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Preface

Principles of Physiology has been carefully
designed to present the important features of mam-
malian physiology in a clear and concise manner.
General principles and underlying mechanisms are
emphasized, and relatively nonvital details are mini-
mized. Considerable attention is directed to cell phys-
iology, which serves as the basis for body functions.
Not only is the first section of the text devoted to this
topic, but it is also provided as foundational informa-
tion in each succeeding section. We have tried to
show that the processes that take place in individual
cells are usually applicable to each organ system as a
whole.

The major emphasis in Principles of Physiology is
on regulation. The mechanisms that regulate the
functions of the individual organ systems are thor-
oughly described. They are then applied in the com-
plex interactions between the systems as they main-
tain the constant internal environment so important
for optimal function of the constituent cells. All sys-
tems are then tied together in the final chapter
describing exercise physiology. We hope that this will
explain how the body successfully integrates its var-
ied functions to perform a specific task.

Because the intent of this text is to offer, in a clear
and concise presentation, all information needed to

master a complete course in physiology, the use of
mathematics has been minimized, and succinct,
lucid descriptions substituted wherever feasible. Fur-
thermore, controversial issues in physiology have
been purposely omitted to allow ample room for the
explanation of important physiological mechanisms.

To contribute to our goal of clarity, many color
illustrations are used to portray concepts as simply as
possible. When sequential mechanisms are involved,
multipaneled diagrams have been designed to illus-
trate each step clearly. Block diagrams are used to
depict the interrelationships among the various fac-
tors that may affect a specific function. Finally, fig-
ures are included that reiterate some of the concepts
that appear in the text and serve to inform the reader
about important investigative techniques.

For clarity and simplicity, the sources of state-
ments or assertions in the text are not cited. Brief
bibliographies are included at the end of each chapter
to direct the student to more detailed information.
The references listed in these bibliographies are
mainly review articles or recent scientific papers that
can be of interest to the reader.

Robert M. Berne
Matthew N. Levy



Contents

PART I

PART 1II

10

PART III

11

CELIL, PHYSIOLOGY
Howard C. Kutchai

Cellular membranes and
transmembrane transport of
solutes and water, 3

Ionic equilibria and resting
membrane potentials, 18

Generation and conduction of
action potentials, 27

Synaptic transmission, 40

NERVOUS SYSTEM
William D. Willis, Jr.

Cellular organization of the
nervous system, 56
General sensory system, 69
Special senses, 87

Motor system, 109

Autonomic nervous system
and its control, 138

Higher functions of the
nervous system, 145

MUSCLE
Richard A. Murphy

Molecular basis of contraction,
154

12

13

PART 1V

14
15

16

17

18

19
20
21

22

23

24

Muscles acting on the
skeleton, 161

Muscles in the walls of hollow
organs, 172

CARDIOVASCULAR
SYSTEM

Robert M. Berne

Matthew N. Levy

Blood and hemostasis, 188
The circuitry, 194

Electrical activity of the heart,
197

The cardiac pump, 214

Regulation of the heartbeat,
228

Hemodynamics, 245
The arterial system, 255

The microcirculation and
lymphatics, 267

The peripheral circulation and
its control, 277

Control of cardiac output:
coupling of the heart and
blood vessels, 287

Special circulations, 300



X Contents

PART V

25
26
27
28

PART VI

29
30

31

PART VII

32

33

34

RESPIRATORY
SYSTEM

Robert M. Berne

Matthew N. Levy

Mechanics of respiration, 314
Pulmonary circulation, 325

Gas transport, 331

Control of pulmonary
ventilation, 343

GASTROINTESTINAL

SYSTEM
Howard C. Kutchai

Motility, 352

Secretion, 374

Digestion and absorption, 398

RENAL SYSTEM

Bruce A. Stanton
Bruce M. Koeppen

Elements of renal function,
416

Control of body fluid volume
and osmolality, 442

Regulation of potassium,
calcium, magnesium,
phosphate, and acid-base
balance, 460

PART VIII

35

36
37

38

39

40
41
42

43

24

45

PART 1IX

46

ENDOCRINE SYSTEM
Saul M. Genuth

General principles of
endocrine physiology, 478
Whole body metabolism, 491

Hormones of the pancreatic
islets, 504

Endocrine regulation of the
metabolism of calcium and
related minerals, 515

The hypothalamus and
pituitary gland, 529

The thyroid gland, 546
The adrenal cortex, 558
The adrenal medulla, 572

Overview of reproductive
function, 579

Male reproduction, 590

Female reproduction, 599

EXERCISE

PHYSIOLOGY
Loring B. Rowell

Integration of body systems in
exercise, 618



CELL PHYSIOLOGY PART

HOWARD C. KUTCHAI







CHAPTER

Cellular
Membranes and
Transmembrane
Transport of
Solutes and Water

CELLULAR MEMBRANES

Each cell is surrounded by a plasma membrane
that separates it from the extracellular milieu. The
plasma membrane serves as a permeability barrier
that allows the cell to maintain a cytoplasmic compo-
sition far different from the composition of the extra-
cellular fluid. The plasma membrane contains
enzymes, receptors, and antigens that play central
roles in the interaction of the cell with other cells and
with hormones and other regulatory agents in the
extracellular fluid.

The membranes that enclose the various organ-
elles divide the cell into discrete compartments and
allow the localization of particular biochemical pro-
cesses in specific organelles. Many vital cellular pro-
cesses take place in or on the membranes of the
organelles. Striking examples are the processes of
electron transport and oxidative phosphorylation,
which occur on, within, and across the mitochondrial
inner membrane.

Most biologic membranes have certain features in
common. However, in keeping with the diversity of
membrane functions, the composition and structure
of the membranes differ from one cell to another and
among the membranes of a single cell.

Membrane Structure

Proteins and phospholipids are the most abundant
constituents of cellular membranes. A phospholipid

molecule has a polar head group and two very nonpo-
lar, hydrophobic fatty acyl chains (Figure 1-1, A). In
an aqueous environment phospholipids tend to form
structures that allow the fatty acyl chains to be kept
from contact with water. One such structure is the
lipid bilayer (Figure 1-1, B). Many phospholipids,
when dispersed in water, spontaneously form lipid
bilayers. Most of the phospholipid molecules in bio-
logic membranes have a lipid bilayer structure.

Figure 1-2 depicts the fluid mosaic model of mem-
brane structure. This model is consistent with many
of the properties of biological membranes. Note the
bilayer structure of most of the membrane phospho-
lipids. The membrane proteins are of two major
classes: (1) integral or intrinsic membrane proteins
that are embedded in the phospholipid bilayer and (2)
peripheral or extrinsic membrane proteins that are
associated with the surface of the membrane. The
peripheral membrane proteins interact with the
membrane predominantly by charge interactions
with integral membrane proteins. Thus peripheral
proteins may often be removed from the membrane
by altering the ionic composition of the medium.
Integral membrane proteins have important
hydrophobic interactions with the interior of
the membrane. These hydrophobic interactions can
be disrupted only by detergents that make the inte-
gral proteins soluble by interacting hydrophobically
with nonpolar amino acid side chains.

Cellular membranes are fluid structures in which
many of the constituent molecules are free to diffuse
in the plane of the membrane. Most lipid and proteins
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FIGURE 1-1

A, Structure of a membrane phospholipid molecule, in this case a phosphatidyl-

choline. B, Structure of a phospholipid bilayer. The open circles represent the polar head groups
of the phospholipid molecules. The wavy lines represent the fatty acyl chains of the phospho-

lipids.

Integral Peripheral
(intrinsic) (extrinsic)
protein protein
FIGURE 1-2 Schematic representation of the fluid mosaic

model of membrane structure. The integral proteins are
embedded in the lipid bilayer matrix of the membrane, and
the peripheral proteins are associated with the external sur-
faces of integral membrane proteins.

can move freely in the bilayer plane, but they ‘‘flip-
flop"" from one phospholipid monolayer to the other at
much slower rates. A large hydrophilic moiety is
unlikely to flip-flop if it must be dragged through the
nonpolar interior of the lipid bilayer.

In some cases membrane components are not free
to diffuse in the plane of the membrane. Examples of
this motional constraint are the sequestration of ace-
tylcholine receptors (integral membrane proteins) at
the motor endplate of skeletal muscle and the pres-
ence of different membrane proteins in the apical and
basolateral plasma membranes of epithelial cells. At
present little is known about the ways in which mem-
brane constituents are restrained from lateral diffu-
sion. The cytoskeleton appears to tether certain
membrane proteins.

MEMBRANE COMPOSITION

Lipid Composition

Major Phospholipids In animal cell membranes
the most abundant phospholipids are often the cho-
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line-containing phospholipids: the lecithins (phos-
phatidylcholines) and the sphingomyelins. Next in
abundance are frequently the amino phospholipids:
phosphatidylserine and phosphatidylethanolamine.
Other important phospholipids that are present in
smaller amounts are phosphatidylglycerol, phosphati-
dylinositol, and cardiolipin.

Cholesterol Cholesterol is a major constituent of
plasma membranes, and its steroid nucleus lies paral-
lel to the fatty acyl chains of membrane phospholipids.

Glycolipids Glycolipids are not abundant, but
they have important functions. Glycolipids are found
mostly in plasma membranes, where their carbohy-
drate moieties protrude from the external surface of
the membrane.

Asymmetry of Lipid Distribution In many
membranes the lipid components are not distributed
uniformly across the bilayer. The glycolipids of the
plasma membrane are located almost exclusively in
the outer monolayer. Asymmetry of phospholipids
also occurs. In the red blood cell membrane, for exam-
ple, the outer monolayer contains most of the choline-
containing phospholipids, whereas the inner mono-
layer contains most of the amino phospholipids.

Membrane Proteins

The protein composition of membranes may be
simple or complex. The highly specialized mem-
branes of the sarcoplasmic reticulum of skeletal mus-
cle and the disks of the rod outer segment of the ret-
ina contain only a few different proteins. Plasma
membranes, by contrast, perform many functions and
may have more than 100 different protein constitu-
ents. Membrane proteins include enzymes, transport
proteins, and receptors for hormones and neurotrans-
mitters.

Glycoproteins Some membrane proteins are gly-
coproteins with covalently bound carbohydrate side
chains. As with glycolipids, the carbohydrate chains
of glycoproteins are located almost exclusively on the
external surfaces of plasma membranes. Cell surface
carbohydrate has important functions. The negative
surface charge of cells is ascribable to the neg-
atively charged sialic acid of glycolipids and
glycoproteins.

Asymmetry of Membrane Proteins The Na™,
K*-ATPase of the plasma membrane and the Ca*™*
pump protein (Ca**-ATPase) of the sarcoplasmic
reticulum membrane are examples of the asymmetric
functions of membrane proteins. In both cases ATP is

split on the cytoplasmic face of the membrane, and
some of the energy liberated is used to pump ions in
specific directions across the membrane. In the case
of the Na*, K*-ATPase, K* is pumped into the
cell and Na* is pumped out, whereas the Ca™*-
ATPase actively pumps Ca** into the sarco-
plasmic reticulum.

MEMBRANES AS PERMEABILITY
BARRIERS

Biological membranes serve as permeability barri-
ers. Most of the molecules present in living systems
are highly soluble in water and poorly soluble in non-
polar solvents. Thus such molecules are poorly soluble
in the nonpolar environment in the interior of the lipid
bilayer of biological membranes. As a consequence,
biological membranes pose a formidable barrier to
most water-soluble molecules. The plasma membrane
is a permeability barrier between the cytoplasm and
the extracellular fluid. This barrier allows the mainte-
nance of large concentration differences of many sub-
stances between the cytoplasm and the extracellular
fluid.

The localization of various cellular processes in cer-
tain organelles depends on the barrier properties of
cellular membranes. For example, the inner mito-
chondrial membrane is impermeable to the enzymes
and substrates of the tricarboxylic acid cycle, allow-
ing the localization of the tricarboxylic cycle in the
mitochondrial matrix. The spatial organization of
chemical and physical processes in the cell depends
on the barrier functions of cellular membranes.

The passage of important molecules across mem-
branes at controlled rates is central to the life of the
cell. Examples are the uptake of nutrient molecules,
the discharge of waste products, and the release of
secreted molecules. In some cases molecules move
from one side of a membrane to another without actu-
ally moving through the membrane itself. In other
cases molecules cross a particular membrane by
passing through or between the molecules that make
up the membrane.

TRANSPORT ACROSS, BUT NOT
THROUGH, MEMBRANES

Endocytosis Endocytosis is the process that
allows material to enter the cell without passing
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Extracellular fluid

A Phagocytosis

FIGURE 1-3

B Pinocytosis

C Receptor-mediated
endocytosis

Schematic depiction of endocytotic processes. A, Phagocytosis of a solid particle.

B, Pinocytosis of extracellular fluid. C, Receptor-mediated endocytosis by coated pits.

through the membrane (Figure 1-3); it includes
phagocytosis and pinocytosis. The uptake of particu-
late material is termed phagocytosis (Figure 1-3, A).
The uptake of soluble molecules is called pinocytosis
(Figure 1-3, B). Sometimes special regions of the plas-
ma membrane are involved in endocytosis. In these
regions the cytoplasmic surface is covered with bris-
tles made primarily of a protein called clathrin. These
clathrin-covered regions are called coated pits, and
their endocytosis gives rise to coated vesicles (Figure
1-3, C). The coated pits are involved in receptor-
mediated endocytosis. Proteins to be taken up are
recognized and bound by specific membrane recep-
tor proteins in the coated pits. The binding often
leads to aggregation of receptor-ligand complexes,
and the aggregation triggers endocytosis in ways
that are not yet understood. Endocytosis is an active
process that requires metabolic energy. Endocytosis
also can occur in regions of the plasma membrane
that do not contain coated pits.

Exocytosis Molecules can be ejected from cells by
exocytosis, a process that resembles endocytosis in
reverse. The release of neurotransmitters, which is
considered in more detail in Chapter 4, takes place by
exocytosis. Exocytosis is responsible for the release of
secretory proteins by many cells; the release of pan-
creatic proenzymes from the acinar cells of the pan-
creas is a well-studied example. In such cases the pro-
teins to be secreted are stored in secretory vesicles
in the cytoplasm. A stimulus to secrete causes the

secretory vesicles to fuse with the plasma membrane
and to release the vesicle contents by exocytosis.

Fusion of Membrane Vesicles The contents of
one type of organelle can be transferred to another
organelle by fusion of the membranes of the organ-
elles. In some cells secretory products are transferred
from the endoplasmic reticulum to the Golgi appara-
tus by fusion of endoplasmic reticulum vesicles with
membranous sacs of the Golgi apparatus. Fusion of
phagocytic vesicles with lysosomes allows the phago-
cytosed material to be digested.

TRANSPORT OF MOLECULES THROUGH
MEMBRANES

The traffic of molecules through biological mem-
branes is vital for most cellular processes. Some mol-
ecules move through biological membranes simply by
diffusing among the molecules that make up the
membrane, whereas the passage of other molecules
involves the mediation of specific transport proteins
in the membrane.

Oxygen, for example, is a small molecule that is
fairly soluble in nonpolar solvents. It crosses biological
membranes by diffusing among membrane lipid mol-
ecules. Glucose, on the other hand, is a much larger
molecule that is not very soluble in the membrane
lipids. Glucose enters cells via a specific glucose
transport protein in the plasma membrane.
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Diffusion

Diffusion is the process whereby atoms or mole-
cules intermingle because of their random thermal
(Brownian) motion. Imagine a container divided into
two compartments by a removable partition. A much
larger number of molecules of a compound is placed
on side A than on side B, and then the partition is
removed. Every molecule is in random thermal
motion. It is equally probable that a molecule that
begins on side A will move to side B in a given time as
it is that a molecule beginning on side B will end up
on side A. Because many more molecules are present
on side A, the total number of molecules moving from
side A to side B will be greater than the number mov-
ing from side B to side A. In this way the number of
molecules on side A will decrease, whereas the num-
ber of molecules on side B will increase. This process
of net diffusion of molecules will continue until the
concentration of molecules on side A equals that on
side B. Thereafter the rate of diffusion of molecules
from A to B will equal that from B to A, and no further
net movement will occur; a dynamic equilibrium
exists.

Range of Diffusion Diffusion is a rapid process
when the distance over which it takes place is small.
This can be appreciated from a relation derived by
Einstein. He considered the random movements of
molecules that are originally located at x =0.
Because a given molecule is equally likely to diffuse in
one direction as in the other, the average displace-
ment of all the molecules that begin at x = 0 will be
zero. The average displacement squared, (Ax)?
which is a positive quantity, is represented by

(Ax)? = 2 Dt (1)

where t is the time elapsed since the molecules
started diffusing and D is a constant of proportionality
called the diffusion coefficient. The Einstein relation
(equation 1) tells us how far the average molecule will
diffuse in a given time (t). It is a useful but rough
estimate of the time scale of a particular diffusion pro-
cess.

Einstein's relation reveals that the time required
for diffusion increases with the square of the distance
over which diffusion occurs. Thus a tenfold increase
in the diffusion distance means that the diffusion pro-
cess will require about 100 times longer to reach a
given degree of completion. Table 1-1 shows the
results of calculations using Einstein's relation for a
typical, small, water-soluble solute. It can be seen

Table 1-1 Time Required for Diffusion To
Occur over Various Diffusion Distances*

Diffusion Time Required
Distance (pum) for Diffusion
1 0.5 msec
10 50 msec
100 5 seconds
1000 (1 mm) 8.3 minutes

10,000 (1 cm) 14 hours

*The time required for the ‘“‘average’’ molecule (with diffusion coefficient
taken to be 1 X 10~° cmsec™ ') to diffuse the required distance was
computed from the Einstein relation (equation 1).

that diffusion is extremely rapid on a microscopic
scale of distance. For macroscopic distances diffusion
is rather slow. A cell that is 100 pm away from the
nearest capillary can receive nutrients from the blood
by diffusion with a time lag of only 5 seconds or so.
This is sufficiently fast to satisfy the metabolic
demands of many cells. However, a nerve axon that is
1 cm long cannot rely on diffusion for the intracellular
transport of vital metabolites, since the 14 hours
required for diffusion over the 1 cm distance is too long
on the time scale of cellular metabolism. Some nerve
fibers are longer than 1 m. Therefore it is no wonder
that intracellular axonal transport systems are involved
in transporting important molecules along nerve
fibers. Because of the slowness of diffusion over mac-
roscopic distances, it is not surprising that even small
multicellular organisms have evolved circulatory sys-
tems to bring the individual cells of the organisms
within a reasonable diffusion range of nutrients.

Diffusion Coefficient The diffusion coefficient
(D) is proportional to the speed with which the diffus-
ing molecule can move in the surrounding medium.
The larger the molecule and the more viscous the
medium, the smaller is D.

Einstein obtained the following equation for the
diffusion coefficient of a spherical solute molecule
that is much larger than the surrounding solvent mol-
ecules:

D = KkT/ (6wrm) (2)
where

k = Boltzmann's constant

T = Absolute temperature (kT is proportional to the
average kinetic energy of a solute molecule)

r = Molecular radius

m = Viscosity of the medium
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The equation is called the Stokes-Einstein equation,
and the molecular radius defined by this equation is
known as the Stokes-Einstein radius.

For large molecules equation 2 predicts that D will
be inversely proportional to the radius of the diffusing
molecule. Because the molecular weight (MW) is
approximately proportional to r°, D should be inverse-
ly proportional to VMW. Thus a molecule that has &
the mass of another molecule will have a diffusion
coefficient only twice as large as the other molecule.
For smaller solutes, with a molecular weight less than
about 300, D is inversely proportional to V MW rather
than VMW.

Diffusion Across a Membrane Diffusion leads
to a state in which the concentration of the diffusing
species is constant in space and time. Diffusion
across cellular membranes tends to equalize the con-
centrations on the two sides of the membrane. The
diffusion rate across a membrane is proportional to
the area of the membrane and to the difference in
concentration of the diffusing substance on the two
sides of the membrane. Fick's first law of diffusion

states that Ao

J= -DAE (3)

where

J = Net rate of diffusion in moles or grams per unit
time
D = Diffusion coefficient of the diffusing solute in the
membrane
A = Area of the membrane
Ac = Concentration difference across the membrane
Ax = Thickness of the membrane

Diffusive Permeability of Cellular Membranes

Permeability to Lipid-Soluble Molecules The
plasma membrane serves as a diffusion barrier that
enables the cell to maintain cytoplasmic concentra-
tions of many substances that differ greatly from their
extracellular concentrations. As early as the turn of
the century, the relative impermeability of the plasma
membrane to most water-soluble substances was
attributed to its ‘‘lipoid nature.”

The hypothesis that the plasma membrane has a
lipoid character is supported by experiments showing
that compounds that are soluble in nonpolar solvents
(e.g., benzene or olive oil) enter cells more readily
than do water-soluble substances of similar molecular
weight. Figure 1-4 shows the relationship between
membrane permeability and solubility in a nonpolar

solvent for a number of different solutes. The ratio of
the solubility of the solute in olive oil to its solubility in
water is used as a measure of solubility in nonpolar
solvents. This ratio is called the olive oil/water parti-
tion coefficient. The permeability of the plasma mem-
brane to a particular substance increases with the
“lipid solubility’’ of the substance. For compounds
with the same olive oil/water partition coefficient,
permeability decreases with increasing molecular
weight. As described previously, the fluid mosaic
model of membrane structure envisions the plasma
membrane as a lipid bilayer with proteins embedded
in it (Figure 1-2). The data of Figure 1-4 support the
idea that the lipid bilayer is the principal barrier to
substances that permeate the membrane by simple
diffusion.

Permeability to Water-Soluble Molecules
Very small, uncharged, water-soluble molecules pass
through cell membranes much more rapidly than pre-
dicted by their lipid solubility. For example, water
permeates cell membranes much more rapidly than is
predicted from its molecular radius and its olive
oil/water partition coefficient. The reason for the
unusually high permeability to water is controversial.
Some evidence suggests that very small water-solu-
ble molecules can pass between adjacent phospholip-
id molecules without actually dissolving in the region
occupied by the fatty acid side chains. Other evi-
dence suggests that membrane proteins are respon-
sible for the high membrane permeability to water.

As the size of uncharged, water-soluble molecules
increases, their membrane permeativity decreases.
Most plasma membranes are essentially impermeable
to water-soluble molecules whose molecular weights
are greater than about 200.

Because of their charge, ions are relatively insolu-
ble in lipid solvents, and thus membranes are not very
permeable to most ions. Ionic diffusion across mem-
branes occurs mainly through protein ‘‘channels”
that span the membrane. Some channels are highly
specific with respect to the ions allowed to pass,
whereas others allow all ions below a certain size to
pass. Some ion channels are controlled by the voltage
difference across the membrane, and others are con-
trolled by neurotransmitters or certain other regulato-
ry molecules.

Although certain water-soluble molecules such as
sugars and amino acids are essential for cellular sur-
vival, they do not cross plasma membranes apprecia-
bly by simple diffusion. Plasma membranes have
specific proteins that allow the transfer of vital



