myo-
sin described above, also has effects on two thin fil-
ament proteins, calponin and caldesmon. At low
levels of intracellular Ca*", calponin and caldesmon
bind actin, inhibiting myosin ATPase and prevent-
ing the interaction of actin and myosin. When the
intracellular Ca®" increases, the Ca*"-calmodulin
complex leads to phosphorylation of calponin and
caldesmon, releasing their inhibition of myosin
ATPase and facilitating the formation of cross-
bridges between actin and myosin.

6. Relaxation of smooth muscle occurs when the intra-
cellular Ca*" concentration falls below the level
needed to form Ca*"-calmodulin complexes. A fall
in intracellular Ca*" concentration can occur by a
variety of mechanisms including: hyperpolarization
(which closes voltage-gated Ca®" channels); direct
inhibition of Ca** channels by ligands, such as cyclic
AMP and cyclic GMP; inhibition of IP; production
and decreased release of Ca*" from sarcoplasmic
reticulum; and increased Ca*+ ATPase activity in sar-
coplasmic reticulum. Additionally, relaxation of
smooth muscle can involve activation of myosin-
light-chain phosphatase, which dephosphorylates
myosin light chain, leading to inhibition of myosin
ATPase.

Mechanisms That Increase Intracellular
Ca** Concentration in Smooth Muscle

During the action potential in smooth muscle, Ca*"
enters the cell from ECF via sarcolemmal voltage-gated
Ca®" channels, which are opened by depolarization. As
already noted, this is only one source of Ca*" for con-
traction. Ca*" also can enter the cell through ligand-
gated channels in the sarcolemmal membrane, or it
can be released from the sarcoplasmic reticulum by
[P;-gated mechanisms (Fig. 1-29). (In contrast, recall
that in skeletal muscle the rise in intracellular Ca*"
concentration is caused exclusively by depolarization-
induced release from the sarcoplasmic reticulum—
Ca*" does not enter the cell from the ECF.) The three
mechanisms involved in Ca*" entry in smooth muscle
are described as follows:

¢ Voltage-gated Ca®* channels are sarcolemmal Ca*"
channels that open when the cell membrane poten-
tial depolarizes. Thus, action potentials in the
smooth muscle cell membrane cause voltage-gated
Ca®" channels to open, allowing Ca*" to flow into
the cell down its electrochemical potential gradient.
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Figure 1-29 Mechanisms for increasing intracellular [Ca®*] in smooth muscle. ATP, Adenosine triphosphate; G, GTP-binding
protein (G protein); |Ps, inositol 1,4,5-triphosphate; PIP,, phosphatidylinositol 4,5-diphosphate; PLC, phospholipase C; R, receptor for

hormone or neurotransmitter,

¢ Ligand-gated Ca** channels also are present in the
sarcolemmal membrane. They are not regulated by
changes in membrane potential, but by receptor-
mediated events. Various hormones and neuro-
transmitters interact with specific receptors in the
sarcolemmal membrane, which are coupled via a
GTP-binding protein (G protein) to the Ca*" chan-
nels. When the channel is open, Ca*" flows into the
cell down its electrochemical gradient. (See Chapters
2 and 9 for further discussion of G proteins.)

¢ IP;-gated sarcoplasmic reticulum Ca’* channels
also are opened by hormones and neurotransmitters.
The process begins at the cell membrane, but the
source of the Ca*" is the sarcoplasmic reticulum
rather than the ECF. Hormones or neurotransmitters
interact with specific receptors on the sarcolemmal
membrane (e.g., norepinephrine with o, receptors).
These receptors are coupled, via a G protein, to
phospholipase C (PLC). Phospholipase C cata-
lyzes the hydrolysis of phosphatidylinositol 4,5-
diphosphate (PIP;) to IP; and diacylglycerol (DAG).
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IP; then diffuses to the sarcoplasmic reticulum,
where it opens Ca*" release channels (similar to
the mechanism of the ryanodine receptor in skeletal
muscle). When these Ca*" channels are open, Ca*"
flows from its storage site in the sarcoplasmic reticu-
lum into the ICF. (See Chapter 9 for discussion of
IP;-mediated hormone action.)

C‘a"-’*-fndependent Changes in Smooth Muscle
Contraction

In addition to the contractile mechanisms in smooth
muscle that depend on changes in intracellular Ca**
concentration, the degree of contraction also can be
regulated by Ca*"-independent mechanisms. For exam-
ple, in the presence of a constant level of intracellular
Ca®", if there is activation of myosin-light-chain
kinase, more cross-bridges will cycle, and more tension
will be produced (Ca**-sensitization); conversely, if
there is activation of myosin-light-chain phosphatase,
fewer cross-bridges will cycle, and less tension will be
produced (Ca**-desensitization).
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Water, a major component of the body, is
distributed among two major compartments, ICF
and ECF. ECF is further distributed among the
plasma and the interstitial fluid. The differences
in composition of ICF and ECF are created and
maintained by transport proteins in the cell
membranes.

Transport may be either passive or active. If trans-
port occurs down an electrochemical gradient, it
1S passive and does not consume energy. If trans-
port occurs against an electrochemical gradient, it
is active. The energy for active transport may be
primary (using ATP) or secondary (using energy
from the Na™ gradient). Osmosis occurs when an
impermeable solute creates an osmotic pressure
difference across a membrane, which drives water
flow.

lon channels provide routes for charged solutes to
move across cell membranes. The conductance of
ion channels is controlled by gates, which are regu-
lated by voltage or by ligands. Diffusion of a per-
meable ion down a concentration gradient creates
a diffusion potential, which, at electrochemical
equilibrium, is calculated by the Nernst equation.
When several ions are permeable, each attempts
to drive the membrane toward its equilibrium
potential. lons with the highest permeabilities
make the greatest contribution to the resting mem-
brane potential.

Action potentials in nerve and muscle consist of
rapid depolarization (upstroke), followed by repo-
larization caused by the opening and closing of
ion channels. Action potentials are propagated
down nerve and muscle fibers by the spread of
local currents, with the speed of conduction
depending on the tissue’s cable properties. Con-
duction velocity is increased by increasing fiber
size and by myelination.

Synapses between cells may be electrical or, more
commeonly, chemical. The prototype of the chemi-
cal synapse is the neuromuscular junction, which
uses ACh as a neurotransmitter. ACh is released
from presynaptic nerve terminals and diffuses
across the synapse to cause depolarization of the
motor end plate. Neurotransmitters at other
synapses may be either excitatory (causing depolar-
ization) or inhibitory (causing hyperpolarization).

In muscle, action potentials precede contraction.
The mechanisms that translate the action potential
into contraction are called excitation-contraction
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coupling. In both skeletal and smooth muscle,
Ca*" plays a central role in the coupling.

In skeletal muscle, the action potential is carried to
the cell interior by the T tubules, where depolariza-
tion releases Ca®" from terminal cisternae of the
nearby sarcoplasmic reticulum. Ca®" then binds
to troponin C on the thin filaments, causing a con-
formational change, which removes the inhibition
of myosin-binding sites. When actin and myo-
sin bind, cross-bridge cycling begins, producing
tension.

In smooth muscle, Ca*" enters the cell during the
action potential via voltage-gated Ca’" channels.
Ca®" then binds to calmodulin, and the Ca**-
calmodulin complex activates myosin-light-chain
kinase, which phosphorylates myosin. Myosin~P
can bind actin, form cross-bridges, and generate
tension. Other sources of intracellular Ca*" in
smooth muscle are ligand-gated Ca®" channels in
the sarcolemmal membrane and IP;-gated Ca*"
channels in the sarcoplasmic reticulum membrane.

Challenge Yourself

Answer each question with a word, phrase,
sentence, or numerical solution. When a list of
possible answers is supplied with the question,
one, more than one, or none of the choices may
be correct. Correct answers are provided at the
end of the book.

Solution A contains 100 mM NaCl, Solution B
contains 10 mM NaCl, and the membrane
separating them is permeable to Cl~ but not Na .
What is the orientation of the potential difference
that will be established across the membrane?

The osmolarity of a solution of 50 mmol/L
CacCl; is closest to the osmolarity of which of the
following: 50 mmol/L NaCl; 100 mmol/L urea;
150 mmol/L NaCl; or 150 mmol/L urea?

How does the intracellular Na~ concentration
change following inhibition of Na"-K~ ATPase?

"% Which phase of the nerve action potential is
responsible for propagation of the action potential
to neighboring sites?

il How many quanta of acetylcholine (ACh) are
required to depolarize the motor end plate from

—80mV to —70 mV if a miniature end plate
potential (MEPP) is 0.4 mV?



V& A man is poisoned with curare. Which of the
following agents would worsen his condition:
neostigmine; nicotine; botulinus toxin; ACh?

Put these events in the correct temporal order:
end plate potential (EPP); action potential in
muscle fiber; ACh release from presynaptic
terminal; MEPP; opening ligand-gated ion
channels; opening Ca”" channels in presynaptic
terminal; binding of ACh to nicotinic receptors;
action potential in nerve fiber.

il In skeletal muscle, at muscle lengths less than
the length that generates maximum active tension,
is active tension greater than, less than, or
approximately equal to total tension?

"“F Which of the following neurotransmitters
would be inactivated by peptidases: ACh;
Substance P; dopamine; glutamate; GABA;
histamine; vasopressin; nitric oxide (NO)?

Wil Solution A contains 10 mmol/L glucose and
Solution B contains 1 mmol/L glucose. If the
glucose concentration in both solutions is doubled,
by how much will the flux (flow) of glucose
between the two solutions change (e.g., halve,
remain unchanged, double, triple, quadruple)?

Adrenergic neurons synthesize which of the
following: norepinephrine; epinephrine; ACh;
dopamine; L-dopa; serotonin?

What effect would each of the following have
on conduction velocity: increasing nerve diameter;
increasing internal resistance (R;); increasing
membrane resistance (R,,); decreasing membrane
capacitance (C,,); increasing length constant;
increasing time constant?
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How does hyperkalemia alter resting
membrane potential (depolarizes, hyperpolarizes,
or has no effect), and why does this cause muscle
weakness?

'Y During which of the following steps in cross-
bridge cycling in skeletal muscle is ATP bound to
myosin: rigor; conformational change in myosin
that reduces its affinity for actin; power stroke?

Which of the following classes of drugs are
contraindicated in a patient with myasthenia
gravis: nicotinic receptor antagonist; inhibitor of
choline reuptake; acetylcholinesterase (AChE)
inhibitor; inhibitor of ACh release?

"4 Solution A contains 100 mmol/L glucose and
Solution B contains 50 mmol/L NaCl. Assume that
8nact 18 2.0, Gauycose 18 0.5, and onacr 15 0.8. If a
semipermeable membrane separates the two
solutions, what is the direction of water flow across
the membrane?
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