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CHAPTER 1

Cellular Physiology

Understanding the functions of th< ergan systems re-
quires profound knowledge of‘basic cellular mecha-

Volume and Composition of Body Fluids, 1

nisms. Although each organ system differs.in its overall Characteristics of Cell Membranes, 4

function, all are undergirded by‘a ceinmon set of
physiologic principles.

Transport Across Cell Membranes, 5

The following basic principles of physiciogy are intro- Diffusion Potentials and Equilibrium

duced in this chapter: body fluids, with particular empha- Potentials, 15
sis on the differences in composition of intracellular fluid
and extracellular fluid (ECF); creation of these con_entra-
tion differences by transport processes in cell mem*ian¢'s; Action Potentials, 19
the origin of the electrical potential difference acrcss ce!
membranes, particularly in excitable cells such as rerve
and muscle; generation of action potentials and\ tl.ei Skeletal Muscle, 34
propagation in excitable cells; transmission of informatioz

between cells across synapses and the role of neurotrans- Smooth Muscle, 41
mitters; and the mechanisms that couple the action po- cummary, 44
tentials to contraction in muscle cells.

These principles of cellular physiology constitute a
set of recurring and interlocking themes. Once these
principles are understood, they can be applied and
integrated into the function of each organ system.

{nellenge Yourself, 45

VOLUME AND COMPOSITION OF BODY FLUIDS
Distribution of Water in the Body Fluid Compartments

In the human body, water constitutes a high proportion of body weight. The total
amount of fluid or water is called total body water, which accounts for 50% to 70% of
body weight. For example, a 70-kilogram (kg) man whose total body water is 65% of his
body weight has 45.5 kg or 45.5 liters (L) of water (1 kg water = 1 L water). In general,
total body water correlates inversely with body fat. Thus total body water is a higher
percentage of body weight when body fat is low and a lower percentage when body fat
is high. Because females have a higher percentage of adipose tissue than males, they
tend to have less body water. The distribution of water among body fluid compartments
is described briefly in this chapter and in greater detail in Chapter 6.

Total body water is distributed between two major body fluid compartments: intracel-
lular fluid (ICF) and extracellular fluid (ECF) (Fig. 1.1). The ICF is contained within the
cells and is two-thirds of total body water; the ECF is outside the cells and is one-third
of total body water. ICF and ECF are separated by the cell membranes.

ECF is further divided into two compartments: plasma and interstitial fluid. Plasma is the
fluid circulating in the blood vessels and is the smaller of the two ECF subcompartments.

Resting Membrane Potential, 19

Synaptic and Neuromuscular Transmission, 26
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TOTAL BODY WATER

Extracellular fluid

Interstitial fluid !Plasma

Intracellular fluid

Cell membrane Capillary wall

Fig. 1.1 Body fluid compart ients.

Interstitial fluid is the fluid that actually bzthes the cells
and is the larger of the two subcompartmeris. Plasma
and interstitial fluid are separated by the capitarv wall.
Interstitial fluid is an ultrafiltrate of plasima iormed by
filtration processes across the capillary wall.\Becausecithe
capillary wall is virtually impermeable to large maleZules
such as plasma proteins, interstitial fluid contains ii*ie, 1
any, protein.

The method for estimating the volume of the\bcdy
fluid compartments is presented in Chapter 6.

Composition of Body Fluid Compartments

The composition of the body fluids is not uniform. ICF
and ECF have vastly different concentrations of various
solutes. There are also certain predictable differences
in solute concentrations between plasma and intersti-
tial fluid that occur as a result of the exclusion of
protein from interstitial fluid.

Units for Measuring Solute Concentrations

Typically, amounts of solute are expressed in moles,
equivalents, or osmoles. Likewise, concentrations of
solutes are expressed in moles per liter (mol/L), equiv-
alents per liter (Eq/L), or osmoles per liter (Osm/L). In
biologic solutions, concentrations of solutes are usually
quite low and are expressed in millimoles per liter
(mmol/L), milliequivalents per liter (mEq/L), or milli-
osmoles per liter (mOsm/L).

One mole is 6 X 10> molecules of a substance. One
millimole is 1/1000 or 1073 moles. A glucose concentra-
tion of 1 mmol/L has 1 X 1072 moles of glucose in 1 L
of solution.

An equivalent is used to describe the amount of
charged (ionized) solute and is the number of moles of
the solute multiplied by its valence. For example, one
mole of potassium chloride (KCI) in solution dissoci-
ates into one equivalent of potassium (K*) and one

equivalent of chloride (Cl7). Likewise, one mole of
calcium chloride (CaCl,) in solution dissociates into
two equivalents of calcium (Ca**) and two equivalents
of chloride (Cl™); accordingly, a Ca’* concentration of
1 mmol/L corresponds to 2 mEq/L.

One osmole is the number of particles into which a
solute dissociates in solution. Osmolarity is the con-
centration of particles in solution expressed as osmoles
per liter. If a solute does not dissociate in solution (e.g.,
glucose), then its osmolarity is equal to its molarity. If
a solute dissociates into more than one particle in solu-
tion (e.g., NaCl), then its osmolarity equals the molar-
ity multiplied by the number of particles in solution.
For example, a solution containing 1 mmol/L NaCl is
2 mOsm/L because NaCl dissociates into two particles.

pH is a logarithmic term that is used to express hy-
drogen (H*) concentration. Because the H* concentra-
tion of body fluids is very low (e.g., 40 X 107 Eq/L in
arterial blood), it is more conveniently expressed as a
logarithmic term, pH. The negative sign means that pH
decreases as the concentration of H* increases, and pH
increases as the concentration of H* decreases. Thus

pH=—log,, [H*}

SAMPLE PROBLEM. Two men, Subject A and Subject
B, have disorders that cause excessive acid production
in the body. The laboratory reports the acidity of
Subject A’s blood in terms of [H*] and the acidity of
Sibject B’s blood in terms of pH. Subject A has
ar. arterial [H*] of 65 X 107° Eq/L, and Subject B has
ar «tterial pH of 7.3. Which subject has the higher
concntrition of H in his blood?

SGLUT ON. To compare the acidity of the blood of
each subject, convert the [H*] for Subject A to pH
as foulovs.

pH = —log,, [H+]
= —log,, (65x107° Eq/L)
= —log,, (6.5%10 °Eq/L)
log,,6.5=0.81
log,,107° =—8.0
log,,6.5X10™° =0.81+(—8.0) = —7.19
pH=—(~7.19)=7.19

Thus Subject A has a blood pH of 7.19 computed
from the [H*], and Subject B has a reported blood
pH of 7.3. Subject A has a lower blood pH, reflecting
a higher [H*] and a more acidic condition.

Electroneutrality of Body Fluid Compartments

Each body fluid compartment must obey the principle of
macroscopic electroneutrality; that is, each compartment



must have the same concentration, in mEq/L, of positive
charges (cations) as of negative charges (anions).
There can be no more cations than anions, or vice versa.
Even when there is a potential difference across the
cell membrane, charge balance still is maintained in
the bulk (macroscopic) solutions. (Because potential
differences are created by the separation of just a few
charges adjacent to the membrane, this small separation
of charges is not enough to measurably change bulk
concentrations.)

SAMPLE PROBLEM. A biologic fluid sample is found
to have the following concentrations of ions, reported
in mEq/L.

Cations Aniors,
Na*, 140 mEq/L Cl—, 110 mZ. /L
K*, 4 mEq/L HPO, ?, v inFy/L

Ca’*, 2 mEq/L Protein, O mE~/L.

The lab was unable to measure the HCU-~ cun-
centration. What must the HCO3;~ concentra‘io:. of
the solution be, in milliequivalents per liter?

SOLUTION. Because all biologic solutions must
obey the principle of electroneutrality, this fluid iuct
have equal concentrations of anions and caticns
(i.e., equal concentrations of plus and minus
charges). Concentrations reported in milliequivalents
per liter express the concentration of charge. Because
the total concentration of cations is 146 mEq/L and
the total concentration of anions is 116 mEq/L, the
HCO;~ concentration must be 30 mEq/L.

Composition of Intracellular Fluid
and Extracellular Fluid

The compositions of ICF and ECF are strikingly differ-
ent, as shown in Table 1.1. The major cation in ECF is
sodium (Na*), and the balancing anions are chloride
(ClI7) and bicarbonate (HCO;™). The major cations in
ICF are potassium (K*) and magnesium (Mg?*), and
the balancing anions are proteins and organic phos-
phates. Other notable differences in composition in-
volve Ca?" and pH. Typically, ICF has a very low con-
centration of ionized Ca** (=107 mol/L), whereas the
Ca’" concentration in ECF is higher by approximately
four orders of magnitude. ICF is more acidic (has a
lower pH) than ECF. Thus substances found in high
concentration in ECF are found in low concentration in
ICF, and vice versa.

Remarkably, given all of the concentration differ-
ences for individual solutes, the total solute concentra-
tion (osmolarity) is the same in ICF and ECF. This
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TABLE 1.1 Approximate Compositions of Extracellular
and Intracellular Fluids

Substance and Extracellular  Intracellular
Units Fluid Fluid?

Na* (mEq/L) 140 14

K* (mEg/L) 4 120
Ca**, ionized (mEq/L) 2.5P 1x 1074
Cl- (mEq/L) 105 10
HCO;~ (mEq/L) 24 10

pH® 7.4 7.1
Osmolarity (mOsm/L) 290 290

aThe major anions of intracellular fluid are proteins and organic
phosphates.

"The corresponding total [Ca®*] in extracellular fluid is 5 mEq/L or
10 mg/dL.

°pH is —logyy of the [H*]; pH 7.4 corresponds to [H*] of 40 X
10~° Eq/L.

equality is achieved because water flows freely across
cell membranes. Any transient differences in osmolar-
ity that occur between ICF and ECF are quickly dissi-
pated by water movement into or out of cells to rees-
tablish the equality.

Creation of Concentration Differences Across
Cell Membranes

The differences in solute concentration across cell
‘nembranes are created and maintained by energy-
consuming transport mechanisms in the cell mem-
braves.

The"test known of these transport mechanisms is
the Naf#K* ATPase (Na*-K* pump), which transports
Na¥ from ICF to ECF and simultaneously transports K*
from\ FOr t¢ ICF. Both Na®™ and K* are transported
against wieil respective electrochemical gradients;
therefore an_~uiergy source, adenosine triphosphate
(ATP), is‘reariied, The Na*-K* ATPase is responsible
for creating tae<large concentration gradients for Na*
and K* that exist across cell membranes (i.e., the low
intracellular Na* concentration and the high intracel-
lular K* concentration).

Similarly, the intracellular Ca?" concentration is
maintained at a level much lower than the extracellular
Ca’" concentration. This concentration difference is
established, in part, by a cell membrane Ca** ATPase
that pumps Ca?* against its electrochemical gradient.
Like the Na*-K* ATPase, the Ca?* ATPase uses ATP as
a direct energy source.

In addition to the transporters that use ATP directly,
other transporters establish concentration differences
across the cell membrane by utilizing the transmem-
brane Na* concentration gradient (established by the
Na*-K* ATPase) as an energy source. These transporters
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create concentration gradients for glucose, amino acids,
Ca’*, and H* without the direct utilization of ATP.

Clearly, cell membranes have the machinery to es-
tablish large concentration gradients. However, if cell
membranes were freely permeable to all solutes, these
gradients would quickly dissipate. Thus it is critically
important that cell membranes are not freely perme-
able to all substances but, rather, have selective perme-
abilities that maintain the concentration gradients es-
tablished by energy-consuming transport processes.

Directly or indirectly, the differences in composition
between ICF and ECF underlie every important physi-
ologic function, as the following examples illustrate:
(1) The resting membrane potential of nerve and mus-
cle critically depends on the difference in concentration
of K* across the cell membrane; (27 _The upstroke of
the action potential of these sarne excitable cells de-
pends on the differences in Na* concesutration across
the cell membrane; (3) Excitation-contraction coupling
in muscle cells depends on the differeices in'Ca?* con-
centration across the cell membrane and tlie riembrane
of the sarcoplasmic reticulum (SR); and () ‘Absorption
of essential nutrients depends on the transrniembiane
Na* concentration gradient (e.g., glucose absoiptizn in
the small intestine or glucose reabsorption in the<ena'
proximal tubule).

Concentration Differences Between Plasma aind
Interstitial Fluids

As previously discussed, ECF consists of two subcompart-
ments: interstitial fluid and plasma. The most significant
difference in composition between these two compart-
ments is the presence of proteins (e.g., albumin) in the
plasma compartment. Plasma proteins do not readily
cross capillary walls because of their large molecular size
and therefore are excluded from interstitial fluid.

The exclusion of proteins from interstitial fluid has
secondary consequences. The plasma proteins are
negatively charged, and this negative charge causes a
redistribution of small, permeant cations and anions
across the capillary wall, called a Gibbs-Donnan
equilibrium. The redistribution can be explained as
follows: The plasma compartment contains the imper-
meant, negatively charged proteins. Because of the
requirement for electroneutrality, the plasma compart-
ment must have a slightly lower concentration of
small anions (e.g., CI7) and a slightly higher concentra-
tion of small cations (e.g., Na* and K*) than that of
interstitial fluid. The small concentration difference
for permeant ions is expressed in the Gibbs-Donnan
ratio, which gives the plasma concentration relative
to the interstitial fluid concentration for anions and
interstitial fluid relative to plasma for cations. For ex-
ample, the Cl~ concentration in plasma is slightly less
than the Cl- concentration in interstitial fluid (due to
the effect of the impermeant plasma proteins); the

Gibbs-Donnan ratio for Cl~ is 0.95, meaning that
[Cl_]plasma/[Cl_]interslitial fluid equals 0.95. For Na+: the
Gibbs-Donnan ratio is also 0.95, but Na*, being posi-
tively charged, is oriented the opposite way, and
[Na+]interstitial fluid/[Na+]plasma equals 0.95. Generauy, these
minor differences in concentration for small cations and
anions between plasma and interstitial fluid are ignored.

CHARACTERISTICS OF CELL
MEMBRANES

Cell membranes are composed primarily of lipids and
proteins. The lipid component consists of phospholip-
ids, cholesterol, and glycolipids and is responsible for
the high permeability of cell membranes to lipid-soluble
substances such as carbon dioxide, oxygen, fatty acids,
and steroid hormones. The lipid component of cell
membranes is also responsible for the low permeability
of cell membranes to water-soluble substances such as
ions, glucose, and amino acids. The protein component
of the membrane consists of transporters, enzymes,
hormone receptors, cell-surface antigens, and ion and
water channels.

Phospholipid Component of Cell Membranes

Phospholipids consist of a phosphorylated glycerol back-
porie (“head”) and two fatty acid “tails” (Fig. 1.2). The
glveerol backbone is hydrophilic (water soluble), and
th= ‘fatty acid tails are hydrophobic (water insoluble).
T=as vphospholipid molecules have both hydrophilic
anc hyerophobic properties and are called amphipathic.
At an sirwater interface (see Fig. 1.2A), molecules of
phasphelipids form a monolayer and orient themselves
so that.the alycerol backbone dissolves in the water

O agne
i

Fig. 1.2 Orientation of phospholipid molecules at oil and
water interfaces. Depicted are the orientation of phospholipid
at an oil-water interface (A) and the orientation of phospholipid
in a bilayer, as occurs in the cell membrane (B).
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phase and the fatty acid tails dissolve in the oil’prace. In
cell membranes (see Fig. 1.2B), phospholipids criemcso
that the lipid-soluble fatty acid tails face each otrer ~ad
the water-soluble glycerol heads point away frecm sach
other, dissolving in the aqueous solutions of the 1Ce r
ECF. This orientation creates a lipid bilayer.

Protein Component of Cell Membranes

Proteins in cell membranes may be either integral or
peripheral. The distribution of proteins in a phospho-
lipid bilayer is illustrated in the fluid mosaic model
shown in Figure 1.3.

4 Integral membrane proteins are embedded in, and
anchored to, the cell membrane by hydrophobic inter-
actions. Integral membrane proteins include: receptors,
adhesion molecules, proteins involved in transmem-
brane movement of solutes and water, enzymes, and
proteins involved in cell signaling. To remove an inte-
gral protein from the cell membrane, its attachments to
the lipid bilayer must be disrupted (e.g., by detergents).
Some integral proteins are transmembrane proteins,
meaning they span the lipid bilayer one or more times;
thus transmembrane proteins are in contact with both
ECF and ICF. Examples of transmembrane integral pro-
teins are ligand-binding receptors (e.g., for hormones
or neurotransmitters); transport proteins (e.g., Na*-K*
ATPase); pores and ion channels that permit passage of
water and ions, respectively; cell adhesion molecules;
and guanosine triphosphate (GTP)-binding proteins
(G proteins). A second category of integral proteins is
embedded in the lipid bilayer of the membrane but
does not span it. A third category of integral proteins is

model for cell membranes.

not embedded in the lipid bilayer but is covalently
linked to a lipid component of the membrane.

Peripheral membrane proteins are not embedded
in the membrane and are not covalently bound
to cell membrane components. They are loosely
attached to either the intracellular or extracellular
side of the cell membrane by ionic interactions
(=.g., with phospholipid head groups) or by attach-
ment to the extracellular or intracellular side of
1ntegral membrane proteins. Peripheral membrane
proiiins can be removed with mild treatments that
d'srpt ionic or hydrogen bonds. One example of a
peripheral membrane protein is ankyrin, which
“ansiors’ the cytoskeleton of red blood cells to an
integrai mCmbrane transport protein, the CI7-HCO;~
exchanger filsn called band 3 protein); in this
example, amaysin, a peripheral membrane protein,
anchors' a'.sgectrin-actin network to an integral
membrane protein of the red blood cell membrane.

TRANSPORT ACROSS CELL
MEMBRANES

Several types of mechanisms are responsible for trans-
port of substances across cell membranes (Table 1.2).

Substances may be transported down an electro-
chemical gradient (downhill) or against an electrochem-
ical gradient (uphill). Downhill transport occurs by
diffusion, either simple or facilitated, and requires no
input of metabolic energy. Uphill transport occurs by
active transport, which may be primary or secondary.
Primary and secondary active transport processes are
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TABLE 1.2 Summary of Membrane Transport

Carrier- Uses Metabolic
Type of Transport Active or Passive Mediated Energy Dependent on Na® Gradient
Simple diffusion Passive; downhill No No No
Facilitated diffusion Passive; downhill Yes No No
Primary active transport  Active; uphill Yes Yes; direct No
Cotransport Secondary active® Yes Yes; indirect Yes (solutes move in same direction as
Na* across cell membrane)
Countertransport Secondary active? Yes Yes; indirect Yes (solutes move in opposite direction

as Na* across cell membrane)

aNa* is transported downhill, and one or more solutes are transported uphill.

distinguished by their energy scurce. Primary active
transport requires a direct input of metabolic energy;
secondary active transport utilizes an ndirect input of
metabolic energy.

Further distinctions among transport mecie:isms are
based on whether the process involves a prowin carrier.
Simple diffusion is the only form of transpoit tnat. is\not
carrier mediated. Facilitated diffusion, primary. ~Cive
transport, and secondary active transport all involva inte
gral membrane proteins and are called carrier-medizied
transport. All forms of carrier-mediated transport'share
the following three features: saturation, stereospecificity.
and competition.

4 Saturation. Saturability is based on the concept that
carrier proteins have a limited number of binding
sites for the solute. Figure 1.4 shows the relationship
between the rate of carrier-mediated transport and
solute concentration. At low solute concentrations,
many binding sites are available and the rate of
transport increases steeply as the concentration in-
creases. However, at high solute concentrations, the
available binding sites become scarce and the rate of
transport levels off. Finally, when all of the binding
sites are occupied, saturation is achieved at a point
called the transport maximum, or T,,. The kinetics
of carrier-mediated transport are similar to Michaelis-
Menten enzyme kinetics—both involve proteins with
a limited number of binding sites. (The Ty, is analo-
gous to the V. of enzyme Kkinetics.) Tp-limited
glucose transport in the proximal tubule of the kid-
ney is an example of saturable transport.

4 Stereospecificity. The binding sites for solute on the
transport proteins are stereospecific. For example, the
transporter for glucose in the renal proximal tubule
recognizes and transports the natural isomer p-glucose,
but it does not recognize or transport the unnatural
isomer L-glucose. In contrast, simple diffusion does not
distinguish between the two glucose isomers because
no protein carrier is involved.

Carrier-mediated

transport o
i) o
W 7
4
5
@ ~
= g
© o
= o Simple
' L diffusion
td
td
| e
td
4
|
‘ i o
Concentration

Fig. 1.4 " Kir_dics of carrier-mediated transport. T, Transport
maximur.

4 Competitior~Although the binding sites for trans-
ported solutes.<ie quite specific, they may recognize,
bind, and even transport chemically related solutes.
For example, the transporter for glucose is specific
for p-glucose, but it also recognizes and transports a
closely related sugar, p-galactose. Therefore the pres-
ence of D-galactose inhibits the transport of p-glucose
by occupying some of the binding sites and making
them unavailable for glucose.

Simple Diffusion

Diffusion of Nonelectrolytes

Simple diffusion occurs as a result of the random ther-
mal motion of molecules, as shown in Figure 1.5. Two
solutions, A and B, are separated by a membrane that
is permeable to the solute. The solute concentration in
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Fig. 1.5 Simple diffusion. The two solutions, A and B, are

separated by a membrane, which is perrieziie to the solute

(circles). Solution A initially contains a nighsi cancentration of
the solute than does Solution B.

A is initially twice that of B. The solute ‘inclecules are
in constant motion, with equal probability (nat a given
molecule will cross the membrane to the uthei“solu-
tion. However, because there are twice as manyv soluie
molecules in Solution A as in Solution B, there vill he
greater movement of molecules from A to B thai-{iom
B to A. In other words, there will be net diffusicn of
the solute from A to B, which will continue until ‘b«
solute concentrations of the two solutions became
equal (although the random movement of molecuies
will go on forever).

Net diffusion of the solute is called flux, or flow (J),
and depends on the following variables: size of the
concentration gradient, partition coefficient, diffusion
coefficient, thickness of the membrane, and surface
area available for diffusion.

CONCENTRATION GRADIENT (Cp — Cpg)

The concentration gradient across the membrane is the
driving force for net diffusion. The larger the difference
in solute concentration between Solution A and Solu-
tion B, the greater the driving force and the greater the
net diffusion. It also follows that, if the concentrations
in the two solutions are equal, there is no driving force
and no net diffusion.

PARTITION COEFFICIENT (K)

The partition coefficient, by definition, describes the
solubility of a solute in oil relative to its solubility in
water. The greater the relative solubility in oil, the
higher the partition coefficient and the more easily the
solute can dissolve in the cell membrane’s lipid bilayer.
Nonpolar solutes tend to be soluble in oil and have
high values for partition coefficient, whereas polar
solutes tend to be insoluble in oil and have low values
for partition coefficient. The partition coefficient can be
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measured by adding the solute to a mixture of olive oil
and water and then measuring its concentration in the
oil phase relative to its concentration in the water
phase. Thus

_ Concentration in olive oil
Concentration in water

DIFFUSION COEFFICIENT (D)

The diffusion coefficient depends on such characteristics
as size of the solute molecule and the viscosity of the
medium. It is defined by the Stokes-Einstein equation (see
later). The diffusion coefficient correlates inversely with
the molecular radius of the solute and the viscosity of the
medium. Thus small solutes in nonviscous solutions have
the largest diffusion coefficients and diffuse most readily;
large solutes in viscous solutions have the smallest diffu-
sion coefficients and diffuse least readily. Thus

D= KT
6mIM

where

D = Diffusion coefficient

K = Boltzmann constant

T = Absolute temperature (K)
r = Molecular radius

v = Viscosity of the medium

'AYCKNESS OF THE MEMBRANE (AX)

‘th< rhicker the cell membrane, the greater the distance
hesoiute must diffuse and the lower the rate of diffusion.

SURFACE)AREA (A)

The gieater the surface area of membrane available, the
highier th< 1ate of diffusion. For example, lipid-soluble
gases'such-as.oxygen and carbon dioxide have particu-
larly highcrates of diffusion across cell membranes.
These high ~ates‘can be attributed to the large surface
area for diffusion’ provided by the lipid component of
the membrane.

To simplify the description of diffusion, several of the
previously cited characteristics can be combined into a
single term called permeability (P). Permeability in-
cludes the partition coefficient, the diffusion coeffi-

cient, and the membrane thickness. Thus
p_ KD
Ax

By combining several variables into permeability,
the rate of net diffusion is simplified to the following
expression:

J=PA(C,—C,)
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where

J = Net rate of diffusion (rnrnol/s)

P = Permeability (cm/s)

A = Surface area for diffusion (cmz)
C, = Concentration in Solution A (mmol/L)
C; = Concentration in Solution B (mmol/L)

SAMPLE PROBLEM. Solution A and Solution B are
separated by a membrane whose permeability to
urea is 2 X 107° cm/s and whose surface area is
1 cm?. The concentration of urea in A is 10 mg/mL,
and the concentration of urea in B is 1 mg/mL. The
partition coefficient for urea is 1073. s measured in
an oil-water mixture. What are tkz (r.cial rate and
direction of net diffusion of urea?

SOLUTION. Note that the partition corificient is
extraneous information because the vciue ‘or per-
meability, which already includes the par*:ric,: coef-
ficient, is given. Net flux can be calculated r: sub-
stituting the following values in the equation for net
diffusion: Assume that 1 mL of water = 1 cm? thu

J=PA(C,—C,)
where
J=2x10"cm/s X1 cm* X (10mg/mL — 1mg/mL)
J=2x10"cm/s X1 cm? ><(10Ing/cm3 —lmg/cms)
=1.8X107* mg/s

The magnitude of net flux has been calculated as
1.8 X 107* mg/s. The direction of net flux can be
determined intuitively because net flux will occur
from the area of high concentration (Solution A) to
the area of low concentration (Solution B). Net dif-
fusion will continue until the urea concentrations of
the two solutions become equal, at which point the
driving force will be zero.

Diffusion of Electrolytes

Thus far, the discussion concerning diffusion has as-
sumed that the solute is a nonelectrolyte (i.e., it is un-
charged). However, if the diffusing solute is an ion or
an electrolyte, there are two additional consequences
of the presence of charge on the solute.

First, if there is a potential difference across the
membrane, that potential difference will alter the net
rate of diffusion of a charged solute. (A potential differ-
ence does not alter the rate of diffusion of a nonelectro-
lyte.) For example, the diffusion of K* ions will be
slowed if K™ is diffusing into an area of positive charge,
and it will be accelerated if K* is diffusing into an area
of negative charge. This effect of potential difference
can either add to or negate the effects of differences in

concentrations, depending on the orientation of the
potential difference and the charge on the diffusing ion.
If the concentration gradient and the charge effect are
oriented in the same direction across the membrane,
they will combine; if they are oriented in opposite di-
rections, they may cancel each other out.

Second, when a charged solute diffuses down a con-
centration gradient, that diffusion can itself generate a
potential difference across a membrane called a diffu-
sion potential. The concept of diffusion potential will
be discussed more fully in a following section.

Facilitated Diffusion

Like simple diffusion, facilitated diffusion occurs down
an electrochemical potential gradient; thus it requires
no input of metabolic energy. Unlike simple diffusion,
however, facilitated diffusion uses a membrane carrier
and exhibits all the characteristics of carrier-mediated
transport: saturation, stereospecificity, and competi-
tion. At low solute concentration, facilitated diffusion
typically proceeds faster than simple diffusion (i.e., is
facilitated) because of the function of the carrier. How-
ever, at higher concentrations, the carriers will become
saturated and facilitated diffusion will level off. (In
contrast, simple diffusion will proceed as long as there
is a concentration gradient for the solute.)

An excellent example of facilitated diffusion is the
trarisport of p-glucose into skeletal muscle and adipose
cells by the GLUT4 transporter, a member of the family
ol GLIUT glucose transporters. Glucose transport can
proceed as long as the blood concentration of glucose
is 'ngher than the intracellular concentration of glu-
cose, thicirate of glucose transport can increase until
the carrials are saturated, at which point glucose trans-
portirate is_maximal. Other monosaccharides such as
D-galacteve, 2-O-methyl glucose, and phlorizin com-
petitively 1ini%it the transport of glucose because they
bind to tiar.sper{ sites on the carrier. The competitive
solute may\itsel*"ve transported (e.g., D-galactose), or it
may simply ‘occupy the binding sites and prevent the
attachment ot glucose (e.g., phlorizin). As noted previ-
ously, the nonphysiologic stereoisomer, L-glucose, is
not recognized by the carrier for facilitated diffusion
and therefore is not bound or transported.

Other examples of facilitated diffusion include urea
transporters (UTs) and organic cation transporters.

Primary Active Transport

In active transport, one or more solutes are moved
against an electrochemical potential gradient (uphill).
In other words, solute is moved from an area of low
concentration (or low electrochemical potential) to an
area of high concentration (or high electrochemical po-
tential). Because movement of a solute uphill is work,



metabolic energy in the form of ATP must be provided.
In the process, ATP is hydrolyzed to adenosine diphos-
phate (ADP) and inorganic phosphate (P;), releasing
energy from the terminal high-energy phosphate bond
of ATP. When the terminal phosphate is released, it is
transferred to the transport protein, initiating a cycle of
phosphorylation and dephosphorylation. When the ATP
energy source is directly coupled to the transport pro-
cess, it is called primary active transport. Three exam-
ples of primary active transport in physiologic systems
are the Na*-K* ATPase present in all cell membranes,
the Ca?* ATPase present in SR and endoplasmic reticu-
lum, and the H*-K* ATPase present in gastric parietal
cells and renal a-intercalated cells.

Na+-K* ATPase (Nat+-K* Pump)

Na*-K* ATPase is present in the'meripranes of all cells.
It pumps Na* from ICF to ECF and K*.{rom ECF to ICF
(Fig. 1.6). Each ion moves against its respective electro-
chemical gradient. The stoichiometry'can vy but, typi-
cally, for every three Na™ ions pumped Gut.of the cell,
two K" ions are pumped into the cell. This stoichiometry
of three Na* ions per two K* ions means ‘that_.foi\each
cycle of the Na*-K* ATPase, more positive ch-ige-is
pumped out of the cell than is pumped into th¢ cell.
Thus the transport process is termed electrogen:ic be
cause it creates a charge separation and a potentia. di
ference. The Na*-K* ATPase is responsible for maintair
ing concentration gradients for both Na*™ and K* acros¢
cell membranes, keeping the intracellular Na* concen-
tration low and the intracellular K* concentration high.

The Na*-K* ATPase consists of a and B subunits.
The « subunit contains the ATPase activity, as well as
the binding sites for the transported ions, Na* and K*.
The Na*-K* ATPase switches between two major con-
formational states, E; and E,. In the E; state, the bind-
ing sites for Na* and K* face the ICF and the enzyme
has a high affinity for Na*. In the E, state, the binding
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sites for Na™ and K* face the ECF and the enzyme has
a high affinity for K*. The enzyme’s ion-transporting
function (i.e., pumping Na* out of the cell and K* into
the cell) is based on cycling between the E; and E,
states and is powered by ATP hydrolysis.

The transport cycle is illustrated in Figure 1.6. The
cycle begins with the enzyme in the E; state, bound to
ATP. In the E; state, the ion-binding sites face the ICF,
and the enzyme has a high affinity for Na*; three Na*
ions bind, ATP is hydrolyzed, and the terminal phos-
phate of ATP is transferred to the enzyme, producing a
high-energy state, E; ~ P. Now, a major conformational
change occurs, and the enzyme switches from E; ~ P
to E, ~ P. In the E, state, the ion-binding sites face the
ECF, the affinity for Na* is low, and the affinity for K*
is high. The three Na™ ions are released from the en-
zyme to ECF, two K* ions are bound, and inorganic
phosphate is released from E,. The enzyme now binds
intracellular ATP, and another major conformational
change occurs that returns the enzyme to the E; state;
the two K* ions are released to ICF, and the enzyme is
ready for another cycle.

Cardiac glycosides (e.g., ouabain and digitalis) are a
class of drugs that inhibit Na*-K* ATPase. Treatment
with this class of drugs causes certain predictable
changes in intracellular ionic concentration: The intracel-
lular Na* concentration will increase, and the intracel-
Jular K* concentration will decrease. Cardiac glycosides
iniiibit the Na*-K* ATPase by binding to the E, ~ P form
reoar the K*-binding site on the extracellular side, thereby
ireventing the conversion of E, ~ P back to E;. By dis-
rupting the cycle of phosphorylation-dephosphorylation,
thes= rirugs disrupt the entire enzyme cycle and its trans-
poit flictions.

Ca’+ ATPase (Ca>* Pump)

Most.ezi1 (p)asma) membranes contain a Ca** ATPase,
or plasnida-m=émbrane Ca®* ATPase (PMCA), whose

Intracellular fluid Extracellular fluid

3Nat

Cardiac
glycosides

2K*

Intracellular fluid Extracellular fluid

E4~P ————> Ep~P --------- > Na*

ADP + P,
ATP Cardiac
Kt 4

.......... E, E, glycosides

Fig. 1.6 Na*-K* pump of cell membranes. ADP, Adenosine diphosphate; ATP, adenosine
triphosphate; E, Na*-K* ATPase; E~P, phosphorylated Na*-K* ATPase; P, inorganic phosphate.
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