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21

The Circuitry

The circulatory, endocrine, and nervous systems con-
stitute the principal coordinating and integrating systems
of the body. The nervous system facilitates communica-
tions and the endocrine glands regulate certain body
functions. The circulatory system serves to transport and
distribute essential substances to the tissues and to
remove byproducts of metabolism. The circulatory sys-
tem also participates in homeostatic mechanisms such as
regulation of body temperature, fluid maintenance, and
adjustments of oxygen and nutrient supply in different
physiological states.

The cardiovascular system that accomplishes these
tasks is composed of a pump (the heart), a series of dis-
tributing and collecting tubes (the blood vessels), and an
extensive system of thin vessels that permit rapid
exchange between the tissues and the vascular channels
(the capillaries). In this section, we discuss the function
of these components of the vascular system and their
control mechanisms (with their checks and balances). By
altering the flow of blood to tissues, these control mech-
anisms are able to meet the changing requirements of dif-
ferent tissues in response to a variety of physiological
and pathological conditions.

The function of the parts of the circulatory system is
discussed in detail in subsequent chapters. This chapter
provides a general, functional overview of the circulatory
system.

B The Heart

The heart consists of two pumps in series: one pump pro-
pels blood through the lungs for exchange of oxygen and
carbon dioxide (the pulmonary circulation) and the
other pump propels blood to all other tissues of the body
(the systemic circulation). The flow of blood through
the heart is one-way (unidirectional). Unidirectional flow
through the heart is achieved by the appropriate arrange-
ment of flap valves. Although the cardiac output is inter-
mittent, continuous flow to the body tissues (periphery)
occurs by distention of the aorta and its branches during

ventricular contraction (systole) and by elastic recoil of
the walls of the large arteries with forward propulsion of
the blood during ventricular relaxation (diastole).

W Blood Vessels

Blood moves rapidly through the aorta and its arterial
branches. These branches narrow and their walls become
thinner as they approach the periphery. They also change
histologically. The aorta is a predominantly, €lastic struc-
ture, but the peripheral arteries become more muscular
until at the arterioles the muscular layer predominates
(Fig. 21-1).

In the large arteries, frictional resistance is relatively
small and pressures are only slightly less than in the
aorta. The small arteries, on the other hand, offer moder-
ate resistance to blood flow. This resistance reaches a
maximal level in the arterioles, which are sometimes
referred to as the stopcocks of the vascular system.
Hence, the pressure drop is greatest across the terminal
segment of the small arteries and the arterioles (Fig.
21-2). Adjustment in the degree of contraction of the cir-
cular muscle of these small vessels permits regulation of
tissue blood flow and aids in the control of arterial blood
pressure. ,

In addition to the reduction in pressure along the arte-
rioles, there is a change from a pulsatile to a steady blood
flow (Fig. 21-3). The pulsatile arterial blood flow,
caused by the intermittent ejection of blood from the
heart, is damped at the capillary level by a combination
of two factors: distensibility of the large arteries and fric-
tional resistance in the small arteries and arterioles.
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326  The cardiovascular system

Many capillaries arise from each arteriole. The total are ideal for the exchange of diffusible substances
cross-sectional area of the capillary bed is very large, between blood and tissue.
despite the fact that the cross-sectional area of each cap- On its return to the heart from the capillaries, blood
illary is less than that of each arteriole. As a result, blood passes through venules and then through veins of increas-
flow velocity becomes quite slow in the capillaries, anal- ing size. Pressure within these vessels progressively
ogous to the decrease in velocity of flow (Fig. 21-3) in decreases until the blood reaches the right atrium (Fig.
the wide regions of a river. Because capillaries consist of 21-2). Near the heart, the number of veins decreases, the
short tubes with walls that are only one cell thick and thickness and composition of the vein walls change (Fig.
because flow velocity is low, conditions in the capillaries 21-1), the total cross-sectional area of the venous chan-
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B Fig. 21-1 Internal diameter, wall thickness, and relative amounts of the principal components
of the vessel walls of the various blood vessels that compose the circulatory system. Cross-sections
of the vessels are not drawn to scale because of the huge range from aorta and venae cavae to capil-
lary. (Redrawn from Burton AC: Physiol Rev 34:619, 1954.)
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W Fig. 21-2  Pressure drop across the vascular system in the hamster cheek pouch. AF, Mean arte-
| rial pressure; VF, venous pressure. (Redrawn from David MJ et al: Am J Physiol 250:H291, 1986.)




nels diminishes, and the velocity of blood flow increases
(Fig. 21-3). Note that the velocity of blood flow and the
cross-sectional area at each level of the vasculature are
essentially mirror images (Fig. 21-3).

Data from a 20-kg dog (Table 21-1) indicate that
between the aorta and the capillaries the number of ves-
sels increases about 3 billion-fold, and the total cross-
sectional area increases about 500-fold. The volume of
blood in the systemic vascular system is greatest in the
veins and venules (67%). Only 5% of total blood volume
exists in the capillaries, and 11% of total blood volume is
found in the aorta, arteries, and arterioles. In contrast,
blood volume in the pulmonary vascular bed is about
equally divided among the arterial, capillary, and venous
vessels. The cross-sectional area of the venae cavae is
larger than that of the aorta. Therefore, the velocity of
flow is slower in the venae cavae than that in the aorta
(Fig. 21-3).

MW Table 21-1  Vascular dimensions in a 20-kg dog
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m The Cardiac Cycle

Blood entering the right ventricle via the right atrium is
pumped through the pulmonary arterial system at a
mean pressure about one seventh that in the systemic
arteries. The blood then passes through the lung capil-
laries, where carbon dioxide in the blood is released and
oxygen is taken up. The oxygen-rich blood returns via
the pulmonary veins to the left atrium, where it is
pumped from the ventricle to the periphery, thus com-
pleting the cycle.

In the normal, intact circulation, the total volume of
blood is constant, and an increase in the volume of blood
in one area must be accompanied by a decrease in
another. However, the distribution of the circulating
blood to the different regions of the body is determined
by the output of the left ventricle and by the contractile
state of the resistance vessels (arterioles) of these regions.

Vessels No. Total cross-sectional area (cm?) Total blood volume (%)
Systemic
Aorta 1 2.8
Arteries 40-110,000 40 11
Arterioles 2.8 X 106 55
Capillaries 2.7 X 10° 1357 5
Venules 1 X 107 785
Veins 660,000-110 631 67
Venae cavae 2 3.1
Pulmonary
Arteries and arterioles 1-1.5 X 106 137 3
Capillaries 2.7 X 109 1357 4
Venules and veins 1 X 106-4 210 5
Heart
Atria 2 }
Ventricles 2 5

v

AO | LA | SA | ART | CAP|VEN V v | vC

M Fig. 21-3  Phasic pressure, velocity of flow, and cross-sectional
area of the systemic circulation. The important features are the inverse
relationship between velocity and cross- sectional area, the major
pressure drop across the small arteries and arterioles, and the maxi-
mal cross-sectional area and minimal flow rate in the capillaries. AO,
Aorta; LA, large arteries; SA, small arteries; ART, arterioles; CAP, cap-
illaries; VEN, venules; SV, small veins; LV, large veins; VC, venae
cavae.



328  The cardiovascular system

The circulatory system is composed of conduits arranged
in series and in parallel (Fig. 21-4). This arrangement,
which is discussed in subsequent chapters, has important
implications in terms of resistance, flow, and pressure in
the blood vessels.
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W Fig. 21-4  Schematic diagram of the parallel and series
arrangement of the vessels composing the circulatory system.
The capillary beds are represented by thin lines connecting the
arteries (on the right) with the veins (on the left). The crescent-
shaped thickenings proximal to the capillary beds represent the
arterioles (resistance vessels). (Redrawn from Green HD: In
Glasser O, editor: Medical physics, vol 1, Chicago, 1944,
Mosby-Year Book.)

W Summary

1. The circulatory system consists of a pump (the heart),
a series of distributing and collecting tubes (blood ves-
sels), and an extensive system of thin vessels that permit
rapid exchange of substances between the tissues and
blood.

2. The greatest resistance to blood flow, and hence the
greatest pressure drop, in the arterial system occurs at the
level of the small arteries and the arterioles.

3. Pulsatile pressure is progressively damped by the elas-
ticity of the arteriolar walls and the frictional resistance
of the small arteries and arterioles, so that capillary blood
flow is essentially nonpulsatile.

4. Velocity of blood flow is inversely related to the cross-
sectional area at any point along the vascular system.

5. Most of the blood in the systemic vascular bed is
located in the venous side of the circulation.

m Self-Study Problems

1. What physical characteristics of arterioles enable them
to maintain arterial blood pressure and to adjust the
distribution of blood flow?

2. Why does most of the blood in the systemic circulation
reside in the veins and venules?

3. Where in the systemic circulation is velocity of blood
flow fastest and where is it slowest? Why?

4. Why is flow pulsatile in the systemic arterial system
but nonpulsatile in the capillaries and venous systems?
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Electrical Activity of the Heart

Two centuries ago, Galvani and Volta demonstrated
that electrical phenomena were involved in the sponta-
neous contractions of the heart. In 1855, Kolliker and
Miiller found that when they placed the nerve of an inner-
vated skeletal muscle preparation in contact with the sur-
face of a beating frog’s heart, the skeletal muscle
twitched with each cardiac contraction. The researchers
concluded that the spontaneous excitation of the heart
had generated sufficient electrical activity to excite the
motor nerve fibers and stimulate the skeletal muscle.

The electrical events that normally take place in the
heart initiate cardiac contraction. Disorders in electrical
activity can induce serious and sometimes lethal distur-
bances in the cardiac rhythm.

B Transmembrane Potentials

To investigate the electrical behavior of single cardiac
cells, researchers insert a microelectrode into the interior
of the cell. The microelectrode is attached to a gal-
vanometer, a device that measures the strength of an elec-
trical current. The potential changes recorded from a typ-
ical ventricular muscle fiber are illustrated in Fig. 22-1,
A. When two electrodes are placed in an electrolyte solu-
tion near a strip of quiescent cardiac muscle, no potential
difference (point a) is measurable between the two elec-
trodes. At point b, when one of the electrodes is inserted
into the interior of a cardiac muscle fiber (Fig. 22-1), the
galvanometer immediately records a potential difference
(Vo) across the cell membrane. The potential of the inte-
rior of the cell is about 90 mV lower than that of the sur-
rounding medium. This electronegativity of the interior
of the resting cell with respect to the exterior is also char-
acteristic of skeletal and smooth muscle, nerves, and
most cells within the body (see also Chapter 2).

At point ¢, the ventricular cell is excited by an elec-
tronic stimulator, and the cell membrane rapidly depolar-
izes. During depolarization, the potential difference is
actually reversed, such that the potential of the interior of
the cell exceeds that of the exterior by about 20 mV. The

rapid upstroke of the action potential is designated
phase 0. The upstroke is followed immediately by a brief
period of partial, early repolarization (phase 1), and
then by a plateau (phase 2) that persists for about 0.1 to
0.2 second. The membrane then repolarizes (phase 3)
until the resting state of polarization (phase 4) is again
attained (at point e). Final repolarization (phase 3)
develops more slowly than does depolarization (phase 0).

The relationships between the electrical events in the
cardiac muscle and actual contraction of the cardiac mus-
cle are shown in Fig. 22-2. Rapid depolarization (phase
0) occurs before force develops, and completion of repo-
larization coincides approximately with peak force. The
relaxation of the muscle takes place mainly during phase
4 of the action potential. The duration of contraction par-
allels the duration of the action potential.

B Principal Types of Cardiac Action Potentials

Two main types of action potentials take place in the
heart and are shown in Fig. 22-1. One type, the fast
response, occurs in normal atrial and ventricular
myocytes and the specialized conducting fibers
(Purkinje fibers of the heart). The other type of action
potential, the slow response, occurs in the sinoatrial
(SA) node, the natural pacemaker region of the heart, and
in the atrioventricular (AV) node, the specialized tissue
that conducts the cardiac impulse from atria to ventricles.

Fast responses may change to slow respans’e
certain pathological conditions. For example, i
nary artery disease, a region of cardiac
deprived of its normal blood supply. As
K+ concentration in the interstitial flui
the affected muscle cells rises becau
the inadequately perfused (or iﬁeh
action potentials in some of these
converted from fast to slow respon
tal conversion from a fast to a slow responsa xs zilus-
trated in Fig. 22-14. '
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330 The cardiovascular system

Fast response

Slow response

M Fig. 22-1 Changes in transmembrane potential recorded from a fast-response and a slow-
response cardiac fiber in isolated cardiac tissue immersed in an electrolyte solution. A, At time a the
microelectrode was in the solution surrounding the cardiac fiber. At time b the microelectrode entered
the fiber. At time ¢ an action potential was initiated in the impaled fiber. Time ¢ to d represents the
effective refractory period (ERP), and time d to e represents the relative refractory period (RRP).
B, An action potential recorded from a slow-response cardiac fiber. Note that, compared with the fast-
response fiber, the resting potential of the siow fiber is less negative, the upstroke (phase 0) of the
action potential is less steep, the amplitude of the action potential is smaller, phase I is absent, and
the relative refractory period (RRP) extends well into phase 4 after the fiber has fully repolarized.

Millivolts

Time

M Fig. 22-2 Time relationships between the developed force
and the changes in transmembrane potential in a thin strip of
ventricular muscle. (Redrawn from Kavaler F, Fisher Vi,
Stuckey JH: Bull NY Acad Med 41:592, 1965.)

As shown in Fig. 22-1, not only is the resting mem-
brane potential (phase 4) of the fast response consider-
ably more negative than that of the slow response, but the
slope of the upstroke (phase 0), the amplitude of the
action potential, and the extent of the overshoot of
the fast response are greater than in the slow response.
The amplitude of the action potential and the steepness of
the upstroke are important determinants of how fast the
action potential is propagated. In slow-response cardiac
tissue, the action potential is propagated more slowly
than in fast-response cardiac tissue. In addition, the con-
duction is more likely to be blocked in slow-response
cardiac tissue than in fast-response tissue. Slow conduc-

tion and a tendency toward conduction block increase the
likelihood of some rhythm disturbances.

B Ionic Basis of the Resting Potential

The various phases of the cardiac action potential are
associated with changes in the permeability of the cell
membrane, mainly to sodium, potassium, and calcium
jons. Changes in cell membrane permeability alter the
movement of these ions across the membrane. The per-
meability of the membrane to a given ion, its transmem-
brane concentration difference, and the transmembrane
electrical potential difference define the net quantity of
the ion that will diffuse across the membrane. Changes in
permeability are accomplished by the opening and closing
of ion channels that are specific for the individual ions.

As with all other cells in the body (see also Chapter 2),
the concentration of potassium ions inside a cardiac mus-
cle cell ([K*],) is far greater than the concentration out-
side the cell ([K*],) (Fig. 22-3). The reverse concentra-
tion gradient exists for sodium and calcium ions.
Estimates of the extracellular and intracellular concentra-
tions of Na*, K+, and Ca*+ and the equilibrium potentials
(this term is defined later in this chapter) for these ions
are compiled in Table 22-1.

The resting cell membrane is relatively permeable to
K+ but much less so to Na+ and Cat*. Hence, K+ tends to
diffuse from the inside to the outside of the cell in the
direction of the K+ concentration gradient, as shown on
the right side of the cell in Fig. 22-3.
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Electrostatic: Chemical:
Ex —61.5 log ([K*)i/[K*]o)

M Fig. 22-3  The balance of chemical and electrostatic forces
acting on a resting cardiac cell membrane. The estimations are
based on a 34:1 ratio of the intracellular to extracellular K+ con-
centrations and the existence of a nondiffusible anion (A~)
inside, but not outside, the cell.

H Table 22-1 Intracellular and extracellular ion concentra-
tions and equilibrium potentials in cardiac muscle cells

Extracellular Intracellular Equilibrium
concentrations concentrations potential
Ion (mM) (mM)* (mV)
Nat 145 10 70
K+ 4 135 —94
Cat+ 2 104 132

Modified from Ten Eick RE, Baumgarten CM, Singer DH: Prog
Cardiovasc Dis 24:157, 1981.

*The intracellular concentrations are estimates of the free concentra-
tions in the cytoplasm

Any flux of K+ that occurs during phase 4 takes place
mainly through specific K+ channels. Several types of
K+ channels exist in cardiac cell membranes. Some of
these channels are regulated (i.e., they open and close)
according to the transmembrane potential, whereas oth-
ers are regulated by a chemical signal (e.g., the extracel-
lular acetylcholine concentration). One of the specific K+
channels through which K* passes during phase 4 is a
voltage-regulated channel that conducts the inwardly
rectifying K+ current. This current is symbolized iy,
and is discussed in more detail later (Fig. 22-8). For now,
it is only necessary to know how this current is estab-
lished. Many of the anions (labeled A~), such as the pro-
teins, inside the cell, are not free to diffuse out with the
K+ (Fig. 22-3). Therefore, the K+ diffuses out of the cell
and leaves the impermeant A~ behind. The deficiency of
cations then causes the interior of the cell to become elec-
tronegative (see also Chapter 2). As a result, the posi-
tively charged K+ ions are attracted to the interior of the
cell by the negative potential that exists there, as shown
on the left side of the cell in Fig. 22-3.

Therefore, two opposing forces are involved in the
movement of K+ across the cell membrane. A chemical
force, based on the concentration gradient, results in net
outward diffusion of K+. The counterforce is based on
electrostatic differences between the interior and exterior
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of the cell. If the system came into equilibrium, the
chemical and the electrostatic forces would be equal. As
explained in Chapter 2, this equilibrium is expressed by
the Nernst equation for potassium:

Ex = 61.5 log([K*];/[K*],)

The right-hand term represents the chemical potential
difference, and the left-hand term, Eg, represents the
electrostatic potential difference that would exist across
the cell membrane if K+ were the only diffusible ion. Ex
is called the potassium equilibrium potential.

When the measured concentrations of [K*]; and [K*],
for mammalian myocardial cells are substituted into the
Nernst equation, the calculated value of Ey equals about
—95 mV (Table 22-1). This value is close to, but slightly
more negative than, the resting potential actually mea-
sured in myocardial cells. Therefore, the potential that
tends to drive K* out of the resting cell is small. The
actual resting potential is slightly less negative than the
predicted potential because the cell membrane is slightly
permeable to other ions, notably to Na*. The balance of
the forces acting on Na* is opposite to the balance of
forces acting on K+ in resting cardiac cells. The intracel-
lular Nat concentration, [Nat];, is much lower than the
extracellular concentration, [Nat],. The sodium equilib-
rium potential, Ey,, expressed by the Nernst equation, is
about 70 mV (Table 22-1).

At equilibrium, therefore, an electrostatic force of
about 70 mV, oriented with the inside of the cell more
positive than the outside, is necessary to counterbalance
the chemical potential for Nat. However, as we have
seen, the actual resting membrane potential of myocytes
is about —90 mV. Hence, both chemical and electrostatic
forces act to pull extracellular Na* into the cell. The
influx of Na* through the membrane is small, however,
because the membrane of the resting cell is not very per-
meable to Na*. Nevertheless, this small inward current of
Nat is sufficient to cause the potential (V ;) on the inside
of the resting cell membrane to be slightly less negative
than the value (Eg) predicted by the Nernst equation for
K+ (Fig. 22-4).

The dependence of V_, on the conductances and on the
intracellular and extracellular concentrations of K+, Na*,
and other ions is described by the chord conductance
equation, as explained in Chapter 2. This equation
reveals that relative—not absolute—membrane conduc-
tances to Nat and K+ determine the resting potential. In
the resting cardiac cell, the conductance (gg) to K+ is
about 100 times greater than the conductance (gy,) to
Nat. Therefore, the chord conductance equation reduces
essentially to the Nernst equation for K*. Because gy, is
so small in the resting cell, changes in external Na* con-
centration do not significantly affect V,, (Fig. 22-5).

When the ratio [K*];/[K*], is decreased experimentally
by raising [K*], in a suspension of myocytes, the mea-
sured value of V, approximates the value of Ex predicted
by the Nernst equation (Fig. 22-4). For extracellular K+
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W Fig. 22-4  Transmembrane potential (V,,) of a cardiac mus-
cle fiber varies inversely with the potassium concentration of
the external medium. The straight line (Eg) represents the
change in transmembrane potential predicted by the Nernst
equation for potassium. (Redrawn from Page E: Circulation
26:582, 1962, with permission of the American Heart
Association.)
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is a critical determinant of the amplitude of the action potential
in cardiac muscle (upper line) but it has very little influence on
the resting membrane potential (lower line). (Redrawn from
Weidmann S: Elektrophysiologie der Herzmuskelfaser, Bern,
1956, Verlag Hans Huber.)

concentrations greater than about 5 mM, the measured val-
ues correspond closely with the predicted values. The mea-
sured levels are only slightly less than those predicted by
the Nernst equation because g is so much greater than
gn,- However, for values of [K*], below about 5 mM, gg
decreases as [K*], is diminished. As gg decreases, the
effect of gy, on the transmembrane potential becomes rel-
atively more significant, as predicted by the chord conduc-
tance equation. This change in gi accounts for the greater
deviation of the measured V, from the value predicted by
the Nernst equation for K+ at low levels of [K*],.

increase in gy, The amplitude of the action potential
(the potential change during phase 0) varies linearly with
the logarithm of [Nat],, as shown in Fig. 22-5. When
[Na+], is reduced from its normal value of about 140 mM
to about 20 mM, the cell is no longer excitable.

The physical and chemical forces responsible for these
transmembrane movements of Nat+ are diagrammed in
Fig. 22-6. When the resting membrane potential, V,, is
suddenly changed to the threshold level of about —65
mV, the properties of the cell membrane change dramat-
jcally. Na* enters the myocyte through specific fast Na*
channels that exist in the membrane (see also Chapter 3).
These channels can be blocked by the puffer fish toxin,
tetrodotoxin. Also, many of the drugs used to treat cer-
tain cardiac rhythm disturbances (cardiac arrhythmias)
act by blocking these fast Na* channels.

The manner in which Na* moves through these fast
channels suggests that the flux is controlied by two types
of gates in each channel. One of these, the m gate, tends
to open the channel as V ,, becomes less negative. This is
therefore called an activation gate. The other gate, the h
gate, tends to close the channel as V,, becomes less neg-
ative and hence is called an inactivation gate, The “m”
and “h” designations were originally employed by
Hodgkin and Huxley in their mathematical model of
impulse conduction in nerve fibers.

As we have seen, the V,, of a resting cell is about —90
mV. The m gates are closed and the h gates are wide
open, as shown in Fig. 22-6, A. Because the concentra-
tion of Na+ outside the cell is greater than the Na* con-
centration inside the cell, the interior of the cell is elec-
trically negative with respect to the exterior. Hence, both
chemical and electrostatic forces are oriented to draw
Nat into the cell.

The electrostatic force in Fig. 22-6, A, is a potential
difference of 90 mV, and it is represented by the white
arrow. The chemical force, based on the difference in Na*
concentration between the outside and inside of the cell,
is represented by the black arrow. For a Na* concentra-
tion difference of about 130 mM, a potential difference of
60 mV (with the inside more positive than outside) is
necessary to counterbalance the chemical, or diffusional,
force, according to the Nernst equation for Na*.
Therefore, the net chemical force that favors the inward
movement of Na+ in Fig. 22-6 (black arrows) is equiva-
lent to a potential difference of 60 mV. In the resting cell,
the total electrochemical force that favors the inward
movement of Na* is 150 mV (4). The m gates are closed,
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Vp=-90mV

A, During phase 4, the chemical
(60 mV) and electrostatic {20 mV)
forces favor influx of Na* from the
extracellular space. Influx is
negligible, however, because the
activation (m) gates are closed.

B, If V,, is brought to about
—65V, the m gates begin to swing
open, and Na* begins to enter the
cell. This reduces the negative charge
inside the cell, and thereby opens
still more Na* channels, which
accelerates the influx of Na*. The
change in V,, also initiates the closure
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C, The rapid influx of Na* sharply
decreases the negativity of V,,,. As
V., approaches 0O, the electrostatic
force attracting Na* into the cell is
neutralized. Na* continues to enter
the cell, however, because of the
substantial concentration gradient,
and V,, begins to become positive.

of inactivation (h) gates, which
operate more slowly than the m

gates.

D, When V,, is positive by about 20 mV, Na* confinues
to enter the cell, because the diffusional forces (60 mV)
exceed the opposing electrostatic forces (20 mV). The
influx of Na* is slow, however, because the net driving
force is small, and many of the inactivation gates have
already closed.

now all closed, and Na* influx ceases. The

E, When V,, reaches about 30 mV, the h %ates have
gates

remain closed until the first half of repolarization, and
thus the cell is absolutely refractory tﬁjring this entire
period. During the second half of repolarization, the m
and h gates approach the state represented by panel
A, and thus the cell is relatively reE'acfory.

W Fig. 22-6 The gating of a sodium channel in a cardiac cell membrane during phase 4 (A) and
during various stages of the action potential upstroke (B to E). The positions of the m and & gates in
the fast Na* channels are shown at the various levels of V. The electrostatic forces are represented
by the white arrows and the chemical (diffusional) forces by the black arrows.

however, and the conductance of the resting cell mem-
brane to Na* is low. Therefore, in resting state, virtually
no Nat moves into the cell.

Any stimulus that makes V less negative tends to open
the m gates, and thereby tends to activate the fast Na*
channels. The precise potential required to open the m
gates and thus activate the Na* channels varies somewhat
from one channel to another in the cell membrane. As V
becomes progressively less negative, more and more m
gates swing open, and the influx of Na* accelerates (Fig.
22-6, B). The entry of Na* into the interior of the cell neu-
tralizes some of the negative charges within the cell, and
thereby makes V,, still less negative. The consequent
change in V,,, then opens more m gates and augments the
inward Na* current. This process is called regenerative.
As V,, approaches about —65 mV, the remaining m gates
rapidly swing open in the fast Na* channels until virtually
all the m gates are open (Fig. 22-6, B).

The rapid opening of the m gates in the fast Na* chan-
nels is responsible for the large and abrupt increase in Na*
conductance (gy,) that occurs in phase 0 (the upstroke) of

the action potential (Fig. 22-7). The rapid influx of Na*
accounts for the steepness of the upstroke of the action
potential. The maximal rate of change of V,, varies from
100 to 200 V/sec in myocardial cells and from 500 to
1000 V/sec in Purkinje fibers. Although Na* that enters
the cell during one action potential alters V,, by more than
100 mV, the actual quantity of Na* that enters the cell is
so small that the resultant change in the intracellular Na*
concentration cannot be measured. Hence, the chemical
force remains virtually constant, and only the electrostatic
force changes throughout the action potential. In Fig. 22-
6, note that the lengths of the black arrows remain con-
stant (denoting a chemical force of 60 mV), while the
white arrows change in magnitude and direction.

As Nat rushes into the cardiac cell during phase 0, the
negative charges inside the cell are neutralized, and V,
becomes progressively less negative. When V, falls to
zero (Fig. 22-6, C), an electrostatic force no longer exists
to pull Na* into the cell. As long as the fast Na* channels
are open, however, Na* continues to enter the cell because
of the large concentration gradient. This continuation of
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(mV) 0

M Fig. 22-7 Changes in the conductances of Na*
(gnw)» Catt (gc,), and K+ (gg) during the various
phases of the action potential (A) of a fast-
response cardiac cell. The conductance diagram
(B) shows directional changes only.

ONa

the inward Na* current causes the inside of the cell to
become positively charged (Fig. 22-6, D). This reversal of
the membrane polarity is the so-called overshoot of the
cardiac action potential. Such a reversal of the electrostatic
gradient would, of course, tend to repel the entry of addi-
tional Na+ (Fig. 22-6, D). However, as long as the inwardly
directed chemical forces exceed the outwardly directed
electrostatic forces, the net flux of Nat* is directed inward,
although the rate at which Na* enters the cell diminishes.

The inward Na* current finally stops when the h (inac-
tivation) gates close (Fig. 22-6, E). Like the activity of
the m gates, the activity of the h gates is governed by the
value of V.. However, the m gates open very rapidly (in
about 0.1 msec), whereas the closure the h gates requires
a few milliseconds. Phase 0 is finally terminated when all
of the h gates have closed, thereby inactivating the fast
Na+* channels. The closure of the h gates so soon after the
opening of the m gates accounts for the quick return of
gn, from its maximum to its resting value (Fig. 22-7).

The h gates then remain closed until the cell has par-
tially repolarized during phase 3 (at about time 4 in Fig.
22-1, A). From time ¢ to time d the cell is in its effective
refractory period and will not respond to further excita-
tion. This mechanism prevents a sustained, tetanic con-
traction of cardiac muscle. Tetanic contraction of the ven-
tricular myocytes would retard ventricular relaxation
and therefore interfere with the normal intermittent
pumping action of the heart.

About midway through phase 3 (time d in Fig. 22-1, A),
the m and h gates in some of the fast Na* channels have
resumed the states shown in Fig. 22-6, A. Such channels
are said to have recovered from inactivation. The cell
can begin to respond (but weakly at first) to further exci-
tation (Fig. 22-15). Throughout the remainder of phase 3
the cell completes its recovery from inactivation. By time
e in Fig. 22-1, A, the h gates have reopened and the m

o e e = e = = = ==

gates have reclosed in all the fast Nat* channels; that is,
they have resumed the status depicted in Fig. 22-6, A.

B Phase 1: Genesis of Early Repolarvization

In many cardiac cells that have a prominent plateau,
phase 1 constitutes an early, brief period of limited repo-
larization. In Fig. 22-1, this brief repolarization is repre-
sented by a notch between the end of the upstroke and the
beginning of the plateau. Repolarization occurs briefly
owing to the activation of a transient outward current
(i¢), carried mainly by K*. Activation of K* channels
during phase 1 causes a brief efflux of K* from the cell,
because the interior of the cell is positively charged and
because the internal K* concentration greatly exceeds the
external K+ concentration (Fig. 22-8). As a result of this
transient efflux of positively charged ions, the cell is
briefly and partially repolarized (phase 1).

The phase 1 notch is prominent in ventricular Purkinje
fibers (Fig. 22-13) and in myocytes located in the epicar-
dial and midmyocardial regions of the ventricular wall
(Fig. 22-9). However, the notch is negligible in myocytes
from the endocardial region (Fig. 22-9). The cycle length
of depolarization also appears to affect phase 1. When the
basic cycle length at which the epicardial and midmyo-
cardial fibers are depolarized is increased from 300 to
8000 msec, the phase 1 notch becomes more pronounced
and the action potential duration is increased substan-
tially. The same increase in basic cycle length in endo-
cardial fibers has no effect on phase 1 and only a small
effect on the action potential duration (Fig. 22-9). In the
presence of 4-aminopyridine, which blocks the K+ chan-
nels that carry i, the phase 1 notch becomes much less
prominent in the action potentials recorded from the epi-
cardial and midmyocardial regions of the ventricles.
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M Fig. 22-8 The principal ionic currents and channels that generate the various phases of the action
potential in a cardiac cell. Phase 0: The chemical and electrostatic forces both favor the entry of Na*
into the cell through fast Na* channels to generate the upstroke. Phase 1: The chemical and electrosta-
tic forces both favor the efflux of K* through i,, channels to generate early, partial repolarization. Phase
2: During the plateau, the net influx of Ca*+ through Ca*+ channels is balanced by the efflux of K+
through ik, ik;, and i,, channels. Phase 3: The chemical forces that favor the efflux of K* through iy,
ixy, and i, channels predominate over the electrostatic forces that favor the influx of K* through these
same channels. Phase 4: The chemical forces that favor the efflux of K* through ix and ig; channels
exceed very slightly the electrostatic forces that favor the influx of K+ through these same channels.

B Phase 2: Genesis of the Platean

During the plateau of the action potential, Ca*+ enters the
myocardial cells through calcium channels, which acti-
vate and inactivate much more slowly than do the fast
Nat channels. During the flat portion of phase 2 (Fig. 22-
8), this influx of positive charge carried by Ca** is coun-
terbalanced by the efflux of positive charge carried by
K+. K+ exits through channels that conduct mainly the i,
ig, and ig; currents. The i, current is responsible for
phase 1, as described previously, but it is not completely
inactivated until after phase 2 has expired. The ig and iy
currents are described later in this chapter.

Ca** conductance during the plateau. The Ca*+
channels are voltage-regulated channels that are activated
as V,, becomes progressively less negative during the
upstroke of the action potential. Various types of Ca*+
channels have been identified in cardiac tissues (see
Chapter 3), but this discussion concentrates on the pre-
dominant channel, the so-called L-type Cat*+ channel.
Some of the important characteristics of this channel are
illustrated in Fig. 22-10, which also shows the Ca*+ cur-
rents generated by voltage-clamping an isolated atrial
myocyte. Note that when V, is suddenly increased to
+30 mV from a holding potential of —30 mV, an inward
Cat* current is activated. Note also that after the inward

current reaches its maximal value (in the downward
direction), it returns to zero only very gradually (i.e., the
channel inactivates very slowly). Thus, because the cur-
rent that passes through these channels is long-lasting,
the channels are designated “L-type.”

Opening of the Ca** channels is reflected by an
increase in Ca*+ conductance (gc,) immediately after the
upstroke of the action potential (Fig. 22-7). At the begin-
ning of the action potential, the intracellular Ca** con-
centration is much less than the extracellular concentra-
tion (Table 22-1). Consequently, the increase in g¢, pro-
motes an influx of Catt into the cell throughout the
plateau. This influx of Ca during the plateau is involved
in excitation-contraction coupling, as described in
Chapters 17 and 23.

Various factors, such as neurotransmitters and drugs,
may substantially influence g¢,. The adrenergic neuro-
transmitter norepinephrine, the B-adrenergic receptor
agonist isoproterenol, and various other catecholamines
may enhance Ca*+* conductance, whereas the parasympa-
thetic neurotransmitter acetylcholine may decrease Ca*+
conductance. The enhancement of Ca** conductance by
catecholamines is probably the principal mechanism by
which they enhance cardiac muscle contractility.

To enhance Cat** conductance, catecholamines first
interact with B-adrenergic receptors in the cardiac cell
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membrane. This interaction stimulates the membrane-
bound enzyme adenylyl cyclase, which raises the intra-
cellular concentration of cyclic adenosine monophos-
phate (¢cAMP) (see also Chapter 5). The rise in the level
of cAMP enhances the activation of the L-type Ca**
channels in the cell membrane (Fig. 22-10) and thus aug-
ments the influx of Ca*+ into the cells from the intersti-
tial fluid. Conversely, acetylcholine interacts with mus-
carinic receptors in the cell membrane to inhibit ade-
nylyl cyclase. In this way, acetylcholine antagonizes the
activation of Ca** channels, and thereby diminishes gc,.

The Ca** channel antagonists arc substances that
block Cat* channels. Examples include the drugs
verapamil and diltiazem. These drugs decrease gc,,
thereby impeding the influx of Cat* into myocardial
cells. The Catt channel antagonists decrease the
duration of the action potential platean and diminish
the strength of the cardiac contraction (Fig. 22-11).
Paradoxically, although Ca** channel antagonists
have a depressant effect on the contractile strength of
the heart, these agents are used widely in the treat-
ment of congestive heart failure, a common clinical

BCL = 300 msec

Endo

BCL = 8000 msec

condition in which the contractile performance of the
heart is already compromised. As a result, the heart

is unable to generate enough blood flow to meet the
needs of the tissues. The Ca** channel antagonists
weaken the cardiac contraction and depress the con-
traction of the vascular smooth muscle, thereby
inducing generalized vasodilation. This diminished
vascular resistance reduces the counterforce (after-
load) that opposes the propulsion of blood from the
ventricles into the arterial system, as explained in
Chapters 25 and 26. Hence, vasodilator drugs, such
as the Ca** channel antagonists, are often referred to
as afterload-reducing drugs. This ability to dimin-
ish the counterforce leads to a more adequate cardiac
output, despite the direct cardiac depressant etfect of
these drugs. “

K+ conductance during the plateau. During the
plateau of the action potential, the concentration gradient
for K+ across the cell membrane is virtually the same as
it is during phase 4, but V,, is positive. Therefore, both
the chemical and the electrostatic forces favor the efflux
of K+ from the cell (Fig. 22-8). If gy were the same dur-

M Fig. 22-9  Action potentials recorded from the epi-
cardial (A), midmyocardial (B), and endocardial (C)
regions of the free wall of the canine left ventricle. The
preparations were driven at basic cycle lengths (BCL)
of 300 and 8000 msec. (From Liu D-W, Gintant GA,
Antzelevitch C: Circ Res 72:671, 1993, with permis-
sion of the American Heart Association.)
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ing the plateau as it is during phase 4, the efflux of K+
during phase 2 would greatly exceed the influx of Cat+,
and a sustained plateau could not be achieved. However
as V,, approaches and then attains positive values near
the peak of the action potential upstroke, gy suddenly
decreases (Fig. 22-7). The diminished K* current associ-
ated with the reduction in gy prevents an excessive loss
of K* from the cell during the plateau.

This reduction in g at both positive and low negative
values of V is called inward rectification. Inward rec-
tification is a characteristic of several K+ currents,
inctuding the iy, current. The current-voltage relation-
ship of the K* channels that conduct iy, has been deter-
mined by voltage-clamping cardiac cells (Fig. 22-12).
Note that for the cell depicted in the figure, the current-
voltage curve intersects the voltage axis at a V;, of about

B Fig. 22-10  Effect of isoproterenol on the Ca*+ current con-
ducted by L-type Ca*+ channels in voltage-clamped, canine
atrial myocytes when the potential was changed from —30 to
+30 mV. (Redrawn from Bean BP: J Gen Physiol 86:1, 1985.)
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M Fig. 22-11  Effects of diltiazem, a Ca+* channel antagonist,
on the action potentials (in millivolts) and isometric contractile
forces (in millinewtons) recorded from an isolated papillary
muscle of a guinea pig. The tracings were recorded under con-
trol conditions (C) and in the presence of diltiazem, in concen-
trations of 3, 10, and 30 umol/L. (Redrawn from Hirth C,
Borchard U, Hafner D: J Mol Cell Cardiol 15:799, 1983.)
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—70 mV. The absence of ionic current flow at the point
of intersection indicates that the electrostatic forces are
equal to the chemical (diffusional) forces (Fig. 22-3) at
this potential. In this ventricular cell preparation, there-
fore, the Nernst equilibrium potential (Ex) for K* is —70
mV. This value reflects the ratio of intracellular to extra-
cellular K* concentration that prevails in this particular
experimental preparation.

When the membrane potential is clamped at levels
negative to —70 mV in this same isolated cardiac cell
(Fig. 22-12), the electrostatic forces exceed the chemical
forces and an inward K+ current is induced (as denoted
by the negative values of K* current over this range of
voltages). Note also that for V, more negative than —70
mV, the curve has a steep slope, even at the point of inter-
section (at which V, = Eg). Thus when V_, equals or is
negative to Ey, a small change in V, induces a substan-
tial change in K* current; that is, gg is large. During
phase 4, the V, of a myocardial cell is slightly less neg-
ative than Ey (Fig. 22-4). The substantial gy that prevails
during phase 4 of the cardiac action potential (Fig. 22-7)
is accounted for mainly by the iy, channels.

When the transmembrane potential is clamped at levels
less negative than —70 mV (Fig. 22-12), the chemical
forces exceed the electrostatic forces. Therefore, the net
K+ currents are directed outward (as denoted by the cor-
responding positive values of K* current). Note that for
V,, values less negative than —70 mV the curve is rela-
tively flat, and for V,, values less negative than about —30
mV the K+ current is virtually zero. Thus, at V values
that prevail during the action potential plateau, the efflux
of Kt through the ix; channels is negligible. Conversely,
as we have seen, the inwardly directed K* current is sub-

K* current (nA)
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M Fig. 22-12  Inwardly rectified K+ currents recorded from a
rabbit ventricular myocyte when the potential was changed
from a holding potential of —80 mV to various test potentials.
Positive values along the vertical axis represent outward cur-
rents; negative values represent inward currents. The V;, coor-
dinate of the point (open circle) at which the curve intersects the
X axis is the reversal potential; it denotes the Nernst equilib-
rium potential, at which point the chemical and electrostatic
forces are equal. (Redrawn from Giles WR, Imaizumi Y: J
Physiol (Lond) 405:123, 1988.)
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stantial for those values of V_, that prevail during phase 4.
Thus, the iy current is inwardly rectified.

The characteristics of another K* channel, the
delayed rectifier (ig) channel, also contribute to the
low g that prevails during the plateau. These K+ chan-
nels are closed during phase 4, but they are activated by
the potentials that prevail toward the end of phase 0.
However, activation proceeds very slowly during the
plateau. Hence, activation of these channels tends to
increase gy very gradually during phase 2. Thus, these
channels play only a minor role during phase 2, but they
do contribute to the process of final repolarization
(phase 3), as described below.

The action potential plateau persists as long as the efflux
of charge carried mainly by K* is balanced by the influx of
charge carried mainly by Ca++. The effects of altering this
balance are demonstrated by the action of the calcium
channel antagonist diltiazem in an isolated papillary mus-
cle preparation. Fig. 22-11 shows that with increasing con-
centrations of diltiazem, the voltage of the plateau
becomes progressively less positive and the duration of the
plateau diminishes. Similarly, administration of certain K*
channel antagonists prolongs the plateau substantially.

B Phase 3: Genesis of Final Repolavization

The process of final repolarization (phase 3) starts at the
end of phase 2, when the efflux of K+ from the cardiac
cell begins to exceed the influx of Ca**. As we have
noted, at least three outward K+ currents (i, ix, and ig;)
contribute to the final repolarization (phase 3) of the car-
diac cell (Fig. 22-8).

The transient outward (i) and the delayed rectifier
(ig) currents help initiate repolarization. These currents
are therefore important determinants of the duration of
the plateau. For example, the plateau duration is substan-
tially less in atrial than in ventricular myocytes (Fig. 22-
19). Electrophysiological experiments reveal that the
intensity of the outward K* current during the plateau is
greater in atrial than in ventricular myocytes. When the
outward K+ current exceeds the inward Cat* current,
repolarization begins. Hence, the greater the K+ current
during phase 2, the earlier repolarization begins. The
greater density of the K+ current in atrial than in ventric-
ular myocytes accounts for the shorter action potentials
in atrial than in ventricular myocytes.

The action potential duration in ventricular myocytes
varies considerably with the locations of these myocytes
in the ventricular walls (Fig. 22-9). The delayed rectifier
(ig) current appears to account for these differences. In
endocardial myocytes, where the action potential dura-
tion is least, the intensity of iy is greatest. The converse
applies to the midmyocardial myocytes. The intensity of
ix and the action potential duration are intermediate for
the epicardial myocytes.

The inwardly rectified K+ current, iy, does not partici-
pate in the initiation of repolarization, because the conduc-

tance of these channels is very small at the range of V
values that prevail during the plateau. However, the ig;
channels do contribute substantially to the rate of repolar-
ization once phase 3 has been initiated. As the net efflux
of cations causes V, to become increasingly negative dur-
ing phase 3, the conductance of the channels that carry the
i, current progressively increases. In Fig. 22-12, the
hump in the flat portion of the current-voltage curve
reflects the increase in ig, conductance as V, changes
from about —20 to about —60 mV. Thus, as V,;, passes
through this range of values positive to the Nernst equilib-
rium potential (open circle in Fig. 22-12), the outward K*
current increases and thereby accelerates repolarization.

B Phase 4: Restoration of Ionic Concentrations

The excess Na* that enters the cell rapidly during phase 0
and more slowly throughout the cardiac cycle is eliminated
by the action of the enzyme Na*,K+-ATPase. This enzyme
ejects 3 Na* in exchange for 2 K* that had exited from the
cell mainly during phases 2 and 3. Similarly, most of the
excess Ca*+ that had entered the cell mainly during phase 2
is eliminated principally by a Na*/Ca**+ exchanger, which
exchanges 3 Nat for 1 Ca**. However, some of the Ca** is
climinated by an ATP-driven Ca** pump (Fig. 23-5).

m Ionic Basis of the Slow Response

Fast-response action potentials (Fig. 22-1, A) consist of
four principal components: an upstroke (phase 0); an
early, partial repolarization (phase 1); a plateau (phase 2);
and a final repolarization (phase 3). However, in the slow
response (Fig. 22-1, B), the upstroke is much less steep,
early repolarization (phase 1) is absent, the plateau is less
prolonged and not as flat, and the transition from the
plateau to the final repolarization is less distinct.

Blocking fast Na* channels with tetrodotoxin in a
fast-response fiber can generate slow responses under
appropriate conditions. The Purkinje fiber action poten-
tials shown in Fig. 22-13 clearly exhibit the two
response types. In the control tracing (A), the typical
fast-response action potential displays a prominent
notch, which separates the upstroke from the plateau. In
action potentials B to E, progressively larger quantities
of tetrodotoxin are added to the bathing solution to pro-
duce a graded blockade of the fast Na* channels. Fig.
22-13 shows that the upstroke and notch become pro-
gressively less prominent in action potentials B to D. In
action potential £, the notch has disappeared and the
upstroke is very gradual; the action potential resembles
a typical slow response.

Certain cells in the heart, notably those in the SA and
AV nodes, are normally slow-response fibers. In such
fibers, depolarization is achieved mainly by the influx of
Ca*+ through the Ca** channels. Repolarization is
accomplished in these fibers by the inactivation of the



A B C D E
100
mV
| I
1 sec

M Fig. 22-13  Effect of tetrodotoxin on the action potentials
recorded in a calf Purkinje fiber perfused with a solution con-
taining epinephrine and K+ (10.8 mM). The concentration of
tetrodotoxin was 0 Min A, 3 X 1078 M in B, 3 X 10-7 M in
C, and 3 X 1076 M in D and E; E was recorded later than D.

(Redrawn from Carmeliet E, Vereecke J: Pflugers Arch
313:300, 1969.)

Ca** channels and by the increased K* conductance
through the ig; and ix channels (Fig. 22-8).

m Conduction in Cavdiac Fibers

Now that we have seen how an action potential is gener-
ated, let us turn to how an action potential is conducted
in a cardiac fiber. An action potential traveling down a
cardiac muscle fiber is propagated by local circuit cur-
rents, much as it does in nerve and skeletal muscle fibers
(see Chapter 3). The characteristics of conduction differ
in fast- and slow-response fibers.

B Conduction of the Fast Response

In fast-response fibers, the fast Na* channels are acti-
vated when the transmembrane potential of one region of
the fiber suddenly changes from a resting value of about
—90 mV to the threshold value of about —70 mV. The
inward Nat current then rapidly depolarizes the cell at
that site. This portion of the fiber becomes part of the
depolarized zone, and the border is displaced accord-
ingly. The same process then begins at the new border.
This process is repeated again and again, and the border
moves continuously down the fiber as a wave of depolar-
ization (see Fig. 3-11).

The conduction velocity along the fiber varies directly
with the amplitude of the action potential and the rate of
change of potential (dV,/dt) during phase 0. The ampli-
tude of the action potential equals the difference in poten-
tial between the fully depolarized and the fully polarized
regions of the cell interior. The magnitude of the local cur-
rents is proportional to this potential difference (see
Chapter 3). Because these local currents shift the potential
of the resting zone toward the threshold value, they act as
the local stimuli that depolarize the adjacent resting por-
tion of the fiber to its threshold potential. The greater the
potential difference between the depolarized and polarized
regions (i.e., the greater the amplitude of the action poten-
tial), the more effective are the local stimuli in depolariz-
ing adjacent parts of the membrane and the more rapidly
is the wave of depolarization propagated down the fiber.
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The rate of change of potential (dV/dt) during
phase 0 is also an important determinant of the con-
duction velocity. If the active portion of the fiber depo-
larizes gradually, the local currents between the resting
region and the neighboring depolarizing region are
small. The resting region adjacent to the active zone is
depolarized gradually, and consequently more time is
required for each new section of the fiber to reach
threshold.

The level of the resting membrane potential is also an
important determinant of conduction velocity. This factor
operates by influencing the amplitude of the action
potential and the slope of the upstroke. The transmem-
brane potential just prior to depolarization may vary for
the following reasons: (1) the external K+ concentration
has changed (Fig. 22-4); (2) in cardiac fibers that are
intrinsically automatic, V, becomes progressively less
negative during phase 4 (Fig. 22-19, B); and (3) if the cell
is excited prematurely, the cell membrane has not repo-
larized fully from the preceding excitation (Fig. 22-15).
In general, the less negative the level of V_, the less is the
velocity of impulse propagation, regardless of the reason
for the change in V..

The V,, level affects conduction velocity because the
inactivation, or h, gates (Fig. 22-6) in the fast Na* chan-
nels are voltage dependent. The less negative the V_, the
greater is the number of h gates that tend to close.
During the normal process of excitation, depolarization
proceeds so rapidly during phase O that the compara-
tively slow h gates do not close until the end of that
phase. However, if partial depolarization is produced by
a more gradual process, such as by an elevation of the
level of external K+, the gates have ample time to close
and thereby inactivate some of the Na* channels. When
the cell is partially depolarized, many of the Na* chan-
nels are already inactivated; thus, only a fraction of the
Nat+ channels is available to conduct the inward Na* cur-
rent during phase 0.

Fig. 22-14 shows the results of an experiment in which
the resting V,, of a bundle of Purkinje fibers is closed by
altering the value of [K+],. When [K*], is 3 mM (A and
F), the resting V;, is —82 mV and the slope of phase 0 is
steep. At the end of phase 0, the overshoot attains a value
of 30 mV. Hence, the amplitude of the action potential is
112 mV. The tissue is stimulated at some distance from
the impaled cell, and the stimulus artifact (St) appears as
a diphasic deflection just before phase 0. The distance
from this artifact to the beginning of phase 0 is inversely
proportional to the conduction velocity.

When [K+], is increased gradually to 16 mM (B to E),
the resting V., becomes progressively less negative. At
the same time, the amplitudes and durations of the action
potentials and the steepness of the upstrokes all diminish.
As a consequence, the conduction velocity diminishes
progressively. At [K*], levels of 14 and 16 mM (D and
E), the resting V_, attains levels sufficient to inactivate all
the fast Na* channels. The action potentials in panels D
and F are characteristic slow responses.
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B Slow Response

In slow-response fibers, the relative refractory period fre-
quently extends well beyond phase 3 (Fig. 22-1, B). Even
after the cell has completely repolarized, it may be diffi-
cult to evoke a propagated response for some time. This
characteristic of slow-response fibers is called post-
repolarization refractoriness.

Action potentials evoked early in the relative refrac-
tory period are small and the upstrokes are not very steep
(Fig. 22-16). The amplitudes and upstroke slopes pro-
gressively improve as action potentials are elicited later
in the relative refractory period. The recovery of full
excitability is much slower than in the fast response.
Impulses that arrive early in the relative refractory period
are conducted much more slowly than those that arrive
late in that period. The lengthy refractory periods also
lead to conduction blocks. Even when slow responses
recur at a low repetition rate, the fiber may be able to con-
duct only a fraction of those impulses; for example, only
alternate impulses may be propagated (Fig. 22-38, B).
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B Fig. 22-15 The changes in action potential amplitude and
upstroke slope as action potentials are initiated at different
stages of the relative refractory period of the preceding excita-
tion. (Redrawn from Rosen MR, Wit AL, Hoffman BF: Am
Heart J 88:380, 1974.)
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M Fig. 22-16  Effects of excitation at various times after the
initiation of an action potential in a slow-response fiber. In this
fiber, excitation very late in phase 3 (or early in phase 4) induces
a small, nonpropagated (local) response (a). Later in phase 4, a
propagated response (b) can be elicited, but its amplitude is small
and the upstroke is not very steep; this response is conducted
very slowly. Still later in phase 4, full excitability is regained, and
the response (c) displays normal characteristics. (Modified from
Singer DH et al: Prog Cardiovasc Dis 24:97, 1981.)

m Effects of Cycle Length

Changes in cycle length alter the duration of action
potentials in cardiac cells (Figs. 22-9 and 22-17) and thus
change their refractory periods. Consequently, changes in
cycle length are often important factors in the initiation
or termination of certain arrhythmias (irregular heat
rhythms). The changes in action potential durations pro-
duced by stepwise reductions in cycle length from 2000
to 200 msec in a Purkinje fiber are shown in Fig. 22-17.
Note that as the cycle length diminishes, the action
potential duration decreases. The direct correlation
between action potential duration and cycle length is
mediated by changes in g that involve at least two types
of K+ channels, namely, those that conduct the delayed
rectifier K+ current, ig, and those that conduct the tran-
sient outward K+ current, iy,.

The ig current is activated at values of V,, near zero, but
the current activates slowly and remains activated for hun-
dreds of milliseconds. The ix current also inactivates very
slowly. Consequently, as the basic cycle length diminishes,
each action potential tends to occur earlier in the inactiva-
tion period of the iy current of the preceding action poten-
tial. Therefore, the shorter the basic cycle length, the
greater is the outward K+ current during phase 2, and
hence the shorter the duration of the action potential.

The i,, current also influences the relationship between
cycle length and action potential duration. The i, current
is also activated at near zero potentials, and its magnitude
varies inversely with the cardiac cycle length. Therefore,
as cycle length decreases, the resultant increase in the
outward K* current shortens the plateau. The relative
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B Fig. 22-17  Effect of changes in cycle length (CL) on the
action potential duration (APD) of canine Purkinje fibers.

(Modified from Singer D, Ten Eick RE: Am J Cardiol 28:381,
1971.)
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contributions of iy and of i, to the relationship between
action potential duration and cardiac cycle length vary
from species to species.

m Natural Excitation of the Heart

The nervous system controls various aspects of cardiac
behavior, such as the heart rate and the strength of each
contraction. However, cardiac function does not require
an intact innervation. Indeed, a cardiac transplant patient,
whose heart is completely denervated, can adapt well to
stressful situations. The ability of the denervated, trans-
planted heart to function and adapt to changing condi-
tions lies in certain intrinsic properties of cardiac tissue,
especially its automaticity.

The properties of automaticity (the ability to initiate
its own beat) and rhythmicity (the regularity of such
pacemaking activity) allow the heart to beat even when it
is completely removed from the body. If the coronary vas-
culature of an excised heart is artificially perfused with
blood or an oxygenated electrolyte solution, rhythmic
cardiac contractions persist for many hours. At least
some cells in the atria and ventricles can initiate beats;
such cells mainly reside in the nodal tissues or special-
ized conducting fibers of the heart.

The region of the mammalian heart that ordinarily gen-
erates impulses at the greatest frequency is the sinoatrial
(SA) node; it is the main pacemaker of the heart.
Detailed mapping of the electrical potentials on the sur-
face of the right atrium reveals that two or three sites of
automaticity, located 1 or 2 cm from the SA node itself,
serve along with the SA node as an atrial pacemaker
complex. At times, all of these loci initiate impulses
simultaneously. At other times, the site of earliest excita-
tion shifts from locus to locus, depending on certain con-
ditions, such as the level of autonomic neural activity.

Regions of the heart other than the SA node may ini-
tiate beats under special circumstances. Such sites ate
called ectopic foci, or ectopic pacemakers, Ectopic
foci may become pacemakers when (1) their own
rhythmicity becomes enhanced, (2) the rhythmicity of
the higher-order pacemakers becomes depressed, ot
(3) all conduction pathways between the ectopic focus
and those regions with greater thythmicity become
blocked. Ectopic pacemakers may act as a safety
mechanism when normal pacemaking centers fail.
However, if an ectopic center fires while the normal
pacemaking center still functions, the ectopic activity
may induce either sporadic rhythm disturbances, such
as premature depolarizations (Fig. 22-39), or con-
tinuous rhythm disturbances, such as paroxysmal
tachyecardias (Fig. 22-40),

When the SA node or other components of the atrial
pacemaker complex are excised or destroyed, pacemaker
cells in the AV junction usually take over the pacemaker

function for the entire heart. After some time, which may
vary from minutes to days, automatic cells in the atria
usually become dominant. Purkinje fibers in the special-
ized conduction system of the ventricles also display
automaticity. Characteristically, these fibers fire at a very
slow rate. When the AV junction cannot conduct cardiac
impulses from the atria to the ventricles (Fig. 22-38, 0),
these idioventricular pacemakers in the Purkinje fiber
network initiate the ventricular contractions, but at a fre-
quency of only 30 to 40 beats/min.

B Sinoatvial Node

In humans, the SA node is about 8 mm long and 2 mm
thick and lies posteriorly in the groove at the junction
between the superior vena cava and the right atrium (Fig.
22-18). The sinus node artery runs lengthwise through
the center of the node. The SA node contains two princi-
pal types of cells: (1) small, round cells, which have few
organelles and myofibrils; and (2) slender, elongated
cells, which are intermediate in appearance between the
round and “ordinary” atrial myocardial cells. The round
cells are probably the pacemaker cells, whereas the slen-
der, elongated cells probably conduct the impulses within
the node and to the nodal margins.

A typical transmembrane action potential recorded
from a cell in the SA node is depicted in Fig. 22-19, B.
Compared with the transmembrane potential recorded
from a ventricular myocardial cell (Fig. 22-19, A), the
resting potential of the SA node cell is usually less nega-
tive, the upstroke of the action potential (phase 0) is less
steep, a plateau is not sustained, and repolarization
(phase 3) is more gradual. These attributes are all charac-
teristic of the slow response. Again, as in cells that
exhibit the slow response, tetrodotoxin has no influence
on the SA nodal action potential. Thus, the upstroke of
the action potential is not produced by an inward current
of Na+* through fast channels.

The transmembrane potential during phase 4 is much
less negative in SA (and AV) nodal automatic cells than
in atrial or ventricular myocytes because the iy, (inward

B Fig. 22-18  Location of the sinoatrial (SA) node near the
junction between the superior vena cava (SVC) and the right
atrium (RA). SN, SA node; SNA, sinoatrial artery; CT, crista ter-
minalis. (Redrawn from James TN: Am J Cardiol 40:965,
1977.)



rectifying) type of K+ channel is sparse in the nodal cells.
Therefore, the ratio of gx to gy, during phase 4 is much
less in the nodal cells than in the myocytes. Hence, dut-
ing phase 4, V., deviates much more from the K* equi-
librium potential (Eg) in nodal cells than it does in
myocytes.

However, the principal feature of a pacemaker fiber
that distinguishes it from the other fibers we have dis-
cussed resides in phase 4. In nonautomatic cells, the
potential remains constant during this phase, whereas a
pacemaker fiber is characterized by a slow diastolic
depolarization throughout phase 4. Depolarization pro-
ceeds at a steady rate until a threshold is attained, trig-
gering an action potential.

The discharge frequency of pacemaker cells may be
varied by a change in (1) the rate of depolarization dur-
ing phase 4, (2) the maximal negativity during phase 4, or
(3) the threshold potential (Fig. 22-20). When the rate of
slow diastolic depolarization is increased (from b to a in
Fig. 22-20, A), the threshold potential is attained earlier,
and the heart rate increases. A rise in the threshold poten-
tial (from TP-1 to TP-2 in Fig. 22-20, B) delays the onset
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B Fig. 22-19  Typical action potentials (in millivolts)
recorded from cells in the ventricle (A), SA node (B), and
atrium (C). Sweep velocity in B is one half that in A or C.
(From Hoffman BF, Craneficld PF: Electrophysiology of the
heart, New York, 1960, McGraw-Hill.)
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of phase 0 (from time b to time c), and the heart rate is
reduced accordingly. Similarly, when the maximal nega-
tive potential is increased (from a to d in Fig. 22-20, B),
more time is required to reach threshold TP-2 when the
slope of phase 4 remains unchanged, and the heart rate
therefore diminishes.

Ordinarily, the frequency of pacemaker firing is con-
trolled by the activity of both division the auto-
nomic nervous system. Increased sympatheuc nervous
activity, through the release of norepinephrine, raises
the heart rate principally by increasing the slope of the

_ slow diastolic depolarization. This mechanism of

increasing heart rate ocours during physical exertion,
anxiety, or certain illnesses, such as febrile mfectwus '
diseases,

Increased vagal activity, through the release of
acetylcholma, diminishes the heart rate by hyperpolar-

izing the pacemaker cell membrane and reducing the

slope of the slow diastolic depolanzatwn (Fig.

Qhanges in autonomic neural activity usually do not
change heart rate by altering the threshold level of V,,
that initiates the firing of a nodal pacemaker ccll
However, certain antmrrhythmrc drugs, such as quini-
dine and procainamide, do raise the threshold poten-

tial of the automatic cells to less negative values.

B Fig. 22-20 Mechanisms involved in the changes in fre-
quency of pacemaker firing. In A, a reduction in the slope (from
a to b) of slow diastolic depolarization diminishes the firing fre-
quency. In B, an increase in the threshold potential (from TP-1
to TP-2) or an increase in the magnitude of the resting potential
(from g to d) also diminishes the firing frequency. (Redrawn
from Hoffman BF, Cranefield PF: Electrophysiology of the
heart, New York, 1960, McGraw-Hill.)
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Ionic basis of automaticity. Several ionic currents
contribute to the slow diastolic depolarization that char-
acteristically occurs in the automatic cells in the heart. In
the pacemaker cells of the SA node, at least three ionic
currents mediate the slow diastolic depolarization: (1) an
inward current, i;, induced by hyperpolarization; (2) an
inward Cat+ current, i,; and (3) an outward K* current,
ig (Fig. 22-22).

The inward current, i, is activated near the end of
repolarization. This “funny” current is carried mainly by
Na+* through specific channels that differ from the fast
Nat channels. The current was dubbed “funny” because
its discoverers had not expected to detect an inward Na*
current in pacemaker cells after completion of repolar-
ization. This current is activated as the membrane poten-
tial becomes more negative than about —50 mV. The
more negative the membrane potential at this time, the
greater is the activation of the i¢ current.

The second current responsible for diastolic depolar-
ization is the Ca** current, ic,. This current is activated
toward the end of phase 4, as the transmembrane poten-
tial reaches a value of about —55 mV (Fig. 22-22). Once
the Ca*+ channels are activated, influx of Ca** into the
cell increases. This influx accelerates the rate of diastolic
depolarization, which then leads to the upstroke of the
action potential. A decrease in the external Ca** concen-
tration (Fig. 22-23) or the addition of calcium channel
antagonists (Fig. 22-24) diminishes the amplitude of the
action potential and the slope of the slow diastolic depo-
larization in SA node cells.

The progressive diastolic depolarization mediated by
the two inward currents, i; and i, is opposed by an out-
ward current, the delayed rectifier K* current, ix. This
efflux of K* tends to repolarize the cell after the upstroke
of the action potential. K* continues to move out well
beyond the time of maximal repolarization, but it dimin-
ishes throughout phase 4 (Fig. 22-22). As the current
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M Fig. 22-21  Effect of a brief vagal stimulus (arrow) on the
transmembrane potential recorded from an SA node pacemaker
cell in an isolated cat atrium preparation. The cardiac cycle
lengths, in milliseconds, are denoted by the numbers at the top
of the figure. (Modified from Jalife J, Moe GK: Circ Res
45:595, 1979, with permission of the American Heart
Association.)

diminishes, its opposition to the depolarizing effects of
the two inward currents (i, and i;) also gradually
decreases.

The ionic basis for automaticity in the AV node pace-
maker cells resembles that in the SA node cells. Similar
mechanisms also account for automaticity in ventricular
Purkinje fibers, except that the Ca*+ current is not
involved. In other words, the slow diastolic depolariza-
tion is mediated principally by the imbalance between
the effects of the hyperpolarization-induced inward cur-
rent, i, and the gradually diminishing outward K* cur-
rent, ig. ~

The autonomic neurotransmitters affect automaticity
by altering the ionic currents across the cell membranes.
The adrenergic transmitters increase all three currents
involved in SA nodal automaticity. To increase the slope
of diastolic depolarization, the augmentations of i and

100 msec

PO

thward Outworcl

M Fig. 22-22  The transmembrane potential changes (A) that
occur in SA node cells are produced by three principal currents
(B): (1) an inward Ca** current, ic,; (2) a hyperpolarization-
induced inward current, ig; and (3) an outward K* current, ig.
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H Fig. 22-23 Transmembrane action potentials recorded
from an SA node pacemaker cell in an isolated rabbit atrium
preparation. The concentration of Ca** in the bath was reduced
from 2 mM to 0.2 mM. (Modified from Kohlhardt M, Figulla
HR, Tripathi O: Basic Res Cardiol 71:17, 1976.)



ic, by the adrenergic transmitters must exceed the
enhancement of ig.

The hyperpolarization (Fig. 22-21) induced by the
acetylcholine released at the vagus endings in the heart is
achieved by an increase in gg. This change in conduc-
tance is mediated through activation of specific K+ chan-
nels, the acetylcholine-regulated K+ channels.
Acetylcholine also depresses the i and ic, currents. The
autonomic neural effects on cardiac cells are described in
greater detail in Chapter 24.

Overdrive suppression. The automaticity of pace-
maker cells diminishes after a period of excitation at a
high frequency. This phenomenon is known as overdrive
suppression. Because the intrinsic rhythmicity of the SA
node is greater than that of the other latent pacemaking
sites in the heart, the firing of the SA node tends to sup-
press the automaticity in the other loci.

1f an ectopic focus in one of the atria suddenly began
to fire at a high rate (e.g., 150 impulses/min) in an
individual with a normal heart rate of 70 beats/min,
the ectopic site would become the pacemaker for the
. entire heart. When that rapid ectopic focus suddenly
- stopped firing, the SA node might remain briefly qui-
~ escent because of overdrive suppression. The interval
. from the end of the period of overdrive until the S5A
. node resumes firing is called the sinus node recovery
. time. In patients with sick sinus syndrome, the sinus
_ node recovery time is prolonged. The resultant period
. of asystole (absence of a heartbeat) may cause the
. patient fo lose consciousness.

Overdrive suppression results from the activity of the
membrane pump, Na*, K+-ATPase, which extrudes 3 Na+
from the cell in exchange for 2 K*. Normally, a certain
amount of Na+* enters the cardiac cell during each depo-
larization. The more frequently the cell is depolarized,
therefore, the more Na* enters the cell per minute. At
high excitation frequencies, the activity of the Na+t, K+-
ATPase increases to extrude this larger amount of Nat
from the cell interior. Because the amount of Na*
extruded by the pump exceeds the amount of K* that
enters the cell, the activity of the Na*, K*-ATPase hyper-
polarizes the cell. Therefore, the slow diastolic depolar-
ization requires more time to reach the firing threshold,

Control

Millivolts

250 msec
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as shown in Fig. 22-20, B. Furthermore, when the over-
drive suddenly ceases, the activity of the Na*, K*-ATPase
does not slow down instantaneously but temporarily
remains overactive. This excessive extrusion of Nat
opposes the gradual depolarization of the pacemaker cell
during phase 4, and thereby suppresses the cell’s intrinsic
automaticity transiently.

B Atrial Conduction

From the SA node, the cardiac impulse spreads radially
throughout the right atrium (Fig. 22-25) along ordinary
atrial myocardial fibers, at a conduction velocity of
approximately 1 m/sec. A special pathway, the anterior
interatrial myocardial band (or Bachmann’s bundle), con-
ducts the impulse from the SA node directly to the left
atrium. The wave of excitation that proceeds inferiorly
through the right atrium ultimately reaches the AV node,
which is normally the sole route of entry of the cardiac
impulse to the ventricles.

The configuration of the atrial transmembrane poten-
tial is depicted in Fig. 22-19, C. Compared with the
potential recorded from a typical ventricular fiber (Fig.
22-19, A), the atrial plateau (phase 2) is briefer and less
developed, and repolarization (phase 3) is slower. The
action potential duration in atrial myocytes is shorter than
that in ventricular myocytes because the efflux of K* is
greater during the plateau in atrial myocytes than in ven-
tricular myocytes.

B Atrioventricular Conduction

The atrial excitation wave reaches the ventricles via the
AV node. In adult humans, this node is approximately 22
mm long, 10 mm wide, and 3 mm thick. The node is sit-
uated posteriorly on the right side of the interatrial sep-
tum near the ostium of the coronary sinus. The AV node
contains the same two cell types as the SA node, but the
round cells in the AV node are less abundant and the elon-
gated cells predominate.

The AV node is made up of three functional regions:
(1) the AN region, the transitional zone between the
atrium and the remainder of the node; (2) the N region,

Nifedipine

NN

M Fig. 22-24  Effects of nifedi-
pine (5.6 X 10~7 M), a Ca** chan-
nel antagonist, on the transmem-
brane potentials recorded from an
SA node cell in a rabbit. (From
Ning W, Wit AL: Am Heart J
106:345, 1983.)
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the midportion of the AV node; and (3) the NH region,
the zone in which nodal fibers gradually merge with the
bundle of His, which is the upper portion of the special-
ized conducting system for the ventricles. Normally, the
AV node and bundle of His are the only pathways along
which the cardiac impulse travels from atria to ventricles.

Some people have accessory AV pathways. Because
these pathways often serve as a part of a reentry loop
(Fig. 22-30), they can be associated with serious car-
diac rhythm disturbances. Wolff-Parkinson-White
syndrome, a congenital disturbance, is the most com-
mon clinical disorder in which a bypass tract of
myocardial fibers serves as an accessory pathway
between atria and ventricles. Ordinarily, the syndrome
causes no functional abnormality. The disturbance is
easily detected in the electrocardiogram (ECG)
because a portion of the ventricular myocardium is
excited via the bypass tract before the remainder of
the ventricular myocardium is excited via the AV node
and His-Purkinje system. This preexcitation can be
seen as a bizarre configuration in the ventricular
(ORS) complex of the ECG. Occasionally, however, a
reentry loop develops in which the atrial impulse trav-
els to the ventricles via one of the two AV pathways
(AV node or bypass tract), and then back to the atria
through the other of the two pathways. Continuous
circling around the loop leads to a very rapid rhythm
(supraventricular tachycardia). This rapid rhythm
may be incapacitating because it may not allow suffi-
cient time for ventricular filling. Transient block of the
AV node by injecting adenosine intravenously or by
increasing vagal activity reflexly (by pressing on the
neck over the carotid sinus region) usually abolishes
the tachycardia and restores a normal sinus rhythm.

Superior vena cava — ]

Sinoatrial node ——

Right atrium

Atrioventricular node

M Fig. 22-25  The cardiac conduction system.

Right ventricle

Several features of AV conduction are of physiological
and clinical significance. The principal delay in the pas-
sage of the impulse from the atria to the ventricles occurs
in the AN and N regions of the AV node. The conduction
velocity is actually less in the N region than in the AN
region. However, the path length is substantially greater
in the AN than in the N region. The conduction times
through the AN and N zones account for the delay
between the start of the P wave (the electrical manifesta-
tion of the spread of atrial excitation) and the QRS com-
plex (spread of ventricular excitation) on an ECG (Fig.
22-33). Functionally, the delay between atrial and ven-
tricular excitation permits optimal ventricular filling
during atrial contraction.

In the N region, slow-response action potentials pre-
vail. The resting potential is about —60 mV, the upstroke
velocity is low (about 5 V/sec), and the conduction veloc-
ity is about 0.05 m/sec. Tetrodotoxin, which blocks the
fast Na* channels, has virtually no effect on the action
potentials in this region (or on any other slow-response
fibers). Conversely, Ca*+ channel antagonists decrease
the amplitude and duration of the action potentials (Fig.
22-26) and depress AV conduction. The shapes of the
action potentials in the AN region are intermediate
between those in the N region and atria. Similarly, the
action potentials in the NH region are transitional
between those in the N region and bundle of His.

Like other slow-response action potentials, the relative
refractory period of cells in the N region extends well
beyond the period of complete repolarization; that is,
these cells display postrepolarization refractoriness (Fig.
22-16). As the time between successive atrial depolariza-
tions is decreased, conduction through the AV junction
slows (Fig. 22-27). An abnormal prolongation of the AV
conduction time is called first-degree AV block (Fig.

Left atrium
Bundle of His

- Bundle branches

Left ventricle

I~ Purkinje fibers

Papillary muscle

Purkinije fibers



22-38, A). Most of the prolongation of AV conduction
induced by a decrease in atrial cycle length takes place in
the N region of the AV node.

Impulses tend to be blocked in the AV node at stimu-
lation frequencies that are easily conducted in other
regions of the heart. If the atria are depolarized at a high
repetition rate, only a fraction (e.g., one half) of the atrial
impulses might be conducted through the AV junction to
the ventricles. The conduction pattern in which only a
fraction of the atrial impulses are conducted to the ven-
tricles is called second-degree AV block (Fig. 22-38, B).
This type of block may protect the ventricles from exces-
sive contraction frequencies, wherein the filling time
between contractions might be inadequate.

Retrograde conduction can occur through the AV node.
However, the propagation time is significantly longer and

25 msec

M Fig. 22-26 Transmembrane potentials recorded from a rab-
bit atrioventricular (AV) node cell under control conditions (C)
and in the presence of the calcium channel antagonist diltiazem,
in concentrations of 0.1, 0.3, and 1 pumol/L. (Redrawn from
Hirth C, Borchard U, Hafner D: J Mol Cell Cardiol 15:799,
1983.)

Increased vagal
activity

W Fig. 22-27 Changes in atrium-His (AH) intervals induced
by pacing the atria at various cycle lengths in a group of human
subjects under control conditions and during a reflexly induced
increase in vagal activity produced by the intravenous infusion
of phenylephrine. (Redrawn from Page RL et al: Circ Res,
68:1614, 1991, with permission of the American Heart
Association.)
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the impulse is blocked at lower repetition rates when the
impulse is conducted in the retrograde instead of in the
antegrade direction. Finally the AV node is a common
site for reentry; the underlying mechanisms are explained
on p 349.

The autonomic nervous system regulates AV conduc-
tion. Weak vagal activity may simply prolong the AV
conduction time. Thus, for any given atrial cycle length,
the atrium to His (A-H) or atrium to ventricle (A-V) con-
duction time will be prolonged by vagal stimulation (Fig.
22-27). Stronger vagal activity may cause some or all of
the impulses arriving from the atria to be blocked in the
node. The conduction pattern in which none of the atrial
impulses reach the ventricles is called third-degree, or
complete, AV block (Fig. 22-38, C). The vagally induced
delay or absence of conduction through the A-V junction
occurs mainly in the N region of the node.

Acetylcholine released by the vagal nerve fibers hyper-
polarizes the conducting fibers in the N region (Fig. 22-
28). The greater the hyperpolarization at the time of
arrival of the atrial impulse, the more impaired is the AV
conduction. In the experiment shown in Fig. 22-28, vagus
nerve fibers are stimulated intensely (at S¢) shortly before
the second atrial depolarization (A,). That atrial impulse
arrives at the AV node cell when its cell membrane is
maximally hyperpolarized in response to the vagal stim-
ulus. The absence of a corresponding depolarization of
the bundle of His shows that the vagal stimulus prevents
the conduction of the second atrial impulse through the
AV node. Only a small, nonpropagated response to the
second atrial impulse is evident in the recording from the
conducting fiber.

The cardiac sympathetic nerves, on the other hand,
facilitate AV conduction. They decrease the AV conduction

MW Fig. 22-28 Effects of a brief vagal stimulus (St) on the
transmembrane potential recorded from an AV nodal fiber from
a rabbit. Note that shortly after vagal stimulation, the membrane
of the fiber was hyperpolarized. The atrial excitation (A,) that
arrived at the AV node when the cell was hyperpolarized failed
to be conducted, as denoted by the absence of a depolarization
in the His electrogram (H). The atrial excitations that preceded
(A,) and followed (A3) excitation A, were conducted to the His
bundle region. (Redrawn from Mazgalev T et al: Am J Physiol
251:H631, 1986.)
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time and enhance the rhythmicity of the latent pacemakers
in the AV junction. The norepinephrine released at the
sympathetic nerve terminals increases the amplitude and
slope of the upstroke of the AV nodal action potentials,
principally in the AN and N regions of the node.

B Ventricular Conduction

The bundle of His passes subendocardially down the
right side of the interventricular septum for about 1 cm
and then divides into the right and left bundle branches
(Figs. 22-25 and 22-29). The right bundle branch, which
is a direct continuation of the bundle of His, proceeds
down the right side of the interventricular septum. The
left bundle branch, which is considerably thicker than the
right, arises almost perpendicularly from the bundle of
His and perforates the interventricular septum. On the
subendocardial surface of the left side of the interventric-
ular septum, the left bundle branch splits into a thin ante-
rior division and a thick posterior division.

Left bundle branch

B Fig. 22-29  Atrioventricular and ventricular
conduction system of the calf heart. (Redrawn from
DeWitt LM: Anat Rec 3:475, 1909.)

Bundle of His

The right bundle branch and the two divisions of the
left bundle branch ultimately subdivide into a complex
network of conducting fibers, called Purkinje fibers,
which spread out over the subendocardial surfaces of
both ventricles. In certain mammalian species, such as
cattle, the Purkinje fiber network is arranged in discrete,
encapsulated bundles (Fig. 22-29).

Purkinje fibers have abundant, linearly arranged sar-
comeres, as do myocytes. However, the T-tubular system
is absent in the Purkinje fibers of many species, although
it is well developed in the myocytes. Purkinje fibers are
the broadest cells in the heart: they are 70 to 80 wm in
diameter, compared with diameters of 10 to 15 um for
ventricular myocytes. Partly because of their large diame-
ter, conduction velocity (1 to 4 m/sec) in the Purkinje
fibers exceeds that of any other fiber type within the heart.
The increased conduction velocity permits a rapid activa-
tion of the entire endocardial surface of the ventricles.

The action potentials recorded from Purkinje fibers
resemble those of ordinary ventricular myocardial fibers
(Figs. 22-9 and 22-19, A). In general, phase 1 is promi-
nent in Purkinje fiber action potentials (Fig. 22-13) and
the duration of the plateau (phase 2) is intermediate
between those of epicardial and midmyocardial
myocytes (Fig. 22-9).

AV node

Right bundle branch




Because of the long refractory period of Purkinje fiber
action potentials, many premature excitations of the atria
are conducted through the AV junction but are blocked by
the Purkinje fibers. Blockage of these atrial excitations
prevents premature contraction of the ventricles. This
function of protecting the ventricles against the effects of
premature atrial depolarizations is especially pronounced
at slow heart rates, because the action potential duration,
and hence the effective refractory period of the Purkinje
fibers, varies inversely with the heart rate (Fig. 22-17). At
slow heart rates, the effective refractory period of the
Purkinje fibers is especially prolonged; as the heart rate
increases, the refractory period diminishes. Similar direc-
tional changes in the refractory period occur also in ven-
tricular myocytes in response to changes in rate (Fig. 22-
9). However, in the AV node, the effective refractory
period does not change appreciably over the normal range
of heart rates, and it actually increases at very rapid heart
rates (Fig. 22-27). Therefore, when the atrium is excited at
high repetition rates, it is the AV node that protects the
ventricles from these excessively high frequencies.

The first portions of the ventricles to be excited by
impulses arriving from the AV node are the interventric-
ular septum (except the basal portion) and the papillary
muscles. The wave of activation spreads into the sub-
stance of the septum from both its left and right endocar-
dial surfaces. Early contraction of the septum tends to
make it more rigid and allows it to serve as an anchor
point for the contraction of the remaining ventricular
myocardium. Also, early contraction of the papillary
muscles prevents eversion of the AV valves during ven-
tricular systole.

The endocardial surfaces of both ventricles are acti-
vated rapidly, but the wave of excitation spreads from
endocardium to epicardium at a slower velocity (about
0.3 to 0.4 m/sec). Because the right ventricular wall is
appreciably thinner than the left, the epicardial surface of
the right ventricle is activated earlier than that of the left
ventricle. Also, apical and central epicardial regions of
both ventricles are activated somewhat earlier than their
respective basal regions. The last portions of the ventri-
cles to be excited are the posterior basal epicardial
regions and a small zone in the basal portion of the inter-
ventricular septum.

B Reentry

nder certain conditions, a cardiac impulse may reex-

: some myocardial region through which it had
ssed previously. This phenomenon, known as reen-
, is responsible for many clinical arrhythmias
irbances of cardiac rhythm). The reentry may be .
red or random. In the ordered variety the
Ise fraverses a fixed anatomic path, whereas in
random type the path continues to change.
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The conditions necessary for reentry are illustrated in
Fig. 22-30. In each of the four panels a single bundle (S)
of cardiac fibers splits into a left (L) and right (R) branch.
A connecting bundle (C) runs between the two branches.
Normally the impulse moving down bundle § is con-
ducted along the L and R branches (panel A). As the
impulse reaches connecting link C, it enters from both
sides and becomes extinguished at the point of collision.
The impulse from the left side cannot proceed farther
because the tissue beyond is absolutely refractory; it has
just been depolarized from the other direction. The
impulse also cannot pass through bundle C from the
right, for the same reason.

Panel B shows that the impulse cannot complete the
circuit if antegrade block exists in the L and R branches
of the fiber bundle. Furthermore, if bidirectional block
exists at any point in the loop (e.g., branch R in panel C),
the impulse also cannot reenter.

A necessary condition for reentry is that at some point
in the loop the impulse can pass in one direction but not
in the other . This phenomenon is called unidirectional
block. As shown in panel D, the impulse may travel
down branch L normally and become blocked in the ante-
grade direction in branch R. The impulse that was con-
ducted down branch L and through the connecting branch
C may be able to penetrate the depressed region in branch
R from the retrograde direction, even though the ante-
grade impulse had been blocked previously at this same
site. Why is the antegrade impulse blocked but not the
retrograde impulse? The reason is that the antegrade
impulse arrives at the depressed region in branch R ear-
lier than the retrograde impulse, because the retrograde
impulse traverses a longer path. Therefore, the antegrade

M Fig. 22-30  The role of unidirectional block in reentry. In
A, an excitation wave traveling down a single bundle (S) of
fibers continues down the left (L) and right (R) branches. The
depolarization wave enters the connecting branch (C) from both
ends and is extinguished at the zone of collision. In B, the wave
is blocked in the L and R branches. In C, bidirectional block
exists in branch R. In D, unidirectional block exists in branch R.
The antegrade impulse is blocked, but the retrograde impulse is
conducted through and reenters bundle S.
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impulse may be blocked simply because it arrives at the
depressed region during its effective refractory period. If
the retrograde impulse is delayed sufficiently, the refrac-
tory period may have ended and the impulse can be con-
ducted back into bundle S.

Although unidirectional block is a necessary condition
for reentry, it alone cannot cause reentry. For reentry to
occur, the effective refractory period of the reentered
region must be shorter than the propagation time around
the loop. In panel D, if the tissue just beyond the
depressed zone in branch R is still refractory from the
antegrade depolarization, the retrograde impulse will not
be conducted into branch S. Therefore the conditions that
promote reentry are those that prolong conduction time
or shorten effective refractory period.

The functional components of the reentry loops
responsible for specific arrhythmias in intact hearts are
diverse. Some loops are large and involve entire special-
ized conduction bundles, whereas others are micro-
scopic. The loop may include myocardial fibers, special-
ized conducting fibers, nodal cells, and junctional tissues
in almost any conceivable arrangement. Also, cardiac
cells in the loop may be normal or deranged.

M Triggered Activity

Triggered activity is so named because it is always
coupled to a preceding action potential. Because reen-
trant activity is also coupled to a preceding action
potential, the arrhythmias induced by triggered activity
are usually difficult to distinguish from those induced
by reentry. Triggered activity is caused by afterdepo-
larizations. Two types of afterdepolarizations are rec-
ognized: early (EAD) and delayed (DAD). EADs
appear at the end of the plateau (phase 2) or about mid-
way through repolarization (phase 3), whereas DADs
occur near the very end of repolarization or just after
full repolarization (phase 4).

Early afterdepolarizations. EADs tend to appear
near the end of the action potential plateau or during
repolarization, but before the cell has fully repolarized.
They are more likely to occur when the prevailing heart
rate is slow; a rapid heart rate suppresses EADs. In the
experiment shown in Fig. 22-31, EADs are induced by
cesium in an isolated Purkinje fiber preparation. No
afterdepolarizations are evident when the preparation is
driven at a cycle length of 2 seconds. When the cycle
length is increased to 4 seconds, however, EADs appear.
Most of the EADs are subthreshold (first two arrows), but
one of the EADs reaches threshold and triggers an action
potential. When the cycle length is increased to 6 sec-
onds, each driven action potential generates an EAD that
triggers a second action potential. Furthermore, when the
cycle length is increased to 10 seconds, each driven
action potential triggers a salvo of four or five additional
action potentials.

A CL=2sec B ClL=4sec

C CL=6sec
0- ¥ ¥ ¥
D CL=10sec

0~ 20
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2 sec

W Fig, 22-31  Effect of pacing at different cycle lengths (CL)
on cesium-induced early afterdepolarizations (EADs) in a
canine Purkinje fiber. A, EADs not evident. B, EADs first
appear (arrows). Third EAD reaches threshold and triggers an
action potential (third arrow). C, EADs that appear after each
driven depolarization trigger an action potential. D, Triggered
action potentials occur in salvos. (Modified from Damiano BP,
Rosen M: Circulation 69:1013, 1984, with permission of the
American Heart Association.)

EADs are more likely to occur in cardiac cells with pro-
longed action potentials than in cells with shorter action
potentials. For example, EADs can be induced more read-
ily in myocytes from the midmyocardial region of the
ventricular walls than in myocytes from the endocardial
or epicardial regions, owing to the disparity in these cells’
action potential durations (Fig. 22-9). Furthermore, EADs
may be produced experimentally by interventions that
prolong the action potential. As we have seen, in the
experiment shown in Fig. 22-31, EADs are more preva-
lent as the basic cycle length is increased. Such increases
in basic cycle length do, of course, prolong the action
potential (Fig. 22-17), and this prolongation undoubtedly
contributes to the generation of the EADs. Certain antiar-
rhythmic drugs, such as quinidine, act to prolong the
action potential. Consequently, these drugs increase the
likelihood that EADs may occur. Hence, antiarrhythmic
drugs are also frequently proarrhythmic.

The direct correlation between a cell’s action potential
duration and its susceptibility to EADs is probably
related to the time required for the Ca++ channels in the
cell membranes to recover from inactivation. When
action potentials are sufficiently prolonged, those Cat+
channels that were activated at the beginning of the
plateau have sufficient time to recover from inactivation
and thus may be reactivated before the cell fully repolar-
izes. This secondary activation could then trigger an early
afterdepolarization.

Delayed afterdepolarizations. In contrast to EADs,
DADs are more likely to occur when the heart rate is
high. The most important characteristics of DADs are
shown in Fig. 22-32. In the experiment depicted in this
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W Fig. 22-32  Transmembrane action potentials recorded

. from isolated canine Purkinje fibers. Acetylstrophanthidin, a
digitalis-like agent, was added to the bath, and sequences of six
driven beats (denoted by the dots) were produced at basic cycle
lengths (BCL) of 800, 700, 600, and 500 msec. Note that
delayed afterpotentials occurred after the driven beats, and that
these afterpotentials reached threshold after the last driven beat
in panels B to D. (From Ferrier GR, Saunders JH, Mendez C:
Cire Res 32:600, 1973, with permission of the American Heart
Association.)

figure, transmembrane potentials are recorded from
Purkinje fibers exposed to a high concentration of acetyl-
strophanthidin, a digitalis-like substance. In the absence
of any driving stimuli, these fibers are quiescent.

In each panel of Fig. 22-32, a sequence of six driven
depolarizations is induced at a specific basic cycle length.
When the cycle length is 800 msec (A), the last driven
depolarization is followed by a brief, partial depolariza-
tion (DAD) that does not reach threshold. Once that after-
depolarization subsides, the transmembrane potential
remains constant until another driving stimulus is given.
The upstroke of a DAD can be detected after each of the
first five driven depolarizations.

When the basic cycle length is reduced to 700 msec
(B), the DAD that followed the last driven beat does reach
threshold, and a nondriven depolarization (or extrasys-
tole) ensues. This extrasystole is itself followed by an
afterpotential that is subthreshold. Reducing the basic
cycle length to 600 msec (C) also evokes an extrasystole
after the last driven depolarization. The afterpotential that
follows the extrasystole does reach threshold, however,
and a second extrasystole occurs. When the six driven
depolarizations are separated by intervals of 500 msec
(D), a sequence of three extrasystoles follows. Slightly
shorter basic cycle lengths or slightly greater concentra-
tions of acetylstrophanthidin evoke a long sequence of
nondriven beats; such a sequence resembles a paroxysmal
tachycardia (Fig. 22-40).
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DAD:s are associated with elevated intracellular Ca**
concentrations. The amplitudes of the DADs are
increased by interventions that raise intracellular Ca**
concentrations. Such interventions include increasing the
extracellular Ca*+ concentration and administering toxic
amounts of digitalis glycosides. The elevated levels of
intracellular Ca** provoke the oscillatory release of Ca**
from the sarcoplasmic reticulum. Hence, in myocardial
cells, DADs are accompanied by small, rhythmic
changes in developed force. The high intracellular Ca**
concentrations also activate certain membrane channels
that permit the passage of Na* and K*. The net flux of
these cations constitutes a transient inward current, i,
that is at least partly responsible for the afterdepolariza-
tion of the cell membrane. The elevated intracellular
Ca*+ concentration may also activate Na*, Ca**
exchange (see Chapter 1). This electrogenic exchanger,
which pumps 3 Nat into the cell for each Ca** it ejects,
also creates a net inward current of cations that con-
tributes to the DAD.

m Electrocavdiography

The ECG enables the physician to infer the course of the
cardiac impulse by recording the variations in electrical
potential at various loci on the surface of the body. By
analyzing the details of these fluctuations of electrical
potential, the physician gains valuable insight into (1) the
anatomic orientation of the heart; (2) the relative sizes of
its chambers; (3) various disturbances of rhythm and con-
duction; (4) the extent, location, and progress of ischemic
damage to the myocardium; (5) the effects of altered
electrolyte concentrations; and (6) the influence of cer-
tain drugs (notably digitalis, antiarrhythmic agents, and
Ca*+ channel antagonists). Because electrocardiography
is an extensive and complex discipline, only elementary
principles are considered in this section.

W Scalar Electrocarvdiography

In electrocardiography a lead is the electrical connection
from the patient’s skin to the recording device (electro-
cardiograph). The leads are connected to a galvanometer
(a device that measures the strength of an electrical cur-
rent) within the electrocardiograph. The systems of leads
used to record routine ECGs are oriented in certain
planes of the body. The diverse electromotive forces that
exist in the heart at any moment can be represented by a
three-dimensional vector (a quantity with magnitude and
direction). A system of recording leads oriented ina
given plane detects only the projection of the three-
dimensional vector on that plane. The potential differ-
ence between two recording electrodes represents the
projection of the vector on the line between the two leads.
Components of vectors projected on such lines are not
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vectors but scalar quantities (having magnitude, but not
direction). Hence, a recording of changes of the differ-
ences of potential between two points on the surface of
the skin over time is called a scalar ECG.

The scalar ECG detects changes over time of the elec-
trical potential between some point on the surface of the
skin and an indifferent electrode, or between pairs of
points on the skin surface. The cardiac impulse pro-
gresses through the heart in a complex, three-dimen-
sional pattern. Hence, the precise configuration of the
ECG varies from individual to individual, and in any
given individual the pattern varies with the anatomic
location of the leads. The graphic display of the electrical
impulse recorded by an ECG is called a tracing.

In general, a tracing consists of P, QRS, and T waves
(Fig. 22-33). The PR interval (or more precisely, the PQ
interval) is a measure of the time from the onset of atrial
activation to the onset of ventricular activation; it nor-
mally ranges from 0.12 to 0.20 second. A considerable
fraction of this time involves passage of the impulse
through the AV conduction system. Pathological prolon-
gations of the PR interval are associated with distur-
bances of AV conduction, which may be produced by
inflammatory, circulatory, pharmacologic, or nervous
mechanisms.

The configuration and amplitude of the QRS complex
vary considerably among individuals. The duration is
usually between 0.06 and 0.10 second. An abnormally
prolonged QRS complex may indicate a block in the nor-
mal conduction pathways through the ventricles (such as
a block of the left or right bundle branch). During the ST
interval, the entire ventricular myocardium is depolar-
ized. Therefore, the ST segment normally lies on the iso-
electric line. Any appreciable deviation of the ST seg-
ment from the isoelectric line may indicate ischemic dam-
age of the myocardium. The QT interval is sometimes
referred to as the period of “electrical systole” of the ven-
tricles; the QT interval is closely correlated with the

B Fig. 22-33  The important deflections and intervals of a
typical scalar electrocardiogram.

mean action potential duration of the ventricular
myocytes. The QT interval duration is about 0.4 second,
but it varies inversely with heart rate, mainly because the
myocardial cell action potential duration varies inversely
with heart rate (Fig. 22-17).

In most leads, the T wave is deflected in the same
direction from the isoelectric line as is the major com-
ponent of the QRS complex, although biphasic or oppo-
sitely directed T waves are perfectly normal in certain
leads. When the T wave and QRS complex deviate in
the same direction from the isoelectric line, it indicates
that the repolarization process proceeds in a direction
counter to the depolarization process. T waves that are
abnormal either in direction or in amplitude may indi-
cate myocardial damage, electrolyte disturbances, or
cardiac hypertrophy.

W Standard Limb Leads

The original ECG lead system was devised by Einthoven.
In his lead system, the vector sum of all cardiac electrical
activity at any moment is called the resultant cardiac
vector. This directional electrical force is considered to
lie in the center of an equilateral triangle whose apices
are located in the left and right shoulders and the pubic
region (Fig. 22-34). This triangle, called Einthoven’s tri-
angle, is oriented in the frontal plane of the body. Hence,
only the projection of the resultant cardiac vector on the
frontal plane is detected by this system of leads. For con-
venience, the electrodes are connected to the right and
left forearms rather than to the corresponding shoulders,
because the arms represent simple extensions of the leads
from the shoulders. Similarly, the leg represents an exten-
sion of the lead system from the pubis, and thus the third
electrode is usually connected to an ankle (usually the
left one).

Certain conventions dictate the manner in which these
standard limb leads are connected to the galvanometer.
Lead I records the potential difference between the left
arm (LA) and the right arm (RA). The galvanometer con-
nections are such that when the potential at LA (Vy,)
exceeds the potential at RA (Vgy4), the galvanometer sty-
lus is deflected upward from the isoelectric line. In Figs.
22-34 and 22-35, this arrangement of the galvanometer
connections for lead I is designated by a (+) at LA and by
a (—) at RA. Lead II records the potential difference
between RA and LL (left leg), and the stylus is deflected
upward when Vy; exceeds V. Finally, lead III registers
the potential difference between LA and LL, and the sty-
lus is deflected upward when Vy; exceeds V| 5. These
galvanometer connections were arbitrarily chosen so that
the QRS complexes are upright in all three standard limb
leads in most normal individuals.

Let the frontal projection of the resultant cardiac vec-
tor at some moment be represented by an arrow (tail neg-
ative, head positive), as in Fig. 22-34. The potential dif-



ference, Vi o — Vga, recorded in lead I is represented by
the component of the vector projected along the horizon-
tal line between LA and RA, also shown in Fig. 22-34. If
the vector makes an angle, O, of 60 degrees with the hor-
izontal line (as in Fig. 22-35, A), the magnitude of the
potential recorded by lead I equals the vector magnitude
times cosine 60 degrees. The deflection recorded in lead
I is upward because the positive arrowhead lies closer to
LA than to RA. The deflection in lead II is also upright
because the arrowhead lies closer to LL than to RA. The
magnitude of the lead II deflection is greater than that in
lead I because in this example the direction of the vector
parallels that of lead II; therefore, the magnitude of the
projection on lead II exceeds that on lead L. Similarly, in
lead II1, the deflection is upright and its magnitude equals
that in lead L.

If the vector in Fig. 22-35, A is the result of electrical
events that occur during the peak of the QRS complex,
the orientation of this vector is said to represent the mean
electrical axis of the heart in the frontal plane. The pos-
itive direction of this axis is taken in the clockwise direc-
tion from the horizontal plane (contrary to the usual
mathematical convention). In normal individuals, the
average mean electrical axis is approximately + 60

M Fig. 22-34  Einthoven triangle, illustrating the galvanome-
ter connections for standard limb leads I, I1, and III.
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degrees (as in Fig. 22-35, A). Therefore, the QRS com-
plexes are usually upright in all three leads and largest in
lead 1L

If the mean electrical axis shifts substantially to the
right (as in Fig. 22-35, B, where ® = 120 degrees), the
projections of the QRS complexes on the standard leads
change considerably. In this case, the largest upright
deflection is in lead III, and the deflection in lead I is
inverted because the arrowhead is closer to RA than to
LA. When the axis shifts to the left (Fig. 22-35, C, where
O = 0 degrees), the largest upright deflection is in lead I,
and the QRS complex in lead 111 is inverted.

In addition to limb leads I, II, and III, other limb leads
that are also oriented in the frontal plane are routinely
recorded in patients. The axes of such unipolar limb
leads form angles of + 90, —30, and —150 degrees with

Normal axis
0 = 60 degrees

Right axis shift
8 = 120 degrees

Left axis shift
6 = O degrees

mwo v

@ Fig. 22-35 Magnitude and direction of the QRS complexes
in limb leads L, II, and III, when the mean electrical axis (@) is
60 degrees (A), 120 degrees (B), and 0 degrees (C).
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the horizontal axis. Furthermore, the precordial leads
are also recorded to determine the projections of the car-
diac vector on the sagittal and transverse planes of the
body. These precordial leads are recorded from six
selected points on the anterior and lateral surfaces of the
chest in the vicinity of the heart. The unipolar and pre-
cordial lead systems are described in all textbooks on
electrocardiography and are not considered further here.

B Arvhythmias

Cardiac arrhythmias reflect disturbances of either
impulse initiation or impulse propagation. Dis-
turbances of impulse initiation include those that arise
from the SA node and those that originate from various
ectopic foci. The principal disturbances of impulse prop-
agation are conduction blocks and reentrant rhythms.

B Altered Sinoatrial Rhythms

Earlier in this chapter, mechanisms that vary the firing
frequency of cardiac pacemaker cells were described
(Fig. 22-20). Changes in the SA nodal firing rate are usu-
ally produced by the cardiac autonomic nerves.
Examples of ECGs of sinus tachycardia and sinus
bradycardia are shown in Fig. 22-36. The P, QRS, and T
deflections are all normal, but the cardiac cycle duration
(the PP interval) is altered. Characteristically, in response
to sinus bradycardia or tachycardia development, cardiac
frequency changes gradually, and several beats are
required to attain its new steady-state value. ECG evi-
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C, Sinus bradycardia.
B Fig. 22-36 A to C, Sinoatrial rhythms.

dence of respiratory cardiac arrhythmia is common and
manifests as a thythmic variation in the PP interval at the
respiratory frequency (Fig. 24-10).

W Atrioventvicular Conduction Blocks

Various physiological, pharmacologic, and pathological
processes can impede impulse transmission through the
AV conduction tissue. The site of block can be localized
more precisely by recording the His bundle electrogram
(Fig. 22-37). To obtain such tracings, an electrode
catheter is introduced into a peripheral vein and threaded
centrally until the electrode lies in the AV junctional
region. When the electrode is properly positioned, a dis-
tinct deflection (H in Fig. 22-37) is registered as the car-
diac impulse passes through the bundle of His. The time
intervals required for propagation from the atrium to the
bundle of His (A-H interval) and from the bundle of His
to the ventricles (H-V interval) may be measured accu-
rately. Abnormal prolongation of the former or latter
interval indicates block above or below the bundle of His,
respectively.

Fhree degrees of AV block can be distinguished, as

shown in Fig. 22 38 First-degree AV block is char-
acterized by a prolonged P-R interval In Fig. 2238,
A, the PR interval is 0.28 second: an interval greater
than 0.20 second is abnormal. In most cases of firsi-

- degree block, the A-H interval is prolonged and the

H-V interval is normal. Hence, the delay in a first-
degree AV block is located above the HIS bundle (1.e v

_in the AV node).
P QRS T
A H \Y
0.2 sec
025

B Fig. 22-37 His bundle electrogram (lower tracing,
retouched) and lead II of the scalar electrocardiogram (upper
tracing). The deflection, H, which represents the impulse con-
duction over the bundle of His, is clearly visible between the
atrial (A) and the ventricular (V) deflections. The conduction
time from the atria to the bundle of His is denoted by the A-H
interval; that from the bundle of His to the ventricles, by the
H-V interval. (Courtesy of Dr. J. Edelstein.)



In second-degree AV block, all ORS complexes are
preceded by P waves, but not all P waves are followed
by QRS complexes. The ratio of P waves to ORS com-
plexes is usually the ratio of two small integers (such
as 211, 3.1 or 3:2). Fig 22-38, B illustrates a typical
2:1 bloek. The site of block may be located above or
below the His bundle. A block below the bundle is
usually more serious than one above the buadle,
because the former is more likely ta evolve into a
third-dearee block An artificial pacemaker is fre-
quently implanted when the block is below the bundle.

Third-degree AV block is often referred fo as com-
plete heart block because the impulse is completely
unable to traverse the AV conduction pathway from
atria to ventricles. The most common sites of com-
plete block are distal to the bundle of His. In complete
heart block, the atrial and ventricular rhythms are
entirely independent, as shown in Fig. 22.38, C.
Because of the slow ventricutar thythm (32 beats/min
in this example}, the distribution of blood flow to the
body is often inadequate, especially during muscular
activity. Third-depree bloek is often associated with
syncope (pronounced lightheadedness), which is
caused principally by insufficient cerebral blood flow.
Third-degree block is one of the most common condi-
tions that require artificial pacemakers.
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W Premature Depolarizations

Premature depolarizations occur occasionally in most
normal individuals, but they arise more commonly under
certain abnormal conditions. They may originate in the
atria, AV junction, or ventricles. One type of premature
depolarization follows a normally conducted depolariza-
tion after a constant time interval (the coupling interval).
If the normal depolarization is suppressed in some way
(e.g., by vagal stimulation), the premature depolarization
is also abolished. Such premature depolarizations are
called coupled extrasystoles, or simply extrasystoles,
and they probably reflect a reentry phenomenon (Fig. 22-
30). A second type of premature depolarization occurs as
the result of enhanced automaticity in some ectopic
focus. This ectopic center may fire regularly, and a zone
of tissue that conducts unidirectionally may protect this
center from being depolarized by the normal cardiac
impulse. If this premature depolarization occurs at a reg-
ular interval or at an integer multiple of that interval, the
disturbance is called parasystole.

A premature atrial depolarization is shown in Fig.
22-39, A. In the tracing, the normal interval between
beats is 0.89 second (heart rate, 68 beats/min). The pre-
mature atrial depolarization (second P wave in the figure)
follows the preceding P wave by only 0.56 second. The
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C, Third-degree AV block.

M Fig. 22-38 AV blocks. A, First-degree block; PR interval is 0.28 second. B, Second-degree
block (2:1). C, Third-degree block; note the dissociation between the P waves and the QRS com-

plexes.
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T

B Fig. 22-39 A premature atrial depolarization (A) and a pre-
mature ventricular depolarization (B). The premature atrial
depolarization (the second beat in the top tracing) is character-
ized by an inverted P wave and normal QRS and T waves. The
interval after the premature depolarization is not much longer
than the usual interval between beats. The brief rectangular
deflection just before the last depolarization is a standardization
signal. The premature ventricular depolarization is character-
ized by bizarre QRS and T waves and is followed by a com-
pensatory pause.

configuration of the premature P wave differs from the
configuration of the other, normal P waves because the
course of atrial excitation, which originates at some
ectopic focus in the atrium, differs from the normal
spread of excitation, which originates at the SA node.
The configuration of the QRS complex of the premature
depolarization is usually normal because the ventricular
excitation spreads over the usual pathways.

A premature ventricular depolarization appears in
Fig. 22-39, B. Because the premature excitation origi-
nates at some ectopic focus in the ventricles, the impulse
propagation is abnormal and the configurations of the
QRS and T waves are entirely different from the normal
deflections. The premature QRS complex follows the
preceding normal QRS complex by only 0.47 second.
The interval after the premature excitation is 1.28 sec-
onds, which is considerably longer than the normal inter-
val between beats (0.89 second). The interval (1.75 sec-
onds) from the QRS complex just before the premature
excitation to the QRS complex just after it is virtually
equal to the duration of two normal cardiac cycles (0.89
+ 0.89 = 1.78 seconds).

The prolonged interval that usually follows a prema-
ture ventricular depolarization is called a compensatory
pause. This pause occurs because the ectopic ventricular
impulse does not disturb the natural rhythm of the SA

node, either because the ectopic ventricular impulse is
not conducted retrograde through the AV conduction sys-
tem or because the SA node had already fired at its nat-
ural interval before the ectopic impulse could have
reached it and depolarized it prematurely. Likewise, the
SA nodal impulse generated just before or after the ven-
tricular extrasystole usually does not affect the ventricle,
because the AV junction and perhaps also the ventricles
are still refractory from the premature excitation. In Fig.
22-39, B, the P wave associated with the extrasystole
occurs synchronously with the T wave of the premature
ventricular depolarization, and therefore it cannot easily
be identified in the tracing.

B Ectopic Tachycardias

In contrast to the gradual rate changes that characterize
sinus tachycardia, tachycardias that originate from an
ectopic focus typically begin and end abruptly. Hence,
such ectopic tachycardias are usually called paroxysmal
tachycardias. Episodes of paroxysmal tachycardia may
persist for only a few beats or for many hours or days,
and episodes often recur. Paroxysmal tachycardias may
result from (1) the rapid firing of an ectopic pacemaker,
(2) triggered activity secondary to afterpotentials that
reach threshold, or (3) an impulse that circles a reentry
loop repetitively.

Paroxysmal tachycardias that originate in the atria or in
the AV junctional tissues (Fig. 27-40, A) are usually
indistinguishable, and therefore both are included in
the term paroxysmal supraventricular tachycardia,
In this tachycardia, the impulse often circles a reentry
loop that includes atrial and AV junctional tissue. The
ORS complexes are often normal, because ventricular
activation proceeds over the usual pathways, -
As its name implies, paroxysmal ventricular
tachycardla Dngmates from an ectopic focus in the
ventricles. The ECG is characterized by repeated,
bizarre QRS complexes that reflect the abnormal inira-
ventricular impulse conduction (Fig. 22-40, B).
Paroxysmal ventricular tachycardia is much more omi-
nous than supravenmcular tachycardia, because the
former is frequently a precursor of ventricular fibrilla-
tion, 2 lethal archythmia described in the next section,

B Fibrillation

Under certain conditions, cardiac muscle undergoes an
irregular type of contraction that is entirely ineffectual in
propelling blood. Such an arrhythmia is termed fibrilla-
tion, and the disturbance may involve either the atria or
the ventricles. Fibrillation probably represents a reentry
phenomenon, in which the reentry loop fragments into
multiple, irregular circuits.
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B, Ventricular tachycardia.

M Fig. 22-40 A and B, Paroxysmal tachycardias.
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M Fig, 22-41 Atrial and ventricu-

lar fibrillation.

A, Atrial fibrillation.

B Summary

1. The transmembrane action potentials that can be
recorded from cardiac myocytes contain the following
five phases:

Phase 0: The action potential upstroke is produced
when a suprathreshold stimulus rapidly depolarizes
the membrane by activating the fast Na* channels.

Phase 1: The notch is an early partial repolarization
that is achieved by the efflux of K+ through trans-
membrane channels that conduct the transient out-
ward current, i,.

Phase 2: The plateau represents a balance between the
influx of Ca+** through transmembrane Ca*+ chan-
nels and the efflux of K* through several types of
K+ channels.

Phase 3: Final repolarization is initiated when the efflux
of K+ exceeds the influx of Ca**. The resultant par-
tial repolarization rapidly increases the K+ conduc-
tance and rapidly restores full repolarization.

Phase 4: The resting potential of the fully repolarized
cell is determined mainly by conductance of the cell
membrane to K+ through iy, channels.

2. Fast-response action potentials are recorded from
atrial and ventricular myocardial fibers and from ventric-
ular specialized conducting (Purkinje) fibers. The action
potential is characterized by a large amplitude, a steep
upstroke, and a relatively long plateau.

3. The effective refractory period of fast-response fibers
begins at the upstroke of the action potential and persists
until midway through phase 3. The fiber is relatively
refractory during the remainder of phase 3, and it regains
full excitability when it is fully repolarized (phase 4).

4. Slow-response action potentials are recorded from nor-
mal SA and AV nodal cells and from abnormal myocardial
cells that have been partially depolarized. The action poten-

B, Ventricular fibrillation.

tial is characterized by a less negative resting potential, a
smaller amplitude, a less steep upstroke, and a shorter
plateau than is the fast-response action potential. The
upstroke is produced by the activation of Ca*+ channels.

5. Slow-response fibers become absolutely refractory at
the beginning of the upstroke, and partial excitability
may not be regained until very late in phase 3 or until
after the fiber is fully repolarized.

6. Automaticity is characteristic of certain cells in the
SA and AV nodes and in the ventricular specialized con-
ducting system. Slow depolarization of the membrane
during phase 4 is the hallmark of automaticity.

7. Normally the SA node initiates the impulse that
induces cardiac contraction. This impulse is propagated
from the SA node to the atrial tissues and ultimately
reaches the AV node. After a delay in the AV node, the
cardiac impulse is propagated throughout the ventricles.

8. Ectopic foci in the atrium, AV node, or His-Purkinje
system may initiate propagated cardiac impulses if the
normal pacemaker cells in the SA node are suppressed or
if the rhythmicity of the ectopic automatic cells is abnor-
mally enhanced.

9. Under certain abnormal conditions, afterdepolarizations
may appear early in phase 3 of a normally initiated beat, or
the afterdepolarizations may be delayed until near the end
of phase 3 or the beginning of phase 4. Such afterdepolar-
izations may themselves trigger propagated impulses. Early
afterdepolarizations are more likely to occur when the basic
cycle length of the initiating beats is very long and when the
cardiac action potentials are abnormally prolonged.
Delayed afterdepolarizations are more likely to occur when
the basic cycle length of the initiating beats is short and
when the cardiac cells are overloaded with Ca*+.

10. Simple conduction block is the retardation or failure
of impulse propagation in a cardiac fiber.



11. A cardiac impulse may traverse a loop of cardiac
fibers and reenter previously excited tissue when the
impulse is conducted slowly around the loop, and when
the impulse is blocked unidirectionally in some section of
the loop.

12. The electrocardiogram (ECG), which is recorded
from the surface of the body, traces the conduction of the
cardiac impulse throughout the heart.

13. The ECG may be used to detect and analyze certain car-
diac arrhythmias, such as altered sinoatrial thythms, AV
conduction blocks, premature depolarizations, ectopic
tachycardias, and atrial and ventricular fibrillation.

m Self-Study Problems

1. What major movements of ions account for each phase
of the action potential of a typical fast-response
myocardial cell?

2. Why is the cardiac action potential propagated more
slowly in an AV node cell than in an atrial or ventricu-
lar myocyte?

3. By what pathways does a cardiac impulse that origi-
nates in the SA node arrive in the ventricular
myocardium?

4. What electrophysiological conditions lead to reentry?

5. What electrocardiographic changes occur in first-, sec-
ond-, and third-degree AV block?
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