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A decrease in the pH value below 7.35 is known
as acidosis, whereas an increase above 7.45 is
known as alkalosis. Arterial blood pH values
below 6.8 or above 8 are not compatible with life.
In fact the arterial blood pH is maintained within
very narrow range around 7.4 with the help of acid
base buffers and the hydrogen ion secretion by
the kidneys and the lungs. The pH of venous blood
is about 7.35.

Acid-Base Buffers

Acid-base buffers are defined as solutions
containing two or more chemical compounds that
prevent marked changes in H* concentration, when
moderate amount of an acid or a base is added to
the solution. Acid-base buffers are usually a
combination of a weak acid and its salt with a
strong base, e.g. HyCO; and NaHCO;.

If a small amount of acid is added to the
carbonic acid-bicarbonate buffer, the following
reaction takes place:

HCI + NaHCO, — H,CO5 + NaCl

Thus, strong acid HCI, an acid which undergoes
complete dissociation and yields large number of
H", has been converted to a weak acid (an acid
which dissociates poorly toyield few H"). Therefore
in spite of addition of HCI, the H* concentration of
the solution is only mildly increased. If a small
amount of a strong base is added to the mixture, the
following reaction takes place:

NaOH + HCO3 — NaHCO3 + H,0

Thus, a strong base has been converted into a
weak base and the decrease in H' concentration is
minimized.

Other Buffer Systems in the Body

Haemoglobin and Plasma Profeins

The plasma proteins in general, and haemoglobin
in particular, constitute an important buffer system.
Proteins are composed of amino acid chains. The
terminal amino acids possess carboxyl ((COOH)
and amino (NH,) groups. At pH of 7.4, the
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carboxyl radicals ionize as a weak acid donating
hydrogen ions to the medium.

Protein = Proteinate™ + H*

The proteinate anions form salt with Na* in the
extracellular fluid and K* in the intracellular fluid.
With the addition of a strong acid, the reaction
mentioned above shift to the left. On addition of a
base, the reaction moves to the right. In either case,
the change in the H* ion concentration of the fluid
is minimised.

Phosphate Buffer

This buffer system is composed of NaH,PO, and
Na,HPO,. On addition of an acid or a base, the
following reactions take place:

Na,HPO; + HCl  — NaH,PO, + NaCl
NaH,PO, +NaOH — Na;HPO, + H,0

Ammonia Buffer

In the renal tubules, ammonia (NH;) acts as an
important buffer. It accepts H* to become NH,
which is excreted in the urine.

Henderson-Hasselbalch Equation

Henderson—Hasselbalch equation gives the
mathematical relationship between the ratio of
concentrations of the acidic and basic elements of’
each buffer system on one hand and pH of the
solution on the other.

b
pH=pKi +log 220

acid

K (or pK!) is the ionization constant of the weak
acid at a particular temperature, etc. From the
equation, it is apparent that the pH will increase if
the concentration of the base increases, or that of
the acid decreases; pH shall decrease if the
concentration of the base decreases, or that of the
acid increases.

The efficiency of a buffer system is the best
(i.e. the ability of the system to resist changes in
pH is maximum) when pH of the solution is
identical with that of the pK value of the buffer




image7.jpeg
system. The pK value of the important buffers in
the body is given in Table 2.2.
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Carboriic acid bicarbonate
Phosphate buffer
Haemoglobin (histidine)

The pK! value of plasma proteins in general
and haemoglobin in particular is closer to the pH
of plasma. Moreover, their concentration in the
blood (7.5 g% proteins and 15 g% Hb) makes them
the most efficient buffers in the blood. Although
the pK value of phosphate buffer is close to 7.4,
but its poor concentration in the plasma (2-4 mg%)
makes it most ineffective. However, intracellular
fluids contain high concentration of phosphates
as well as proteins. Hence, phosphate and proteins
constitute important buffers in the intracellular
fluids. Phosphates are also important urinary
buffers because their concentration is markedly
mcreased in the renal tubular fluid. The carbonic
acid bicarbonate buffer is not so efficient because
s pK value (6.1) is far removed from the PpH of
the plasma. The importance of carbonic acid
Dicarbonate buffer lies in the fact that both its
components are subjected to regulation in the
Body: Carbonic acid concentration (CO,) is
sezulated by the respiratory system, whereas the
Sicarbonate concentration is regulated by the
Eidneys.
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Summary
Important buffers: -
- Blood : Hemoglobin
_ plasma proteins,
, -  bicarbonate =
 Interstitial fluid : Bicarbonate
- Intracellular fluid : Proteins
- phosphates
Urine : Phosphates
» ammonia

ISOHYDRIC PRINCIPLE

The three major buffer systems operating in vivo
(proteins, particularly haemoglobin, bicarbonate-
carbonic acid and phosphate) exert a mutual
buffering action on each other. Any alteration in
H* concentration will cause a corresponding shift
in the base/acid ratio in each of the buffer pairs.
This is called isohydric principle. The blood
contains all the three buffers named above. But, it
must be remembered that the intracellular buffers
(proteins and phosphates) take care of over 50%
of the excess acid load in metabolic acidosis and
approximately 35% of the base load in metabolic
alkalosis. In respiratory acidosis, or alkalosis,
almost all the buffering is intracellular.

The chemical buffers of the cells and the
extracellular fluid constitute the first line of defence
against H" jon disturbances. Respiratory system
constitutes the second line of defence and can
partially compensate for metabolic acidosis or
alkalosis. Ultimately, excess acid oralkali ingested
or produced in the body is excreted by the kidney.
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suspended in an isotonic fluid will neither shrink
nor swell. A solution of 0.9% NaCl is isotonic
with plasma. Any solution with osmolality greater
than 290 mOsm/kg is called hypertonic and lower
than this value is called hypotonic. A solution
may be iso-osmotic with plasma but may not
necessarily be isotonic, if the solute can penetrate
the cell membrane more or less freely. For
example, 0.9% NaCl is both iso-osmotic as well
as isotonic but 5% glucose is iso-osmotic but
hypotonic since glucose diffuses into the cell
rapidly and metabolized.

In the plasma, of the total osmolality, 270 milli-
osmoles are contributed by Na* and Cl- and
HCO;. The remaining 20 mOsm are contributed
by glucose and urea. Because of the large
molecular weight and hence lesser number of
particles, plasma proteins (70 g/L) contribute only
2 mOsm to the total plasma osmolality.

Total plasma osmolality may increase because
of dehydration or increased blood glucose level
(in severe diabetes mellitus) or urea (in uraemia).
The consequent shrinkage of tissues may be
disastrous. Decreased osmolality of plasma causes
swelling of the tissues, e.g. due to excessive
intravenous administration of 5% glucose.

Gibbs-Donnan Equilibrium

Diffusion of ions across a semipermeable
membrane was studied by Gibbs. The theoretical
calculations made by him were subsequently
confirmed experimentally by Donnan.

In case the semipermeable membrane separates
two solutions (a and b), one of which contains a
non-diffusible anion z (side a), then the ions would
distribute themselves in such a way that at
equilibrium:

il
.
i
L

z, ;

Semi-permeable membrane
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(i) Each solution shall be electrically neutral,
ie:
[Diffusible cation,] = [Diffusible anion,] + [Non-diffusible anion,]

Or e

and : |
Diffusible cation,, = Diffusible anion,,

Or Xg] = [Y3]

(ii) Theproductofdiffusible cations and anion<
on side (@) shall be equal to the product on side (b
iex

[Diffusible [Diffusible [Diffusible [Diffusible
. . = . X .
cation ‘a’] anion ‘a’] cation ‘b’] anion ‘b’]

Or X x [val = g1 x [Y5]

We might use arbitrary units to illustrate the
point.

D:ffusible anions = 9 umts f
Nun~d1ffusxble .
amons '
Equatxon O 16=9+7 }
Equatmn (u) 16 9= 144 f

= 7um -

 12x144

The consequences of Gibbs-Donnan equilibrium
are:

A. The concentration of diffusible cations is
greater on the side containing non-diffusible
anions (side a). On the other hand, the
concentration of diffusible anions is greater
on the other side, i.e. side (b).

B. The total concentration of diffusible ions on
the side (a) is greater than on side (b).

The mammalian cells contain non-diffusible
anions like proteins and organic phosphate where
as K* and CI are diffusible cation and anion
respectively. The extracellular fluid contains K*
and CI” as the diffusible cation and anion res-
pectively. (The extracellular fluid is rich in Na*
also, which is basically a diffusible cation, but the
operation of Na*-K* pump keeps the intracellular
Na* concentrations very low).
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Due to Gibbs-Donnan equilibrium:

1. Concentration of K* is greater in ICF than
in ECF whereas concentration of CI is
greater in ECF than in ICF.

2. The higher concentration of K in ICF
generates the resting membrane potential.

3. Total concentration of ions is greater in the
ICF than in ECF. Therefore, due to osmotic
effect, the cells tend to imbibe water and
swell up. This tendency is further accen-
tuated by the higher concentration of Na*
in the ECF because all the time, Na* (along
with water) tends to enter the cells down
the gradient but is prevented by the constant
operation of Na*-K* pump. If the pump fails,
the cells gain sodium, lose potassium,
imbibe water and swell up.

Ultraofiliration

So far, we have considered diffusion of solutes
between ICF and ECF across the cell membrane.
The extracellular fluid present in the blood vessels
is separated from the ECF present in the interstitial
spaces by the capillary endothelial cell membrane.
Diffusion/osmosis occurs across the capillary
membrane also. An additional factor is present at
the capillary membrane, i.e. the capillary blood
is under hydrostatic pressure. The pressure is 35
mmHg near the arteriolar end, and gradually
declines to 12 mmHg near the venous end of the
capillary.

The hydrostatic pressure causes ultrafiltration
of all the constituents of plasma except proteins
into the interstitial spaces. Filtration is the process
in which a fluid passes through a membrane due
to a difference in pressure on the two sides.
Ordinary filter paper has very large pores. It holds
back only large sized particulate matter. The
capillary endothelium is a very fine filter. It allows
filtration of water, electrolytes and other molecules
with molecular weight less than 69,000 only. That
is why; the term ultrafiltration is used to describe
filtration across the capillary membrane.

Capillary wall is not permeable to plasma
proteins, which therefore exerts an oncoticpressure
(of 25 mmHg). The oncotic pressure opposes the
movement of fluid out of the capillary walls. This

factor (a) limits the outflow of fluid from the
capillary near the arteriolar end and (b) causes the
interstitial fluid to flow back into the capillary (by
osmosis) near the venous end, where the oncotic
pressure of proteins (25 mmHg) is greater than the
hydrostatic pressure of blood (12 mmHg).

Biogenesis of Transmembrane Potential

In all the living cells, a difference of electric
potential across the cell membrane can be
demonstrated. This potential difference is called
resting membrane potential or resting trans-
membrane potential or simply resting potential.
The term resting potential indicates that the
potential difference has been recorded when the
cell was not undergoing any electrical change
(action potential). It does not imply that the cell is
metabolically quiescent. The transmembrane
potential can be demonstrated by inserting a
microelectrode into the cell and connecting it to a
cathode ray oscilloscope (CRO) after suitable
amplification (Fig. 2.9).

Amplifier

.

Oscilloscope
Microelectrode

-
T A+ Ft t o+ 4+

Fig. 2.9: Demonstration of transmembrane potential.

The interior of an excitable tissue cell, nerve or
a muscle is 70 to 100 mV ‘negative to the exterior.
By convention, the transmembrane potential is
written with a negative sign, i.e. the membrane
potential inside the cell is taken as the resting
membrane potential. For example, resting mem-
brane potential of a nerve is described as =70 mV
and that of a skeletal muscle cell as 90 mV.

Transmembrane potential is basically a diffusion
potential, but Na*-K* pump is of fundamental
importance in maintaining the difference in the
concentration of electrolytes between the intra-
cellular fluid and the extracellular fluid.
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1. The active transport mechanism, the Na-K
ATPase pump keeps Na* out of the cell and
pumps K* into the cell. Consequently, the
concentration of intracellular K* is much
higher (150 mEqg/L) than that of the extra-
cellular fluid (5 mEqg/L).

2. The cell membrane is freely diffusible to K*
ion.

3. The intracellular fluid contains non-dif-
fusible anions in the form of proteins and
organic phosphates.

Because of the large concentration gradient,
positively charged K* diffuse out of the cells, but
the non-diffusible negatively charged anions are
left behind. Thus, a potential difference is created
across the cell membrane with positively charged
cations aligned just outside the membrane and
negatively charged anions at the inner surface of
the membrane. The electrical gradient so created
puts a limit to the diffusion of K*. At equilibrium,
the potential difference is such that it effectively
opposes any further diffusion due to chemical
gradient. The degree of equilibrium potential for
any diffusible ion is given by the Nernest equation.

Cone. of diffusible ion inside (C;)

em.f. (millivolts) =-61.5 lo
{ ! Y Conc. of diffusible ion outside (C,,)

For K*, equilibrium potential Ey.

== 615 log 120
55

=-90mV

By similar calculation, the equilibrium potential
for CI” is found to be — 70 mV.

The Na-K pump does not permit free diffusion
of Na". If Na* could diffuse freely its equilibrium
potential woule be

EN,* = -61.5log L
142
=+61mV
ACTIVE TRANSPORT

Active transport is also a carrier-mediated
==nsport system with the difference that in this
=ase, the transport of the molecules occurs faster

Transport through the Cell Membran% -

than expected by facilitated diffusion. More impor-
tantly, active transport mechanism allows
movement of substances against an electro-
chemical gradient. Such transport is also called
uphill transport in contrast to only downhill
transport possible with simple diffusion or
facilitated diffusion (Fig. 2.4).

The movement of molecules against an electro-
chemical gradient involves expenditure of energy
by the transport proteins. Thus, the transport
proteins involved in active transport have ATPase
activity incorporated into the protein molecule,
which converts ATP to ADP.

Since carrier proteins are involved, specificity,
saturation and competition are shown by active
transport system as well. Na*, K*, H*, CI, I and
several sugars, as well as, amino acids are
transported by active transport mechanisms.

Sodium-Potassium ATPase (Na*-K* Pump)

Sodium-potassium pump is responsible for
maintaining the Na* and K* concentration
differences across the cell membrane. Na*-K*
pump extrudes Na* out of the cell, and at the same
time pumps K* into the cell. The Na*-K* pump is
a carrier protein which has three receptor sites for
Na’* on the portion of the protein protruding to the
interior of the cell, and two receptor sites for K*
on the portion projecting outside the cell. The
inside portion of the receptor protein has ATPase
activity. The ATPase activity is activated when
three Na* and two K* bind to the receptor protein.
The consequent release of energy from the ATP is
believed to produce a conformational change in
the carrier protein so that three Na* are extruded
from the cell in exchange for two K* ions entering
the cell. Both these ions are transported against
their concentration gradients, since the intra-
cellular fluid has high concentration of K*, while
extracellular fluid is rich in Na*,

The Na*-K* pump is an electrogenic pump since
it produces a net movement of positive charge out
of the cell. Thus, besides maintaining the ionic
composition of the intracellular fluid, the Na*-K*
pump helps to maintain the electrochemical
potential difference across the cell membrane.
However, the sodium-potassium pump contributes
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only — 4 millivolts to the total resting membrane
potential of — 90 volts. It also helps to control the
osmotic properties of the living cells.

The constant operation of Na*-K* pump is
responsible for about 30% of the energy utilization
in most of the cells, and as high as 70% in case of
neurons.

Secondary Active Transport

Transfer of many substances by active transport
mechanism indirectly depends on the activity of
Na*-K* pump. This phenomenon is called
secondary active transport. Glucose and amino
acids are transported across the luminal membrane
of the intestinal mucosal cells by secondary active
transport. In the mucosal epithelial cell, the Na*-
K* pump operates at the basolateral border of the
cell and maintains intracellular concentration of
Na* very low. Luminal border of the cell contains
cotransport transport proteins for facilitated
diffusion of Na* as well as glucose. Since the
intracellular Na* concentration is low, the
facilitated diffusion of Na® is so powerful that
glucose can be transported even when intracellular
glucose concentration is higher than the intra-
luminal glucose concentration. In other words,
downhill Na* transport leads to uphill glucose
transport because both the molecules share a
common transport system. Since glucose transport
is secondary to the active Na*-K* transport, it is
named secondary active transport (Fig. 2.10).

Fig. 2.10: Absorption of glucose in the small intestinal
mucosa by secondary active transport.

Transport of amino acids in the intestine, or
renal tubular cells is also by secondary active
transport. Of course, different transport proteins

R

are involved in this case. Secondary active
transport proteins may act as antiport. For
example, Na* is exchanged for K* or H* in the
renal tubular cells or for calcium ion in the
myocardial cells.

The Calcium Pump

The intracellular Ca*concentration is about
10,000 times less than that of extracellular fluid.
Such low Ca?* concentration is maintained by two
calcium pumps. One of the calcium pumps
extrudes Ca2* out of the cell, whereas the other
pumps cytoplasmic calcium into one or more of
the cellular organelles like cytoplasmic reticulum
of the muscle cells or mitochondria in all other
cells. The carrier protein of both these Ca* pumps
has ATPase activity. But the difference from the
Na*-K* pump is that the carrier protein binds Ca?*
rather than Na* and K*.

TRANSPORT OF MACROMOLECULES—
ENDOCYTOSIS AND EXOCYTOSIS

Macromolecules like large protein molecules
cannot pass through the cell membrane by
diffusion or active transport mechanism. They are
transported into or out of the cells by a different
mechanism, i.e. by endocytosis and exocytosis,
respectively. When a large macromolecule comes
in contact with the cell membrane, the membrane
is invaginated to include the macromolecule as a
vesicle. The vesicle is next pinched off to the
interior of the cell and the cell membrane is
restored (Fig. 2.11). This process, called endo-
cytosis, may take the form of pinocytosis (“cell
drinking”) when the substances ingested are in
solution or phagocytosis when a solid particle like
a bacterium or a dead tissue, etc. is involved.
Whereas pinocytosis occurs in most of the cells,
phagocytosis occurs ina few cells like white blood
cells and tissue macrophages.

There are two kinds of endocytosis:
1. Constitutive endocytosis is a non-specific
continuous process.

2. Receptor mediated endocytosis is a more
rapid and specific process. Specifie

10
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Fig. 2.11: Transport of macromolecules by endo-
cytosis or exocytosis.

receptors are concentrated in small pits
called coated pits. The inner surface of these
pits is coated with dense material containing
contractile filaments. Low density lip-
oproteins, insulin, etc. enter the cell by
receptor-mediated endocytosis. Exocytosis
is a reverse of endocytosis. This process is
involved when secretory granules are
extruded from the cell (Fig. 2.11).

Transport Across Epithelia

Epithelia are continuous sheets of cells covering
the surfaces of the organs and lining the body
cavities. In the GI tract, or in urinary tubules,
substances are transferred from the lumen into the
epithelial cell at its apical border, and then, from
the basal border of the epithelial cell into the
interstitium, and finally they are transported into
blood capillaries. This, transcellular pathway, is
the typical mode of transport. However, in certain

epithelial cells it is not necessary for the substance '

to cross the whole length of the epithelial cells.
Instead it may pass through the tight junctions,
i.e., the point of tight adhesions between the two
adjacent epithelial cells (paracellular pathway).
In the epithelia of small intestine, proximal renal

1"

tubules and gallbladder most of sodium chloride
passes through the paracellular pathway rather than
traversing the entire length of the epithelial cells
(Fig. 2.12).
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__ Tubular epith. cell

Lumen

Transcellular '
pathway

Tight junction

Paracellular
pathway

Fig. 2.12: Transport across epithelia.

HYDROGEN ION CONCENTRATION OF BLOOD

An acid is a substance that can contribute hydrogen
ions (H) to a solution. A base is a substance that
can combine with H* in a solution and remove it.
Pure water undergoes extremely small degree of
dissociation to yield H* and OH™ ions.

H,0 2 H* and OH~

The concentration of H* (or OH") in water is
10”7 mEq/L. Water is regarded as neutral. Acids
are solution with H* concentration greater than
107 mEg/L (e.g. 10 or 10~ mEq/L). Alkalies
or bases are solutions with H* concentration less
than 10 mEqg/L (e.g. 10 or 10°° mEq/L).

Expression of H* concentration in the body
fluids as described above is cumbersome; hence a
symbol pH came to be used.

pH = log
[H*]

Thus, pH of pure water is written as 7. The pH
of arterial blood is 7.4 (normal range 7.35-7.45).




