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PREFACE

Knowledge of cellular and molecular physiology is
fundamental to understanding tissue and organ func-
tion as well as integrative systems physiology. Patho-
logical mechanisms and the actions of therapeutic
agents can best be appreciated at the molecular and
cellular level. Moreover, a solid grasp of the scientific
basis of modern molecular medicine and functional
genomics clearly requires an education with this level
of sophistication.

The explicit objective of Cellular Physiology and
Neurophysiology is to help medical and graduate
students bridge the divide between basic biochemis-
try and molecular and cell biology on the one hand
and organ and systems physiology on the other. The
emphasis throughout is on the functional relevance
of the concepts to physiology. Our aim at every
stage is to provide an intuitive approach to quanti-
tative thinking. The essential mathematical deriva-
tions are presented in boxes for those who wish to
verify the more intuitive descriptions presented in
the body of the text. Physical and chemical concepts
are introduced wherever necessary to assist students
with the learning process, to demonstrate the im-
portance of the principles, and to validate their ties
to clinical medicine. Applications of many of the
fundamental concepts are illustrated with examples
from systems physiology, pharmacology, and patho-
physiology. Because physiology is fundamentally a
science founded on actual measurement, we strive

to use original published data to illuminate key
concepts.

The book is organized into five major sections, each
comprising two or more chapters. Each chapter begins
with a list of learning objectives and ends with a set of
study problems. Many of these problems are designed
to integrate concepts from multiple chapters or
sections; the answers are presented in Appendix E.
Throughout the book key concepts and new terms are
highlighted. A set of multiple-choice review questions
and answers is contained in Appendix F. A review
of basic mathematical techniques and a summary of
elementary circuit theory, which are useful for under-
standing the material in the text, are included in
Appendixes B and D respectively. For convenience
Appendix A contains a list of abbreviations symbols
and numerical constants.

We thank our many students and our teaching col-
leagues whose critical questions and insightful com-
ments over the years have helped us refine and improve
the presentation of this fundamental and fascinating
material. Nothing pleases a teacher more than a student
whose expression indicates that the teacher’s explana-
tion has clarified a difficult concept that just a few
moments earlier was completely obscure.

Mordecai P. Blaustein
Joseph P. Y. Kao
Donald R. Matteson
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Section |

Concepts

Fundamental Physicochemical

INTRODUCTION: HOMEOSTASIS
AND CELLULAR PHYSIOLOGY

OBJECTIVES

1. Understand the need to maintain the constancy of the
internal environment of the body and the concept of
homeostasis.

2. Understand the hierarchical view of the body as an
ensemble of distinct compartments.

3. Understand the composition and structure of the lipid
bilayer membranes that encompass cells and organelles.

HOMEOSTASIS ENABLES THE
BODY TO SURVIVE IN DIVERSE
ENVIRONMENTS

Humans are independent, free-living animals who can
move about and survive in vastly diverse physical
environments. Thus we find humans inhabiting
habitats ranging from the frozen tundra of Siberia and
the mountains of Nepal* to the jungles of the Amazon
and the deserts of the Middle East. Nevertheless, the
elemental constituents of the body are cells, whose
survival and function are possible only within a narrow
range of physical and chemical conditions, such as
temperature, oxygen concentration, osmolarity, and pH.

* The adaptability of humans can be surprising: humans can survive
on Mount Everest, which, at 29,028 feet above sea level, is at the
cruising altitude of jet airplanes. At the summit the temperature is
approximately —40° Celsius (same as —40° Fahrenheit), the thin
atmosphere supplies only approximately one third of the oxygen at
sea level, and the relative humidity is zero.

4. Understand why the protein-mediated transport pro-
cesses that regulate the flow of water and solutes
across biomembranes are essential to all physiological
functions.

Therefore the whole body can survive under
diverse external conditions only by maintaining the
conditions around its constituent cells within narrow
limits. In this sense the body has an internal environ-
ment, which is maintained constant to ensure survival
and proper biological functioning of the body’s cellular
constituents. The process whereby the body maintains
constancy of this internal environment is referred to as
homeostasis.” When homeostatic mechanisms are
severely impaired, as in a patient in an intensive care

T The concept of the internal environment was first advanced by the
19th-century pioneer of physiology, Claude Bernard, who discussed
it in his book, Introduction a I'étude de la médecine expérimentale in
1865. Bernard’s often-quoted dictum is: “The constancy of the inter-
nal environment is the prerequisite for a free life.” (“La fixeté du
milieu intérieur est la condition de la vie libre.” from Legons sur les
phénomenes de la vie communs aux animaux et aux végétaux, 1878.)
The term “homeostasis” was introduced by Walter B. Cannon in his
physiology text, The Wisdom of the Body (1932).
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unit, artificial life support systems become necessary
for maintaining the internal environment.

Achieving homeostasis requires various compo-
nent physiological systems in the body to function
coordinately. The musculoskeletal system enables
the body to be motile and to acquire food and water.
The gastrointestinal system extracts nutrients
(sources of both chemical energy, such as sugars,
and essential minerals, such as sodium, potassium,
and calcium) from food. The respiratory (pulmo-
nary) system absorbs oxygen, which is required in
oxidative metabolic processes that “burn” food to
release energy. The circulatory system transports
nutrients and oxygen to cells while carrying meta-
bolic waste away from cells. Metabolic waste prod-
ucts are eliminated from the body by the renal and
respiratory systems. The complex operations of all
the component systems of the body are coordinated
and regulated through biochemical signals released
by the endocrine system and disseminated by the
circulation, as well as through electrical signals
generated by the nervous system.

THE BODY IS AN ENSEMBLE OF
FUNCTIONALLY AND SPATIALLY
DISTINCT COMPARTMENTS

The organization of the body may be viewed hierar-
chically (Figure 1-1). The various systems of the body
not only constitute functionally distinct entities, but
also comprise spatially and structurally distinct com-
partments. Thus the lungs, the kidneys, the various
endocrine glands, the blood, and so on are distinct
compartments within the body. Each compartment
has its own local environment that is maintained
homeostatically to permit optimal performance of
different physiological functions.

Compartmentation is an organizing principle that
applies not just to macroscopic structures in the body,
but to the constituent cells as well. Each cell is a com-
partment distinct from the extracellular environment
and separated from that environment by a membrane
(the plasma membrane). The intracellular space of
each cell is further divided into subcellular compart-
ments (cytosol, mitochondria, endoplasmic reticulum,
etc.). Each of these subcellular compartments is en-
compassed within its own membrane, and each has a
different microscopic internal environment to allow

Body

f

Physiological
Systems

!

Organs

f

Tissues

!

Cells

!

Organelles

f

Microscopic Structures
(Membranes, cytoskeleton)

!

Biomolecules
(Lipids, proteins,
polysaccharides)

FIGURE 1-1 W Hierarchical view of the organization of the
body. (Modified from Eckert R, Randall D: Animal physiology,
ed 2, San Francisco, 1983, WH Freeman.)

different cellular functions to be carried out optimally
(e.g., protein synthesis in the cytosol and oxidative
metabolism in the mitochondria).

The Biological Membranes That Surround
Cells and Subcellular Organelles Are Lipid
Bilayers

As noted previously, cells and subcellular compart-
ments are separated from the surrounding environ-
ment by biomembranes. Certain specific membrane
proteins are inserted into these lipid bilayer mem-
branes. Many of these proteins are transmembrane
proteins that mediate the transport of various solutes
or water across the bilayers. Ion channels and ion
pumps are examples of such transport proteins. Other
transmembrane proteins have signaling functions and
transmit information from one side of the membrane
to the other. Receptors for neurotransmitters, peptide
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hormones, and growth factors are examples of signal-
ing proteins.

Biomembranes Are Formed Primarily

from Phospholipids but May Also

Contain Cholesterol and Sphingolipids

Most of the lipids that make up biomembranes are
phospholipids. These amphiphilic (or amphipathic)
phospholipids consist of a hydrophilic (water-loving),
or polar, phosphate-containing head group attached
to two hydrophobic (water-fearing), or nonpolar,
fatty acid chains. The phospholipids assemble into a
sheet or leaflet. The polar head groups pack together to
form the hydrophilic surface of the leaflet, and the
nonpolar hydrocarbon fatty acid chains pack together
to form the hydrophobic surface of the leaflet. Two
leaflets combine at their hydrophobic surfaces to form
a bilayer membrane.

The bilayer presents its two hydrophilic surfaces
to the aqueous environment, whereas the hydro-
phobic fatty acid chains remain sequestered within
the interior of the membrane (Figure 1-2). The in-
dividual lipid molecules within the bilayer are free
to move and are not rigidly packed. Therefore the
lipid bilayer membrane behaves in part like a two-
dimensional fluid and is frequently referred to as a
fluid mosaic.

Biomembranes typically also contain other lipids
such as cholesterol and sphingolipids. For example, in

Lipid
bilayer

lon channel

Receptor

animals, biomembranes usually contain significant
amounts of cholesterol, a nonphospholipid whose
presence alters the fluidity of the membrane.

Biomembranes Are Not Uniform

Structures

Different biomembranes vary in their lipid composi-
tion. For example, the plasma membrane is rich
in cholesterol but contains almost no cardiolipin
(a structurally complex phospholipid); the reverse is
true for the mitochondrial membranes. Even the lipid
compositions of the two leaflets constituting a single
bilayer membrane can differ. For example, whereas
phosphatidyl choline is most abundant in the outer
leaflet of the plasma membrane, phosphatidyl serine is
found almost exclusively in the inner leaflet. Such
asymmetry can be maintained because flip-flop of
lipid molecules from one leaflet to the other occurs
naturally at an extremely slow rate.

Some cytoskeletal proteins bind to membrane pro-
teins. These interactions enable the cytoskeleton to confer
structural integrity on the membrane. Just as important,
such interactions, by grouping and “tethering” mem-
brane proteins, also organize membrane proteins into
functional membrane microdomains. Such microdo-
mains are compositionally and functionally different
from other regions of the membrane. Thus it should
be apparent that most biomembranes are not uniform
either in composition or in architecture but are highly

Hormone

Nonpolar
hydrocarbon
chains

lon pump

Polar head groups

FIGURE 1-2 M Lipid bilayer of the plasma membrane, with various membrane proteins
that serve transport and signaling functions. The locations of the polar head groups
and nonpolar hydrocarbon chains of the phospholipids in the bilayer are shown. Also
represented are a hormone receptor, an ion channel, and an ion pump.
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organized structures with different microdomains serv-
ing different functions.

TRANSPORT PROCESSES ARE
ESSENTIAL TO PHYSIOLOGICAL
FUNCTION

Each compartment within the body, whether micro-
scopic or macroscopic, has the optimal biochemical
composition to enable a different set of physiological
processes to take place. However, those very physiolog-
ical processes tend to alter the composition within the
compartments. In this light, homeostasis within each
compartment implies that transport processes must
operate continuously to adjust and maintain the
internal environment of each compartment, including
microscopic compartments such as those within sub-
cellular organelles. Therefore transport mechanisms
are central to homeostasis. Moreover, coordinated
regulation of the physiological functions that occur in
distinct compartments implies communication, that
is, the transmission and reception of signals, between
different compartments. At the subcellular level this is
achieved through the generation and movement of
biochemical signals, including second messengers
such as inositol trisphosphate (IP;), cyclic adenosine
monophosphate (cAMP), or calcium ions (Ca**).

As noted earlier, extracellular (or intercellular)
communication is mediated by biochemical signals as
well as by electrical signals. Many biochemical signals
(e.g., hormones and growth factors) are secreted by
specialized cells and are disseminated through the
circulation to distant targets. Other biochemical sig-
nals (e.g., neurotransmitters; see Section IV) mediate
local intercellular communication. The electrical
signals are generated and propagated through the
transport of certain ions across the membranes of
“excitable” cells (see Chapters 5 to 7). By their nature,
the signaling mechanisms themselves alter the compo-
sition of the cells from which they originate. Thus the
composition of those cells, too, must be continually
restored. Therefore transport processes are also funda-
mental to the coordinated regulation of physiological
processes in the body. Indeed, when membrane trans-
port processes go awry, as may occur with mutations
in transport proteins, homeostatic mechanisms are
disrupted and physiology is adversely affected (this is

referred to as pathophysiology). Examples of patho-
physiological mechanisms are presented throughout
this book.

CELLULAR PHYSIOLOGY FOCUSES
ON MEMBRANE-MEDIATED
PROCESSES AND ON MUSCLE
FUNCTION

The foregoing description implies that homeostasis
and its regulation depend on transport and signaling
processes that occur at or through biological mem-
branes. For this reason such membrane-mediated
processes are essential to physiology and are a central
theme of this text (see Chapters 2 to 13). Of these
membrane-mediated processes, passive diffusion and
osmosis are fundamental physical processes that can
occur directly through any lipid bilayer membrane and
are the topics of Chapters 2 and 3, respectively. Most
of the membrane-mediated processes can occur only
through the agency of diverse protein machinery (e.g.,
ion channels, solute transporters, and transport
ATPases or “pumps”) residing in cellular membranes.
These membrane protein—dependent processes are the
subject of Chapters 4 to 13. A schematic representa-
tion of a cellular (plasma) membrane and some of the
transport and signaling processes it mediates is shown
in Figure 1-2.

Although processes mediated by cellular mem-
branes are fundamental to physiological function, they
take place on a microscopic scale. The maintenance of
life also requires action on a macroscopic scale. Thus
acquisition of food and water requires body mobility;
nutrient extraction requires maceration of food and
its passage through the gastrointestinal tract; intake of
oxygen and expulsion of carbon dioxide require
expansion and contraction of air sacs in the lungs;
and distribution of nutrients and dissemination of
endocrine signals to various tissues require rapid
transport of material through circulation. All these
processes require movement on a macroscopic scale.
The evolutionary solution to the problem of large-
scale movements is muscle. For this reason the cellular
mechanisms underlying muscle function constitute
the other major theme of this text (see Section V). The
subject of cellular physiology comprises the two major
themes described previously.
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SUMMARY

To survive under extremely diverse conditions, the body
must be able to maintain a constant internal environ-
ment. This process is referred to as homeostasis.
Homeostasis requires the coordination and reg-
ulation of numerous complex activities in all the
component systems of the body.

The body can be viewed in terms of a hierarchical
organization in which compartmentation is a
major organizing principle.

Cells and subcellular organelles are compartments
that are encompassed within biomembranes, which
are essentially lipid bilayer membranes.
Biomembranes are composed primarily of phos-
pholipids and integral membrane proteins; the
membranes may also contain other lipids such as
cholesterol and sphingolipids.

Most of the integral membrane proteins span the
membrane (i.e., they are transmembrane proteins)
and are involved in signaling or in the transport
of water and solutes across the membrane. These
processes are essential for homeostasis.
Biomembranes are usually nonuniform structures:
the inner and outer leaflets often have different
composition. Many integral membrane proteins
bind to elements of the cytoskeleton and may be
organized into microdomains with specialized
functions.

The transport processes mediated by integral
membrane proteins such as channels, carriers, and
pumps in cell and organelle membranes are essen-
tial for physiological function.

The maintenance of life also depends on move-
ment on a macroscopic scale. Such movements are
mediated by muscle.

KEY WORDS AND CONCEPTS

Internal environment
Homeostasis

Biochemical signals
Compartmentation

Lipid bilayer membranes
Transmembrane proteins
Amphiphilic (or amphipathic) phospholipids
Hydrophilic (polar)
Hydrophobic (nonpolar)

Fluid mosaic

Membrane microdomains
Second messengers
Pathophysiology
Membrane-mediated processes
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In order to be free I had to make certain adjustments.”



DIFFUSION AND PERMEABILITY

OBJECTIVES

1. Understand that diffusion is the migration of mole-
cules down a concentration gradient.

2. Understand that diffusion is the result of the purely
random movement of molecules.

DIFFUSION IS THE MIGRATION
OF MOLECULES DOWN
A CONCENTRATION GRADIENT

Experience tells us that molecules always move spon-
taneously from a region where they are more concen-
trated to a region where they are less concentrated. As
a result, concentration differences between regions
become gradually reduced as the movement proceeds.
Diffusion always transports molecules from a region
of high concentration to a region of low concentration
because the underlying molecular movements are
completely random. That is, any given molecule has no
preference for moving in any particular direction. The
effect is easy to illustrate. Imagine two adjacent regions
of comparable volume in a solution (Figure 2-1).
There are 5200 molecules in the left-hand region
and 5000 molecules in the right-hand region. For sim-
plicity, assume that the molecules may move only to
the left or to the right. Because the movements are
random, at any given moment approximately half of
all molecules would move to the right and approxi-
mately half would move to the left. This means that,
on average, roughly 2600 would leave the left side and
enter the right side, whereas 2500 would leave the right

3. Define the concepts of flux and membrane permeability
and the relationship between them.

and enter the left. Therefore a net movement of
approximately 100 molecules would occur across the
boundary going from left to right. This net transfer of
molecules caused by random movements is indeed
from a region of higher concentration into a region
of lower concentration.

FICK’S FIRST LAW OF DIFFUSION
SUMMARIZES OUR INTUITIVE
UNDERSTANDING OF DIFFUSION

The preceding discussion indicates that the larger the
difference in the number of molecules between adja-
cent compartments, the greater the net movement of
molecules from one compartment into the next. In
other words, the rate at which molecules move from
one region to the next depends on the concentration
difference between the two regions. The following
definitions can be used to obtain a more explicit and
quantitative representation of this observation:
1. Concentration gradient is the change of concen-
tration, AC, with distance, Ax (i.e., AC/Ax).
2. Flux (symbol ]) is the amount of material passing
through a certain cross-sectional area in a certain
amount of time.
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5200 5000

Random *movement

-= 2600 == 2500 ==

2600 <= 2500 <==

FIGURE 2-1 B Two adjacent compartments of compara-
ble volume in a solution. The left compartment contains
5200 molecules, and the right compartment contains
5000 molecules. If the molecules can only move randomly
to the left or to the right, approximately half of all mole-
cules would move to the right and approximately half
would move to the left. This means that, on average,
roughly 2600 would leave the left side and enter the right
side, whereas 2500 would leave the right and enter the left.

A

¢ (Flow in negative direction)

J<O0

Ax
(Positive gradient)

X
Positive concentration gradient

With these definitions, the earlier observation can
be simply restated as “flux is proportional to concen-
tration gradient,” or

AC
o

v

(1]
By inserting a proportionality constant, D, we can
write the foregoing expression as an equation:

_pAc

=P

(2]

The proportionality constant, D, is referred to as
the diffusion coefficient or diffusion constant. The
minus sign accounts for the fact that the diffusional
flux, or movement of molecules, is always down the
concentration gradient (i.e., flux is from a region of
high concentration to a region of low concentra-
tion). The graphs in Figure 2-2 illustrate this sign
convention.

Equation [2] applies to the case in which the con-
centration gradient is linear, that is, a change in con-
centration, AC, for a given change in distance, Ax. For
cases in which the concentration gradient may not be
linear, the equation can be generalized by replacing
the linear concentration gradient, AC/Ax, with the

B

© (Flow in positive direction)

J>0

AC
H<0

(Negative gradient)

Negative concentration gradient

FIGURE 2-2 W The direction (sign) of the concentration gradients is opposite to the direction (sign) of the flux. A, A positive
concentration gradient: the concentration increases as we move in the positive direction along the x-axis (AC/Ax > 0). The
flux being driven by this positive gradient is in the negative direction. The concentration increases from left to right, but
the flux is going from right to left. B, A negative concentration gradient: the concentration decreases as we move in the
positive direction along the x-axis (AC/Ax < 0). The flux being driven by this negative gradient is in the positive direction.
The concentration increases from right to left, but the flux is going from left to right.
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more general expression for concentration gradient,
dC/dx (a derivative). The diffusion equation now
takes the form

J=-D % (3]
This equation is also known as Fick’s First Law of
Diffusion. It is named after Adolf Fick, a German
physician who first analyzed this problem in 1855.

To complete the discussion of Fick’s First Law, we
should examine the dimensions (or units) associated
with each parameter appearing in Equation [3]. Because
flux, J, is the quantity of molecules passing through
unit area per unit time, it has the dimensions of “moles
per square centimeter per second” (= [mol/cm?]/sec =
mol-cm™-sec!). Similarly, the concentration gradient,
dC/dx, being the rate of change of concentration with
distance, has dimensions of “moles per cubic centimeter
per centimeter” ( = [mol/cm?®]/cm = mol-cm™). For all
the units to work out correctly in Equation [3], the dif-
fusion coefficient, D, must have dimensions of cm?/sec
(= cm?sec™).

ESSENTIAL ASPECTS OF
DIFFUSION ARE REVEALED BY
QUANTITATIVE EXAMINATION OF
RANDOM, MICROSCOPIC
MOVEMENTS OF MOLECULES

Random Movements Result in

Meandering

The most important characteristics of diffusion
can be appreciated just by considering the simplest
case of random molecular motion—that of a single
molecule moving randomly along a single dimen-
sion. The situation is presented graphically in
Figure 2-3.

The molecule is initially (at Time = 0) at some
location that for convenience we simply refer to as 0
on the distance scale. During every time increment, A,
the molecule can take a step of size  either to the left
or to the right. A typical series of 20 random steps is
shown in Figure 2-3. Two features are immediately ap-
parent from the figure. First, when a molecule is mov-
ing randomly, it does not make very good progress in
any particular direction; it tends to meander back and
forth aimlessly. Second, because the molecule mean-
ders, its net movement away from its starting location

-36 28 -18 0 18 28 33
Position along x

“Random walk” of a single molecule

FIGURE 2-3 B “Random walk” of a single molecule. A mol-
ecule is initially at position x = 0. During each increment
of time, At, the molecule can take a step of size 3, either
to the left or to the right. The position occupied by the
molecule after each time increment is marked by a dot.
A typical series of 20 steps is shown.

is not rapid. These two features manifest themselves in
important ways when we consider the aggregate be-
havior of a large number of molecules. Figure 2-4
presents the results of a numerical simulation of dif-
fusive spreading of 2000 molecules initially confined
at x = 0 (Figure 2-4A). At each time point, each mol-
ecule takes a random step (forward and backward
steps are equally probable). After each molecule has
taken 10 random steps (Figure 2-4B), some mole-
cules are seen to have moved away from the initial
position, and the number of molecules remaining at
precisely x = 0 has dropped to approximately 250.
After 100 steps have been taken (Figure 2-4C), many
molecules have moved farther afield, with a corre-
sponding drop in the number remaining at x = 0 to
approximately 100. The trend continues in Figure 2-4D
(after 1000 steps). Note the change in magnitude of
the vertical axis in each panel to rescale the spatial
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= 0 Steps 10 Steps 100 Steps 1000 Steps
% 2000 250 100
)]
% 1500 200 80
'g 150 60
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2 50 20
E 0 0 0 0
=z -100 -50 0 50 100 -100 -50 0 50 100 -100 -50 0 50 100 -100 -50 0 50 100

Position x Position x

Position x

Position x

Diffusional spreading of molecules
FIGURE 2-4 M Spreading of molecules in space by random movements. The “experiment” is exactly the same as shown in
Figure 2-3, except that 2000 molecules are being monitored. Initially 2000 molecules are located at x = 0. For each step
in time, each of the molecules may move 1 step to the left or to the right. The number of molecules found at each position
along the x-axis is shown at time = 0 (A) and after each molecule had taken 10 steps (B), 100 steps (C), and 1000 steps
(D). The result of each molecule undergoing an independent random walk is to cause the entire ensemble of molecules

to spread out in space.

distribution for visual clarity. Clearly, the spatial dis-
tribution of molecules is gradually broadened by
diffusion.

One may ask what the average position of all the
molecules is after diffusion has caused the spatial
distribution to broaden. Figure 2-4 shows that as the
molecules move randomly, they spread out progres-
sively, but symmetrically, so that their average position
is always centered on x = 0. This is reasonable: because
moves to the right and left are equally probable, at any
time, there should always be roughly equal numbers
of molecules to the right and to the left of 0. The aver-
age position of such a distribution must be x = 0 at
all times. This observation indicates that the average
position is not an informative measure of the progress
of diffusion.

The Root-Mean-Squared Displacement

Is a Good Measure of the Progress

of Diffusion

We seek a quantitative description of the fact that,
with time, the molecules will cluster less and will
progressively spread out in space. The desired mea-
sure is the root-mean-squared (RMS) displace-
ment, dpys (see Appendix C). For diffusion in one
dimension,

e =N2Dt 4]

where D is the diffusion coefficient (as in Fick’s First
Law) and tis time. For diffusion in two and three dimen-
sions, the RMS displacements are given by, respectively,

di e =+4Dt (5]
and

> =l6Dr (6]

An example of one-dimensional diffusion could be
a repair enzyme randomly scanning DNA for single-
strand breaks. A phospholipid molecule moving
within a lipid bilayer undergoes two-dimensional dif-
fusion. A glucose molecule moving in a volume of
solution exemplifies three-dimensional diffusion.

Square-Root-of-Time Dependence Makes
Diffusion Ineffective for Transporting
Molecules over Large Distances

The most important aspect of the RMS displacement
is that it does not increase linearly with time. Rather,
random molecular movement involves meandering
and thus causes spreading that increases only with the
square root of time. Figure 2-5A shows the mathe-
matical difference between displacement that varies
directly with time and displacement that varies with
the square root of time. The feature to notice is that
over long distances the square root function seems to
“flatten out.” This means that to diffuse just a little



(c) ketabton.com: The Digital Library

DIFFUSION AND PERMEABILITY 11

A
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Time
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Distance

FIGURE 2-5 @ Comparison of linear and square-root dependence of distance on time. A, With a linear time dependence,

equal increments of time give equal increments of distance traveled. With a square-root time dependence, as the distance
to be traveled becomes greater, the time required to cover the distance becomes disproportionately longer. B, A visually
intuitive comparison of random and rectilinear motion. Starting from the origin, two molecules are allowed to take
50 steps of equal size, with each step taken in a random direction. A third molecule takes 50 steps of identical size but
always in the same direction. Whereas the molecule undergoing rectilinear movement is far away from the origin after
50 steps, the randomly moving molecules meander and stay close to the origin.

farther takes a lot more time. In fact, because of the
square-root dependence of the RMS displacement
on time, to go 2 times farther takes 4 times as long,
10 times farther takes 100 times as long, and so on.
A more intuitive illustration of the qualitative differ-
ence between random and rectilinear movement is
shown in Figure 2-5B. The conclusion is that, over
long distances, diffusion is an ineffective way to move
molecules around.

Diffusion Constrains Cell

Biology and Physiology

The practical significance of the fact that diffusion has
a square-root dependence on time (Equations [4], [5],
and [6]) can be shown by a simple calculation. Diffu-
sion constants for biologically relevant small molecules
(e.g., glucose, amino acids) in water are typically ap-
proximately 5 X 107 cm?/second. For such molecules
to diffuse a distance of 100 pm (0.01 cm) would take
(0.01)%/6D = 3.3 seconds (use Equation [6] and solve
for t). For the same molecules to diffuse a distance of
1 cm (slightly less than the width of a fingernail), how-
ever, would take 12/6D = 33,000 seconds = 9.3 hours!
These results show that diffusion is sufficiently fast for
transporting molecules over microscopic distances but

is extremely slow and ineffective over even moderate
distances. Not surprisingly, therefore, most cells in the
body are within 100 wm of a capillary and thus only
seconds away from both a source of nutrient molecules
and a sink for metabolic waste (Box 2-1). These calcu-
lations also demonstrate why even small insects (e.g., a
mosquito) must have a circulatory system to transport
nutrients into, and waste out of, the body.

FICK’S FIRST LAW CAN BE USED
TO DESCRIBE DIFFUSION ACROSS
A MEMBRANE BARRIER

A membrane typically separates two compartments in
which the concentrations of some solutes can be dif-
ferent. We may designate the two compartments as i
(inside) and o (outside), corresponding, for example,
to the cytosol and extracellular fluid, respectively. The
concentration difference between the two compart-
ments, AC = C; — C,, gives rise to a concentration
gradient across the membrane, which has a certain
thickness, say Ax. The concentration gradient, AC/Ax,
drives the diffusion of the solute across the membrane,
thus leading to a flux of material, ], through the mem-
brane. This description suggests that Fick’s First Law
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BOX 2-1
THE DENSITY OF CAPILLARIES IS
A FUNCTION OF THE METABOLIC RATE
OF A TISSUE

Oxygen (O,) diffuses passively from tissue capillaries
to cells in the tissue. To provide adequate O, to meet
cellular metabolic needs, capillaries must be spaced
closely enough in tissue to ensure that that O, con-
centration does not fall below the level required for
mitochondrial function. We would expect capillary
density in a particular tissue to depend on the meta-
bolic rate of that tissue. Thus in slowly metabolizing
tissue (e.g., subcutaneous), cells are typically sepa-
rated by larger average distances from tissue capillar-
ies. In contrast, in metabolically active tissues, cells
are much closer to capillaries. In the cerebral cortex
or the heart, for example, cells are typically only 10
to 20 pm from a capillary. In skeletal muscle the
density of active capillaries depends strongly on the
level of physical activity. At rest, skeletal muscle fi-
bers are, on average, 40 pm from a functioning
capillary. During strenuous exercise, many more cap-
illaries are “recruited” and the average separation
between muscle fibers and capillaries falls to less
than 20 pm.

The necessity of capillaries in delivering O, to cells
can be exploited clinically. Solid tumors require an
adequate supply of O, for growth. Angiogenesis
(growth of new blood vessels) is therefore essential
for tumor growth. As a result of the pioneering re-
search of Dr. Judah Folkman, new therapeutic regi-
mens, involving drugs that inhibit angiogenesis, are
being developed to promote the destruction of solid
tumors.

in the form of Equation [2] would be well suited for
analyzing such a situation:
c—-C

AC
—D—— = —D— = 7]
Ax Ax

]:

In this form the equation applies to a solute diffusing
across a membrane of thickness Ax, provided that the
solute dissolves as well in the membrane as it does in
water (i.e., the concentration of the solute just inside
the membrane matches the solute concentration in the
adjacent aqueous solution; Figure 2-6A).

In Figure 2-6A, C,™™ is the concentration of sol-
ute in the part of the membrane in immediate con-
tact with the outside aqueous solution; C/™" is the
concentration of solute in the part of the membrane
in immediate contact with the inside aqueous solu-
tion. Realistically, because biological membranes are
hydrophobic and nonpolar, whereas the aqueous
solution is highly polar, solutes typically show differ-
ent solubilities in the membrane relative to aqueous
solution. To take such differential solubilities into
account, we can define a quantity, 3, the partition
coefficient:

_ Cmcm
= le

B (8]

where C" is the solute concentration in aqueous solu-
tion and C™™ is the solute concentration just inside
the membrane. With the use of the partition coeffi-
cient, the solute concentrations just inside either face
of the membrane can be written:

Cymem = B x C; and Comem = B X CO

The diffusion equation can now be cast in the follow-

ing form:
C.mem _Cmem
,:_D[AC} __p&rm-c
AX Across membrane Ax
__pBC. =BG, _ GG, .
Ax Ax

This form of the equation shows that the partition
coefficient serves to modulate the solute concentration
gradient within the membrane: when 3 is greater than
1 (solute dissolves better in the membrane than in
aqueous solution), the concentration gradient in the
membrane is enhanced and flux is proportionally in-
creased (Figure 2-6B). Conversely, when {3 is less than
1 (solute dissolves better in aqueous solution than in
the membrane), the concentration gradient in the
membrane is diminished and flux is proportionally
decreased (Figure 2-6C).

Equation [9] also predicts that when B equals 0,
the flux, J, through the membrane would also be 0. In
other words, if a substance is completely insoluble in
the membrane, its flux through the membrane would
be 0; that is, the membrane is completely impermeable
to a substance that is not soluble in the membrane.
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FIGURE 2-6 W Diffusion of a solute across a membrane is driven by the solute concentration gradient in the membrane.
A solute is present in the outside solution at concentration C,, and in the inside solution at concentration C. C,”" and
C/mm are the solute concentrations in the part of the membrane immediately adjacent to the outside and inside solutions,
respectively. The partition coefficient, 3, is the ratio of the solute concentration in the membrane to the solute concentra-
tion in the aqueous solution in contact with the membrane (B = C,”"/C, = CG™"/C)). A, A solute that dissolves equally
well in the membrane and in aqueous solution is characterized by B = 1. B, A solute that preferentially dissolves in the
membrane has 3 > 1. C, A solute that dissolves better in aqueous solution than in the membrane has B < 1. In B, a larger
B makes the solute concentration gradient steeper in the membrane and leads to a larger flux of the solute through the
membrane. Conversely, in C, a smaller 3 makes the solute concentration gradient shallower in the membrane and leads
to a smaller flux of the solute through the membrane.
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This suggests that Equation [9] can also be used to
describe membrane permeability. Indeed, we can re-
arrange Equation [9] to yield the following form:

_ _[DB -
] = [ij(ci C,)=-P(C —-C,) [10]
where P = (DB/Ax) is the permeability (or permea-
bility coefficient) of the membrane for passage of a
solute.* The dimensions of P are cm/second (i.e., a
velocity), so that when P is multiplied by the concen-
tration difference (with units of mol/cm?), the result is
(mol/cm?)/second —the appropriate units for flux. In
the mathematical description earlier, P is seen to con-
tain microscopic properties such as D, the diffusion
coefficient of solute inside the lipid membrane; 3, the
partition coefficient of the solute; and Ax, the thick-
ness of the membrane. In actuality, the permeability
coefficient can be determined empirically for each
solute, without the need to measure the microscopic
parameters described previously.

The Net Flux Through a Membrane Is the
Result of Balancing Influx Against Efflux

An alternative way of looking at fluxes and permeabil-
ities is suggested by Equation [10]:

J=—P(C — Co) = PC, — PG = Jousin — Jinosout [11]

In other words, the net flux of a solute, J, is the result
of balancing the inward flux (influx),

]out—)in =P X Co [12]
against the outward flux (efflux),
]in—)out =PX Ci [13]

The two individual fluxes are unidirectional fluxes.
Influx can thus be viewed as the inward flux being
driven by the presence of solute on the outside at con-
centration, C,, whereas efflux can be viewed as the
outward flux being driven by the presence of solute on
the inside at concentration, C;.. Mathematically, it is
useful to note that multiplying a permeability and a
concentration yields a unidirectional flux. It is also

*Equation [10] describes the diffusion of a substance across a mem-
brane barrier. As such, it is applicable to many physiological situa-
tions, including gas exchange in the lung between the air space of an
alveolus and the blood in a capillary (Box 2-2).

important to notice that, given the way Equations [10]
and [11] are defined, a net flux that brings solute into
a cell is a positive quantity.

The Permeability Determines How
Rapidly a Solute Can Be Transported
Through a Membrane
Membrane permeability coefficients for several biologi-
cally relevant molecules are shown in Table 2-1. The
permeability coefficients give a fairly good idea of the
relative permeability of a membrane to different solutes.
In general, small neutral molecules, such as water, oxygen
(O,), and carbon dioxide (CO,), with molecular weight
(MW) 18, 32, and 44, respectively, permeate the mem-
brane readily. Larger, highly hydrophilic organic mole-
cules (e.g., glucose, MW 180) barely permeate. Inorganic
ions, such as sodium (Na*), potassium (K*), chloride
(Cl7), and calcium (Ca?"), are essentially impermeant.
An approximate description of how fast a solute
concentration difference across a membrane is abol-
ished as solute molecules diffuse through the mem-
brane is given by Equation [B8] in Box 2-3:

t

AC(t) = AC

where T = 1/(P X surface-to-volume ratio) is a time
constant that describes the time scale on which concen-
tration differences change. With the aid of Equation [B8]
from Box 2-3 and the permeabilities in Table 2-1,
we can calculate corresponding values of the time con-
stant and immediately get a sense of how fast concen-
tration differences for a given substance across the cell

TABLE 2-1

Permeability of Plain Lipid Bilayer Membrane

to Solutes
SOLUTE P (cm/sec) T*
Water 1074-10-3f 0.5-5 sec
Urea 10 ~8 min
Glucose, amino acids 107 ~1.4 hr
Cl- 10" ~1.6yr
K*, Na* 10713 ~160 yr

“Calculated for a spherical cell with a diameter of 30 pm (see Box 2-3).
7 is the time constant that indicates how rapidly a solute concentration
difference across the membrane can be dissipated by diffusion.

TPlain phospholipid bilayers are relatively permeable to water, but
water permeability is reduced by the presence of cholesterol, which is
found in all animal cell membranes.
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membrane would be evened out. For a spherical cell that
is 30 wm in diameter, the surface area is A, = 2.83 X
107 cm?, and the volume is Vy = 1.41 X 107% cm?, giv-
ing a surface-to-volume ratio of 2000 cm™. The T values
corresponding to the various P values are given in
Table 2-1. Now the permeability properties of lipid
bilayer membranes are easier to grasp. Small neutral mol-
ecules such as water, O,, and CO, permeate readily and
fast—on the order of seconds. Common nutrients such
as glucose and amino acids take more than an hour to

BOX 2-2

Ventilation delivers O, to, and removes CO, from, the
lungs. Exchange of O, and CO, between the lung and
pulmonary blood occurs through a thin (~0.3 um) mem-
branous barrier separating the alveolar air space from the
blood inside capillaries apposed to the outer surface of
the alveolus (see Figure B-1 in this box).

Alveolus

Ax=0.3 pm

6 A Ps 3

Capillary

FIGURE B-1 M Schematic representation of a capillary
apposed to an alveolus. The O, partial pressures in
the alveolar air space and the capillary blood are
symbolized by ps and pg, respectively. The diffusion
barrier between the air space and the blood is typi-
cally ~0.3 pm.

The concentration (or partial pressure) of a physio-
logically important gas typically differs between the
alveolar space and the blood. This concentration (or
partial pressure) difference drives the diffusion of the
gas between the two compartments. Pulmonologists

permeate, which means that in any real biological con-
text, they may as well be considered impermeant. Ions
such as Cl, Na*, K*, and Ca’* are so impermeant that
years to centuries are required for them to permeate
through a simple lipid bilayer membrane. Although mea-
surements have never been made, we can infer that pro-
teins, being very large molecules and often carrying
multiple ionic charges, are also essentially impermeant.
The main point of this discussion is that, except
simple, small, neutral molecules, essentially everything

FICK’S FIRST LAW OF DIFFUSION IS USED TO DESCRIBE GAS TRANSPORT IN THE LUNG

use a variant form of Fick’s First Law to describe gas
exchange across the alveolocapillary barrier:

Vs = A X [LtB"‘ (PB—PA)} (B1]

where Vi, is the volume of a gas transported per unit
time across a membrane barrier of area, A, and thickness,
t; D is the diffusion coefficient, and 3, the solubility, of
the gas in the membrane barrier; and pg and ps are the
partial pressures of the gas in the blood and in the alveo-
lus, respectively. Comparison of Equation [B1] with
Equation [10] in the text immediately shows their similar-
ity of form (i.e., the amount of substance transported is
driven by a concentration difference). All the proportion-
ality factors in Equation [B1] can be grouped together as
the diffusing capacity of the lung (D) for a particular gas.
Equation [B1] then takes the very simple form

e = Dy(pa—ps) (B2]
We note that this equation has the same form as the
equation for flux in the text (Equation [10]). Inspection
of Equation [B1] shows how various physiological or
environmental changes could alter the amount of oxygen
transported into the body. For example, if edema (ac-
cumulation of fluid) occurs to some extent in the alveoli,
thus increasing the total thickness (t) of the alveolocapil-
lary barrier, Vo, would decrease. Similarly, destruction
of alveoli by disease would reduce the total surface area
(A) across which gas exchange may take place and thus
lower Vo,. Finally, at high altitudes, where the partial
pressure of O, is diminished, ps of O, is correspondingly
lower, leading also to decreased V0,.
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BOX 2-3

HOW RAPIDLY CAN DIFFUSION ABOLISH CONCENTRATION
DIFFERENCES ACROSS A MEMBRANE?

With a little bit of mathematics, we can improve our
understanding of relative permeabilities and better
appreciate what is meant when something is called
permeant or impermeant. Recall that the permeability
coefficient, P, has dimensions of ¢m/second. That is, the
concept of time (and thus rate) is somehow embodied
in the description of permeability presented in the text.
We now make this connection explicit.

Text Equation [10] stated that the flux (J) of mole-
cules across a cell membrane is driven by the concentra-
tion difference of that molecule between the inside and
the outside:

] =—P(C;—C,)=—PAC [B1]

When the membrane is permeable to a particular
species, for that species, any concentration difference
between inside and outside cannot persist. As molecules
start to permeate the membrane from one side to the
other, any concentration difference between inside and
outside will gradually diminish. To determine how the
concentration difference is gradually abolished, we
need only to figure out how the concentration inside the
cell is changed by the flux of molecules. Given that flux
(J) is in units of moles per cm? per second (amount of mol-
ecules passing through a unit area of membrane in unit
time), the number of moles of molecules entering the
cell through its entire surface area (A.) in unit time
must be:

J X A with units of mol/sec

These moles of molecules are added to the total in-
ternal volume of the cell (V). The resulting concentra-
tion change in the cell must be:

(J X Acet)! Ve with units of (mol/cm?)/sec

Merging this with the foregoing Equation [B1],
we can write the rate of change of the concentration
difference as:

A[AC] A A
—— =] x —=l=—p_—<lAC [B2]
At ‘/cell cell

The ratio A/ Ve is the surface-to-volume ratio of the
cell. If we redefine the product of the permeability

coefficient and the surface-to-volume ratio as k,
Equation [B2] can be written more compactly as:

A[AC]
= —kAC
P [B3]
or, with derivative notation, as:
d[AC]
—— = —kAC
dt [B4]

Equation [B4] can be rearranged and integrated:

t t
Ld[AC]alt = J—kdt [B5]
LAC dt o
The result of integration is:
AC(t)
In e —kt (B6)

In terms of exponentials, Equation [B6] is:

AC(H) _
AC’

e or AC(t)=AC’% ™" [B7]

Equation [B7] describes how the concentration dif-
ference across a cell membrane (initially at AC®) will
change with time if the membrane is permeable: the
concentration difference will decrease exponentially
with time. The time course of such a change is shown in
Figure B-1. In the previous discussion, we assumed that
the cell volume does not change significantly during the
course of equilibration.

The constant k is called a rate constant, and its magni-
tude governs how fast the concentration difference is
abolished (large k means rapid abolition of concentration
difference between inside and outside). If we recall that:

k = P X (surface-to-volume ratio)

this makes sense: the higher the permeability of the mem-
brane, the faster molecules will be able to move through
the membrane, and the more rapidly the concentration
difference across the membrane will be abolished. The
reciprocal of the rate constant is called the time constant
and is given the symbol 7 (Greek letter “tau”):

T=1/k
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BOX 2-3

ACO

el

1]
a

Time

x|—

FIGURE B-1 B Exponential decay of a solute concentra-
tion difference across a cell membrane. Initially (t = 0),
the concentration difference, AC, is at initial value,
AC’. With time, AC diminishes and asymptotically
approaches 0. The time constant, T (which is equal to
the inverse of the rate constant, k), is the time at which
AC has dropped to 1/e (or ~37%) of its initial value.

7 is the time it takes for the concentration difference
to drop to 1/e (—~37%) of its initial value. Put another
way, when t = 7, AC = 0.37AC°. A solute that has
higher permeability has a shorter 7, whereas one with
lower permeability has a longer 7. These relationships
are illustrated in Figure B-2.

HOW RAPIDLY CAN DIFFUSION ABOLISH CONCENTRATION
DIFFERENCES ACROSS A MEMBRANE?—cont’d

ACO Pi> Py = ky> ky = 11 <1y

ACY%

t=1?1=171 t=1?2=T2 Time

FIGURE B-2 M The higher the membrane permeability, the
faster the disappearance of a solute concentration gradi-
ent across the cell membrane. For two solutes (1 and 2)
with the same initial concentration difference (ACY)
across the membrane, if the membrane is more perme-
able to solute 1 than to solute 2 (P; > P,), the concen-
tration difference of solute 1 will decrease faster than
that of solute 2. This is equivalent to saying that the rate
constants and time constants for the two solutes have
the following relationships: k; > k; and 7y < 1,.

Because 7 is just the reciprocal of k, Equation [B7]
can also be written as:

t

AC(t)=AC’ ~ [BS]

that is biologically relevant and important cannot
readily pass through a simple lipid bilayer membrane.
For this reason a diversity of special mechanisms has
evolved to transport a broad spectrum of biologically
important species across cellular membranes. Ion
pumps and channels permit influx and efflux of Na*,
K*, Ca?*, and ClI™. A range of carrier proteins allows
movement of sugars and amino acids across membranes.

Elaborate and highly regulated machinery governs
endocytosis and exocytosis to bring large molecules
like proteins into and out of cells. Endocytosis and
exocytosis lie in the realm of cell biology and are
not discussed in this text. Ion channels, pumps, and
carriers are basic to cellular functions that underlie
physiology and neuroscience and are discussed in later
chapters.
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!MMARY

1.

Diffusion causes the movement of molecules from
a region where their concentration is high to a
region where their concentration is low; that is,
molecules tend to diffuse down their concentration
gradient.

. FicK’s First Law describes diffusion in quantitative

terms: the flux of molecules is directly proportional
to the concentration gradient of those molecules.

. Diffusion results entirely from the random move-

ment of molecules.

. The distance that molecules diffuse is proportional

to the square root of time.

. Because of the square-root dependence on time,

diffusion is effective in transporting molecules and
ions over short distances that are on the order of
cellular dimensions (i.e., micrometers). Diffusion
is extremely ineffective over macroscopic distances
(i.e., a millimeter or greater).

. The net flux of molecules diffusing across a cell

membrane may be viewed as the net balance
between an inward flux (influx) and an outward
flux (efflux).

. The ease with which a species may diffuse through

a membrane barrier is characterized by the mem-
brane permeability, P. Higher permeability permits
a larger flux.

. The product of a permeability and a concentration

is a flux. For example, Py, X [Na*], represents
a flux of Na' into the cell (an influx), whereas
P X [Cl7]; represents a flux of CI™ out of the cell
(an efflux).

. With the exception of small neutral molecules such

as O,, CO,, water, and ethanol, essentially no bio-
logically important molecules and ions can sponta-
neously diffuse across biological membranes.

KEY WORDS AND CONCEPTS

Diffusion

Random movement

Concentration gradient

Flux

Diffusion coefficient (or diffusion constant)
Fick’s First Law of Diffusion
Root-mean-squared (RMS) displacement
Partition coefficient

Membrane permeability

Permeability or permeability coefficient
Net flux

Influx

Efflux

STUDY PROBLEMS

1. If a collection of molecules diffuses 5 wm in

1 second, how long will it take for the molecules
to diffuse 10 pm?

2. The permeability of the plasma membrane to K*

is given the symbol Py. If the intracellular and ex-
tracellular K* concentrations are [K*]; and [K*],,
write the expressions representing influx (Jinward)
and efflux (Jouswara) of K. What is the expression
for the net flux of K*?
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OSMOTIC PRESSURE
AND WATER MOVEMENT

OBJECTIVES
1. Understand the nature of osmosis.

2. Define osmotic pressure in terms of solute concentra-
tion through van’t Hoff’s Law.

3. Define the driving forces that control water movement
across membranes.

OSMOSIS IS THE TRANSPORT
OF SOLVENT DRIVEN

BY A DIFFERENCE IN SOLUTE
CONCENTRATION ACROSS

A MEMBRANE THAT

IS IMPERMEABLE TO SOLUTE

Because of diffusion, a net movement of molecules
occurs down concentration gradients, and substances
tend to move in a way that abolishes concentration
differences in different regions of a solution. Alterna-
tively, it could be said that diffusion results in mixing.
We now examine the consequences when a solute
is prevented from diffusing down its concentration gra-
dient. Figure 3-1A, shows two aqueous compartments,
1 and 2, separated by a semipermeable membrane.
Initially compartment 1 contains pure water and com-
partment 2 contains a solute dissolved in water. The
membrane is permeable to water but impermeable to
the solute. Because the solute concentration differs
between the two compartments (higher in 2 than in 1),
normally a net flux of solute molecules from 2 into 1

4. Understand that fluid movement across a capillary wall
is determined by a balance of hydrostatic and osmotic
pressures.

5. Know how cell volume changes in response to changing
concentrations of permeant and impermeant solutes in
the extracellular fluid.

would occur. Because the membrane is impermeable
to the solute, however, such a flux cannot take place;
that is, the solute molecules cannot move from 2 into
1 to abolish the concentration difference between the
two compartments.

The situation can be viewed from another perspective.
When a solute is dissolved in water to form an aqueous
solution, as the concentration of solute in the solution is
increased, the concentration of water in the same solu-
tion must correspondingly decrease. In the two com-
partments shown in Figure 3-1A, whereas the solute
concentration is higher in 2 than in 1, the water concen-
tration is higher in 1 than in 2. Therefore, although the
membrane does not permit the solute to move across
from 2 into 1, it does allow water to move from 1 into 2.
The presence of the water concentration difference al-
lows us to predict, correctly, that a net flux of water will
occur from 1 into 2. This movement of water through
a semipermeable membrane, from a region of higher
water concentration to a region of lower water concen-
tration, is called osmosis.

19
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A Initially

B After osmosis

FIGURE 3-1 @ Two aqueous compartments separated by a
semipermeable membrane that allows passage of water
but not solute. Compartment 1 contains pure water;
compartment 2 contains a solute dissolved in water.
A, Before any osmosis has taken place. B, After osmosis
has occurred.

WATER TRANSPORT DURING
OSMOSIS LEADS TO CHANGES
IN VOLUME

In light of the foregoing, we can think about simple
diffusion again. Because an increase in solute con-
centration dictates a corresponding decrease in water
concentration, when a solute concentration gradient
exists, a water concentration gradient running in the
opposite direction must also be present. We can
therefore view simple diffusion as a net flux of solute
molecules down their concentration gradient occur-
ring simultaneously with a net flux of water molecules
down the water concentration gradient.

In osmosis, the membrane does not permit solute
movement, so the only flux is that of water. Because
the net flux of water in one direction is not balanced
by a flux of solute in the opposite direction, the net
movement of water would be expected to contribute
to a change in volume: as water moves from compart-
ment 1 to compartment 2, the volume of solution in
2 should increase, as shown in Figure 3-1B.

OSMOTIC PRESSURE DRIVES
THE NET TRANSPORT OF WATER
DURING OSMOSIS

In the two-compartment situation depicted in
Figure 3-1, as osmosis proceeds, the solution volume
in 2 will increase and a “head” of solution will build
up (Figure 3-1B). The head of solution will exert
hydrostatic pressure, which will tend to “push” the
water across the membrane back to compartment 1,
thus reducing the net flux of water from 1 into 2. As
the solution volume in 2 increases, a point will be
reached when the hydrostatic pressure from the solu-
tion head is sufficient to counteract exactly the net
flow of water from 1 into 2.

This view suggests that we could also think of os-
motic flow of water as being driven by some “pressure”
that forces water to flow from 1 into 2. This pressure,
arising from unequal solute concentrations across a
semipermeable membrane, is termed osmotic pressure.
From the earlier discussion, we expect that the larger the
solute concentration difference between two solutions
separated by a semipermeable membrane, the larger the
osmotic pressure difference driving water transport.
Therefore the osmotic pressure of a solution should be
proportional to the concentration of solute. Indeed, for
any solution, the osmotic pressure can be described
fairly accurately by van’t Hoff’s Law™:

m = RTCsolute [1]

where  is the osmotic pressure, Cyyyee is the solute
concentration, T is the absolute temperature (T =
Celsius temperature + 273.15, in absolute tempera-
ture units, i.e., Kelvins), and R is the universal gas

*Derived by Jacobus Henricus van’t Hoff, who received the Nobel
Prize in Chemistry in 1901.
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constant (0.08205 liter/atmosphere/mole/Kelvin). The
various units of measurement used in the study of
osmosis are described in Box 3-1.

It is important to stress that the osmotic pressure of
a solution is a colligative property—that is, a property
that depends only on the total concentration of
dissolved particles and not on the detailed chemical
nature of the particles. Therefore, in Equation [1],
Cyowute 18 the total concentration of all solute particles.
For example, a nondissociable molecular solute such
as glucose or mannitol at a concentration of 1 M gives
Cyolute = 1 M. In contrast, a 1 M solution of an ionic
solute such as NaCl, which can fully dissociate into
equal numbers of Na* and Cl~ ions, actually has a
solute particle concentration of Cyy = 2 M. Similarly,

BOX 3-1
UNITS OF MEASUREMENT USED
IN THE STUDY OF OSMOSIS

Osmotic pressure is proportional to the total
concentration of dissolved particles. Each mole of
osmotically active particles is referred to as an os-
mole. One mole of glucose is equivalent to 1 osmole,
because each molecule of glucose stays as an intact
molecular particle when in solution. One mole of
NaCl is equivalent to 2 osmoles, because when in
solution, each mole of NaCl dissociates into 1 mole
of Nat ions and 1 mole of Cl™ ions, both of which are
osmotically active.

One osmole in 1 liter of solution gives a 1 osmolar
solution. Alternatively, one osmole in 1 kilogram of
solution gives a 1 osmolal solution. Because osmolarity
is defined in terms of solution volume, whereas osmo-
lality is defined in terms of the weight of solution, os-
molarity changes with temperature, whereas osmolal-
ity is independent of temperature. For simplicity, in
this chapter all concentrations of osmotically active
solutes are given in units of molar (M = mol/L) or
millimolar (mM = 1073 mol/L).

With commonly used factors, van’t Hoff’s Law
(Equation [1] in text) gives the osmotic pressure in
units of atmospheres. Physiological pressures are
typically given in units of millimeters of mercury
(mm Hg). The conversion factor is 1 atmosphere =
760 mm Hg.

for a 1 M solution of MgCl,, which can dissociate into
constituent Mg?* and Cl~ ions, Cygye = 3 M.

In Figure 3-1 the osmotic pressure of the solution in
compartment 1 is 0 (Cyope = 0), whereas the osmotic
pressure of the solution in compartment 2 is equal to
RTC - In practice, the magnitude of the osmotic
pressure is also operationally equal to the amount of
hydrostatic pressure that must be applied to the com-
partment with the higher solute concentration to stop
the net flux of water into that compartment. The mag-
nitude of osmotic pressures in physiological solutions
is typically very high (Box 3-2).

BOX 3-2
PHYSIOLOGICALLY RELEVANT
OSMOTIC PRESSURES ARE HIGH

All fluid compartments in the body contain dissolved
solutes. Extracellular fluid is high in Na* and CI~ and
low in K*, whereas intracellular fluid is high in K* and
phosphate in various forms and low in Na* and CI~.
For cells in the body to maintain constant volume,
the osmotic pressure arising from solutes inside cells
must be equal to the osmotic pressure arising from
solutes in the extracellular fluid. The total solute con-
centration in the fluids is typically close to 300 mM.
The osmotic pressure resulting from this solute con-
centration at 37°C (310.15 Kelvin) can be estimated
with van’t Hoff’s Law:

L-atm

m=RTC =0.08205 X 310.15K X

mol-

_ 1
300 X 10 3% =7.63 atm

At 7.63 atmospheres (atm), the osmotic pressure
of intracellular and extracellular fluids is quite high,
especially in light of the fact that air pressure at sea
level is just 1 atm. Indeed, to experience 7.63 atm,
one needs to dive to a depth of ~67 m (~220 ft) in
the ocean. The high osmotic pressure of physiological
solutions is the reason that red blood cells, which are
much more permeable to water than to solutes, will
swell very rapidly and burst (lyse) when they are
placed into water or dilute solutions.

A note about units of measurement: 1 atm is
equivalent to 760 mm of mercury (Hg).
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When impermeant solute is present on both sides of
a semipermeable membrane, water flux across the
membrane will depend on the osmotic pressure differ-
ence between the two compartments. In turn, the
osmotic pressure difference depends on the net imbal-
ance of solute concentrations across the membrane:

AT = RTAC e (2]

where Am is the osmotic pressure difference across
the membrane, AC,, . is the difference in solute con-
centrations across the membrane, and R and T are as
defined for Equation [1].

In real life, membranes are never completely im-
permeable to solute. What happens when the mem-
brane is only partially impermeable to solute? We can
deduce the answer by considering the two extreme
cases we already know: (1) if the membrane allows the
solute molecules to pass through as freely as water
molecules can, the flux of water is counterbalanced by
the flux of solute in the opposite direction and the
situation is no different from free diffusion; there
would be no osmotic pressure difference; and (2) if the
membrane is completely impermeable to solute mol-
ecules but completely permeable to water molecules,
the maximum osmotic pressure that can be achieved
is given by Equation [2]. The behavior of real-life
membranes must lie somewhere between these two
extremes. Because the relative permeability of the
membrane to solute and water determines the actual
behavior, we can define a parameter, called the reflec-
tion coefficient, represented by the symbol o:

P
solute
(3]
P

water

o=1—

When the membrane permeability to solute, Py, has
the value of 0, the reflection coefficient takes on the
value of 1. In this case the membrane “reflects” all solute
molecules and does not allow them to pass through,
and full osmotic pressure should be achieved. When the
solute molecules permeate the membrane as readily as
do water molecules (Pyye/Puater = 1), the reflection
coefficient takes on the value of 0. In this case the mem-
brane allows free passage of both water and solute, and
the osmotic pressure should be 0. By incorporating the
reflection coefficient into the osmotic pressure equa-
tion, we can more accurately describe real-life behavior:

A7 = 0RTAC,jue (4]

BOX 3-3
TONICITY AND OSMOLARITY

Each mole of dissolved solute particles contributes 1
osmole to the solution; therefore any dissolved solute
contributes to the osmolarity of a solution. With re-
gard to the ability to drive water flow by osmosis, not
all solutes are equal. Solutes with low membrane
permeability (o close to 1) have far greater osmotic
effect than those with high membrane permeability
(o close to 0). Therefore two solutions of equal os-
molarity can have different osmotic effects on cells.
As an example, take a cell initially equilibrated with
extracellular fluid (ECF). When a solute is added to
the ECF, the ECF becomes hyperosmolar with respect
to the intracellular fluid (ICF). If the added solute has
o = 1 (is impermeant), the cell will lose water and
shrink; the ECF is then said to be hypertonic with
respect to the cell. If the added solute has ¢ = 0
(is completely membrane permeant), the osmotic
pressure of the ECF will not change and neither
will the cell volume. In this case the ECF is said to be
isotonic with respect to the cell. Similarly, a solution
that causes the cell to gain water and swell is said to
be hypotonic.

where A is the effective osmotic pressure difference
across a membrane.

The fact that, even at the same concentration, sol-
utes with different reflection coefficients can generate
different osmotic pressures gives rise to a distinction
between osmolarity and tonicity, which is explained
in Box 3-3.

OSMOTIC PRESSURE

AND HYDROSTATIC PRESSURE
ARE FUNCTIONALLY EQUIVALENT
IN THEIR ABILITY TO DRIVE
WATER MOVEMENT THROUGH

A MEMBRANE

In the previous section we noted that hydrostatic
pressure can counteract water movement driven by
osmotic pressure. This suggests that as far as water
movement through a membrane is concerned, hydro-
static and osmotic pressures act equivalently—both
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are capable of driving water movement through a
membrane. When water movement is described, it
is customary to consider the volume of water that
passes through a unit area of membrane per unit
time. Volume flow through a membrane, given the
symbol J,, is quantitatively described by the fol-
lowing equation (sometimes called the Starling
equation®):

Jy = Ly(Am — AP) = Ly(0RTAC, e — AP)  [5]

wherein AP is the hydrostatic pressure difference
across the membrane and L, is a proportionality
constant called the hydraulic conductivity (a mea-
sure of the ease with which a membrane allows water
to pass through). Equation [5] emphasizes the equiv-
alence of hydrostatic and osmotic pressures in driving
water volume flow through membranes. Further-
more, it indicates that the direction of water volume
flow across a membrane is determined by the bal-
ance of hydrostatic and osmotic pressures across the
membrane.**

Once again, it is instructive to check the dimensions
of the various quantities in Equation [5]. The pressure
terms (hydrostatic and osmotic) naturally have units of
pressure and can be expressed in units such as atmo-
spheres (atm), millimeters of mercury (mm Hg), or
dynes per square centimeter (dyne-cm™2). L, reflects the
ability of a certain volume of water to pass through a
certain area of membrane, driven by a certain amount
of pressure in a certain amount of time, and thus
could have units of cm?-cm™%atm™!sec™! (equivalent
to cm-atm™!sec”!) or cm*cm™2(dyne-cm~2) !sec”!
(equivalent to cm?-dyne~!-sec™!). We can figure out that
J, must have units of cm/sec—seemingly bizarre units

*Named after Ernest Starling, a 19th-century physiologist who first
investigated fluid movement driven by osmotic and hydrostatic
forces and who is also known for the Frank-Starling Law of heart
function.

**That the balance of hydrostatic and osmotic forces determines the
direction of water movement across a membrane is the basis for a
water purification process called reverse osmosis. By application of
high pressure to salty water on one side of a semipermeable mem-
brane, water can be made to flow by “reverse osmosis” from the side
of high salt concentration to become water with low salinity on the
other side. Reverse osmosis is used on an industrial scale to generate
fresh water from seawater in some parts of the world where fresh
water is in short supply.

for volume flow! However, if we recognize that cm/sec
is exactly equivalent to cm® per cm? per second, we
see that ], does indeed have the right physical meaning
of volume of water flowing through unit area of mem-
brane per unit time.

To use Equation [5] to calculate a volume flow, one
must know L, as well as the surface area of the mem-
brane through which the fluid flows. In an actual situ-
ation, these two parameters may be very difficult to
measure. Therefore an alternative form of the Starling
equation is often used:

J. = Ki(Am — AP) = K{(0RTAC e — AP) 6]

where K; is the filtration constant and is equal to the
product of L, and the membrane area through which
fluid flows. Ky may be regarded as an empirical pro-
portionality factor that relates the volume of fluid
through a membrane barrier and the driving force for
fluid flow (A — AP) across that barrier. We note that
in Equation [6], K; has units of volume per unit time
per unit pressure (e.g., cm?®sec”!-(mm Hg) '), whereas
J. has units of volume per unit time (e.g., cm?-sec™?).

The Direction of Fluid Flow Through

the Capillary Wall Is Determined

by the Balance of Hydrostatic

and Osmotic Pressures, as Described

by the Starling Equation

In analyzing fluid movement across capillary walls,
Starling recognized the importance of hydrostatic and
osmotic forces. The Starling equation (Equations [5]
and [6]) succinctly summarizes how net fluid move-
ment is determined by hydrostatic and osmotic pres-
sures. Figure 3-2 shows the four pressures that are in
play; the direction of water movement driven by each
pressure component is indicated by an arrow associ-
ated with that pressure. The capillary hydrostatic pres-
sure (blood pressure) is P the hydrostatic pressure in
the interstitium is P;. The principal contributors to
osmotic pressure are dissolved proteins, which are too
large to pass through the capillary walls. The osmotic
pressure of the capillary is termed the capillary colloid
osmotic pressure, or the capillary oncotic pressure,
and is symbolized as .. The osmotic pressure result-
ing from dissolved proteins in the interstitial fluid is
called the interstitial colloid osmotic pressure, or the
interstitial oncotic pressure, and is symbolized as ;.
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<
N— (Pressures that drive fluid out) = P, +
Capillary Interstitium and
(Pressures that drive fluid in) = P; + .
Pe —t—>
The Starling equation (Equation [6]) can now be writ-
<« PR ten as follows:
T, < Fluid movement = J, = K¢ [(P. + ;) — (P, + 7)] 7]
Analysis of the situation in Figure 3-3A, illustrates the
> T principles involved in applying the Starling equation.
—

FIGURE 3-2 M Pressures that determine fluid movement
between the interstitium and the lumen of a capillary.
Capillary hydrostatic pressure, P, and interstitial oncotic
(colloid osmotic) pressure, T, drive fluid movement from
the capillary into the interstitium (filtration). Capillary
oncotic pressure, ., and interstitial hydrostatic pressure,
P;, drive fluid movement from the interstitium into the
capillary (absorption).

The capillary hydrostatic pressure tends to push water
out of the capillary, whereas any interstitial hydrostatic
pressure tends to push water into the capillary. The
osmotic components operate in just the opposite way.
The capillary osmotic pressure results from imperme-
ant solutes inside the capillary and would tend to
retain water inside the capillary (or “pull” water from
the interstitium into the capillary). Similarly, the inter-
stitial osmotic pressure tends to retain water in the
interstitium (or “pull” water out of the capillary into
the interstitium). As blood passes through a capillary,
whether net movement of water occurs into or out of
the capillary is determined by the balance of the four
pressure components. The net movement of fluid out
of the capillary is called filtration, and the net move-
ment of fluid into the capillary is called absorption.

If we consider the net movement of fluid out of the
capillary (filtration) as a positive quantity, the mean-
ing of the Starling equation can be summarized as
follows:

Fluid movement o (Pressures that drive fluid out)
— (Pressures that drive fluid in)

but

o o
A N —| N —]
P,= 0 mm Hg
P,=32 T =2 mm Hg Pe=15
mm mm
Hg - Hg
Capillary m, = 25 mm Hg
L1 v A A
¢ |
Arteriole Interstitium Venule
e’ N e’

351 (driving fluid out)
] P+

301 )
P +nc)

(driving fluid in)
<€ Filtration == <€—Absorption =3

Pressure (mm Hg)
n
(6]

n
o
| T

15
00 02 04 06 08 10
Relative distance along capillary
FIGURE 3-3 W A, Capillary connecting an arteriole and a
venule. The magnitudes of all hydrostatic and osmotic
pressures are marked. Arrows indicate the direction (in or
out) and magnitude of the fluid movement at various dis-
tances along the capillary. B, Plot showing how the driving
force (P. + ;) for outward fluid flow, as well as the driving
force (P, + m.) for inward fluid flow, vary along the length
of the capillary. The portions along the capillary length
where filtration (net outward fluid flow) and absorption

(net inward fluid flow) occur are indicated.
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Typical pressure values are shown in Figure 3-3. The
arteriolar and venular hydrostatic pressures are 32 and
15 mm Hg, respectively. The interstitial hydrostatic
pressure is typically approximately 0. The capillary and
interstitial oncotic pressures are . = 25 mm Hg and
; = 2 mm Hg, respectively (Box 3-4).

We wish to determine whether fluid moves into
or out of the capillary at two key points along the
capillary, the arteriolar and venular ends of the cap-
illary. Two observations are useful: (1) at the point
where the capillary is connected to the arteriole, the
capillary hydrostatic pressure should be essentially
identical to the blood pressure in the arteriole, that
is, P. = 35 mm Hg; and (2) at the point where the

BOX 3-4

By far the most abundant solutes in blood plasma are
low-molecular-weight ions and molecules (e.g., Na™,
CI7). The total concentration of such small solutes is
close to 300 mM. If a membrane barrier were com-
pletely impermeable to these solutes, an osmotic pres-
sure close to 6000 mm Hg (i.e., ~7.6 atm; see Box 3-1)
would develop. In reality, the wall of a typical capillary
is quite permeable to small solutes (reflection coeffi-
cient, ¢ = 0). Thus with respect to small solutes, the
interstitial fluid has approximately the same composi-
tion as plasma, with the consequence that small solutes
exert very little net osmotic effect across the capillary
wall. Incidentally, it is reasonable that the walls of most
capillaries are quite permeable to low-molecular-weight
solutes, because the circulating blood brings small
nutrient molecules (e.g., glucose, amino acids) that
must leave the capillaries to nourish the cells in tissue.
These cells, in turn, generate metabolic waste (e.g.,
carbon dioxide) that must enter the capillaries and
be borne away by the blood.

Two types of proteins are found in significant
amounts in the plasma. Albumin, with a molecular
weight of ~69,000, is present at ~4.5 g/dL (grams/
deciliter, same as grams/100 milliliters), or ~0.65 mM.
Globulins, with a molecular weight of ~150,000, are
present at ~2.5 g/dL, or ~0.17 mM. These proteins,
being macromolecules, do not readily pass through the

capillary is connected to the venule, the capillary
hydrostatic pressure should be essentially the same as
the blood pressure in the venule, that is, P. = 15 mm Hg.
All other pressure components (P;, 7, and ;) do not
vary with location. Determination of the net effect
of the various pressure components is now a straight-
forward calculation. At the arteriolar end,

(Po+m) — (P, +m)=(32+2)—(0+25) =+9mmHg

This means that a net positive pressure is driving fluid
out of the capillary near the arteriolar end. At the
venular end,

(P.+ ) — (Pi+m)=(15+2) — (0 +25) = —8 mm Hg

DISSOLVED PROTEINS GIVE RISE TO THE COLLOID OSMOTIC (ONCOTIC)
PRESSURE IN THE PLASMA AND THE INTERSTITIUM

capillary wall (o = 0.9); therefore the plasma is protein
rich, whereas the interstitial fluid is low in proteins.
Because the total protein concentration in plasma is
close to 0.82 mM, we expect the maximum osmotic
pressure contributed by the proteins to be:

L-atm

m =0RTC =0.9 X0.08205 X 310.15K X

mol -

_ 1
0.82 X10 3% =0.0216 atm

or 15.8 mm Hg. This number is still quite a bit less than
the m. = 25 mm Hg that is typically measured. This sug-
gests that each protein molecule exists in solution not as
a single particle, but rather as an ionic macromolecule
with some associated small ions. Because the proteins
cannot leave the capillary, the population of small
“counter-ions” that are associated with them must also
remain within the capillary (see Box 4-4), thereby in-
creasing the total amount of effectively impermeant
solute. In other words, if we ignore the fact that proteins
can dissociate into more than one ionic particle, we
underestimate the osmotic contribution of proteins.

The most important point is that proteins, because
they do not readily pass through the capillary wall, are
the predominant contributor to osmotic forces across
the capillary wall.
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This means that a net negative pressure is driving fluid
out, which is the same as saying that the net pressure
effect is to drive fluid back into the capillary near the
venular end. In this capillary, filtration occurs toward
the arteriolar end and absorption takes place toward
the venular end. It is worth emphasizing that because
P, m, and m; tend to be relatively constant, the capil-
lary hydrostatic pressure, P, being the only variable,
becomes the primary determinant of whether filtra-
tion or absorption occurs.

If the capillary hydrostatic pressure decreases lin-
early from the arteriolar to the venular end, we can
estimate the magnitude of the Starling forces along the
entire length of the capillary. The result is shown in
Figure 3-3B. At the arteriolar end, where the capillary
hydrostatic pressure is high, the forces driving fluid
out override the forces driving fluid in, and the result
is filtration of fluid out of the capillary. Advancing
along the capillary, capillary hydrostatic pressure
wanes and fluid filtration correspondingly decreases.
Eventually the capillary hydrostatic pressure declines

BOX 3-5

The Starling equation (Equation [6] in main text) shows
that whether fluid leaves or enters the capillary is deter-
mined by the balance of capillary and interstitial hydro-
static and osmotic pressures. Altered pressure balance
leads to altered fluid flow. When venous blood pressure is
raised as a result of venous blood clots or congestive heart
failure, the result is elevated hydrostatic pressure (P.) in
the capillary, which leads to more fluid filtration. Liver
disease and severe starvation can both lead to greatly re-
duced albumin production by the liver. Because albumin
is the predominant contributor to plasma colloid osmotic
pressure (), loss of albumin drastically lowers the reten-
tion of fluid in the capillaries. Finally, some factors in insect
venom (e.g., mellitin from bees), as well as endogenous
biochemical agents secreted during the allergic response
(e.g., histamine released from mast cells), markedly in-
crease the permeability of capillary walls. Plasma proteins
that are normally impermeant can then leave the capillary
and enter the interstitium, which lowers 1. and raises ;. All
the processes described here lead to increased movement

to the point where the forces driving fluid in overtake
the forces driving fluid out, and the result is absorp-
tion of fluid back into the capillary. In the example
shown in Figure 3-3, filtration occurs over a little more
than the first half of the length of the capillary and
absorption takes place over the remainder. The end
result is that over the length of the capillary, there is a
slight excess of filtration over absorption, with a net
flow of a small amount of fluid into the interstitium.
The fluid that “leaks” into the interstitium is gathered
by the lymphatic system and eventually returned into
circulation. During inactivity, lymph production in
humans amounts to 3 to 4 liters over a 24-hour period.
Because blood circulates at the rate of approximately
5 liters per minute, over a 24-hour period more
than 7000 liters of blood will pass through the capil-
laries. This shows that capillary filtration and fluid
reabsorption typically are finely balanced. Under
certain circumstances the relative balance of filtration
and absorption is disrupted, leading to edema, or
excess accumulation of fluid in tissue (Box 3-5).

EDEMA: EXCESS ACCUMULATION OF FLUID

of fluid from the capillaries into the interstitium and give
rise to edema.

Accumulation of fluid in the brain (cerebral edema)
is dangerous. The brain is encased by the cranium;
therefore enlargement of the brain resulting from edema
can give rise to excessive intracranial pressure, which
can lead to abnormal neurological symptoms. In con-
trast to capillaries in the peripheral circulation, cerebral
capillaries have exceedingly low permeability to most
solutes, including even small molecules such as glucose
(MW 180). This blood-brain barrier makes it possible to
reduce brain edema by introducing a small solute such
as mannitol (MW 182) into the circulation. Because
mannitol cannot cross the blood-brain barrier, it in-
creases the osmotic pressure of blood plasma relative to
the cerebrospinal fluid. Water is thus drawn out of the
brain into the circulatory system, with a corresponding
reduction in brain volume. Neurosurgeons routinely use
this technique to treat brain edema or to reduce brain
volume during neurosurgery.
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BOX 3-6
FILTRATION IN THE GLOMERULI
OF THE KIDNEY

Capillaries in the glomeruli of the kidney have the
highest hydraulic conductivity of any vessels in the
body. Blood passing through the glomerulus is fil-
tered through the capillaries; the resulting “ultrafil-
trate” contains no blood cells and is largely free of
proteins. Each glomerulus measures ~90 wm in
diameter but encompasses capillaries with a com-
bined length of ~20,000 wm. These glomerular
capillaries present a total of ~350,000 pm?, or
~0.0035 cm?, of surface through which filtration
can occur. A pair of healthy adult kidneys contains
~2.2 million glomeruli, which afford a total filtra-
tion area of ~7,700 cm?. The hydraulic conductiv-
ity of glomerular capillaries has been estimated at
3.3 X 107° cm-sec” '-(mm Hg) ™', whereas the aver-
age driving force for fluid filtration is Am — AP =
7.5 mm Hg. Combining these quantitative esti-
mates yields a volume flow of 1.9 cm?® (or mL) of
ultrafiltrate per second. Thus, over the course of
24 hours, ~165 liters of ultrafiltrate are formed.
Because urine production is only ~1.5 liters per day,
we can immediately deduce that greater than 99%
of the volume of the initially formed ultrafiltrate is
ultimately reabsorbed back into the circulation.

In different tissues in the body, capillaries can
vary widely in their ability to allow fluid filtration
(the hydraulic conductivity can vary by more than
100-fold). The highest filtration rates are in the
glomerular capillaries of the kidney (Box 3-6).

ONLY IMPERMEANT SOLUTES
CAN HAVE PERMANENT
OSMOTIC EFFECTS

Transient Changes in Cell Volume Occur

in Response to Changes in the Extracellular
Concentration of Permeant Solutes

The discussion on solute permeability in Chapter 2
shows that equilibration of a permeant solute across
a membrane is only a matter of time. As long as the

membrane has some finite permeability for a solute,
that is, Pyoue 7 0, or equivalently, ¢ # 1, the solute
will ultimately penetrate, and become equilibrated
across, the membrane. In the long term, then, there
can be no permanent concentration difference for a
permeant solute across the membrane (i.e., with
time, ACyoue — 0). Because Equation [4] indicates
that the net osmotic pressure exerted by a solute
depends on AC,qy, and, ultimately, AC; e — 0 for
a permeant solute, we understand that permeant
solutes can give rise to temporary, but not perma-
nent, changes in osmotic pressure. Moreover, because
osmotic pressure drives the movement of water and
consequent changes in volume (i.e., volume flow,
Equation [5]), we can also say that permeant solutes
can give rise only to temporary, not permanent,
changes in volume.

Suppose a permeant solute is added to the extra-
cellular fluid (ECF) bathing a cell. If the cell mem-
brane is equally permeable to the added solute and
to water, the reflection coefficient for the solute is
o = 0 and the solute should have no osmotic effect.
If the cell membrane is less permeable to the added
solute than to water, that is, 0 < o < 1, the solute
will increase the osmotic pressure of the ECF relative
to the intracellular fluid (ICF). In response, water
will move out of the cell, with consequent cell
shrinkage, which leads to a corresponding increase
in the concentration of the impermeant solutes al-
ready trapped in the cell. Because the added extra-
cellular solute is permeant, however, even as water
is leaving the cell, the solute penetrates the cell to
increase the solute concentration of the ICE. As a
result, water will begin to follow the permeant sol-
ute back into the cell. The process continues until
the cell has expanded back to its original volume, at
which point the intracellular and extracellular con-
centrations of permeant, as well as impermeant,
solutes are equalized. The time course of the entire
process is shown qualitatively in Figure 3-4, which
also shows recovery of the cell volume to its origi-
nal value when normal ECF composition is re-
stored. That permeant solutes can have no perma-
nent osmotic effect and cannot cause permanent
volume changes is demonstrated quantitatively in
Box 3-7.
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FIGURE 3-4 B Schematic representation of the time course of
cell volume changes in response to changes in the concentra-
tion of permeant solute in the extracellular fluid (ECF). Solu-
tion composition is indicated by the long bar: light gray is normal
ECF; dark gray is ECF with increased permeant solute concentra-
tion. The graph shows the response to a step increase in solute
concentration and subsequent restoration of normal ECF.

Relative cell volume

TiME =y

BOX 3-7
DETERMINING VOLUME CHANGES IN RESPONSE TO OSMOTIC CHANGES:
EFFECT OF PERMEANT SOLUTES

For a cell initially in osmotic equilibrium with a bath
containing impermeant solute, what happens when the
bath osmolarity is increased by adding a permeant
solute, P? Qualitatively, we know that permeant solutes
eventually equilibrate across the cell membrane until the
inside and outside concentrations are equal. Thus the
addition of permeant solutes to the bath should initially
cause some water to leave the cell. Ultimately, however,
the permeant solute concentration inside and outside
should become equal. This means that, in the end, the
permeant solute should have no permanent effect on
the cell volume. We will demonstrate this quantitatively.

The cell is initially equilibrated with a bath contain-
ing impermeant (NP) solute. The total volume is:

Viotal = Veellmitial T VBath Initial (B1]

Because the osmotic pressures (and hence osmolari-
ties) must be equal at equilibrium, we can say that:

CpcellInitial = CNpBathInitial

which also means that:

TINp Cell
Ve

n
_ _""NPBath (B2]
Vs

ell,Initial ath,Initial

where nyp is the number of moles of NP solute. Note
that because NP solute cannot move from one compart-
ment into another, the total number of moles in each
compartment must remain the same. Thus nypce and

Nnpgach femain unchanged regardless of osmotic condi-
tions. If a permeant solute, P, is added to the outside
and a new osmotic equilibrium is established, the intra-
cellular and bath concentrations of P should be equal
(and could be symbolized as Cp). The new osmotic
balance between inside and outside can be written as:

Crpceltinal T Cp = Cyppath rinal T Cp
which, after canceling the Cp terms, is the same as:

Cnpcell Final = CNPBath,Final (B3]

If we assume that some permanent volume change
AV had taken place as a result of equilibration, then,
because any volume increase or decrease in either the
cell or the bath is accompanied by the opposite change
in the other compartment, Equation [B3] becomes:

"\p Bath

— AV [B4]

Np,Cell

YAV V.

Bath,Initial

V.,

CellInitial
Combining Equations [B2] and [B4] yields:
(Veemitial T Viath,mitial) - AV = 0 5]

The term in parentheses is the total volume, Vo),
which is constant and nonzero; therefore AV must be
0—no volume change could have taken place. We are
thus forced to conclude that permeant solutes have no
permanent osmotic effect and cannot cause permanent
volume changes.
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Persistent Changes in Cell Volume Occur
in Response to Changes in the Extracellular
Concentration of Impermeant Solutes
When the concentration of impermeant solutes in the
ECF is increased, the extracellular osmotic pressure
increases. Typically the volume of the ECF bathing a cell
is much larger than the volume of the cell (this is known
as the infinite bath condition). Because the cell mem-
brane is essentially impermeable to most solutes present
inside or outside the cell (see Chapter 2), only water
will move out of the cell in response to the increase in
ECF osmotic pressure, with a consequent drop in cell
volume. This is illustrated in Figure 3-5A, which also
shows recovery of the cell volume to its original value
when normal