CHAPTER 1

DIFFUSION AND TRANSPORT

This chapter deals with the processes by
which substances move in solutions, particularly
how they move through cell membranes. There
are three basic processes for such movement:

1. Smple diffuson (including a specid
case for water)

2. Carrier-mediated transport

a Fadlitated diffuson
b. Active transport
c. Co-transport or secondary
active transport
i. Symports
il. Antiports

3. Phagocytoss and pinocytoss

Aswe shdl see, some of these are passve
processes, requiring no externa energy. Others
are active processes-they oppose some
passive process, requiring externd energy.
Some substances move by only one of these
process, whereas others can use severa of
them.

Simple Diffusion

Let's examine the behavior of ionsin
solution in some detall. If we place some sdit,
NaCl, into one of two compartments separated
by aremovable partition, as shown in Figure
1-1, and add equal volumes of water to both
compartments, we can determine how solutes
move in solutions. Within afew minutes after
remova of the partition, the solutionsin both
compartments will contain sdt, and the
solutions will have the same concentretions.
The sdt must have moved throughout the
compartments; this movement is caled

diffusion.
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Figure 1-1. Diffusion and diffusion potentials. A
container, with aremovable partition, contains water.
Ordinary table salt, NaCl, isadded to side 1 and then
the partition isremoved. After atime, NaCl isfound
in equal concentrations of both sides.

Moleculesin solution a temper-atures
above absolute zero are in random motion,
so-cdled Brownian motion. The direction of
motion of any one molecule can be changed by
collison with another molecule or the sde of
the vessd, but once in motion the molecule will
travel in adraight line until a collison occurs.
The higher the temperature, the greater isthe
veocity of movement; the higher the
concentration of the solution, the greeter isthe
likdihood of a collison. Some collisonswill
result in molecules moving toward the interface
between the two compartments and crossing it.
The probahility thet a given molecule will cross
the interface is therefore proportiona to both
temperature and the concentration of the
solution. Thus, the flux from one compartment
to the other, J, isgiven by:



J=kC 1)
wherek is a congtant for a given temperature
and C is the concentration in the compartment
from which the flux is occurring.

In Figure 1-1, the Side where the sdt was
put is numbered 1; the other Sde is numbered
2. Therefore, the flux from side 1 to sde 2, J;,
is

Jo=kCy (2
where C, istheinitid concentration of sdt on
dde 1. As soon as some molecules have
crossed the interface, the concentration on side
2 beginsto increase, and there will be an
increasing likelihood of amolecule recrossing
the interface back to sde 1. This probability is
related to temperature and concentration--this
time, to the concentration on side 2; the back
flux, J», isgiven by:

b1 = kG, (3)

The net movement or net flux, J,, between
the two compartments a any timeissmply the
difference between the two one-way fluxes, J;»,
and J;,

i =Jd2- b =KC, - kKC, =k(C, - C))
4

Diffuson isamply anet flux. The net flux is
positive when C, > C,, 0 the diffuson isfrom
aregion of higher concentration to a region of
lower concentration, down the concentration
gradient. The net flux is proportiond to C;-C,,
or proportiona to the concentration difference
between the two compartments.
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Equilibrium is defined as the condition of
no net flux, J=0. When J, =0, J,; = J;» in
equation (4). Expressed in words, the equation
means Smply that the two one-way fluxes are
equd a equilibrium, but neither flux need be
zero. Even a equilibrium, molecules can move
from one compartment to the other, but equa
numbers must move in both directions. Only the
net flux need be zero. (This condition is
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Figure 1-2. Changesin concentration on side 1 and side 2

with time. Note that concentrations are eventually the same,

though the begin at different values.

sometimes cdled a"dynamic equilibrium.”)
Equation 4 can be solved for J, = 0 asfollows:

0=Jy=kC, -kC,, orkC,=kC,,0or C, =C, (5

Thus, equilibrium will occur when the
concentrations in the two compartments are
equd (Fig. 1-2). Until equilibrium is reached,
there will be anet flux from sde 1 to Sde 2 that
is proportiona to the concentration difference.



If we introduce a membrane, permesble to
NaCl, between the compartments and repeat
the experiment, the result will be the same. The
net flux will be proportiond to the differencein
concentration between the two compartments
with the congtant of proportiondity equa to the
permesbility coefficient, p, of the membrane for
NaCl or Jy =p(C, - C,). Theonly red
difference will be that the process occurs more
dowly.

Diffuson speed.
The speed of diffuson of a substance may be
cdculated from the equation:

X2 = 2Dt

where x isthe diffuson distance, t isthe
diffuson time and D isthe diffusion coefficient.
Taking asmple example will illudrate thet
diffusionisadow process. Let D = 10°
cn?/sec. Then we can caoulatet for different
vaues of x as shown in the following teble:

X t
1 micrometer 0.5 msec
100 micrometers 5sec
lcm 14 hr

Clearly, diffusonisrapid if the disanceto
the target is 1 micrometer or less; it is margind
if the distance is 100 micrometers. Many
insects breethe through their skins, the air
amply entering the cdlls directly. For them this
is possible because they are small and the cdlls
arelocated near arepogtory for air. Clearly,
this mechanism would not work in a human.
The digtance from the skin surface to many
organsis more than 1 cm, requiring an
inordinately long time for gas exchange. A

gmilar gtuation surrounds supplying nutrients to
body tissues. Many of them are located more
than 1 cm from the source of the nutrients. It is
for this reason that we have lungsand a
circulatory system.

Entry into cdlls.
Lipid soluble substances can enter a cell

by dissolving in the lipid portion of the
membrane and diffusing through it. The greeter
the lipid solubility, the more readily amolecule
will pass through the membrane, i.e, the
greater will be the flux for a given concentration
difference. The oil-water partition coefficient
(solubility in oil/solubility in water) gives a useful
measure of lipid solubility. Fg. 1-3 showsthis
relationship between permegbility and partition
coefficient for anumber of different substances.
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Figure 1-3. Oil/water partition coefficient plotted
against membrane per meability for 8 different
substances.



Molecular 9zeis not very important for
lipid soluble molecules dthough very large ones
enter cdlsabit lessreadily. Examples of lipid
soluble molecules that can pass through the
membrane include: oxygen, carbon dioxide,
gteroid molecules, and anesthetic agents.

Water soluble, lipid-insoluble substances by
definition cannot pass through membranes by
dissolving in the lipids. How do they get
through? There must be water-filled channels or
pores spanning the membrane through which
these substances may diffuse. These will admit
substances up to about 200 Daltonsin
molecular weight, i.e., about the size of a
glucose molecule. These pores are of different
gzes, some as smdl as4 Angsroms and as
large as 8 Angstroms. Most substances cannot
pass through pores because of their large Size,
especidly when hydrated. The number of pores
in an area. of membrane is difficult to estimate,
partly because they appear to be continuoudy
recycled. Only 0.01% of a cdll's membrane
need be occupied by pores to account for the
observed permeshility.

Substances that can pass through these
water-filled channdlsinclude: water, urea, some
dissolved gases, and ions such as Na', K™ and
Ca**. Aswe shdl see, not dl ions get through
the membrane with equa ease. Thisis partly a
function of the radius of hydration, but the
Sructure of the channd aso plays an important
role.

lon trapping
Diffuson of a substance depends only

upon the concentrations of that substance.
Thus, the presence of chloride in asolution of
table sdt, has no effect on the diffusion of
sodium. Likewise, the presence of a metabolite
of asubstance or the ionic form of a substance
has no effect on the diffusion of the subgtance
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itself. For example, glucose is metabolized to
glucose-6-phosphate immediately upon
entering a cdll. The presence of this metabolite
does not affect further diffuson of glucose.

Figure 1-4. The phenomenon of ion trapping. Therectangleis
supposed to indicate a cell in the stomach lining. Aspirin has
adifferent pK inside and outside the cell. At the higher pH
inside the cell, aspirin ionizes and then cannot leave the cell.

This property gives rise to a phenomenon
known asion trapping. Aspirin in the somach,
which has pH=14, exigs mainly in the
non-ionized (uncharged) form. In thisform, it
can enter the cells of the somach lining. Once it
enters the cdls, which have pH=7.4, the aspirin
isionized because it hasapK=5, and, in this
form, it cannot leave the cdll. lonized aspirinis
not the same as non-ionized aspirin asfar as
diffuson is concerned. Therefore, the
concentration of non-ionized aspirin indde the
cell remainslow, and it continues to enter the
cdl until it saturates and precipitates as crydals.
These may actudly rupture the mucosa cells
and lead to gadtric bleeding. One way to
prevent thisisdrink alot of water with aspirin
in order to lower its concentration inside the
somach.

lon trapping can be exploited for beneficid
purposes as well. For example, aspirin



poisoning can be treated by raisng the pH of
the urine to trgp the ionized form there. It will
be voided with the urine.

Osmosis

Water is a substance just like sodium or
potassum or glucose. It will move down its
concentration gradient by smple diffusion until
equilibrium isreached, just like these other
substances. In addition, water is subject to
"osmosis," abulk flow of molecules (like water
moving through atube). Diffusion of water
comes about because of differencesin water
concentration; osmos's comes about because of
differencesin hydrostatic pressure. When both
forces are present, the hydrostatic force will
dominate. Diffuson of water has no effect upon
the diffuson of other substances, but during
osmosis, dissolved substances can get svept up
in the stream of water and moved faster than
would be expected from their diffuson done.
Thisiscdled "solvent drag.”

Osmosis requires that the cdl membrane
be semi-per meable, meaning that not dl
substances can pass through it. The membrane
must be permegble to water (dl are), but it
must be impermesble to some other substance.
We will refer to particles that can pass through
the membrane as "penetrating” and to those that
cannot as "'non-penetrating.”

Pure water has a concentration of 55.5
molesliter. Anything added to it lowers the
water concentration. It is easier to express
water concentration in terms of solute
concentration, but al "osmoaticaly active
particles’ must be considered. Thus, water
concentration is expressed in osmoles, the
number of moles of dissolved particles per liter
of solution. A 1 M solution of glucoseis,
therefore, a1 osmolar solution. Smilarly, al M
solution of ureaisa 1l osmolar solution. But, a1

M solution of NaCl isa 2 osmolar solution
because NaCl dissociates into two particlesin
solution. Furthermore, a1 M solution of
Na,SO, isa3 osmolar solution.

Bear in mind that the higher the osmoalarity,
the lower the water concentration. Therefore,
water will move from regions of low osmotic
concentration (high water concentration) to
regions of high osmotic concentration (low
water concentration).

Congder a container, divided into two
compartments by a semipermeable membrane
through which water penetrates, but some
solute does not. This condition is shown in Fig.
1-5, upper. Add some non-penetrating
solute to the left compartment (Fig. 1-5,
middle). Because the solute dissolves
completely, there will be essentidly no change
in volume of the left compartment. After some
time, theleve of the water in the right
compartment will have falen, that in the left will
haverisen (Fig. 1-5, lower). The only possble
explanation for this occurrence is that water has
moved from right to left. This makes sense from
what we know of diffuson. Initidly, the
concentration of water on the right was 55.5 M
or 100%, that on the left was something less
than this value. Water has diffused down its
concentration gradient.

But, consder adifferent Stuation. Two
chambers of areservoir of water are separated
by a semipermeable membrane as before. The
left chamber contains some concentration of a
non-penetrating solute and a piston that can
move. As water enters the left chamber it
pushes the piston to the left. Note that the
pressure gauge &t the top



Water surface Membrane

Figure 1-5. Top drawing: Equal volumes of plain

water in two compartments separated by a membrane
(dashed line). Second drawing: Solute added only to
the compartment on theleft; membraneis

imper meable to the solute. Bottom drawing: With
time the volume of the compartment on the left is seen
toincrease; that on theright is seen to decrease.
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of the left chamber does not change its
reading--the force exerted by the increase in
water is used to push the piston. If the piston is
fixed, then it cannot move and the pressure
messured by the gauge will increase. This
pressureis cdled the osmotic pressure.

The osmoatic pressure of a solution may be
cdculated from Van't Hoff's Law:

P=iRTc
wherei isthe number of ions formed by
dissociation, R theided gas congtant, T the
absolute temperature and ¢ the molar
concentration. It can be seenthat al
milliosmolar concentration difference will yidd a
19 mmHg osmotic pressure.

Osmotic pressure is one of the parameters
that determines whether water enters or leaves
the blood in blood vessels. Some people use
the term "oncotic pressure’ or "colloida
osmotic pressure” in this gpplication. The blood
contains large protein molecules (e.g., dbumin),
which are non-penetrating. The greater their
concentration, the greater will be the tendency
for water to enter the capillaries.

Osmotic pressureis aso amgor
determinant of the Sze or volume of individua
cdls A cdl placed in solution may change sze
depending upon what isin the solution.
Obvioudy, a physician does not want to change
the Sze of celsin apatient's body. Therefore, it
isimportant to exercise care when
adminigtering fluids to a patient.

A solution whose osmotic concentration is
greater than that of cytoplasmiscdled an
hyper osmotic solution. A solution whose
concentration is less than that of cytoplasmis
cdled an hyposmotic solution. Thefind
possbility isan isosmotic solution. Just
knowing the osmolarity of asolution is not
sufficient to determine what will happen to cells.



Congder the Studtion illustrated in Fg. 1-6.
The osmotic concentration of the cdll's
cytoplasm is 300 milliosmoles/liter. The asmotic
concentration of the solution into which it was
placed is dso 300 milliosmolesliter, 200 from
NaCl and 100 from urea. With equal osmotic
concentrations and, therefore, equal water
concentrations, you might think thet the cell
would stay the same sze--water would neither
enter nor leave.

200 mosm NaCl
100 mosm urea

Bath

Figure 1-6. Cell found in alarge bath.
Components of the bath and cell are
indicated. Seetext for discussion.

However, ureais a penetrating particle; it
eadly enters and leaves cdlls. For living cdlls,
NaCl is non-penetrating because of the sodium
pump (chloride follows sodium to preserve
eectricd neutrdity). The ureawill enter the cell
down its concentration gradient and carry
water with it. That will cause the cdll to swell.

It is obvious that osmolarity does not
indicate uniquely what will happen to cdll
volumein solution. A different terminology
gives usthat unique determination. An isotonic
solution isonein which acdl will neither shrink
nor swell, an hypertonic solution isonein
which acdl will shrink, and an hypotonic
solution isonein which acdl will swell.
Obvioudy, osmolarity depends only upon the

number of particlesin solution, whereas tonicity
depends both upon the number of particles and
whether or not they penetrate the membrane.
Bear in mind that a solution of only penetrating
particles will effect no changein volume of a
cdl.

Carrier Mediated Transport

Properties of carrier mediated transport

Thisisacategory of processes that
accounts for passage through the membrane of
large, lipid-insoluble molecules and ions. All use
carier systems, i.e., specid carrier molecules
are required to be present in the membrane to
help in the movement of the transported
molecules. These carrier systems al show three
properties. specificity, saturation and
competition.

By specificity, we mean that only certain
molecules are trangported by the system. For
example, the trangport system that moves
glucose works only for the D-isomer not for the
L-isomer, and it doesn't work for other sugars.

Because there are alimited number of
gpecid carrier molecules in the membrane, only
that number of transported molecules can be
accommodated at one time. Having more
present does not increase the rate of transport.
That can be seen in Fig. 1-7. For smple
diffusion, as concentration increases so does
the rate of diffuson, and the rdationship is
linear (black ling, A). However, with mediated
trangport, the rate of diffusion increases as
concentration increases up to apoint, and then
there is no further increase in rate with
increasing concentration [red (B) and blue ©)
curves]. At this point, we say the system is
saturated. Presumably, all of the carrier
molecules are being used.
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Figure 1-7. Therate of movement of a substance through
a cell membrane by simple and membrane transport, with
and without competition. Therate of movement by simple
diffusion islinear, that for transport isclearly nonlinear
with a plateau. I n the presence of a competitor for the
samecarrier, therate of transport is slowed.

A physica example may help to visudize
this property. Suppose 75,000 people want to
get into Memorid Stadium to watch afootball
game. If thereis an unlimited number of entry
doors, then all of the people can enter a the
same time--the rate is maximum. If you have
been there, you know that thereis alimited
number of doors, and therate is quite abit less
then maximum.

When two or more substances use the
same carrier molecule, then the presence of one
will dow therate of trangport of the another.
They compete for the use of the carrier
molecules. Thisis another obvious
consequence of alimited number of carrier
molecules, and it is caled competition. This
phenomenon is adso shown in Fig. 1-7. With
competition (blue curve, C) therate is dower
than without (red curve, B).

Facilitated diffuson

This process behaves much like smple
diffusonin that net transport occurs down the
concentration gradient for the transported
substance. Because it occurs downhill, no
externa energy isrequired; the energy required
by facilitated diffuson comes from the same
source as that for smple diffusion--therma
moation. Asin ample diffuson, thereis an
equilibrium condition for facilitated diffuson.
Therewill be no net trangport when the
concentrations on the two sides of the
membrane are equal.

Glucose can get through the membrane by
diffusing through the pores (its diameter is
approximately that of the largest ones), but the
rate & which it enters mogt cdllsis higher than
one would expect for diffuson. For most cells,
mogt of the glucose enters by facilitated
diffuson. Once glucose entersthe cel it is
immediately metabolized to
glucose-6-phosphate. So, the intracellular
concentration of glucoseis aways near zero.
Thus, there is a continuous gradient toward the
indgde of the cel, and the facilitated diffuson
system will aways bring glucose into the cell.
However, if we atificidly raise the glucose
concentration within the cell above that outsde
the cdll and prevent it from being metabolized,
then the fadilitated diffusion sysem will take
glucose out of the cdl. Thus, the direction of
trangport is determined by the concentration
gradient, not by some property of the transport
sydem itsdf.

Presumably, the carrier molecule is more
likely to attach to the trangported molecule
where that molecule isin highest concentration.
Once the two are attached, a conformational
change in the carrier molecule exposesthe
trangported molecule to the inside of the cell,
whereit is released because of its|lower




concentration. At least, that is one mode of
how the process works.

Glucose enters most cells by facilitated
diffuson. In addition, amino acids and
sometimes sodium ions are transported by this
mechanism.

Active transport

Sometimes molecules mugt enter or leave
acdl even though they are in higher
concentration a their destination. Sodium ions,
for example, are continuoudy "pumped” out of
al cdls, though their concentration isten times
higher outsde. We have seen that under these
conditions sodium ions have anaturd tendency
to enter the cdls by diffuson down their
concentration gradient. Therefore, to move
them out of the cdll requires expenditure of
energy. A form of equilibrium aso gppliesto
active transport. When the concentration
increases to the point that particles "lesk” into
the cell at the same rate that they are pumped
out by the active transport system, a steady
date or equilibrium condition will exis.

Such active trangport systems or "pumps,”
asthey are often called, probably only transport
ions--charged particles. Aswe shall see,
uncharged particles may move by coupling with
the ions being transported. Some pumps are
cgpable of moving more than oneion a atime.
In Chapter 3, we will see that the
sodium-potassium pump moves sodium out of
the cdll and potassum into the cell & the same
time.

Pumps can be eectrogenic or
non-electrogenic, depending upon the number
of charges transported in each direction across
the cdl membrane. For example, if the sodium
pump were to pump more sodium ions out of
the cdl than it pumps potassum ionsin, there
would be anet outward current. This current,

through resting membrane, would dightly
hypopolarize the cel membrane (€lectrogenic).
Conversdly, if the same number of sodium and
potassum ions were pumped, then there would
be no net current and no change in membrane
potentia (non-€lectrogenic).

One modd of the active transport process
has the carrier molecule with a higher efinity for
sodium ions on the indde of the cdl.
Attachment of asodium ion causesa
conformationa changein the carrier molecule,
exposing the sodium ion to the outside of the
cdl, where the affinity of the carrier molecule
for sodiumisamdler, and the sodium is
released.

Co-Transport

When a substance moves from aregion of
higher concentration to a region of lower
concentration, as it does during diffusion, it
gives back the energy that was supplied to
creste the concentration gradient in the first
place. That energy can be used to move other
substances, even up their concentration
gradients. Thisis the essence of co-transport or
ion-coupled transport.

Symports
In a symport, the two substances being

trangported move in the same direction across
the membrane. In the intestine, sodium ions
diffuseinto the lining cells by diffuson dong the
norma outsde-to-insde gradient. Thereisa
carier sysem in the cdl membrane which
couples this movement to an inward movement
of glucose molecules. Glucose could not be
trangported actively because it has no charge,
but it can move by this process, even up its
concentration gradient. It isfor this reason, that
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there is normdly no glucose in the feces-it all
gets removed by this symport.

This process does not require externd
energy. The sodium pump can be poisoned,
and it will dill continue aslong as a sodium
concentration gradient remains. However,
some gradient must be present; so the entering
sodium must be removed from the cells.
Apparently, sodium pumps in these lumind cells
are sequestered to the blood side of the cells;
al entering sodium is pumped out of the cells
into the blood, not back into the intestina
lumen. Glucose is removed from the cdll by
facilitated diffuson, and water follows dong
with both sodium and glucose in order to keep
its concentrations in equilibrium (see osmosis
earlier in this chepter).

Antiports

A dmilar mechaniam can exchange
substances across membranes. Several
substances are known to be exchanged for
sodiumions. Indl cdls, there exigsaH™-Na'
antiport. In cardiac muscle, thereisa Ca2*-Na*
antiport. The latter is blocked by both digoxin
and ouabain, which are known to inhibit
ATPase activity. When the antiport is blocked,
cacium concentration riseswithin the cdlls,
strengthening the force of contraction.

Antiports do not have to involve sodium
ions. In erythrocytes and elsewhere, there
exists a CI-HCO; antiport. Presumably, this
plays some role in buffering within the cells that
haveit.

Phagocytosis and pinocytosis

Sometimes water-sol uble substances too
large to pass through the pores must get into or
out of cdls. In addition, there are times when
the contents of vesicles must be rleased dl at
once. These take a gpecial mechanism.
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Exocytoss

During exocytos's, a substance is released
from the cdll. When a substanceisto be
released, for example, during synaptic
transmisson (the communication between two
nerve cdls), the substance is usudly stored
within a secretory vesicle. The release process
involves migration of the vesicle to the cdll
membrane, fuson of the vesicle membrane with
the cedl membrane, and rupture of the point of
junction. The substance contained within the
vesde then findsitsaf within the extracd lular
fluid.

Endocytoss
To take a substance into the cdll, the

processis smply played out in reverse, and it is
caled endocytoss. The substance movesto the
cdl membrane or the cdl movesto the
subgtance. A portion of the membrane
surrounds the substance, and the substance
containing portion "pinches’ off to form an
intraclular vesicle. This specid mechaniamis
caled phagocytoss or pinocytods, which
trandaeto "cel eding” and "cell drinking.” The
former is applied to movement of particulate
materid, the latter to fluids.

Note that in exocytoss the vesicular
membrane actudly becomes a part of the cell
membrane. Conversely, in endocytossa
portion of the cell membraneislogt in formation
of avesde. Inthisway, the cdl membraneis
congtantly turning over. Clearly, there must be a
balance between endocytoss, exocytosis-the
formation of new membrane and the
degradation of old membrane-if the cdl isto
mantan itssze.



