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. - ﬁédical Physiology

DIFFUSION OF WATER—THE OSMOSIS

‘Water is the most abundant substance to diffuse
across the cell membrane. The diffusability of
water is one million times faster than that of Na*
ion. The term osmosis refers to the passive transfer
or diffusion of water molecules. Osmosis occurs
if a partially permeable membrane is permeable
to water but not to a particular solute. The net
diffusion of water occurs because of a con-
centration gradient of the water molecules against
the cell membrane. Suppose the partially per-
meable membrane separates pure water from a
solution of the solute, say glucose, or NaCl, to
which the membrane is impermeable. In this case,
the concentration of water molecules in pure water
would be greater than that in which NaCl or
glucose is also present. Consequently, water
molecules diffuse from the side of higher
concentration (pure water) to the side of lower
concentration (glucose or NaCl solution). Osmosis
will also occur if the membrane separates two
solutions with different solute concentrations. The
process of diffusion of solvent towards an area
where there is higher concentration of solute is
also called osmosis. Osmosis can be prevented by
application of an appropriate degree of pressure
on the side of higher solute concentration. The
minimum pressure required to prevent diffusion
of the solvent is called osmotic pressure (Fig. 2.8).

Osmotic pressure depends on the number of
particles rather than the type of particles present in
the solution. In case of non-dissociated solutes,
one gram molecular weight of any substance shall
contain similar number of molecules and hence
exert similar degree of osmotic pressure, i.e. equal
t022.4 atmospheres. In case of dissociated solutes,
the osmotic pressure depends on the number of
ions resulting from its dissociation. Thus, 180 g of
glucose, i.e. 1 gram molecular weight exerts an
osmotic pressure of 22.4 atmospheres. Butone gram
molecular weight of NaCl (58.5 g of NaCl) exerts
an osmotic pressure of 44.8 atmospheres because
NaCl completely dissociates into Na* and CI- ions.

The term osmole denotes the concentration of
osmotically active particles in a given solution.
One osmole equals the total number of particles
in one gram molecular weight of the non-

~ Osmotic
pressure

Solute water Solute water

_ Semi permeable membrane

Fig. 2.8: Demonstration of osmotic pressure. Limb A
contains solute solution whereas limb B contains pure
water. Water enters by osmosis and increases the
volume of limb A. The flow of water can be prevented
by application of an appropriate pressure in side A,
which is called the osmotic pressure.

dissociable solutes per litre of water, or half of
one gram molecular weight in case the solute
dissociates completely into two ions. A complex
fluid, like plasma, contains a variety of substances
with varying degree of dissociation. In such cases,
the osmolality can be determined more easily by
an osmometer. This instrument is based on the
principle of freezing point depression, which
varies with the concentration of solute particles in
a fluid. In case of physiological fluids, the term
milliosmole (mOsm) is used. One milliosmole
equals 0.001 Osm. Normal extracellular and
intracellular fluids in the body have an osmolality
of about 300 mOsm/kg (290 mOsm per kg to be
exact).

Tonicity of Fluids

In clinical practice, the terms isotonic, hypotonic
and hypertonic are commonly used. A fluid with
an osmolality similar to that of plasma (290
mOsm/kg) is called isotonic. Red blood cells
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BODY FLUIDS

Water constitutes approximately 60% of total body
weight. Thus, an adult weighing 70 kg contains
42 litres of water. Of these 42 litres, 28 litres are
present inside the cells constituting the intra-
cellular fluid volume. The remaining 14 litres of
water are present outside the cells constituting
the extracellular fluid volume. The extracellular
fluid is mainly present as blood plasma (3.5 L)
and interstitial fluid (10.5 L) (Fig. 2.1). Relatively
small amount of fluid are present as cerebrospinal
fluid and fluids in the eyeball and joints separated
Fom the rest of the extracellular fluid and hence
called transcellular fluid.

ECF ICF
Plasma| 3.5 L (8%)
28 L (67%)
eessgal| 1051
fuid| (25%)

. 2.1: Distribution of body water in various
@mToErTents.

Transport throug
the Cell Membrane:

Measurement of Body Fluid Volumes

The volume of any body fluid compartment, i.e.
total body water, intracellular fluid (ICF),
extracellular fluid (ECF), or plasma can be
measured by dilution method.

Dilution Method Suppose 5 g of a marker
(e.g. a dye) is added to a beaker containing
unknown volume of water. After equilibrium, if
the marker concentration in water is 1 g/100 ml,
the volume of water in the beaker can be calculated
as follows:

Total amount of marker

Volume of water= ——————————
Conc. of marker in water

5g
= —— —500ml
1g/100 mi

There are a few prerequisites for a substance to
be a good marker for a particular body fluid
compartment:

1. After injection, it should be confined to and
evenly distributed throughout the com-
partment.

It should not be metabolized in the body.
It should be physiologically inert.

It should be non-toxic.

It should be easy to measure.

Some of the markers that have been used for
this purpose are as follows.

SOk
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Total body water
Extracellular fluid
e

There is no marker for ICF compartment. Its
volume is calculated as the difference between
total body water and ECF volume.

In practice, the measurement of various body
fluid compartments is slightly more complicated,
because some amount of the marker is excreted
while it is being distributed through the body.
Therefore the amount excreted also has to be
estimated and appropriate correction made as
follows:

Total amount of marker injected —

amount of marker excreted
Body fluid volume =

Concentration of marker after
equilibrium

Composition of Extracellular and
Intracellular Fluids

The composition of extracellular fluid (ECF) and
intracellular fluid (ICF) is given in Table 2.1.

It may be noted that the extracellular fluid
contains larger concentration of Na* and CI- but
very little protein. Intraceltular fluid contains large
concentration of K*, PO~ and proteins. These
differences are of great importance for the survival
of the tissue. The forces that produce movement
of substances from one compartment to another
shall now be discussed.

2

TRANSPORT MECHANISMS

The transport mechanisms involved in the
movement of substances across the cell membrane
may be classified into three categories:
(a) Passive transport mechanisms which
include diffusion and osmosis
(b) Active transport mechanisms
(¢) “The third mechanism” which includes
exo- and endo-cytosis involved in the
transport of macromolecules.

DIFFUSION

Diffusion is the movement of molecules from
one compartment to another due to random
molecular movement. All the molecules including
water molecules and dissolved particles are in
constant random motion (except at absolute zero
temperature). The velocity of movement increases
with the increase in the temperature of the medium.
Diffusion occurs in liquid as well as in gases. Due
to random movements, the molecules strike
against each other and bounce like rubber balls.
Each collision alters the direction of the movement
of molecules. The hypothetical path of molecules
named A, B, C and D is shown in Fig. 2.2. Due
to these collisions, molecule A moves but remains
within ECF, molecule B moves but remains within
ICF. In contrast, molecule C manages to enter the
cell, i.e. into ICF, whereas molecule D leaves the
cell to enter the ECE.

Although individual molecules move at very
high velocity, the number of collisions they undergo

Fig. 2.2: Random movements of molecules causing
diffusion.
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Fig. 2.3: Direction of net movement in diffusion is
always down the gradient, i.e. from A to B in (i) and
from B to A in (ji).

prevents them from travelling very far. If the
concentration of the solute molecules on the two
sides of the cell membrane is similar, some
molecules would enter the cell and a similar number
islikely to leave it at any given moment, i.e. the net
flux of the molecules is zero. Net movement of the
solute molecules can occur only if concentration
of molecules on one side of the membrane is greater
than the concentration on the other side. InFig. 2.3,
the net movement is from fluid A to B in (i) and
from B to A in (ii) because at any given time more
solutemolecules will pass from the fluid with higher
molecule concentration to the area with lower
molecule concentration. Diffusion always occurs
down the gradient, i.e. froman area of high concen-
tration to low concentration of the molecules. This
phenomenon is called simple diffusion. In carrier
mediated diffusion, though diffusion occurs down
the gradient, it occurs with the help of a protein
molecule located in the cell membrane called a
carrier or a carrier protein (Fig. 2.4).

Simple Diffusion

As explained above, simple diffusion means
diffusion of molecules or ions through a membrane

3

Transport through the Cell Membrarig - l

. Diffusion

|
-

 Facilitated
~diffusion

L6

ATP

Active
transport

Fig. 2.4: Active transport can be uphill transport but
simple diffusion or facilitated diffusion is always
downhill.

without the help of any carrier protein. The rate
of diffusion is proportionate to: (i) the difference
in the concentration of the substance across the
membrane (concentration gradient or chemical
gradient), (ii) cross-sectional area of the membrane
through which diffusion takes place, and
(iii) inversely proportionate to the thickness of
diffusion membrane. Electrical gradient causes
diffusion of ions. Positively charged ions move
towards an area with negative charge. Besides the
physical factors mentioned above, diffusion across
biological membranes is affected by permeability
of the membrane to a particular substance,
depending upon its lipid solubility, and specific
and selective permeability of the membrane for
different molecules. These factors shall now be
discussed.

Diffusion of Lipid Soluble Substances

The extracellular and intracellular fluius are
composed of water and water soluble substances.
The lipid bilayer of the cell membrane forms a
barrier for the diffusion of water soluble sub-
stances. However, lipids and lipid soluble
substances like O,, N, alcohol and steroids can
diffuse across the membrane with great ease. Lipid
solubility of a substance is therefore one of the
determinants of the rate of diffusion across the
biological membranes.
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Diffusion of Water and Water Soluble
Substances

In spite of the presence of lipid bilayer, water and
many water soluble substances diffuse across the
cell membrane relatively easily, though not as fast
as lipid soluble substances. The diffusion of water
is extremely rapid. The diffusion of water soluble
substances like urea, glucose, Na*, K*, etc. is
inversely proportionate to their molecular size.
From these observations, it was postulated that the
cell membrane contains pores of approximately
0.8 nm diameter. However, recent investigations
have revealed that there are no such pores in the
cell membrane. Instead, there are large protein
molecules dispersed among the lipid molecules
of the cell membrane which act as channels for
the diffusion of water and water soluble sub-
stances. The size of the molecules or ions is not
the only factor determining their diffusion through
these protein channels. Selective permeability and
“gating” of these channels further regulate the rate
of diffusion.

1. Selective Permeability

There seem to be specific protein channels for
different substances. Each allows only one type
of ions to pass through. Protein channels for some
substances like Na*, CI-, K* and Ca?* have been
identified. Some of the ion channels are ungated
i.e.always open. Sodium or potassium leak
channels are examples of ungated ion channels.
Most of the ion channels are gated.

2. Gating of Protein Channels

Gating of the protein channel means that the
opening of the channel can be regulated by
conformational change in the channel protein. A
part of the protein molecule seems to act like a
gate and close the opening. Lifting of the gate
opens the channel (Fig. 2.5). Opening and closing
of the gates may be controlled by three
mechanisms.

1. Voltage Gating Some gates are opened or
closed by achange in the electrical potentials across

E
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Fig. 2.5: Gating of protein channels. A. Ungated
channel B. Gated Na*-channel, gate closed. C. Gated
Nat*-channel, gate open. D. Gated K*-channel, gate
closed. E. Gated K*-channel, gate open.

the cell membrane. Opening of voltage-gated
sodium channels is largely responsible for the
depolarization phase of the action potentials in
nerve and muscle. A decrease in the membrane
potential by approximately 15 mV opens the
voltage-gated Na*-channels. Opening of voltage-
gated potassium channels is responsible for the
repolarization phase of the action potentials innerve
and muscle (Chapter 20). Voltage-gated calcium
channels have an important role in excitation-
contraction coupling in the muscle. In the sino-
atrial node of the heart, two types of calcium
channels have been described: Transient (T-type)
andlong-lasting (L-type) depending on the duration
for which the channels open (page 87).

2. Ligand Gating Some protein channels are
opened by their binding with another molecule like
a neurotransmitter or a hormone. For example,
acetylcholine opens the Na‘-channels at the
neuromuscular junction.

Aquaporins are water channels that help in the
rapid transfer of water across the cell membranes.
Like ion channels, aquaporins are made up of
membrane protein. Most important ligand-gated
aquaporins are found in the kidney. They are
unique in the sense that the water channels are
stored in the cytoplasm near the cell membrane.
Presence of ADH in the blood leads to rapid
translocation of aquaporins in the cell membrane
and reabsorption of water from the collecting ducts
(page 509).

3. Mechanically-gated Ion Channels Such
channels open on exposure to a mechanical stress.
The sensory receptors called mechanoreceptors
contain mechanically-gated ion channels, e.g.
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sensory receptors for touch, pressure, stretch,
motion, and hearing. Opening of the ion channels
in the receptors results in generation action
potentials in the sensory nerve fibers arising from
these receptors (page 271).

Certain drugs can block the ion channels in
particular tissues. Sodium-channel blocker and
calcium-channel blocker drugs have proved very
useful in the treatment of cardiovascular disorders
Iike angina pectoris and cardiac arrhythmias or for
production of local anaesthesia. These actions shall
be discussed at appropriate sections of the book.

Carrier-mediated Diffusion—Facilitated
Diffusion

Diffusion of certain large water soluble molecules
can occur only by facilitated diffusion, i.e. if
helped by a protein molecule within the cell
membrane. Glucose and amino acids are trans-
ported across the cell membrane by this method.
Earlier, it was believed that the protein molecule
acts like a shuttle between the outer and inner
surfaces of the cell membrane. Now, it seems, there
is no to and fro movement of the carrier protein.
Molecules are transported merely by a con-
fgurational change in the protein molecule. The
following characteristics of carrier-mediated
diffusion differentiate it from simple diffusion.

Specificity The carrier proteins are highly
specific for different molecules.

Saturation In simple diffusion, the net flux of
molecules into the cell increases in direct
proportion to the increase in concentration of the
substance in the extracellular fluid, and it can
increase to an unlimited extent. In contrast, in
carrier-mediated transport, the flux into the cell
increases in proportion to the increase in its
concentration in the ECF only to a certain point,
ie. there is a limit beyond which further increase
in the flux cannot occur (Fig. 2.6). When the
maximum limit is reached, the carrier system is
said to be saturated. A transport system is saturated
when all the specific carrier sites on the cell
membrane are occupied and the system operates
at a maximum capacity.

Transport through the Cell Membranég -
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Fig. 2.6: Difference between simple diffusion and
carrier-mediated diffusion: effect of saturation of the
carrier.

Competition If two molecules, say (A) and
(B), are transported by the same carrier, there is a
competition between the two molecules for the
transport. An increase in the concentration of
molecule (A) may decrease the transport of
molecule (B) and vice versa. No such competition
occurs in simple diffusion.

Uniport and Cotransport

Some of the carrier proteins transport only one
type of molecules. They are known as uniport
carrier proteins. Others are called cotransport
proteins when transfer of one substance is linked
to the transport of another substance. For example,
facilitated diffusion of glucose in the renal tubular
cells in linked with the transport of sodium
(symport). Antiports are transport proteins which
exchange one substance for another, e.g. Na*-K*
exchange or Na*-H" exchange in the renal tubules

(Fig. 2.7).
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Fig. 2.7: Uniport, symport and antiport types of carrier

proteins.





